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1

Editorial

In this Psi-k Newsletter, straight after the editorial, we give some new information on the Psi-k
webpages, in particular related to the announcements and Psi-k Portal. Following that, we have
two short reports on past activities; one hands-on workshop and one brief tutorial. The event
and position announcements as well as abstracts of the newly submitted or recent papers can be
found in their usual sections.
The scientiﬁc highlight of this issue is on "Electronic structure calculations with GPAW: A
real-space implementation of the projector augmented-wave method" by J. Enkovaara
(Espoo), C. Rostgaard, J. J. Mortensen, J. Chen, M. Dułak (CAM, Lyngby), L. Ferrighi (Aarhus),
J. Gavnholt (CINF, Lyngby), C. Glinsvad (CAM, Lyngby), V. Haikola (Aalto), H. A. Hansen
(CAM, Lyngby), H. H. Kristoﬀersen (Aarhus), M. Kuisma (Tampere), A. H. Larsen (CAM,
Lyngby), L. Lehtovaara (Aalto), M. Ljungberg (Stockholm), O. Lopez-Acevedo (Jyväskylä), P.
G. Moses (CAM, Lyngby), J. Ojanen (Tampere), T. Olsen (CINF, Lyngby), V. Petzold (CAM,
Lyngby), N. A. Romero (Argonne), J. Stausholm (Aarhus), M. Strange, G. A. Tritsaris, M. Vanin
(CAM, Lyngby), M. Walter (Freiburg), B. Hammer (Aarhus), H. Häkkinen (Jyväskylä), G. K. H.
Madsen (Bochum), R. M. Nieminen (Aalto), J. K. Nørskov (CAM, Lyngby), M. Puska (Aalto), T.
Rantala (Tampere), J. Schiøtz (CINF, Lyngby), K. S. Thygesen, K. W. Jacobsen (CAM, Lyngby).
For further details, please check the table of content of the newsletter.
The Uniform Resource Locator (URL) for the Psi-k webpage is:
http://www.psi-k.org
Please submit all material for the next newsletters to the email address below.
The email address for contacting us and for submitting contributions to the Psi-k newsletters is

psik-coord@dl.ac.uk

function
messages to the coordinators, editor & newsletter

Dzidka Szotek, Martin Lüders and Walter Temmerman
e-mail: psik-coord@dl.ac.uk
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2
2.1

General News

Psi-k Announcements and Portal

In response to suggestions from our Psi-k community, we have introduced some changes to the
Psi-k webpage. The most important is the change from the option ’Login to Psi-k Portal’
to ’Announcements and Psi-k Portal’. What has been intended with this change is to give
one a choice to either login to the Psi-k Portal and be able to view and upload announcements,
workshop reports and proposals, etc., or just only view the announcements present on the Psi-k
Portal, for which there is no need to login. Both possibilities are available from the window
opened by clicking on the option ’Announcements and Psi-k Portal’, while on the Psi-k
webpage
http://www.psi-k.org.
We welcome further suggestions for improvements, as well as, questions and comments.

5

3

Psi-k Activities

”Towards Atomistic Materials Design”

3.1

Reports on the Workshops supported by Psi-k
3.1.1

Report on Hands-on KKR Course

"KKR Bandstructure and Spectroscopy Calculations"
Ludwig-Maximillian University, Munich
24-26 June, 2009

A hands-on course on the KKR method entitled "KKR Bandstructure and Spectroscopy Calculations" took place in München 24-26 June 2009. It welcomed 33 participants, 13 tutors and 10
lecturers (the list of participants, tutors and lecturers is given below).
The aim of the workshop was to introduce new users from theory as well as experiment into the
Munich SPR-KKR (spin polarized relativistic Korringa-Kohn-Rostoker) program package
(see http://olymp.cup.uni-muenchen.de/ak/ebert/SPRKKR/).
The highly automated program package not only allows to study the electronic structure of
solids by calculating bands, densities of states, total energies etc, but also gives access to
the calculations of many spectroscopic properties as probed for example by XANES, EXAFS,
magneto-optics, angle integrated photoemission, Auger electron spectroscopy or Compton scattering. The codes can be run in a non-relativistic and relativistic manner and contain several tools to analyse the eﬀect of the spin-orbit interaction. Moreover, the package can treat
ordered and disordered alloys and magnetic multilayers. In addition, the package supplies
many tools to analyse the electronic structure such as wave function, phase shift or matrix
element plots. All of this was embedded into an easy to use multi purpose Graphical User Interface (GUI) called XBAND (see http://olymp.cup.uni-muenchen.de/ak/ebert/xband.html),
that can easily be adopted to support other bandstructure packages. Set exercises for three
afternoons were prepared to give the participants the opportunity to acquaint themselves with
all features of performing electronic structure and spectroscopy calculations. In addition, the
participants were also given the opportunity to investigate systems of their own interest together
with their spectroscopic properties.
A series of lectures accompanied the practical hands-on sessions. Nearly all lecture notes can be
found under:
http://olymp.cup.uni-muenchen.de/ak/ebert/workshops/2009/KKRHOC2009/.
A ﬁrst introduction to the KKR scheme and its implementation in the SPR-KKR package was
given by H. Ebert with some description of the fully relativistic mode. A more detailed intro6

duction to multiple scattering theory was then given by W. Temmermann. E. Engel gave an
overview on density functional theory that was dealing primarily with the formal background.
G. Fecher was dealing with practical aspects with density functional theory showing many representative examples. The theory talks were accompanied by a number of contributions from
experimental colleagues. J. Honolka gave a talk on the use of XMCD to investigate magnetic
properties of supported nanostructures. This was accompanied by a theory talk by O. Sipr
on deposited magnetic clusters. The possibilities oﬀered by angle-resolved photo emission was
reviewed by J. Fink with an emphasize on many-body properties. The theory talk of P. H.
Dederichs dealt with exchange interaction in diluted magnetic semi-conductors. W. Wurth again
presented results of experimental XMCD-studies on magnetic clusters. Finally, C. Back gave a
talk on the induced magnetism at the (GaMn)As/Fe-interface at room temperature that seems a
very promising achievement in the ﬁeld of spintronics. In addition, many participants presented
poster contributions that led to lively discussions during the coﬀee breaks.
The large number of participants, in particular with an experimental background, reﬂects the
need for hands on courses introducing also non-experts to the ﬁeld. The course in Munich surely
succeeded in teaching the participants the basics of the rather complex KKR formalism as well
as the use of the very user-friendly Munich SPR-KKR package.

Program
Wednesday, 24.6.2009
09:00 - 10:00 H. Ebert
10:00 - 12:00
13:30 - 14.30 W.M. Temmerman
14:30 - 15:30

E. Engel

16:00 - 17:00

G. Fecher

Thursday, 25.6.2009
09:00 - 12:00
13:30 - 14.30 J. Honolka
14:30 - 15:30
16:00 - 17:00

O. Sipr
J. Fink

Friday, 26.6.2009
09:00 - 12:00
13:30 - 14:30 P.H. Dederichs
14:30 - 15:30

W. Wurth

Welcome and Introduction
Computer session
Phase shifts and the KKR-Multiple-Scattering
Theory
Density Functional Theory: An eﬃcient approach to the quantum many-body problem
How many functionals do we need? The way to
make half-metals half-metallic from X_alpha to
+U
Computer session
Surface supported magnetic nanostructures: insights using XMCD
Magnetism and spectroscopy of clusters
Angular Resolved Photoemission Spectroscopy,
a Probe for the Many-Body Properties of Solids
Computer session
Exchange Interactions in Dilute Magnetic Semiconductors
Magnetic Properties of Small Clusters in the
Light of X-Ray Magnetic Circular Dichroism
7

16:00 - 17:00

C. Back

Induced Ferromagnetic Order at Room Temperature in (Ga,Mn)As

Speakers
H. Ebert
W.M.Temmerman

München
Daresbury

E. Engel

Frankfurt

G. Fecher

Mainz

J. Honolka

Stuttgart

O. Šipr
J. Fink

Prague
Berlin

W. Wurth

Hamburg

P. Dederichs

Jülich

C. Back

Regensburg

The Munich SPR-KKR Package
Phase shifts and the
KKR-Multiple-Scattering Theory
Density Functional Theory:
An eﬃcient approach to the
quantum many-body problem
How many functionals do we need?
The way to make half-metals
half-metallic from X_alpha to +U
Surface supported magnetic
nanostructures: insights using XMCD
Magnetism and spectroscopy of clusters
Angular Resolved Photoemission
Spectroscopy, a Probe for the Many-Body
Properties of Solids
Magnetic Properties of Small Clusters
in the Light of X-Ray Magnetic Circular
Dichroism
Exchange Interactions in
Dilute Magnetic Semiconductors
Induced Ferromagnetic Order at
Room Temperature in (Ga,Mn)As

Tutors
Bornemann, Sven − University München
Chadov, Stanislav − University Mainz
Ebert, Hubert − University München
Kardinal, Marianne − University München
Ködderitzsch, Diemo − University München
Kuhn, Gerhard − University München
Lowitzer, Stephan − University München
Mankovsky, Sergiy − University München
Minar, Jan − University München
Polesya, Svitlana − University München
Šipr, Ondřej − University Prague
Szotek, Zdzislawa − Daresbury Laboratory
Temmerman, Walter − Daresbury Laboratory
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List of Participants
Auge, Alexander − Bielefeld University
Baev, Ivan − University Hamburg
Beeck, Torben − University Hamburg
Borek, Stephan − University Halle-Wittenberg
Butchers, Matt − University of Warwick
Chadov, Stanislav − University Mainz
Chen, Kai, − University Hamburg
dos Santos Dias, Manuel − University of Warwick
Edalati Bustan, Saeideh
Hlil, El Kébir − University Joseph Fourier, Grenoble
Eugen, Macocian − University of Oradea
Fiedler, Steﬀen − University Hamburg
Fischer, Guntram − University Halle-Wittenberg
Floare, Calin Gabriel − University Cluj-Napoca
Gamza, Monika − MPI Dresden
Glaser, Leif − University Hamburg
Hammerling, Robert − CMS/WPI Vienna
Hoda Ahsan, Mohammed Ahsanul − University Halle-Wittenberg
Hott, Roland − KIT - FZK - IFP Karlsruhe
Kasinathan, Deepa − MPI Dresden
Khellil, Bouamama − Universite Ferhat Abbas, Setif
Kronseder, Matthias − University of Regensburg
Marmodoro, Alberto − University of Warwick
Meinert, Markus − Bielefeld University
Miguel, Jorge − Free University of Berlin
Peace, Jonathan − University of Warwick
Rohringer, Nina − Lawrence Livermore National Laboratory
Romanyuk, Oleksandr − Institute of Physics, ASCR
Rosner, Helge − MPI Dresden
Sessi, Violetta − MPI Stuttgart
Sharma, Ghanshyam − Banasthali University
Sharma, Yamini − Feroze Gandhi College
Thoene, Jan − IFW Dresden
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3.1.2

Report on GIPAW-NMR tutorial

Zurich
21st-24th September
Sponsors: CECAM, Psi-k, CCP9 (UK), RMN structurale dans le Bassin
Parisien (France)
Organizers: Ari P Seitsonen (CNRS-IMPMC and Pierre and Marie Curie
University, Paris 6; University of Zurich) Jonathan Yates (Oxford University)
Thibault Charpentier (French Atomic Energy Commission (CEA), Saclay)
Web Page: http://www.gipaw.net

Summary
We organised a tutorial on the GIPAW-NMR method. The purpose of the tutorial was
to introduce the ﬁrst-principles computation of Nuclear Magnetic Resonance (NMR) parameters to participants from both the experimental and computational communities.
NMR is a powerful technique in many disciplines, and now widely used for the structural characterization of a broad class of materials. However, correlating the observed
spectra with the structure often requires numerical modelling to unequivocally identify
all the observed resonances. A theoretical method based on the explicit solution of the
electronic structure is the most reliable and predictive approach for the NMR parameters.
One of the most successful and numerically feasible methods for ab initio calculation is
density functional theory (DFT). Whereas there have long been approaches available in
the literature to calculate NMR parameters in ﬁnite samples (molecules and clusters), for
many years it was not possible to compute all the relevant parameters in the condensed
phase (i.e. periodic solids). Traditionally plane wave basis has been used in conjunction
with pseduo-potentials in solid-state DFT codes. There the Coulombic interaction between the ionic cores and the electrons is replaced by an eﬀective pseudo potential that
usually includes a non-local term in the angular channel. The Gauge Including Projector Augmented Waves (GIPAW) ["All-electron magnetic response with pseudopotentials:
NMR chemical shifts", Chris J Pickard and Francesco Mauri, Phys. Rev. B 63 (2001)
245101; doi:10.1103/PhysRevB.63.245101] provided a route to computing NMR parameters in solids with all-electron accuracy. The results in "normal" materials are of nearly
or practically the same level of accuracy as the all-electron methods in ﬁnite system. As
implementations of the GIPAW method have in recent years achieved a level of robustness
by which they can play a key role alongside experimental NMR studies, we organised this
tutorial in order to allow a wider community to take advantage of these codes in their
research. The tutorial was structured so that both experimentalists (with little or no
10

knowledge of DFT) and theorists (with little knowledge of practical NMR spectroscopy)
could attend, and therefore plenary presentations on both aspects were included at the
beginning of the tutorial. More detailed topics were lectured in the mornings, and in the
afternoons practical terminal sessions were conducted. The two ﬁrst days were devoted to
establishing the basics of both NMR spectroscopy and DFT as applied to the calculation
of NMR parameters. During the third and fourth days applications of GIPAW-NMR calculations in both organic and inorganic materials were presented. Advanced features of
DFT calculations were also described and we elected to give a short introduction to the
computation of vibrational parameters, as there is a great interest in the NMR community
in understanding the eﬀect of thermal motion on NMR parameters.
We used the DFT-GIPAW package implemented in the code PWSCF in the Quantum
Espresso (QE) package (http://www.quantum-espresso.org/). There were also six contributed talks by participants, illustrating the state of the art in the application of solidstate NMR into real scientiﬁc problems and materials. After the tutorial the participants
are expected to be suﬃciently familiar with the GIPAW-NMR method to the extent that
they can start new projects, with possibly the support from colleagues or following discussion on open forums dedicated to such topics.
There were 25 participants from across 10 European countries, and one participant each
from India and Japan.
After the tutorial we arranged an anonymous survey to let the participants give feedback
about the event, and seven persons made the survey. The major indicator was the "usefulness of the tutorial", where the evaluation was done on scale from "1" (not useful at all)
to "10" (very useful): The average rating was 8.57, with all the responses were from "7"
to "10". Of the responses six stated that they were determined to use the GIPAW-NMR
methodology in the future in their research, and the seventh one was also considering
it. Thus we conclude that the tutorial ﬁlled its purpose, and we look forward for further
applications appearing as a result of the tutorial.
We acknowledge the ﬁnancial support for the tutorial from CECAM (http://www.cecam.
org/), Psi-k network (http://www.psi-k.org/), RMN structurale dans le Bassin Parisien
(France) (http://rmngbp.cnrs-orleans.fr/) and CCP9 (UK) (http://www.ccp9.ac.
uk).
Program
Monday
09:45 - 10:30 Principles of NMR (ThC)
11:00 - 12:30 DFT in the solid-state (APS)
14:00 - 18:00 Practical Session: Introduction to the usage of the QE package and appli-

11

cation to basic DFT calculations (convergence, energy cut-oﬀ, K-grid, etc)
Tuesday
09:00 - 10:00
10:30 - 11:30
13:30 - 14:00
14:00 - 18:00

Calculation of NMR Parameters (JRY)
Advanced NMR (ThC)
Geometry and Dynamics (JRY)
Practical Session: Usage of the GIPAW-NMR software

Wednesday
09:00 - 09:30 Applications to Inorganic Materials (ThC)
09:30 - 10:30 Vibrational Spectroscopy (PG)
11:00 - 11:30 Applications to Organic Materials (JRY)
11:30 - 12:30 Participant Presentations
John Hanna
Nicolas Foliet
Giacomo Saielli
14:00 - 18:00 Practical Session: Relaxation of structures in conjunction with NMR calculations
Thursday
09:00 - 09:30 Introduction to QE (PG)
09:30 - 10:15 Advanced DFT (APS)
10:45 - 11:30 Pseudopotentials (PG)
11:30 - 12:30 Participant Presentations
Simona Ispas
Filipe Vasconcelos
Sylvian Cadars
14:00 - 18:00 Practical Session: Vibrational calculations, NMR parameters under pressure
and participant’s own examples

Organisers and lecturers
Thibault CHARPENTIER France, French Atomic Energy Commission (CEA)
Ari Paavo SEITSONEN France, CNRS and Université Pierre and Marie Curie
Jonathan YATES United Kingdom, Oxford University
Paolo GIANNOZZI Italy, Universitá di Udine, Dipartimento di Fisica
Layla MARTIN-SAMOS Italy, CNR-INFM S3

Participants
Emmanuel BETRANHANDY France, Ecole Polytechnique
Goranka BILALBEGOVIC Croatia, University of Zagreb, Department of Physics
12

Monique BODY France, Université de Maine, LEPC CNRS UMR 6087
Sylvian CADARS France, CNRS, CEMHTI
Minseok CHOI Japan, University of Kyoto, Department of Materials Science and Engineering
Laurent DELEVOYE France, UCCS
Franck FAYON France, CNRS, CEMHTI
Guillaume FERLAT France, IMPMC, Université Pierre et Marie Curie Paris VI
Christian FERNANDEZ France, Université de Caen, CNRS, ENSICAEN
Xenia FILIP Romania, National Institute for Research and Development of Isotopic and
Molecular Technologies
Calin Gabriel FLOARE Romania, National Institute for Research and Development of
Isotopic and Molecular Technologies
Nicolas FOLLIET France, Laboratoire de Chimie de la Matiáre Condens’e de Paris
John HANNA United Kingdom, University of Warwick, Department of Physics
Simona ISPAS France, Université Montpellier II, LCVN
Robert LASKOWSKI Austria, Vienna University of Technolog
Luis MAFRA Portugal, Aveiro, Department of Chemistry
Gregor MALI Slovenia, National Institute of Chemistry
Carlo NERVI Italy, University of Turin, Department of Chemistry IFM
Geo PAUL Italy, Université del Piemonte Orientale
Ali Hussain RESHAK Czech Republic, South Bohemia University
Giacomo SAIELLI Italy, CNR Institute on Membrane Techonolog
Neeraj SINHA India, Centre of Biomedical Magnetic Resonance
Iurii TIMROV France, Ecole Polytechnique
Filipe VASCONCELOS France, Université des Sciences et Technologies de Lille, UCCS,
Unité de Catalyse et de Chimie du Solide
Aurélie VICENTE France, Université de Caen, Laboratoire Catalyse et Spectrochimie
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4
4.1

General Workshop/Conference Announcements

NAMET Workshop: New Approaches in Many-Electron Theory
The organizers: Volker Bach and Luigi Delle Site

Sponsors: Max-Planck Graduate Center and Mainz node of CECAM
20-24 September, 2010, Mainz, Germany
webpage: http://www.mpip-mainz.mpg.de/theory/events/namet2010

This interdisciplinary workshop will focus on the theoretical foundation of many-electron
models and on its numerical implementations, with a special focus on quantum Monte
Carlo, density functionals and (reduced) density matrix functionals. Much progress has
been made on the numerical implementation of such functionals to calculate the main
properties of chemical, physical, or material properties of matter, but in many respects
the theoretical and mathematical foundation of those simplifying approximations to the
quantum-mechanical energy of many-electron systems remains a challenge to research.
The aim of this workshop is to bring together mathematicians, physicists and chemists
who work in the ﬁeld along the directions mentioned above and to serve as a forum
to enhance the exchange between these scientiﬁc communities. Speciﬁc topics included
in this workshop are, e.g., kinetic energy functionals, electron correlations, and quantum
monte carlo methods. The workshop consists of about 20 invited lectures and ten selected
contributions, for which young scientists (postdocs and PhD students) would be preferred.

The workshop will be held in Mainz during the 20-24th of September 2010.
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4.2

CECAM Workshop on Actinides: Correlated electrons and nuclear
materials
Ramada Jarvis Hotel, Manchester, UK
14-16 June 2010

The workshop will bring together scientists who are interested in the same nuclear/actinide
materials, but focus on diﬀerent aspects of the physics and chemistry of these materials.
The overarching goal of this workshop is to take up important aspects of the f-electron
challenge and to advance the fundamental understanding of actinide materials, and then,
see the application of these studies to nuclear fuels and waste as well as their interaction
with the environment.
For further details and the list of invited speakers see
http://www.cse.scitech.ac.uk/cecam_at_daresbury/actinides.shtml
or
http://www.cecam.org/workshop-0-386.html
The workshop is open to all students and scientists interested in the subject matter,
however the total number of participants is limited to 50. The participants will have to
cover their own travel, but hotel rooms will be available (at the conference hotel) at a
favourable rate of 60 GBP/night, the conference fees and local costs (meals + conference
dinner) will be paid for by the organizing committee.
Some additional funding may be made available to support young researchers. Please
apply to the organisers providing also a CV and a letter of recommendation from a supervisor.
For registration please visit
http://www.cse.scitech.ac.uk/cecam_at_daresbury/actinides.shtml
Registration deadline is 30th of April 2010.
We look forward to meeting you in Manchester.
The Organizers,
Leon Petit (leon.petit@stfc.ac.uk) & Bernard Amadon (bernard.amadon@cea.fr)
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5

General Job Announcements

Postdoctoral and Ph. D Positions
University of Basel, Basel, Switzerland

Two postdoc positions are available in the area of high performance scientiﬁc computing
in the Computational Physics group of Prof. Stefan Goedecker at the university of Basel.
Within this high performance computing project the wavelet based electronic structure
program BigDFT will be adapted to emerging new hardware architectures. In particular
the power of GPU’s will will be exploited to obtain high speed. Obtaining high performance on these architectures will however not only require new programming languages
for GPU’s such as CUDA, but also the implementation of new algorithms which can
exploit the large number of cores of the latest GPU harware.
Candidates for the positions should have a background in electronic structure code development, and very good mathematical and programming skills. Ideally they should already
have some experience with GPU programming languages such as CUDA or OpenCL. Exceptionally qualiﬁed individuals might also be hired at the Ph.D level. Overseas applicants
who can not present high scores in the GRE general exam will have to pass an individual
test in the area of computational physics. The usual application documents together with
the name of two references should be send to Stefan.Goedecker@unibas.ch.
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Postdoctoral Position
Department of Applied Physics and Physics, Yale University,
New Haven, USA

Yale’s new ’Nano-solar Nano-materials Assembly for Photovoltaics’ collaboration (NSF
DMR-0934520) is seeking to employ a theory-oriented postdoctoral fellow. The position
is available starting now until ﬁlled.
The collaboration brings together experimentalists and theorists to create, study, and
understand the behavior of photovoltaic systems built from organic and inorganic constituents at the nanoscale. The theory eﬀort will involve ﬁrst principles modeling of
relevant material systems as well as mathematical approaches to data analysis and aggregation of both theoretical and experimental data sets.
The candidate should have a Ph.D. in physics, chemistry, materials physics or engineering, or a related ﬁeld. Prior experience with ﬁrst principles calculations of materials
properties is essential. In addition, the applicant should have an interest in learning,
developing, and applying mathematical approaches to understanding large data sets as
well as collaborating with experimental colleagues on a regular basis.
A brief letter stating the applicant’s background, a curriculum vitae, and letters of recommendation (preferably three) should be sent to sohrab.ismail-beigi@yale.edu. Recommenders should send letters under separate cover. Please use the email subject line ’LASTNAME: Nanosolar application’ or ’LASTNAME: Nanosolar recommendation’ where LASTNAME is the applicant’s surname.
Yale is an aﬃrmative action/equal opportunity employer and encourages applications
from qualiﬁed women and minority group members.
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Impact of dimerization and stretching on the transport
properties of molybdenum atomic wires
A. García-Fuente
Departamento de Física Teórica, Atómica y Óptica
Universidad de Valladolid, E-47011 Valladolid, Spain
A. Vega
Departamento de Física Teórica, Atómica y Óptica
Universidad de Valladolid, E-47011 Valladolid, Spain
V. M. García-Suárez
Department of Physics, Lancaster University, Lancaster, United Kingdom
J. Ferrer
Departamento de Física, Universidad de Oviedo, Spain
Abstract
We study the electrical and transport properties of monoatomic Mo wires with different structural characteristics. We consider first periodic wires with inter-atomic distances
ranging between the dimerized wire to that formed by equidistant atoms. We find that the
dimerized case has a gap in the electronic structure which makes it insulating, as opposed to
the equidistant or near-equidistant cases which are metallic. We also simulate two conducting one-dimensional Mo electrodes separated by a scattering region which contains a number
of dimers between 1 and 6. The I − V characteristics strongly depend on the number of
dimers and vary from ohmic to tunneling, with the presence of different gaps. We also find
that stretched chains are ferromagnetic.

(Nanotechnolohy 21, 095205 (2010) )
Contact person: A. García-Fuente amador@phenix.fam.cie.uva.es
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Impurity clustering and impurity-induced bands in PbTe-, SnTe-,
and GeTe-based bulk thermoelectrics
Khang Hoang,1 S. D. Mahanti,2 and Mercouri G. Kanatzidis3,4
1 Materials Department, University of California, Santa Barbara, California 93106, USA
2 Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824, USA
3 Department of Chemistry, Northwestern University, Evanston, Illinois 60208, USA
4 Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
Abstract
Complex multicomponent systems based on PbTe, SnTe, and GeTe are of great interest
for infrared devices and high-temperature thermoelectric applications. A deeper understanding of the atomic and electronic structure of these materials is crucial for explaining,
predicting, and optimizing their properties, and to suggest materials for better performance.
In this work, we present our first-principles studies of the energy bands associated with various monovalent (Na, K, and Ag) and trivalent (Sb and Bi) impurities and impurity clusters
in PbTe, SnTe, and GeTe using supercell models. We find that monovalent and trivalent
impurity atoms tend to come close to one another and form impurity-rich clusters, and the
electronic structure of the host materials is strongly perturbed by the impurities. There
are impurity-induced bands associated with the trivalent impurities that split off from the
conduction-band bottom with large shifts towards the valence-band top. This is due to the
interaction between the p states of the trivalent impurity cation and the divalent anion which
tends to drive the systems towards metallicity. The introduction of monovalent impurities
(in the presence of trivalent impurities) significantly reduces (in PbTe and GeTe) or slightly
enhances (in SnTe) the effect of the trivalent impurities. One, therefore, can tailor the band
gap and band structure near the band gap (hence transport properties) by choosing the
type of impurity and its concentration or tuning the monovalent/trivalent ratio. Based on
the calculated band structures, we are able to explain qualitatively the measured transport
properties of the whole class of PbTe-, SnTe-, and GeTe-based bulk thermoelectrics.

Physical Review B 81, 115106 (2010). DOI: 10.1103/PhysRevB.81.115106
Contact person: Khang Hoang, hoang@engr.ucsb.edu

19

Efficient implementation of the GW approximation within the
all-electron FLAPW method
Christoph Friedricha , Stefan Blügela , and Arno Schindlmayrb
a
Institut für Festkörperforschung and Institute for Advanced Simulation,
Forschungszentrum Jülich, 52425 Jülich, Germany
b
Department Physik, Universität Paderborn, 33095 Paderborn, Germany
Abstract
We present an implementation of the GW approximation for the electronic self-energy
within the full-potential linearized augmented-plane-wave (FLAPW) method. The algorithm
uses an all-electron mixed product basis for the representation of response matrices and related quantities. This basis is derived from the FLAPW basis and is exact for wave-function
products. The correlation part of the self-energy is calculated on the imaginary frequency
axis with a subsequent analytic continuation to the real axis. As an alternative we can
perform the frequency convolution of the Green function G and the dynamically screened
Coulomb interaction W explicitly by a contour integration. The singularity of the bare and
screened interaction potentials gives rise to a numerically important self-energy contribution, which we treat analytically to achieve good convergence with respect to the k-point
sampling. As numerical realizations of the GW approximation typically suffer from the high
computational expense required for the evaluation of the nonlocal and frequency-dependent
self-energy, we demonstrate how the algorithm can be made very efficient by exploiting spatial and time-reversal symmetry as well as by applying an optimization of the mixed product
basis that retains only the numerically important contributions of the electron-electron interaction. This optimization step reduces the basis size without compromising the accuracy
and accelerates the code considerably. Furthermore, we demonstrate that one can employ
an extrapolar approximation for high-lying states to reduce the number of empty states
that must be taken into account explicitly in the construction of the polarization function
and the self-energy. We show convergence tests, CPU timings, and results for prototype
semiconductors and insulators as well as ferromagnetic nickel.

(Phys. Rev. B 81, 125102 (2010))
Contact person: c.friedrich@fz-juelich.de
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Wannier-function approach to spin excitations in solids
Ersoy Şaşıoğlu1 , Arno Schindlmayr2 , Christoph Friedrich1 , Frank Freimuth1 ,
Stefan Blügel1
1
Institut für Festkörperforschung and Institute for Advanced Simulation,
Forschungszentrum Jülich, 52425 Jülich, Germany
2
Department Physik, Universität Paderborn, 33095 Paderborn, Germany
Abstract
We present a computational scheme to study spin excitations in magnetic materials from
first principles. The central quantity is the transverse spin susceptibility, from which the complete excitation spectrum, including single-particle spin-flip Stoner excitations and collective
spin-wave modes, can be obtained. The susceptibility is derived from many-body perturbation theory and includes dynamic correlation through a summation over ladder diagrams
that describe the coupling of electrons and holes with opposite spins. In contrast to earlier
studies, we do not use a model potential with adjustable parameters for the electron-hole
interaction but employ the random-phase approximation. To reduce the numerical cost for
the calculation of the four-point scattering matrix we perform a projection onto maximally
localized Wannier functions, which allows us to truncate the matrix efficiently by exploiting
the short spatial range of electronic correlation in the partially filled d or f orbitals. Our
implementation is based on the full-potential linearized augmented-plane-wave (FLAPW)
method. Starting from a ground-state calculation within the local-spin-density approximation (LSDA), we first analyze the matrix elements of the screened Coulomb potential in the
Wannier basis for the 3d transition-metal series. In particular, we discuss the differences
between a constrained nonmagnetic and a proper spin-polarized treatment for the ferromagnets Fe, Co, and Ni. The spectrum of single-particle and collective spin excitations in fcc Ni
is then studied in detail. The calculated spin-wave dispersion is in good overall agreement
with experimental data and contains both an acoustic and an optical branch for intermediate
wave vectors along the [1 0 0] direction. In addition, we find evidence for a similar doublepeak structure in the spectral function along the [1 1 1] direction. To investigate the influence
of static correlation we finally consider LSDA+U as an alternative starting point and show
that, together with an improved description of the Fermi surface, it yields a more accurate
quantitative value for the spin-wave stiffness constant, which is overestimated in the LSDA.

Phys. Rev. B 81, 054434 (2010).
Contact person: e.sasioglu@fz-juelich.de
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Continuously tunable bandgap in GaN/AlN (0001) superlattices
X. Y. Cui1 , D. J. Carter1,6 , M. Fuchs2 , B. Delley3 , S. H. Wei4 , A. J. Freeman5 ,
and C. Stampﬂ1
1
School of Physics, The University of Sydney, Sydney,
New South Wales 2006, Australia
2
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, 14195 Berlin, Germany
3
Paul Scherrer Institut WHGA/123 CH-5232 Villigen PSI, Switzerland
4
National Renewable Energy Laboratory,
1617 Cole Boulevard, Golden, Colorado 80401, USA
5
Department of Physics and Astronomy, Northwestern University,
Evanston, Illinois 60208-3112, USA.
6
Nanochemistry Research Institute, Curtin University of Technology,
Perth, WA 6845, Australia
Abstract
Based on all-electron density functional theory calculations using the generalised gradient
approximation, we demonstrate the continuous tunability of the bandgap and strength of the
built-in electric field in GaN/AlN (0001) superlattices by control of the thickness of both
the well (GaN) and barrier (AlN) regions. The effects of strain for these quantities are also
studied. Calculations taking into account the self-interaction correction exhibit the same
dependence on thickness. The calculated electric field strength values are in good agreement
with recent experiments. Spontaneous polarization dominates the contribution to the electric
field, and the strain-induced piezoelectric polarization is estimated to contribute only about
5−10 %.

(Accepted at: Phys. Rev. B)
Contact person: Martin Fuchs (fuchs@fhi-berlin.mpg.de)
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Role of Surface Oxides in NOx Storage Reduction Systems
Jelena Jelic1,2 , Karsten Reuter2 , Randall Meyer1
1
Department of Chemical Engineering, University of Illinois at Chicago,
810 S. Clinton St, 60607, Chicago, USA
2
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
Abstract
We have examined NO oxidation over Pd(101)/Pd(100) using Density Functional Theory
calculations. Kinetic Monte Carlo simulations were performed based upon the results of
the density functional theory calculations. At a typical condition for NO oxidation in a
NOx storage reduction system (600 K, 1 bar O2 , 1 mbar NO), we find turnover frequencies
comparable to Pt(111) surfaces implying that the surface oxide is similar in reactivity to the
oxygen covered metal surface.

(Accepted at: Chem. Cat. Chem.)
Contact person: Karsten Reuter (reuter@fhi-berlin.mpg.de)
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Azobenzene versus 3,3′,5,5′-tetra-tert-butyl-azobenzene (TBA) at
Au(111): characterizing the role of spacer groups
Erik R. McNellis1 , Christopher Bronner2 , Jörg Meyer1 ,
Martin Weinelt2,3 ,Petra Tegeder2 , and Karsten Reuter1,4
1
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2
Fachbereich Physik, Freie Universität Berlin,
Arnimallee 14, D–14195 Berlin, Germany
3
Max-Born-Institut,
Max-Born-Str. 2A, D–12489 Berlin, Germany
4
Department Chemie, Technische Universität München
Lichtenbergstr. 4, D–85747 Garching, Germany
Abstract
We present large-scale density-functional theory (DFT) calculations and temperature
programmed desorption measurements to characterize the structural, energetic and vibrational properties of the functionalized molecular switch 3,3′ ,5,5′ -tetra-tert-butyl-azobenzene
(TBA) adsorbed at Au(111). Particular emphasis is placed on exploring the accuracy of
the semi-empirical dispersion correction approach to semi-local DFT (DFT-D) in accounting
for the substantial van der Waals component in the surface chemical bond. In line with
previous findings for benzene and pure azobenzene at coinage metal surfaces, DFT-D significantly overbinds the molecule, but seems to yield an accurate adsorption geometry as far
as can be judged from the experimental data. Comparing the trans adsorption geometry of
TBA and azobenzene at Au(111) reveals remarkable insensitivity of the structural and vibrational properties of the −N = N− moiety. This questions the established view of the role
of the bulky tert-butyl-spacer groups for the switching of TBA in terms of a mere geometric
decoupling of the photochemically active diazo-bridge from the gold substrate.

(Submitted to: Phys. Chem. Chem. Phys.)
Contact person: Erik McNellis (mcnellis@fhi-berlin.mpg.de)
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Oxygen adatoms at SrTiO3 (001): A density-functional theory
study
Hannes Guhl1,2 Wolfram Miller2 and Karsten Reuter1,3
1
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2
Leibniz Institut für Kristallzüchtung,
Max-Born-Str. 2, D-12489 Berlin, Germany
3
Department Chemie, Technische Universität München,
Lichtenbergstr. 4, D-85747 Garching (Germany)
Abstract
We present a density-functional theory study addressing the energetics and electronic
structure properties of isolated oxygen adatoms at the SrTiO3 (001) surface. Together with
a surface lattice oxygen atom, the adsorbate is found to form a peroxide-type molecular
species. This gives rise to a non-trivial topology of the potential energy surface for lateral
adatom motion, with the most stable adsorption site not corresponding to the one expected
from a continuation of the perovskite lattice. With computed modest diffusion barriers below
1 eV, it is rather the overall too weak binding at both regular SrTiO3 (001) terminations that
could be a critical factor for oxide film growth applications.

(Published in: Surf. Sci. 604 , 372-376 (2010))
Contact person: Hannes Guhl (guhl@fhi-berlin.mpg.de)
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Water adsorption and dissociation on SrTiO3(001) revisited:
A density-functional theory study
Hannes Guhl1,2 Wolfram Miller2 and Karsten Reuter1,3
1
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4–6, 14195 Berlin, Germany
2
Leibniz Institut für Kristallzüchtung,
Max-Born-Str. 2, D-12489 Berlin, Germany
3
Department Chemie, Technische Universität München,
Lichtenbergstr. 4, D-85747 Garching (Germany)
Abstract
We present a comprehensive density-functional theory study addressing the adsorption,
dissociation and successive diffusion of water molecules on the two regular terminations of
SrTiO3 (001). Combining the obtained supercell-geometry converged energetics within a firstprinciples thermodynamics framework we are able to reproduce the experimentally observed
hydroxilation of the SrO-termination already at lowest background humidity, whereas the
TiO2 -termination stays free of water molecules in the regime of low water partial pressures.
This different behavior is traced back to the effortless formation of energetically very favorable hydroxyl-pairs on the prior termination. Contrary to the prevalent understanding our
calculations indicate that at low coverages also the less water-affine TiO2 -termination can
readily decompose water, with the often described molecular state only stabilized towards
higher coverages.

(Submitted to: Phys. Rev. B)
Contact person: Hannes Guhl (guhl@fhi-berlin.mpg.de)
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Two and three-body interatomic dispersion energy contributions
to binding in molecules and solids
O. Anatole von Lilienfeld1 and Alexandre Tkatchenko2
1
Multiscale Dynamic Materials Modeling Department,
Sandia National Laboratories, Albuquerque,
New Mexico 87185-1322, USA
2
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-14195 Berlin, Germany
Abstract
We present numerical estimates of the leading two and three body dispersion energy terms
in van der Waals interactions for a broad variety of molecules and solids. The calculations
are based on London and Axilrod-Teller-Muto expressions where the required interatomic
dispersion energy coefficients, C6 and C9 , are computed “on-the-fly” from the electron density. Inter and intra-molecular energy contributions are obtained using Tang-Toennies (TT)
damping-function for short interatomic distances. The TT range parameters are equally
extracted “on-the-fly” from the electron density using their linear relationship to van-derWaals radii. This relationship is empirically determined for all the combinations of He–Xe
rare gas dimers, as well as for the He and Ar trimers. The investigated systems include the
S22 database of non-covalent interactions, benzene and ice crystals, bilayer graphene, C60
dimer, a peptide (Ala10 ), an intercalated drug-DNA model (Ellipticine-d(CG)2 ), 42 DNA
base pairs, a protein (DHFR, 2616 atoms), double stranded DNA (1905 atoms), and molecular crystals from crystal structure blind tests. The 2 and 3-body interatomic dispersion
energies are found to contribute significantly to binding and cohesive energies, for bilayer
graphene the latter reaches 50 % of experimentally derived binding energy. These results
suggest that interatomic 3-body dispersion potentials should be accounted for in atomistic
simulations when modeling bulky molecules or condensed phase systems.

(Submitted to: J. Chem. Phys. )
Contact person: Alexandre Tkatchenko (tkatchen@fhi-berlin.mpg.de)
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The Role of van der Waals Interactions in Organic Adsorbates
and Organic/Inorganic Interfaces
Alexandre Tkatchenko1 , Lorenz Romaner2 , Oliver T. Hofmann3 ,
Egbert Zojer3 , Claudia Ambrosch-Draxl2 , and Matthias Scheﬄer1
1
Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-14195 Berlin, Germany
2
Chair of Atomistic Modelling and Design of Materials,
University of Leoben, Franz-Josef-Strasse 18, A-8700 Leoben, Austria
3
Institute of Solid State Physics, Graz University of Technology,
Petersgasse 16, 8010 Graz, Austria
Abstract
Van der Waals (vdW) interactions play an important role for the structure and function
of organic/organic and organic/inorganic interfaces. Their accurate determination from first
principles is, however, a notoriously difficult task. Recently, a surge of interest in modeling
vdW interactions has lead to promising theoretical developments. This paper reviews the
state-of-the-art of describing vdW interactions by density-functional theory (and beyond)
with respect to accuracy and practicability. The performance of the different methods is
demonstrated for simple systems, such as rare-gas dimers and small organic molecules. The
nature of binding at organic/inorganic interfaces is then exemplified for perylene-3,4,9,10tetracarboxylic-3,4,9,10-dianhydride (PTCDA) at surfaces of coinage metals. In particular,
we emphasize the crucial importance of a balanced description of both geometry and electronic structure in order to understand and model the properties of such systems. Final ly,
the relevance of vdW interactions for the function of actual devices based on interfaces is
discussed.

(Submitted to: MRS Bulletin (invited review) )
Contact person: Alexandre Tkatchenko (tkatchen@fhi-berlin.mpg.de)
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Abstract
Electronic structure calculations have become an indispensable tool in many areas of
materials science and quantum chemistry. Even though the Kohn-Sham formulation of
∗
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the density-functional theory (DFT) simplifies the many-body problem significantly, one
is still confronted with several numerical challenges. In this article we present the projector
augmented-wave (PAW) method as implemented in the GPAW program package‡ using an
uniform real-space grid representation of the electronic wave functions. Compared to more
traditional plane wave or localized basis set approaches, real-space grids offer several advantages, most notably good computational scalability and systematic convergence properties.
Additionally, as localized orbitals provide a conveniently small basis, we have also implemented the PAW method using atom-centered orbital basis sets. While DFT allows one to
study ground state properties, time-dependent density-functional theory (TDDFT) provides
access to the excited states. We have implemented the two common formulations of TDDFT,
namely the linear-response and the time propagation schemes. Electron transport calculations under finite-bias conditions can be performed with GPAW using non-equilibrium Green
functions and the localized basis set. In addition to the basic features of the real-space PAW
method, we also describe the implementation of selected exchange-correlation functionals,
parallelization schemes, ∆SCF-method, X-ray absorption spectra, and maximally localized
Wannier orbitals.

1

Introduction

Electronic structure calculations have become an indispensable tool for simulations of
condensed matter systems. Nowadays systems ranging from atoms and small molecules
to nanostructures with several hundreds of atoms are studied routinely with densityfunctional theory (DFT) [1, 2].
In principle, only ground state properties such as total energies and equilibrium geometries
can be investigated with DFT. However, several interesting material properties like excitation energies and optical spectra are related to the excited states of a system. These
excited-state properties can be studied with time-dependent density-functional theory
(TDDFT) [3].
Even though the DFT equations are much easier to solve than the full many-body
Schrödinger equation, several numerical approximations are usually made. The approximations can be related to the treatment of core electrons and the region near the atomic
nuclei (pseudopotential vs. all-electron methods) [4–8] or to the discretization of equations (plane-waves, localized orbitals, real-space grids, ﬁnite elements) [9–19]. In this
work, we present a real-space-based implementation of the projector augmented-wave
(PAW) method in the open source program package GPAW [20]. We note that there are
several software packages that currently implement the PAW method using a plane-wave
basis [21–23].
The PAW method [7,24] is formally an all-electron method which provides an exact transformation between the smooth pseudo wave functions and the all-electron wave functions.
While in practical implementations the PAW method resembles pseudopotential methods, it addresses several shortcomings of norm-conserving or ultrasoft pseudopotentials.
The PAW method oﬀers a reliable description over the whole periodic table with good
‡

https://wiki.fysik.dtu.dk/gpaw
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transferability of PAW potentials. The pseudo wave functions in the PAW method are
typically smoother compared to norm-conserving pseudopotential methods so that the
wave functions can be represented with fewer degrees of freedom. The PAW approximation contains all the information about the nodal structure of wave functions near the
nuclei, and it is always possible to reconstruct the all-electron wave functions from the
pseudo wave functions.
In the solid state community, plane-wave basis sets [9, 22, 25, 26] are the most popular
choice for discretizing the density-functional equations while localized basis sets [11, 27]
have been more popular in quantum chemistry. A more recent approach is the use of
uniform real-space grids [13, 28–30]. Real-space methods provide several advantages over
plane waves. A plane-wave basis imposes periodic boundary conditions, while a realspace grid can ﬂexibly treat both free and periodic boundary conditions. The plane-wave
method relies heavily on fast Fourier transforms which are diﬃcult to parallelize eﬃciently
due to the non-local nature of the operations. On the other hand, in real space it is possible
to work entirely with local and semi-local operations which enables eﬃcient parallelization
with small communication overhead. The accuracy of a real-space representation can be
increased systematically by decreasing the grid spacing, similar to increasing the kinetic
energy cut-oﬀ in a plane wave calculation. This systematic improvement of accuracy is
also the main advantage of both real-space and plane-wave methods compared to localized
basis sets, where the accuracy of representation cannot be controlled as systematically.
However, as localized functions can provide a very compact basis set, we have implemented
also atom-centered basis functions for situations where the high accuracy of a real-space
grid is not needed. The atom-centered basis is especially convenient in the context of
electron transport calculations within the non-equilibrium Green function approach also
implemented in GPAW. To our knowledge, GPAW is the ﬁrst publicly available package
to implement the PAW method with uniform real-space grids and atom-centered localized
orbitals.
In tandem with numerical approximations, physical approximations are needed in DFT
since the exact form of the exchange-correlation (XC) functional is unknown. The traditional local density and generalized gradient approximations have been surprisingly
successful, but due to well-known shortcomings, there are continuing eﬀorts to go beyond
them. Some of the new developments in this ﬁeld, such as meta-GGA and exact-exchange
based approximations are available in GPAW.
Time-dependent density-functional theory (TDDFT) can be realized in two diﬀerent formalism. In the most general form, the time-dependent Kohn-Sham equations are integrated over the time-domain [31]. In the linear-response regime it is also possible to obtain
excitation energies by solving a matrix equation in an electron-hole basis [32]. The realtime propagation and the linear-response approaches are complementary. For example,
the linear-response scheme provides all the excitations in a single calculation, while the
real-time formalism provides the excitations corresponding to a given initial perturbation.
On the other hand, the real-time propagation scheme can address also non-linear eﬀects.
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While the linear-response scheme is more eﬃcient for small systems, the real-time propagation approach scales more favorably with system size. Both the linear-response and
real-time forms are implemented in GPAW, to our knowledge for the ﬁrst time within the
PAW method.
In addition to the standard total energy calculations, GPAW contains several more speciﬁc
features. For example, excitation energies can be estimated with the ∆SCF method [33]
as an alternative to the TDDFT approaches. X-ray absorption spectra and maximally
localized Wannier functions can also be calculated.
This article is organized as follows: First, the general features of the PAW method and the
implementation on a real-space grid are described in Sec. 2. In Sec. 3 we give an overview
of the diﬀerent exchange-correlation functionals available, and in Sec. 4 we discuss a recent
method for error estimations within DFT. An overview of TDDFT is presented in Sec. 5,
and the localized basis set and its use in ﬁnite bias transport calculations are described
in Sec. 6. In Sec. 7 other features, such as ∆SCF, X-ray absorption spectra and Wannier
functions are described. The parallelization strategy and parallel scaling are presented in
Sec. 8. Finally, we provide a summary and an outlook in Sec. 9.

2

General overview

In this section, we present the main features of our PAW implementation. Some of the
details have been published earlier [34], so we provide here a general overview and discuss
in more detail only the parts where our approach has changed from the earlier publication.
The notation is similar to the one used in the original references [7]. We use Hartree atomic
= 1) throughout the article. Generally, the equations are written
units (~ = m = e = 4π
ǫ0
for the case of a spin-paired and ﬁnite system of electrons and the spin and k-point indices
are included when necessary.
2.1

Projector augmented-wave method

In the Kohn-Sham formulation of DFT, we work with single-particle all-electron wave
functions to describe core, semi-core and valence states. The PAW method is a linear
transformation between smooth valence (and semi-core) pseudo (PS) wave functions, ψ̃n
(n is the state index) and all-electron (AE) wave functions, ψn . The core states of the
atoms, φa,core
, are ﬁxed to the reference shape for the isolated atom. Here a is an atomic
i
index and i is a combination index for the principal, angular momentum, and magnetic
quantum numbers respectively (n, ℓ and m).
Given a smooth PS wave function, the corresponding AE wave function, which is orthogonal to the set of φa,core
orbitals, can be obtained through a linear transformation
i
ψn (r) = T̂ ψ̃n (r).

(1)

The transformation operator, T̂ , is given in terms of atom-centered AE partial waves,
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φai (r), the corresponding smooth partial waves, φ̃ai (r), and projector functions, p̃ai (r), as
XX
T̂ = 1 +
(|φai i − |φ̃ai i)hp̃ai |,
(2)
a

i

where atom a is at the position Ra . The deﬁning properties of the atom-centered functions
are that AE partial waves and smooth PS partial waves are equal outside atom-centered
augmentation spheres of radii rca ,
φai (r) = φ̃ai (r), |r − Ra | > rca

(3)

and that the projector functions are localized inside the augmentation spheres and are
orthogonal to the PS partial waves
(4)

hp̃ai1 |φ̃ai2 i = δi1 i2 .

In principle, an inﬁnite number of atom-centered partial waves and projectors is required
for the PAW transformation to be exact. However, in practical calculations it is usually
enough to include one or two functions per angular momentum channel. The projectors
and partial waves are constructed from an AE calculation for a spherically symmetric
atom.
Inside the augmentation sphere of atom a, we can deﬁne one-center expansions of an AE
and PS state as [7]
X
a a
ψna (r) =
Pin
φi (r)
(5)
i

and
ψ̃na (r) =

X

(6)

a a
Pin
φ̃i (r),

i

where the expansion coeﬃcients are
(7)

a
Pin
= hp̃ai |ψ̃n i.

For a complete set of partial waves, we have ψn = ψna and ψ̃n = ψ̃na for |r − Ra | < rca
which leads to
X
ψn = ψ̃n +
(ψna − ψ̃na ).
(8)
a

Here, the term in the parenthesis is a correction inside the augmentation spheres only.
We deﬁne a PS electron density
ñ(r) =

X
n

fn |ψ̃n (r)|2 +

X

ñac (r),

(9)

a

where fn are occupation numbers between 0 and 2, and ñac is a smooth PS core density
equal to the AE core density nac outside the augmentation sphere. From the atomic density
matrix Dia1 i2
X
Dia1 i2 =
hψ̃n |p̃ai1 ifn hp̃ai2 |ψ̃n i.
(10)
n
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we deﬁne one-center expansions of the AE and PS densities,
X
Dia1 i2 φai1 (r)φai2 (r) + nac (r),
na (r) =

(11)

i1 ,i2

and
ña (r) =

X

Dia1 i2 φ̃ai1 (r)φ̃ai2 (r) + ñac (r),

(12)

i1 ,i2

respectively.
From ñ, na and ña , we can construct the AE density in terms of a smooth part and
atom-centered corrections
X
(na (r) − ña (r)).
(13)
n(r) = ñ(r) +
a

The PAW total energy expression has three contributions: kinetic, Coulomb and XC
energy, all of which are composed of a PS part and atomic corrections. For the kinetic
energy, we get
Z
1X
fn drψ̃n (r)∇2 ψ̃n (r),
(14)
Ẽkin = −
2 n
core Z
1 X
a
∆Ekin = − 2
drφai (r)∇2 φai (r)
2 i
Z


1X a
a
2 a
a
2 a
dr φi1 (r)∇ φi2 (r) − φ̃i1 (r)∇ φ̃i2 (r) .
(15)
D
−
2 i i i1 i2
1 2

Before we can write down the expression for the PAW Coulomb energy, we must deﬁne
one-center AE and PS charge densities
ρa (r) = na (r) − Z a δ(r − Ra ),
X
a
Qaℓm ĝℓm
(r),
ρ̃a (r) = ña (r) +

(16)
(17)

ℓm

a
where Z a is the atomic number of atom a, ĝℓm
(r) = ĝℓa (|r − Ra |)Yℓm(r − Ra ) is a shape
R
function localized inside the augmentation sphere fulﬁlling r 2 drr ℓ ĝℓa (r) = 1 and Qaℓm are
multipole moments that we choose as described below. We deﬁne a PS charge density as
XX
a
ρ̃(r) = ñ(r) +
Qaℓm ĝℓm
(r),
(18)
a

ℓm

so that the AE charge density is ρ = ρ̃ + a (ρa − ρ̃a ). By choosing Qaℓm so that ρa and
ρ̃a have the same multipole moments, augmentation spheres on diﬀerent atoms will be
electrostatically decoupled and the Coulomb energy is simply
Z
1
ρ̃(r)ρ̃(r′ )
Ẽcoul =
drdr′
,
(19)
2
|r − r′ |
Z
ρa (r)ρa (r′ ) − ρ̃a (r)ρ̃a (r′ )
1
a
drdr′
∆Ecoul =
.
(20)
2
|r − r′ |
P
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For local and semi-local XC-functionals, the contributions to the XC energy is
(21)

Ẽxc = Exc [ñ],
a
∆Exc

a

a

= Exc [n ] − Exc [ñ ].

(22)

There is one extra term in the PAW total energy expression which does not have a physical
origin
Z
X
Ẽzero =
drñ(r)
v̄ a (r),
(23)
a

a
∆Ezero
= −

Z

drña (r)v̄ a (r).

(24)

The only restriction in the choice of the so called zero-potential (or local potential) v̄ a
is that it must be zero outside the augmentation sphere of atom a. For a complete
P
a
set of partial waves and projectors, Ẽzero + a ∆Ezero
is exactly zero, but for practical
calculations with a ﬁnite number of partial waves and projector functions, v̄ a can be used
to improve the accuracy of a PAW calculation [35].
The ﬁnal expression for the energy is
X
E = Ẽ +
∆E a

(25)

a

= Ẽkin + Ẽcoul + Ẽxc + Ẽzero
X
a
a
a
a
+
(∆Ekin
+ ∆Ecoul
+ ∆Exc
+ ∆Ezero
).

(26)

a

The smooth PS wave functions ψ̃n are orthonormal only with respect to the PAW overlap
operator Ŝ: hψ̃n |Ŝ|ψ̃m i = δnm , where
XX
|p̃ai1 i∆Sia1 i2 hp̃ai2 |,
(27)
Ŝ = T̂ † T̂ = 1 +
a

∆Sia1 i2

=

hφai1 |φai2 i

−

i1 i2

hφ̃ai1 |φ̃ai2 i.

(28)

This leads to the generalized eigenproblem
Ĥ ψ̃n = ǫn Ŝ ψ˜n ,

(29)

where
XX
1
|p̃ai1 i∆Hia1 i2 hp̃ai2 |,
Ĥ = − ∇2 + ṽ +
2
a i1 i2
Z
a
∂ ρ̃(r)
∂∆E
+ drṽcoul (r)
,
∆Hia1 i2 =
a
∂Di1 i2
∂Dia1 i2

(30)
(31)

and the eﬀective potential
ṽ =

X
δ Ẽ
= ṽcoul + ṽxc +
v̄ a ,
δñ
a

(32)

where the Coulomb potential satisﬁes the Poisson equation ∇2 ṽcoul = −4π ρ̃ and ṽxc is the
XC potential.
35

2.2

Atomic setups

For each type of atom, we construct an atomic setup consisting of the following quantities:
φai , φ̃ai , p̃ai , nac , ñac , ĝℓm , v̄ a and rca . From a reference calculation for the isolated neutral
spin-paired spherically symmetric atom, we calculate the required AE partial waves φai and
the core density nac . We choose a cutoﬀ radius rca for the augmentation sphere and a shape
for ĝℓm , which is usually a Gaussian. The smooth PS partial waves φ̃ai and the smooth
PS core density ñac are constructed by smooth continuation of φai and nac , respectively,
inside the augmentation sphere. The projector functions p̃ai are constructed as described
in Ref. [7] and v̄ a is chosen so that the eﬀective potential ṽ becomes as smooth as possible
or to produce good scattering of f -states [35]. For more details, see Ref. [34].
All the functions in an atomic setup are of the form of a radial function times spherical
harmonics and each radial function is tabulated on a radial grid. Since φai and nac can
contain tightly bound localized electrons, the radial grid used has a higher grid density
close to r = 0 than further from the nucleus (we use ri = βi/(N − i) for i = 0, 1, ..., N).
All the functions comprising a setup need only be known for r < rca except for φ̃ai and ñac ,
which are used also for initialization of wave functions and density.
2.3

Uniform 3-d real-space grids

Uniform real-space grids provide a simple discretization for the Kohn-Sham and Poisson
equations. Physical quantities such as wave functions, densities, and potentials are represented by the values at the grid points. Derivatives are calculated using ﬁnite diﬀerences.
The accuracy of discretization is determined by the grid spacing and the ﬁnite diﬀerence
approximations used for the derivatives.
For a general unit cell with lattice vectors aα (α = 1, 2, 3) and Nα grid points along the
three directions, we deﬁne grid spacing vectors hα = aα /Nα . For an orthorhombic unit
cell, the Laplacian is discretized as:
2

∇ f (r) =

D X
N
X

2N
bα cN
),
n f (r + nhα ) + O(h

(33)

α=1 n=−N

th
where D = 3, bα = 1/h2α and cN
order ﬁnite diﬀerence coeﬃcients for the
n are the N
second derivative expansion.

In the case of a non-orthorhombic unit cell, we extend the set of grid spacing vectors
with more nearest neighbor directions. The D coeﬃcients bα are determined by the
conventional method of undetermined coeﬃcients, inserting the six functions f (r) =
x2 , y 2, z 2 , xy, yz, zx in Eq. (33) and solving for bα at r = (0, 0, 0). The number of directions needed to satisfy the six equations depends on the symmetry of the lattice: For
hexagonal or body centered cubic symmetry, D = 4 directions are needed, while D = 6
directions are used for a face centered cubic cell or a general unit cell without any symmetry. This procedure allows for ﬁnite diﬀerence stencils with only 1 + 2DN points, which
is similar to the stencils deﬁned by Natan et al. [36].
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It must be noted that the performance of a given stencil is to an extent structuredependent. For example, for calculations of individual molecules, where large gradients
are present, a more compact stencil may outperform a higher accurancy but less compact
one. However, good accuracy is typically obtained for a combination of a grid spacing of
h = 0.2 Å and a ﬁnite diﬀerence stencil with O(h6) error for the kinetic energy.
The PS electron density is evaluated on the same grid as the wave functions. It is then
interpolated to a ﬁner grid with a grid spacing of h/2, where the XC energy and potential
are calculated. The ﬁne grid is also used for constructing the PS charge density and for
solving the Poisson equation. The discretization of the Poisson equation is done with a
ﬁnite-diﬀerence stencil like Eq. (33) with an error of O(h6 ). For orthorhombic unit cells
a more compact Mehrstellen type stencil [16] can also be used for solving the Poisson
equation. The eﬀective potential, Eq. (32), is then restricted to the coarse grid where it
can be applied to the wave functions.
Boundary conditions for the quantities represented on 3-d grids can be zero for an isolated
system or periodic for a periodic system (or any combination). When using k-point
sampling, a wave function can also have Bloch type boundary conditions
ψ̃nk (r + R) = ψ̃nk (r)eik·R ,

(34)

where R is any Bravais vector. For charged systems, the boundary condition for ṽcoul can
determined from a multipole expansion.
2.4

Localized functions and Fourier filtering

Special care is needed when dealing with integrals involving products of localized functions
centered on an atom and functions spanning the whole simulation cell. As an example,
consider the projection of a wave function onto a projector function p̃ai (r) = p̃ani ℓi (|r −
Ra |)Yℓi mi (r − Ra ) centered on atom a. This integral is approximated by a sum over grid
points:
X
hp̃ai |ψ̃i =
p̃ai (rg )ψ̃(rg )∆v,
(35)
g

where ∆v is the volume per grid point. In order to make the integration as accurate as
possible, it is important that the radial function p̃ani ℓi (r) contains as few short-wavelength
components as possible. To achieve this, we Fourier ﬁlter our projector functions using
the mask-function technique [37]. Here, the radial function is divided by a mask function
that goes smoothly to zero at approximately twice the original cutoﬀ radius. We use
m(r) = exp(−γr 2 ). After a Fourier transform, the short wavelength components are
cut oﬀ by multiplying the spectrum by a smooth cutoﬀ function. Transforming back to
real-space, the ﬁnal result is obtained by multiplying by m(r), which will remove the
oscillating and decaying tail beyond the cutoﬀ of the chosen mask function.
In the PAW formalism, there are four diﬀerent types of localized functions that need to
be evaluated on the grid points: projector functions p̃ai , the zero potential v̄ a , the shape
a
functions ĝℓm
(for the compensation charges), and the PS core density ñac ; we apply the
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mask function technique to p̃ai and v̄ a . The radial part of the shape functions are chosen
a a
as r ℓ e−α r and are therefore optimally smooth [38], and the PS core densities can always
be chosen very smooth.
2.5

Iterative solution of eigenproblem

The Hamiltonian and overlap operators appearing in the generalized eigenvalue problem
Eq. (29) are large sparse matrices in the real-space grid representation. Due to the
large size of the matrices, direct diagonalization schemes which scale O(N 3 ) with the
matrix size are not tractable. On the other hand, sparsity of the matrices makes iterative
diagonalization schemes [9, 39] appealing due to their dominant O(N 2 ) scaling.
We have implemented three diﬀerent iterative eigensolvers which share some common ingredients: the residual minimization method-direct inversion in iterative subspace (RMMDIIS) [39, 40], the conjugate gradient method [9, 41], and Davidson’s method [39, 42]. A
basic concept in all the methods is the update of the eigenvectors ψ̃n with the residuals
Rn = (Ĥ − ǫn Ŝ)ψ˜n .

(36)

The convergence of iterative methods can be accelerated with preconditioning, and we
calculate preconditioned residuals R̃n = P̂ Rn , by solving approximately a Poisson equation
1 2
∇ R̃n = Rn
(37)
2
with a multigrid method [16].
A subspace diagonalization is always performed before the iteration steps. The RMMDIIS method does not conserve the orthonormality of eigenvectors, and thus explicit
orthonormalization is done after each RMM-DIIS step. A good initial guess for the wave
functions is especially important for the robustness of the RMM-DIIS algorithm. We
take the initial guess from an atomic orbital basis calculation, the details of which are
described in section 6.
2.6

Density mixing

During the self-consistency cycles both wave functions and the density are updated iteratively. New PS density ñ(r) and atomic density matrices Dia1 i2 are calculated from the
wave functions, Eqs. (9-10) and mixed with the old densities using Pulay’s method [39,43].
Pulay’s method requires a good metric M̂ for measuring the change from input to output
density h∆ñ|M̂|∆ñi, where ∆ñ = ñout − ñin , in order to determine the optimal linear
combination of old output densities. It is important that M̂ puts more weight on long
wavelength changes as these can introduce charge sloshing in systems with many states
at the Fermi level. Ref. [39], for example, uses the metric
M̂ =

X
q

fq |qi hq| ,

with fq =
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q 2 + q12
,
q2

(38)

where q1 ∼ 1 and |qi is a plane wave with wave vector q. Expressed on a real-space grid
where |Ri is a grid point at R, we have
X
X
′
fq eiq·(R −R) .
(39)
MRR′ |Ri hR′ | , with MRR′ =
M̂ =
RR′

q

We would like to calculate scalar products from the density on the real space grid, but
the non-locality of Eq. (39) makes this intractable. We therefore seek a more local metric
M̂ , which can be represented as a ﬁnite diﬀerence operator
M̂ =

N X
XX
R

i=0 v∈Vi

(40)

ci |Ri hR + v| ,

where Vi is the set of vectors pointing to the ith nearest neighbors of a grid point. We
enforce M̂ to be semi-local by including only up to Nth nearest neighbors. In reciprocal
space M̂ has matrix elements
E X X
D
(41)
ci
eiq·v δq,q′ .
f˜q = q|M̂|q′ =
i

v∈Vi

The coeﬃcients ci should be determined so that Eq. (41) mimics the behavior of fq in
Eq. (38). This means that f˜q should decay monotonically from a weight factor w > 1
at q = 0 to 1 for the largest wave vectors at the zone boundary in reciprocal space:
(3)
f˜(π/h,qy ,qz ) = 1 for |qy | ≤ π/h and |qz | ≤ π/h. For an orthorhombic grid with grid spacing
h, including up to 3rd nearest neighbors, we can fulﬁll these boundary conditions with
the coeﬃcients
c0 =

w+7
,
8

c1 =

w−1
,
16

c2 =

w−1
,
32

c3 =

w−1
.
64

(42)

We ﬁnd the metric to improve convergence signiﬁcantly when there are many states near
the Fermi level. A value of w = 100 seems to be a good choice.

3

Exchange-correlation functionals in GPAW

The exact form of the exchange-correlation (XC) functional in the DFT is not known.
Thus, it has to be approximated, which constitutes the fundamental physical approximation in practical calculations. GPAW provides several forms of XC functionals ranging
from the basic local density (LDA) and generalized gradient (GGA) approximations to
the more exotic hybrid functionals; a van der Waals density functional and the Hubbardcorrected DFT+U are also available. For the basic functionals GPAW uses libxc [44]
which is an open source library of popular XC functionals: LDA, GGA, and meta-GGA.
The exchange and correlation parts of libxc can be freely combined. In the following we
describe the more advanced functionals implemented in GPAW.
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3.1

Meta-GGA

Meta-GGAs use the kinetic-energy density in addition to densities and density gradients
in standard GGAs so that more of the known properties of the exact XC functional can
be fulﬁlled [45]. The kinetic energy density is deﬁned as
1X
fn |∇ψn (r)|2 .
(43)
τ (r) =
2 n
The MGGAs currently implemented in GPAW [46–48] depend on the reduced (dimensionless) quantities τ /τ HEG and τ /τ vW , where
τ HEG =

3
(6π 2 )2/3 n5/3
10

(44)

is the kinetic energy density of the homogeneous electron gas (HEG), and
τ vW =

|∇n|2
8n

(45)

is the von Weizsäcker (vW) kinetic-energy density.
Just like the AE density, Eq. (13), the kinetic energy density can be written as τ =
P
τ̃ + a (τ a − τ̃ a ), where the smooth part is
τ̃ (r) =

X
1X
fn |∇ψ̃n (r)|2 +
τ̃ca (r),
2 n
a

(46)

and the atom-centered parts are
1X a
D ∇φi1 (r) · ∇φi2 (r) + τca (r),
2 i i i1 i2
1 2
X
1
D a ∇φ̃i1 (r) · ∇φ̃i2 (r) + τ̃ca (r).
τ̃ a (r) =
2 i i i1 i2

τ a (r) =

(47)
(48)

1 2

The AE and PS core kinetic energy densities τca (r) and τ̃ca (r) are simple radial functions
that are calculated during atomic setup generation.
Currently, GPAW enables calculation of non-self-consistent TPSS [46], revTPSS [48] and
M06-L [47] energies. The use of PBE orbitals in a non-self-consistent calculations of
atomization energies and bond lengths for small molecules has been determined to be accurate [49]. In Fig. 1 the GPAW atomization energies errors, with respect to experiments,
are reported both for the PBE and MGGA functionals. The TPSS mean absolute error
with respect to experimental values obtained with GPAW is 0.13 eV, and this is consistent
with the value of 0.14 eV of Ref. [49]. All MGGA functionals employed improve over the
PBE atomization energies whose mean absolute error is 0.33 eV.
3.2

Exact exchange

GPAW oﬀers access to the Fock exchange energy (exact exchange), as well as fractional
inclusion of the Fock operator in the hybrid XC functionals. The exact-exchange (EXX)
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Figure 1: PBE, TPSS, revTPSS and M06-L non-self-consistent atomization energies errors, with
respect to experiments, calculated with GPAW for small molecules, in eV. The MGGA GPAW
values are obtained from PBE orbitals at experimental geometries. Experimental values are as
in Ref. [49].

functional was implemented within the PAW method in a plane-wave basis [50], but to
the authors’ knowledge this is the ﬁrst implementation in a real-space PAW method. As
the PAW related expressions are independent of the basis, we refer to Ref. [50] for their
derivation, and sketch only the main features here.
The EXX energy functional is given by
Exx = −

1X
C
fiσ fjσ Kijσ,ijσ
,
2 ijσ

(49)

where i and j are the state indices, and σ is the spin index. The Coulomb matrix K C is
deﬁned as
Z
drdr′ ∗
C
Kijσ1 ,klσ2 = (nijσ1 |nklσ2 ) :=
n (r)nklσ2 (r′ ),
(50)
|r − r′ | ijσ1
∗
where the orbital pair density is nijσ (r) = ψiσ
(r)ψjσ (r).

When i, j both refer to valence states, the pair density can be partitioned into a smooth
part and atom-centered corrections, similar to the AE density in Eq. (13), as
X
nijσ = ñijσ +
(naijσ − ñaijσ ).
(51)
a

Due to the non-local nature of the Coulomb kernel 1/|r − r′ |, direct insertion of Eq. (51)
into Eq. (50) leads to cross terms between diﬀerent augmentation spheres. The same
problem appeared already in the evaluation of the PAW Coulomb energy, and it can be
solved similarly by introducing compensation charges (from now on we drop the spin
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indices for brevity)
Z̃ija (r) =

X

a
Qaℓm,ij ĝℓm
(r),

(52)

ℓm

which are chosen to electrostatically decouple the smooth compensated pair densities
X
ρ̃ij = ñij +
Z̃ija .
(53)
a

The Coulomb matrix now has a simple partitioning in terms of a smooth part and local
corrections,
X
C,a
C
Kij,kl
= (ρ̃ij |ρ̃kl ) +
∆Kij,kl
.
(54)
a

C,a
We refer to Ref. [51] for the exact form of the correction term ∆Kij,kl
, which is also
C
used to evaluate Eq. (20). We note that the Coulomb matrix Kij,kl appears also in the
linear-response TDDFT (see Sec. 5) and in the GW method [52].

The formally exact partitioning in Eq. (54) retains all information about the nodal structure of the AE wave functions in the core region, which is important due to the non-local
probing of the Coulomb operator. In standard pseudopotential schemes this information
C
is lost, leading to an uncontrolled approximation to Kij,kl
.
As a technical issue, we note that integration over the the Coulomb kernel 1/|r−r′ | is done
by solving the associated Poisson equation ∇2 ṽij = −4π ρ̃ij , for the Coulomb potential.
However, the compensated pair densities ρ̃ii have a non-zero total charge, which leads to
an integrable singularity in periodic systems. For periodic systems, the problem is solved
by subtracting a homogeneous background charge from the pair-densities and adding a
correction term to the calculated potential afterwards [50, 53]. For non-periodic systems,
the Poisson equation is solved by adjusting the boundary values according to the multipole
expansion of the pair density.
Terms in the Coulomb matrix where either i or j refers to a core orbital can be reduced
a
to trivial functions of the expansion coeﬃcients Pin
, Eq. (7). Although the valence-core
interaction is computationally trivial to include, it is not unimportant, and we will return
to the eﬀect of neglecting it, as it is unavailable in pseudopotential schemes. The core-core
exchange is simply a constant energy that can be calculated once and for all for every
atom given the frozen core orbitals.
The Fock operator v F (r, r′) corresponding to the exact-exchange energy functional of
Eq. (49) is non-local, and it is diﬃcult to represent on any realistic grid. Fortunately, in
the iterative minimization schemes used in GPAW the explicit form is never needed, but
it suﬃces to evaluate only the action of the operator on a wave function. By taking into
account the PAW transformation, the action on the PS wave function can be derived by
the relation.
fn ṽˆF |ψ̃n i = ∂Exx /∂hψ̃n |,
(55)
which results in

fn ṽˆF |ψ̃n i = −

X
m

fm ṽnm (r)|ψ̃m i +
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XX
a

i

a
}].
|p̃ai i∆v F a [ṽnm , {Pjm

(56)

The computationally demanding ﬁrst term is related to smooth pseudo quantities only,
which can be accurately represented on coarse grids, making it possible to do converged
self-consistent EXX calculations at a relatively modest cost. Applying the Fock operator
is, however, still expensive, as a Poisson equation must be solved for all pairs of orbitals.
The atomic correction ∆v F a depends both on ṽnm and on the set of expansion coeﬃcients
a
Pin
. The details of the derivation as well as the exact form of the correction term can be
found in Ref. [54].
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As a benchmark of the implementation, and for comparing the PBE and hybrid PBE0 [55]
functionals, we have computed the atomization energies of the G2-1 database of molecules
[56] using these two functionals. The results are compared to the experimental values as
well as to the results of the planewave PAW implementation VASP, and of the all-electron
atomic-orbital code Gaussian 03, as reported in Ref. [50].
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Figure 2: Calculated atomization energies using PBE (dotted) and PBE0 (solid) functionals
compared to experimental values (top) and to VASP (bottom). GPAW PBE0 values are not
geometry optimized (evaluated at PBE geometries)

The PBE0 functional includes a fraction (25%) of Fock exchange in PBE, which improves
the agreement with experiments signiﬁcantly, as shown in Fig. 2. The ﬁgure shows also
that the diﬀerent implementations deviate from one another by less than 0.05 eV on
average. The GPAW PBE0 energies are all slightly too small because they have not been
geometry optimized with the hybrid functional (they are evaluated at PBE geometries).
The importance of the valence-core exchange interaction for this test suite is typically a
few tenths of eV for the atomization energy, but can induce a shift of several eV in the
43

eigenvalues of the frontier orbitals.
The diﬀerence in atomization energy between EXX evaluated using PBE orbitals and
self-consistent EXX orbitals is less than 13 meV on average suggesting that PBE and HF
orbitals are very similar. The diﬀerence in self-consistency is even less for PBE0. Also, for
the eigenvalues of the EXX (or PBE0) Hamiltonian the use of PBE orbitals has a small
eﬀect, diﬀerences being less than 0.1 eV in the worst case (CO2 ).
3.3

GLLB approximation for the exact exchange

One drawback of the EXX approach is that the evaluation of the Fock operator is computationally quite expensive. Thus, it would be desirable to have computationally inexpensive
approximations to the exact exchange. One such approximation (GLLB) is provided in
Ref. [57], where the exchange potential vx is separated into a screening part vS and a
response part vresp ,
vx (r) = vS (r) + vresp (r),
(57)
and the two parts are approximated independently.
In the original work vS is approximated with the GGA exchange energy density ǫGGA
of
x
Becke [58]
2ǫGGA (r; n)
.
(58)
vS (r) = x
n(r)
Using the common denominator approximation, exchange scaling relations and asymptotic
behaviour, the response part is approximated as
vresp (r) =

occ
X
i

√
|ψi (r)|2
,
K[n] εr − εi
n(r)

(59)

where εr is the highest occupied eigenvalue. The coeﬃcient K[n] can be determined for
the homogeneous electron gas, where it is a constant
√
8 2
K=
≈ 0.382.
(60)
3π 2
In addition to the above GLLB potential, we have implemented an extension (GLLBSC) which contains also correlation and is targeted more to solids [59]. Instead of the
exchange potential, the whole exchange-correlation potential vxc (r) is separated into two
parts. The screening part is approximated now with the PBEsol [60] exchange-correlation
energy density and the response part contains also contribution from the PBEsol response
potential,
occ
X
√
|ψi (r)|2
PBEsol
vresp (r) =
K εr − εi
+ vresp
(r).
(61)
n(r)
i
An important property of the exact exchange-correlation potential is the discontinuity at
integer occupation numbers N,
∆xc = lim [vxc (r; N + δ) − vxc (r; N − δ)] .
δ→0
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(62)

The derivative discontinuity is especially important for the band gaps of semiconductors
and insulators, as the true quasiparticle band gap EgQP is a sum of the Kohn-Sham band
gap EgKS and the discontinuity [61, 62]
(63)

EgQP = EgKS + ∆xc .

Neither LDA nor GGA potentials exhibit the discontinuity, which explains partly their
failure in reproducing experimental band gaps. On the other hand, in the GLLB and
GLLB-SC approximations one obtains an estimate for the discontinuity. As a result,
GLLB-SC gives good description for the band gap of several materials as shown in Table. 1.

Table 1: The minimum Kohn-Sham bands gaps for LDA and GLLB-SC together with derivative
discontinuity and the quasiparticle band gap of GLLB-SC. Experimental values are from Ref. [63].
All values are in eV.
Material EgKS (LDA) EgKS ∆xc EgQP exp.
C
Si
GaAs
AlAs
LiF
Ar

3.4

4.09
0.443
0.36
1.34
8.775
8.18

4.14
0.68
0.79
1.67
10.87
10.28

1.27
0.32
0.25
0.82
4.09
4.69

5.41
1.00
1.04
2.49
14.96
14.97

5.48
1.17
1.63
2.32
14.2
14.2

van der Waals functional

Van der Waals interactions are due to long range correlation eﬀects that are not included
in GGA-type XC functionals. The recently developed functional which includes van der
Waals interactions [64] (vdW-DF) is available in GPAW.
The vdW-DF is a sum of a GGA exchange and a correlation term consisting of both
short-ranged correlation (evaluated in the local density approximation) and longer-ranged
correlation (depending nonlocally on the electron density) [65]:
Z
1
dr1 dr2 n(r)φ(q1 r12 , q2 r12 )n(r2 ),
(64)
=
2
where φ(d1, d2 ) is the vdW-DF kernel, r12 = |r1 − r2 | and q1 and q2 are the values of a
universal function q0 (n(r), |∇n(r)|) evaluated at the two points r1 and r2 . Instead of n,
we use the PS valence density ñ for the evaluation of Eq. (64). The justiﬁcation for this
choice is that q0 (r) has very high values close to the nuclei, and the vdW kernel φ(d1 , d2 )
in terms of the rescaled distances d1 = q1 r12 and d2 = q2 r12 will be quite short ranged
and therfore not important for studying interactions between atoms.
Ecnl [n]

Evaluation of Ecnl [ñ] by direct summation in real-space has an operation count that scales
as Ng2 (Ng is the number of grid points), which is often too time consuming for typical
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calculations. We have therefore implemented the fast Fourier transformation (FFT) technique introduced by Román-Pérez and Soler [66] where the scaling is Ng log Ng . As an
example, a self-consistent vdW-DF calculation for water (64 molecules on 16 processors)
takes only 80 % longer than a self-consistent PBE calculation. Additional details of our
implementation can be found in Ref. [67].
3.4.1

DFT+U

In strongly correlated materials such as transition metal oxides, lanthanides or actinides
the strong on-site Coulomb interaction of the localized d or f electrons is not correctly
described by LDA or GGA. The basic idea behind the DFT+U method is to treat this
interaction with an additional Hubbard-like term. The strength of the on-site interactios
are usually described by semi-empirical parameters U and J. The GPAW implementation
is based on the particular branch of DFT+U suggested in Ref. [68] where only a single
eﬀective Ueff = U − J accounts for the Coulomb interaction, neglecting thereby any higher
multi-polar terms.
Following Ref. [68], the DFT+U total energy is
EDFT+U = EDFT +

X Ueff
a

2

Tr(ρa − ρa ρa ),

(65)

where ρa is the atomic orbital occupation matrix (AOOM).
In order to evaluate Eq. (65), a mapping between the wave functions and AOOM ρamm′
a
is required. This mapping can be written in terms of the density matrices Dnℓm,n
′ ℓm′ ,
a
Eq. (10), and the AE atomic orbitals φnℓm as [69]
X
a
a
a
ρamm′ =
Dnℓm,n
′ ℓm′ hφnℓm |φn′ ℓm′ i.
n,n′

The orbital quantum number ℓ is restricted to the orbital of interest and m restricted to
the associated magnetic quantum numbers. The n index refers to the nth projector of the
particular ℓ-channel. GPAW atomic setups have typically n ∈ (1, 2) where n = 1 is the
bound-state projector and n = 2 is unbound-state projector. Because of the latter, we
truncate the integration in hφanℓm |φan′ ℓm′ i at the augmentation sphere radius. The DFT+U
energy correction adds also a term to the Hamiltonian within the augmentation spheres,
∆Hia1 i2 in Eq. (31), which is obtained by taking the derivative of Eq. (65) with respect to
Dia1 i2 .
As an example, we show in Fig. 3 the calculated spin-magnetic-moment µ and the fundamental band gap ∆g of CoO and NiO with increasing values of the eﬀective Hubbard Ueff .
The ﬁgure shows clearly that the DFT+U scheme improves the description of the strongly
correlated nature of the transition metal oxide. The calculations have been carried out
using the PBE exchange-correlation functional, a grid spacing of 0.16 Å and 8x8x8 kpoints in the Brillouin zone. In all calculations, the lattice constants are optimized with
pure PBE (Ueff = 0) with a grid spacing of 0.16 Å, the obtained values are 4.19 Å for
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Figure 3: Fundamental band gap ∆g (left) and the spin magnetic moment µ (right), for the
AFMII phase of NiO and CoO as a function of the applied Hubbard Ueff . a: L. Wang et. al. [70].
Experimental values are as cited in Ref. [71]. Two diﬀerent experimental values are shown for
the spin magnetic moment.

NiO and 4.24Å for CoO. The corresponding experimental values are 4.17 Å and 4.25 Å
for NiO and CoO, respectively.

4

Error estimation

Density-functional theory is used extensively to calculate binding energies of diﬀerent
atomic structures ranging from small molecules to extended condensed-matter systems.
A number of diﬀerent approximations to the exchange-correlation energy have been developed with diﬀerent scopes in mind and with diﬀerent virtues. When it comes to the
practical use of DFT it is therefore usually very much up to the user to obtain experience
with the diﬀerent xc-functionals and gain insight into how accurate the calculations are
for a particular application. This learning process can be rather slow and also for other
more general reasons it would be advantageous to have a reliable and unbiased way to
estimate errors on DFT calculations.
The error estimation implemented in GPAW is inspired by ideas from Bayesian statistics [72]. The ingredients in a typical statistical model construction consist of 1) a database
with a number of (possibly noisy) data points which the model is supposed to reproduce
as closely as possible and 2) the model which is described by a number of parameters
which can be adjusted to improve the model. The quality of the model can for example
be estimated by a least-squares cost which is a sum over all data points of the squared
diﬀerence between the database value and the value predicted by the model. The cost
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thus becomes a function of the model parameters and minimization of the cost leads to
the best-ﬁt model. (An important issue here is to control the eﬀective number of parameters in the model to avoid over-ﬁtting, but we shall not go into this here). So far
we have described a common least-squares ﬁt. What the Bayesian approach adds to this
is the idea of not only a single best-ﬁt model but an ensemble of models representing a
probability distribution in model space. Using the ensemble, the model no longer predicts
only a single value for a data point but a distribution of values which will be more or less
scattered depending on the ability of the model to make an accurate prediction for that
point.
2
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Figure 4: Left: Ensemble of enhancement factors as optimized to the experimental fragmentation
energies of 148 molecules. The thin black lines running parallel to the best ﬁt mark the width of
the ensemble. The PBE and RPBE enhancement factors are also shown for comparison, s is the
reduced density gradient. Right: Fragmentation energies predicted with the best ﬁt enhancement
factor versus the experimental values. The error bars are calculated from the ensemble in the
left panel.

In the case of GPAW, we have worked on providing error estimates for GGA-type calculations. The model space is deﬁned by a suitable parametrization of the exchange
enhancement factor fx , which enters the exchange functional as (see Ref. [73] for details)
Z
Ex [n] = fx (s(r); θ) n(r) εunif
x (n(r)) dr .
Here, s is the reduced density gradient ∼ |∇n|/n, and θ our parametrization. The
database consists of the experimental fragmentation energies of 148 small molecules (from
the G2 neutral test set [56]). The left panel in Fig. 4 displays the resulting Bayesian ensemble of enhancement factors in terms of some randomly drawn members. The enhancement
factor for the best-ﬁt model is seen to resemble other commonly used enhancement factors
like PBE, and RPBE. It should be noted that for a typical Bayesian ensemble the spread
is governed mostly by the noise in the data points and the limitations in the number of
data points. In our case the noise in the experimental fragmentation energies is quite
small compared with a typical deviation between the experimental value and the best-ﬁt
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value. This is an indication that our model space is incomplete, i.e. there is simply a
limit to how accurate a GGA-type functional can be. The width of the ensemble shown
in Fig. 4 is therefore controlled not so much by the noise as by the model incompleteness.
The ensemble can be used to estimate errors as also shown in Fig. 4. Here the calculated
fragmentation energies for the molecular database are shown together with the estimated
error bars versus the experimental values. The average of the predicted error bars squared
reproduces by construction of the ensemble the average value of the squared deviation
between experiment and best-ﬁt model. The detailed transferability of the best-ﬁt model
and the error predictions to other classes of systems is currently under investigation.

5

Time-dependent density-functional theory

Standard DFT is applicable only to the ground state properties of a system. However,
there are many properties of great interest which are related to the excited states, e.g.
optical absorption spectrum. Time-dependent density-functional theory (TDDFT) [3] is
the extension of standard DFT into the time-domain enabling the study of excited state
properties. There are two widely used formulations of TDDFT, the real-time propagation
scheme [74] and the linear-response scheme [75]; both of these are available in GPAW.
The details of the implementations are described in Ref. [51], and we present only a brief
overview here.
5.1

Real-time propagation

The time-dependent AE Kohn-Sham equation is
i

∂
ψn (t) = Ĥ(t)ψn (t),
∂t

(66)

where the time-dependent Hamiltonian Ĥ(t) can include also an external time-dependent
potential. Assuming that the overlap matrix Ŝ is independent of time, this equation can
be written in the PAW formalism as
∂
(67)
iŜ ψ̃n (t) = Ĥ(t)ψ̃n (t).
∂t
This time-dependent equation can be solved using the Crank-Nicolson propagator with a
predictor-corrector step as described in Ref. [51].
5.2

Linear-response formalism

Within the linear-response regime, the excitation energies can be calculated from the
eigenvalue equation of the form
ΩFI = ωI2 FI ,
(68)
where ωI is the transition energy from the ground state to the excited state I and FI
denotes the associated eigenvector. The matrix Ω can be expanded in Kohn-Sham single
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particle-hole excitations leading to
Ωijσ,klτ = δik δjl δστ ε2ijσ +
p
2 fijσ εijσ fklτ εklτ Kijσ,klτ ,

(69)

where εijσ = εjσ − εiσ are the energy diﬀerences and fijσ = fiσ − fjσ are the occupation
number diﬀerences of the Kohn-Sham states. The indices i, j, k, l are state indices, whereas
σ, τ denote spin indices. The coupling matrix can be split into two parts Kijσ,klτ =
C
xc
Kijσ,klτ
+ Kijσ,klτ
. The former Coulomb matrix has exactly the same form as in the
context of exact exchange, Eq. (50)
(70)

C
Kijσ,klτ
= (nijσ |nklτ )

and is often called the random phase approximation part. It describes the eﬀect of the
linear density response via the classical Hartree energy. The second contribution is the
exchange-correlation part
Z
δ 2 Exc
xc
Kijσ,kqτ = dr1 dr2 n∗ijσ (r1 )
nkqτ (r2 ),
(71)
δnσ (r1 )δnτ (r2 )
where nσ is the spin density. The functional derivative can be calculated with a ﬁnite
diﬀerence scheme.
Diagonalization of the linear-response equation (68) gives directly all the excitation energies in the linear-response regime. As an example, Table 2 shows the calculated excitation
energies of a CO molecule together with reference calculations. The agreement between
our results and numerically accurate AE results [76] is generally good.
Table 2: Calculated excitation energies of CO molecule within the LDA approximation in eV.
Bond length is 1.128 Å
State

Spin

a
A 1Π
a’ 3 Σ+
b 3 Σ+
B 1 Σ+
d 3∆
I 1 Σ−
e 3 Σ−
D 1∆

triplet
singlet
triplet
triplet
singlet
triplet
singlet
triplet
triplet

3Π

GPAW

AE [76]

5.95
8.36
8.58
9.01
9.24
9.25
9.87
9.87
10.35

6.03
8.44
8.57
9.02
9.20
9.23
9.87
9.87
10.36

Within the time-propagation scheme, one obtains only the excitations corresponding to
a particular initial perturbation. Thus, diﬀerent types of perturbations would be needed
to reach diﬀerent excited states. In the case of a singlet ground state molecule like CO,
the often applied delta pulse perturbation (as introduced in the following section) can
lead only to dipole allowed singlet-singlet excitations. Therefore the triplet excitations
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and dipole forbidden singlet excitation at 9.87 eV do not appear in the time-propagation
scheme.
5.3

Optical absorption spectra

In the real-time formalism the linear absorption spectrum can be obtained by exciting
the system ﬁrst with a weak delta pulse,
(72)

E(t) = ǫko δ(t),

where ǫ is a unitless perturbation strength parameter and ko is a unit vector giving the
polarization direction of the ﬁeld. The delta pulse changes the initial wave functions to


ǫ o
+
(73)
ψ(t = 0 ) = exp i k · r ψ(t = 0− ).
a0
The system is then let to evolve freely and during the time-evolution the time-dependent
dipole moment µ(t) is recorded. At the end of the calculation, the dipole strength tensor
and oscillator strengths are obtained via a Fourier transform.
In the linear-response formalism one needs also the eigenvectors of Eq. (68) when calculating the absorption spectrum. Together with the Kohn-Sham transition dipoles
(74)

µijσ = hψiσ | r |ψjσ i
the oscillator strengths are given by
2

fiσ >fjσ

fIα =

X
ijσ

(µijσ )α

p

fijσ εijσ (FI )ijσ

.

(75)

The discrete oscillator strengths can be folded by a gaussian (as an example) for comparison with the time-propagation calculation and experiments
Fig. 5 shows the calculated linear absorption spectra of a CH4 molecule. The agreement
between the completely diﬀerent numerical schemes is remarkable.
Even though the time-propagation scheme is relatively time-consuming in small systems,
the favourable scaling with system size as well as the good parallelization possibilities
(described in more detail in Sec. 8) enable calculations also for large systems. As an
example, Fig. 6 shows the calculated optical spectra of Au25 (S-CH3 )18 − , Au25 (S-CH2 CH2 -C6 H5 )18 − , and Au102 (S-CH3 )44 . The shapes of Au25 (SR)18 − spectra are similar to
experimental spectra in Ref. [77]. However, all features appear systematically at too
low energy. This is most probably due to ALDA approximation. The Au102 (S-CH3 )44
spectrum has less structure than the smaller clusters and it also shows a signiﬁcant red
shift of 0.6 eV.
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Figure 5: Calculated optical absorption spectra of CH4 molecule presented as folded oscillator
strengths (FOS). The calculation is performed both with the time-propagation and the linearresponse method.

5.4

Non-linear emission spectra

The time-propagation approach can be used also in the non-linear regime where the linearresponse scheme is no longer applicable. For example, a strong laser ﬁeld can introduce
non-linear terms in the polarizability of an atom or molecule. Fig. 7 shows the emission
spectra of Mg atom in laser ﬁeld with frequency 0.5 eV and strength 0.01 and 0.05 atomic
units. Due to non-linear eﬀects, harmonics of the laser ﬁeld frequency appear at the odd
integer multiples of the driving ﬁeld. The intensity depends nonlinearly on the strength
of the ﬁeld. The harmonics at even integer multiples are forbidden by the symmetry. In
the simulated spectrum, weak even harmonics are observed due to numerical inaccuracies.
Compared to our earlier calculation with beryllium [51], the Mg spectra has less numerical
noise, which is because of the imaginary potential absorbing boundary conditions [78] used
in the calculation of Mg spectra.
5.5

Photoelectron spectra

The process of photoionization may be viewed in two diﬀerent ways. In the simplest
interpretation, the single-particle states of Kohn-Sham DFT are directly connected to the
observed electrons in the experiment. Even though the orbital energies (except for the
highest occupied orbital) do not have rigorous physical meaning, they often give a very
reasonable description of the experimentally observed electron binding energies Ebind [79].
A more rigorous description of the photoelectron spectrum (PES) is available in the
many-body picture. The “daughter” system, after emitting the electron, is left either in
the electronic ground state or in an electronically excited state when the released electron
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Figure 6: Optical absorption spectra of Au25 (S-CH3 )18 − (dashed magneta), Au25 (S-CH2 -CH2 C6 H5 )18 − (dash-dotted blue), and Au102 (S-CH3 )44 (solid green).

has reached the detector. The measured kinetic energy distribution of the ejected electron
is given by the diﬀerence between the ground state energy of the “mother” system E0N
and excited state energies of the daughter system EIN −1
Ebind = EIN −1 − E0N ,

(76)

where N denotes the number of electrons. The ground state energy and excitation energies
can be calculated with DFT and TDDFT, respectively. However, it is not only the
energies that determine the amount of electrons in the detector, but also the probability
for ionization, i.e. not all excited states of the daughter system can be reached by ionizing
the mother system.
In principle, one would need the many-particle wave-functions to be able to calculate the
transition probabilities, but these are not available in DFT. One can nevertheless create
an approximate scheme to calculate the overlaps [80]: The ground state wave functions
of daughter and mother systems are approximated by a single Slater determinant of the
occupied Kohn-Sham orbitals. The excited-state wave functions of the daughter states
are constructed via the weights FI (eq. 68) of the Kohn-Sham single orbital excitations.
With these approximations one can evaluate the spectroscopic factor fI , the energy independent probability for the daughter system to end up in a given excited state I due to
photoemission.
We have implemented this scheme in GPAW. As an example, we have calculated the resultant PES spectrum of H2 O, CO and NH3 . Figure 8 shows the comparison of the spectroscopic factors with experiments and the single particle Kohn-Sham approach, where
the spectroscopic factor is unity for each occupied orbital. Both the Kohn-Sham approach
and the linear-response TDDFT scheme give good agreement with experiment for lower
bound electrons. For peaks at high binding energies, there is a clear improvement by the
new scheme. In particular the “broadening” of the highest energy peak can not be described by the Kohn-Sham single particle picture. Here many excitations of the daughter
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Figure 7: Non-linear emission spectra of Mg atom in a laser ﬁeld of frequency 0.5 eV and strength
of 0.01 (solid blue) and 0.05 (dashed green) atomic units. Strong harmonic frequency generation
is observed at odd multiples of the laser ﬁeld frequency.
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Figure 8: Experimental photoelectron cross sections (adapted from ref. [81]) compared with
spectroscopic factors from TDDFT and Kohn-Sham approaches.

6

Localized atomic-like basis functions

As an alternative to the grid-based ﬁnite-diﬀerence approach described above, GPAW
oﬀers also the possibility to work with atomic-like basis functions, or linear combinations
of atomic orbitals (LCAO). A detailed description of GPAW’s LCAO implementation is
available in Ref. [82]. An LCAO basis function centered at atom a has the form
a
Φanℓm (r) = Rnℓ
(|r − Ra |)Yℓm (r − Ra ),
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(77)

a
where Rnℓ
is a radial function which vanishes beyond a certain cut-oﬀ radius, and Yℓm is
a spherical harmonic. By deﬁning ν as the composite a, n, ℓ, m, a general PAW state i
can then be expanded as
X
ψ̃i =
Ciν Φν (r),
(78)
ν

where Ciν are expansion coeﬃcients.
The grid method and the localized basis complement each other very well. With the
grid-based scheme the complete basis set limit can be systematically reached while the
localized basis allows for fast calculations in situations where eﬃciency is more important
than high accuracy. Moreover, the localized basis is well suited for quantum transport
calculations, linear-scaling computation schemes, molecular dynamics simulations, as well
as for analysis purposes. The "multi-basis" feature of GPAW allows the user to switch
seamlessly between the accurate grid mode and the eﬃcient LCAO mode at any point of a
computation. For example, the ﬁrst part of a structural optimization could be performed
eﬃciently using the minimal localized basis while the ﬁnal steps could be performed in the
"grid mode". To our knowledge GPAW is the ﬁrst code combining localized basis functions
with the PAW method, and the ﬁrst code supporting two diﬀerent representations for the
Kohn-Sham orbitals within the same unifying DFT framework, that is, with exactly the
same set of approximations.
The LCAO implementation reuses most of what is implemented in the ﬁnite-diﬀerence
PAW method: calculation of electrostatic interactions, evaluation of the XC potential,
atomic PAW energy-corrections, density mixing and also most of the contributions to
the atomic forces are the same. It is only the evaluation of overlap integrals and matrix
elements of the kinetic energy operator that are done diﬀerently. Instead of calculating
integrals like hψ̃n |Ŝ|ψ̃m i, hψ̃n |T̂ |ψ̃m i, and hp̃ai |ψ̃n i on a 3-d grid and using a ﬁnite-diﬀerence
representation for T̂ , we express these integrals in terms of two-center integrals of the
type: hΦµ |Φν i, hΦµ |T̂ |Φν i, and hp̃ai |Φν i, where Φµ are the atomic-like basis functions.
These integrals can be pre-calculated as described in Ref. [11].
Because of the much smaller number of degrees of freedom in a LCAO calculation compared to a grid-based calculation, we can do a complete diagonalization in the subspace
of our basis set instead of being forced to use iterative diagonalization techniques.
A minimal atomic basis set consists of one modiﬁed atomic orbital for each valence state
– the single-zeta basis functions. First, localized atomic-like orbitals ΦAE are obtained for
each valence state by solving the radial AE Kohn-Sham equations for the isolated atom.
In order to ensure that the wave function vanishes beyond a certain cutoﬀ radius, the
atom is placed in a suitably deﬁned conﬁning potential well [83]. The basis functions
are then obtained using Φ(r) = T −1 ΦAE (r). The cutoﬀ radius is selected in a systematic
way by specifying the energy shift ∆E of the conﬁned orbital compared to the free-atom
orbital [84]. In this approach small values of ∆E will correspond to long-ranged basis
orbitals [82].
In order to improve the radial ﬂexibility, extra basis functions with the same angular
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momentum ℓ (multiple-zeta) are constructed for each valence state using the split-valence
technique [11]. The extra function is constructed by matching a polynomial to the tail of
the atomic orbital, where the matching radius is determined by requiring the norm of the
part of the atomic orbital outside that radius to have a certain value.
Finally, polarization functions (basis functions with ℓ quantum number corresponding to
the lowest unoccupied angular momentum) can be added in order to improve the angular
ﬂexibility of the basis. There are several approaches for generating these orbitals, such as
perturbing the occupied eigenstate with the highest ℓ quantum number with an electric
ﬁeld using ﬁrst order perturbation theory or using the appropriate unoccupied orbitals.
In GPAW we use a Gaussian-like function of the form r ℓ exp(−αr 2 ) for the radial part,
where ℓ corresponds to the lowest unoccupied angular momentum.
One of the most time consuming parts of a basis set calculation is the evaluation of matrix
elements of the eﬀective pseudo-potential hΦµ |ṽ|Φν i, which is done on a 3-d grid. For an
eﬃcient evaluation of these matrix elements, it is important to have as short-ranged basis
functions as possible and to use as coarse grids as possible. For the latter, the PAW
method helps to make the basis functions and potentials smooth.
Table 3: Lattice constants, a, cohesive energies, Ec , and bulk moduli, B, for selected solids.
MAE denotes the mean absolute error of the double-zeta polarized (DZP) basis set with respect
to the grid based results.

LiF
C
Na
MgO
Al
NaCl
Li
SiC
Si
AlP
Fe
Cu
Pt

a (Å)
DZP GRID
4.10
4.06
3.58
3.57
4.24
4.19
4.27
4.26
4.07
4.04
5.67
5.69
3.43
3.43
4.41
4.39
5.49
5.48
5.53
5.51
2.83
2.84
3.64
3.65
3.98
3.98

Ec
DZP
4.52
7.89
1.07
4.97
3.54
3.26
1.63
6.48
4.71
4.21
5.07
4.14
5.69

MAE

0.019

0.18

0.0

(eV)
GRID
4.24
7.72
1.09
4.95
3.43
3.10
1.62
6.38
4.55
4.08
4.85
3.51
5.35
0.0

B (GPa)
DZP GRID
70
80
422
433
7.9
7.9
173
154
79
77
26
24
16.3 14.2
202
211
86
88
81
82
231
198
143
141
263
266
7.4

0.0

As an example, Table 3 shows the lattice constant, cohesive energy, and bulk modulus for
a range of solids calculated with double-zeta polarized (DZP) basis sets and compared to
the grid based results. The cutoﬀ radii of the basis orbitals correspond to an energy shift
of 0.1 eV. The DZP values are in good agreement with the grid based values, in particular
for the structural properties, i.e. lattice constants and bulk moduli. Cohesive energies
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are more diﬃcult to describe with a localized basis set. The primary source of error in
cohesive energies comes from the free-atom calculation, where the conﬁnement of each
orbital raises the energy levels by around 0.1 eV. Thus, atomic energies are systematically
overestimated, leading to stronger binding
6.1

Non-equilibrium electron transport

Driven by the prospects of nano-scale electronics, the ﬁeld of quantum transport has
developed rapidly over the last decade. In support of this development, GPAW supports
open- boundary ﬁnite-bias electron transport calculations with the LCAO basis. The
basic setting is that of a central device region (C) connected to two semi-inﬁnite leads (L)
and (R). The leads are kept at ﬁxed chemical potentials, µL and µR , to simulate an applied
bias voltage of V = (µL − µR )/e across the device region. Due to electronic screening the
electron potential inside the leads converges rapidly to the bulk value and this deﬁnes the
boundary conditions for the electrostatic potential inside C. Rather than obtaining the
wave functions from the eigenvalue equation we work with the Green function (GF) of
the central region deﬁned by
G(z) = (zS − HC − ΣL (z) − ΣR (z))−1 ,

(79)

where S and HC are, respectively, the overlap and Kohn-Sham Hamiltonian matrix of the
central region in the LCAO basis. The self-energies, ΣL/R , represent the coupling to the
leads and are obtained using the eﬃcient decimation technique [85]. The electron density
matrix is given by
Z ∞
Z
1
1
<
G< (z)dz
(80)
G (ε)dε =
D=
2πi −∞
2πi C
with the lesser GF deﬁned by
<
†
G< (z) = G(z)(Σ<
L (z) + ΣR (z))G(z)

(81)

As indicated in the last equality of Eq. (80) the integral is performed along a complex
contour C. The equivalence of the two expressions follows from the analytical properties of
the Green function and residue calculus [86]. Away from the real axis the Green function
varies slowly with z and the integral can be eﬃciently evaluated using a Gauss-Kronrod
quadrature [87]. The non-equilibrium density is obtained from
X
X
Dνµ Φν (r)∗ Φµ (r) +
ñac ,
(82)
ñ(r) =
νµ

a

where Φν and Φµ are the LCAO orbitals in the central region and Dνµ are the corresponding matrix elements of the density matrix. The Poisson equation is solved on the real
space grid to obtain the electrostatic contribution to the eﬀective potential ṽ in region C.
The boundary conditions for the Poisson equation at the C-L and C-R interfaces are given
by bulk potential of the leads (shifted by the applied bias voltage ±eV /2), while periodic
boundary conditions are used in the plane perpendicular to the direction of transport.
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The cycle D → ñ(r) → ṽ(r) → HC → D is iterated until self-consistency using Pulay density mixing. At self-consistency the current of a spin-degenerate system can be calculated
from [88, 89]
Z
1 ∞
(fL (ε) − fR (ε))Tr[ΓL (ε)G(ε+ )ΓR (ε)G(ε+ )† ]dε,
(83)
I(V ) =
π −∞
where ε+ = ε + i0+ and ΓL/R (ε) = i(ΣL/R (ε+ ) − ΣL/R (ε+ )† ) and the trace is taken over
the central region basis functions.
As an example, Fig. 9 shows the IV curve of a molecular junction consisting of a benzene
dithiol molecule attached to gold electrodes (see inset). We have used a DZP basis set
for the molecule and SZ basis for the Au, a total of 84 Au atoms in the central region,
and 4 × 4 k-points in the surface plane (8 irreducible). A 2-d plot of the average eﬀective
potential at a bias of 3 V is shown in the right panel. Although four Au layers are included
in the central region on both sides of the molecule, electronic screening limits the potential
drop to the molecule and outermost Au surface layer.

Figure 9: Left: Calculated IV curve for the Au/benzene-dithiolate junction shown in the inset.
Right: Eﬀective potential at a bias voltage of 3 volts.

Let us ﬁnally mention some of the limitations of the DFT-based transport approach. It
has recently been shown that the energetic position of molecular electronic levels at a solidmolecule interface can be substantially wrong in DFT due to self-interaction errors [90]
and the lack of dynamical screening [91–93]. This circumstance is expected to inﬂuence
the calculated conductance, in particular when the transport mechanism is oﬀ-resonant
tunneling which is the most commonly encountered case. In such cases DFT must be
considered to be only qualitatively correct while quantitative predictions require a manybody description such as the GW approximation [94]. More fundamental problems are
encountered for weakly coupled and strongly correlated systems dominated by Coulomb
blockade and Kondo physics where the single-particle approximation breaks down [95,
96]. In the opposite regime, characterized by strong molecule-lead couplings, DFT has
been found to work surprisingly well and provides results in quantative agreement with
experiments [97, 98].
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7

Additional features

7.1

∆ SCF

∆SCF [33, 99, 100] is a simple method for estimating excitation energies within DFT.
The acronym refers to the fact that the excitation energy is calculated as the diﬀerence
between two self-consistent calculations, one traditional ground state calculation and one
where an electron is constrained to a certain Kohn-Sham orbital as the system reaches
self-consistency. The method is formally justiﬁed only when the constrained orbital is the
lowest lying of its symmetry [101], but it is often applied in other situations with reasonable success [33, 102–105]. GPAW implements a generalized version of ∆SCF, where
it is possible to constrain an electron to any linear combination of Kohn-Sham orbitals,
which is desirable for molecules on surfaces where the molecular orbitals hybridizes with
substrate states. A molecular orbital |αi can always be represented by a linear combination of Kohn-Sham orbitals if a suﬃcient number of unoccupied Kohn-Sham orbitals is
included in the calculation:
|αi =

X
n

cn |ψn i,

cn = hψn |αi.

The contribution to the PS electron density from this molecular orbital is then:
X
∗
∆ñα (r) =
c∗m cn ψ̃m
(r)ψ̃n (r),

(84)

(85)

m,n

and the corrections to the atomic density matrices Eq. (10) are
X
∆Diai i2 =
c∗m cn hψ̃m |p̃ai1 ihp̃ai2 |ψ̃n i.
m,n

The extra electron is usually taken from the Fermi level by simply requiring that the Fermi
distribution integrates to the number of valence electrons minus one, but it is possible to
introduce any speciﬁed hole according to the above description.
The contribution to the band energy from the excited state is given by
X
X
hα|Ĥ|αi =
c∗m cn hψm |Ĥ|ψn i =
|cn |2 εn .
m,n

(86)

n

The linear combination in Eq. (84) is found by projecting the Kohn-Sham orbitals onto
a desired orbital in the self-consistency cycle. In GPAW this can be done in the two
diﬀerent ways as described below.
7.1.1

Projector-pseudo wave function overlap

If the orbital to be kept occupied is an atomic orbital corresponding to a partial wave
(|αi = |φai i), then the overlaps in Eq. (84) can be approximated by
hψn |φai i ≈ hψ̃n |p̃ai i,
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(87)

which follows from Eq. (5) if we neglect overlap between atomic sites. This is a quick
and eﬃcient way of obtaining the expansion coeﬃcients cn , since the projector overlaps
Eq. (87) are calculated in each step of the self-consistence cycle anyway. The method is
easily extended to molecular orbitals by taking appropriate linear combinations of hψ̃n |p̃ai i.
7.1.2

AE wave function overlap

In principle one has access to the AE wave functions in the PAW formalism and thus it is
possible to resolve any molecular orbital exactly into Kohn-Sham orbitals. However, the
DFT PAW formalism works with the PS wave functions and these are the ones which are
immediately available in the GPAW code.
To ﬁnd the overlaps cn = hψn |αi one should start by performing a gas-phase calculation of
the molecule or atom which is to be used in an ∆SCF calculation. The PS wave function
|ψ̃α i corresponding to the orbital to be occupied is then saved along with the its projector
overlaps hp̃ak |ψ̃α i and the ∆SCF calculation is initialized. In each step of the calculation
the AE overlap cn can then be obtained by
X
hψ̃n |p̃ai1 i∆Sia1 i2 hp̃ai2 |ψ̃α i.
(88)
cn = hψn |ψα i = hψ̃n |ψ̃α i +
a,i1 ,i2

Note that there is only a single sum over atoms (and only the ones in the molecule)
and that the cross terms of PS/AE wave functions do not contribute. Since the AE wave
P
functions are orthonormal, the squared norm of the coeﬃcients sums to one, n |cn |2 = 1,
if the Kohn-Sham orbitals span the molecular orbital |αi. If this is not the case, one has
to increase the number of unoccupied states in the calculation.
The expansion in Eq. (84) holds for each point in k-space so one has to use the same
k-points in the gas phase calculation and then calculate the overlaps for each k-point.
7.1.3

Application to CO on Pt(111)

In Fig. 10 we show the potential energy surfaces of CO on a Pt surface (1/4 monolayer)
in the ground state and in an excited state where the 2π ∗ resonance is occupied. This
demonstrates how the minimum energy conﬁguration in the resonance state is shifted with
respect to the ground state, which is interesting in relation to molecular motion induced
by hot electrons [102]. Fig. 10 also compares the projected density of states using the two
projection methods described in Secs. 7.1.1 and 7.1.2 and clearly shows that the methods
have the same qualitative features. However, the long high energy tail of the projector
overlap method is a symptom of the lower accuracy of this method and indicates that
the excitation energy will depend on the number of unoccupied bands included in the
calculation. In contrast, the AE overlaps approaches zero for high lying states and this
method can be converged in the number unoccupied bands. Finally, Fig. 10 shows the
charge redistribution due to the excitation. The 2π ∗ orbital of the molecule is clearly seen
as well as an induced image charge on the surface.
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Figure 10: CO on Pt(111). Top left: Potential energy surfaces in the ground state and the 2π ∗
resonance as a function of the CO binding distance and the molecules center of mass distance
to the surface. Top right: The change in charge distribution due to the excitation. Green:
more charge (0.02 a.u. contour), red: less charge (-0.02 a.u. contour). Lower: Density of states
projected onto the 2π ∗ orbital of CO using the two projection methods described in Secs. 7.1.1
and 7.1.2.

7.2

X-ray absorption spectra

In a one particle picture, X-ray absorption (XAS) can be viewed as exciting a core electron
to an unoccupied orbital [106]. The absorption cross section is given by Fermi’s golden
rule:
X
σ(ω) ∝
|hψf |e · µ|φac i|2 δ(Ef c − ω)
(89)
f

where |φac i is the core orbital, |ψf i are unoccupied orbitals, Ef c is the eigenvalue diﬀerence
between orbitals c and f , e is the polarization vector of the incoming photon and µ is
the dipole operator. To account for core hole eﬀects we use specially constructed PAW
setups with half or a full electron removed from the core orbital. The wave functions are
then relaxed in this potential [107]. Using the PAW transformation we can rewrite the
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expression for the cross section [108]
X
σ(ω) ∝
|hψ̃f |φ̃ac i|2 δ(Ef c − ω)

(90)

f

P
where |φ̃ac i = i |p̃ai ihφai |e · µ|φac i. In the above expression for the cross section a lot of
unoccupied states must be determined which is computationally demanding. This can be
avoided with the Haydock recursion scheme [109] which we have also implemented. Due to
the non-orthogonal PS wave functions in the PAW method the calculation of the recursion
coeﬃcients involves the inverse overlap Ŝ −1 which cannot be explicitly computed. Instead,
the equation Ŝx = y is solved with the conjugate gradient method using an approximate
Ŝ −1 as a preconditioner [110]. The absolute energy scale is determined separately in a
∆SCF procedure where the total energy diﬀerence is computed between the ground state
and the ﬁrst core excited state using a full core hole setup and an extra electron in the
valence band. ∆SCF transition energies depend strongly on the functional used [111],
mostly due to diﬀering descriptions of the core electrons. The spectra discussed in the
following were calculated using the LDA functional, with the ∆SCF shifts computed using
the BLYP functional.
In Fig. 11 we show the calculated half core hole XAS-spectrum for the pyridine nitrogen
K-edge. A cubic box with 20 Å sides and a grid spacing of 0.2 Å was used with open
boundary conditions. The agreement with experiment and a calculation using the StoBe
code [112, 113] is good. Comparing the GPAW calculation to experiment the ﬁrst peak
is 0.8 eV too low and the relative energy between the ﬁrst peak and the sigma resonance
(408 eV in experiment) is about one electron volt too low.
Figure 11 shows also the calculated carbon K-edge XAS-spectrum of diamond both for
half and full core hole. A cubic super cell with 216 atoms was used with periodic boundary
conditions and the Brillouin zone was sampled at the Γ point. The grid spacing was set
to 0.2 Å. The spectrum was calculated with the recursion method using 6 × 6 × 6 kpoints and 2000 recursion coeﬃcients. The full core hole spectrum is in good agreement
with [108], but has too much intensity near the onset of the spectrum compared to the
experiment [114]. Neither the half or the full core hole reproduces the ﬁrst excitonic peak
of the experiment.
7.3

Wannier orbitals

The partly occupied maximally localized Wannier functions (WF) [115] are constructed
by doing an unitary rotation for the lowest states (fixed space), and using a dynamically
optimized linear combination of the remaining orbitals (active space). Both linear combinations are chosen such as to minimize the spread of the resulting Wannier functions.
The unitarity of the rotation in the ﬁxed spaces implies that the eigenvalues of the Bloch
states contained in the ﬁxed space can all be exactly reproduced by the resulting WF,
whereas the largest eigenvalues of the WF will not necessarily correspond to any “real”
eigenvalues.
62

Intensity [a.u.]

Intensity [a.u.]

398

400

402

404

406

408

410

412

290

Photon Energy [eV]

295

300

305

310

315

Photon Energy [eV]

Figure 11: Left: Half core hole K-edge nitrogen spectrum of Pyridine. Spectrums shown are for
GPAW (blue), StoBe (green), and experiment (red). The GPAW spectrum shows the individual
oscillator strengths. Right: K-edge carbon spectrum of diamond. Spectrums shown are the half
core hole (blue), full core hole (green), abd experiment (red).

When constructing Wannier functions, the only quantities that need to be supplied from
the DFT calculation are the integrals ZnG1 n2 = hψn1 |e−iG·r |ψn2 i, where G is one of at
most 6 possible (3 in an orthorhombic cell) vectors connecting nearest neighbor cells in
the reciprocal lattice. When introducing the PAW transformation, this quantity can be
expressed as [115, 116]
ZnG1 n2 = hψ̃n1 |e−iG·r |ψ̃n2 i


XX
a −iG·r a
a −iG·r a
a
hφ
|e
|φ
i
−
h
φ̃
|e
|
φ̃
i
.
Pia∗
P
+
i1
i2
i1
i2
1 n1 i2 n2
a

(91)
(92)

i1 i2

Even for small systems, the phase of the exponential of the last integral does not vary
signiﬁcantly over the augmentation spheres where φai and φ̃ai diﬀer. The integrals in the
last two terms can therefore safely be approximated by taking the exponential outside the
a
integrals as e−iG·R .
An example of partly occupied Wannier functions constructed using the GPAW code is
shown in Fig. 12 (left) for a benzene molecule.
One can also, in the same sense as for the partly occupied Wannier functions, form a
linear combination of the Kohn-Sham Bloch states, spanning the occupied space exactly,
where the unitary rotation in the ﬁxed space, and the linear combination of the active
space are chosen such that the overlap of the resulting wave functions with the projector
functions or the PS LCAO orbitals is maximized. This will result in a optimized single
zeta numerical basis set, which can be used for minimal basis set calculations. An example
of such localized optimized orbitals for benzene is shown in Fig. 12 (right). In this case
the resulting orbitals have been rotated to diagonalize the Hamiltonian in the subspaces
spanned by orbitals on the same atom. In GPAW, these functions are used as an eﬃcient
minimal basis set for performing computationally demanding GW calculations [52].
The algorithm for constructing such localized functions is much faster, and more robust
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Figure 12: Left: Partly occupied WF; 6 C-H σ bonds, 6 C-C σ bonds, and 6 pz orbitals on C.
Right: Projected localized functions; 12 s orbitals on C and H respectively, and 3 p-type orbitals
on each C, one pz , one along the C-H bond, and one perpendicular to the C-H bond.

than the one for constructing the partly occupied WF, as it only involves some linear
algebra on the pre-calculated projections, and not an iterative maximization of a spread
functional. The procedure is described in more detail in Ref. [117].
An exact representation of the Kohn-Sham eigenstates in a minimal and maximally localized basis can facilitate orbital analysis [115].
7.4

Local properties

This section describes quantities that can somehow be related to a speciﬁc atom. As
the PAW transform utilizes an inherent partitioning of space into atomic regions, such
quantities are usually extractable from already determined atomic attributes, such as the
atomic density matrices or the projector overlaps.
a
The projector overlaps Pin
are simultaneous expansion coeﬃcients of the PS and the AE
wave functions inside the augmentation spheres (see Eqs. (5) – (6)). They can therefore
be used both for reconstruction of AE wave function or densities, and for making a local
expansion in atomic orbitals.

7.4.1

Density partitioning

Charge redistribution during a chemical reaction can often be studied by assigning the
density distribution to the individual atoms. Formally, it is easy to reconstruct the true
AE density from the PS density and the atom projected density matrix via Eq. (13).
In GPAW, charge assignment can be done in several ways. One choice is to apply a
Wigner-Seitz scheme, where ñ(r) at each grid point is assigned to the closest atom. The
atomic PAW corrections in Eq. (13) can then be integrated on the radial grid, and added
for each atom.
In the Bader analysis [118], it is not possible to apply the algorithm to the PS density and
corrections separately, as the dividing surfaces might intersect the augmentation spheres.
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Thus, the AE density should be reconstructed on a single regular grid, which can also be
useful for other post-processing purposes. To accurately represent the peaked features of
the AE density, the PS density is interpolated to a grid with reduced grid spacing before
transferring the density corrections from the radial- to the uniform grid.
For the purpose of studying charge transfer, it can be advantageous to adjust the value
of the atomic corrections on the uniform grid at the grid point closest to each nucleus,
such that these integrate to the same value as on the more accurate radial grid. This does
not aﬀect the determination of the dividing surfaces, but enforce the integral properties
of the reconstructed AE density within each domain.
In pseudopotential schemes, a reconstruction of the AE density is not possible, which
can cause problems if dividing surfaces and pseudization regions intersect. This is the
case for water, as illustrated in Fig. 13, showing the dividing surfaces of a water molecule
determined using the Bader program [119] and the reconstructed AE density from GPAW.

Figure 13: Contour lines for the PS (left) and reconstructed AE (right) densities of a water
molecule. While the PS density only has a single maximum, the AE density has one distinct
local maximum per atom, and a Bader partitioning scheme can be used to analyse charge transfer.
The AE density integrates to the total number of electrons.

7.4.2

Projected density of states

Given a set of states |ψn i with eigenenergies εn , the density of states projected onto a
state |αi is deﬁned by
X
ρα (ε) =
|hα|ψn i|2 δ(ε − εn ).
(93)
n

If |αi is an atomic orbital which can be represented by a partial wave |φai i, the simplest
way to obtain the overlaps is to use the single center expansion of the AE wave function
Eq. (5), which gives hα|ψn i ≈ hp̃ai |ψ̃n i when neglecting the overlap of φai with neighbouring
augmentation spheres. The method is easily extended to molecular orbitals by considering
superpositions of partial waves.
If the state |αi can be represented by a Kohn-Sham state |ψα i from a diﬀerent calculation,
the PAW formalism allows one to obtain the AE overlaps exactly from Eq. (88). The
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diﬀerence in the two methods is illustrated for the case of the 2π ∗ orbital of CO adsorbed
on Pt(111) in Fig. 10. A major advantage of the AE overlap method is that the projected
density of states is correctly normalized and one can obtain the fraction of an orbital
located below a given energy by truncating the sum in Ref. (93) at that energy.

8

Parallel calculations

Drastic performance improvements in desktop computers and supercomputers are nowadays being achieved through new CPU designs with high density of processing elements
(PEs). (Here we will use the terms cores, processors, and processing elements interchangeably). Thus, parallel computing is needed for utilizing this kind of hardware. The beneﬁts
of parallelization are two-fold: ﬁrstly, a reduction in the time-to-solution, and secondly,
the capability to study larger problems. At present, parallelization of GPAW is accomplished using MPI; though with the advent of multicore CPUs ﬁne-grained parallelism
with OpenMP or Posix threads is a likely future enhancement.
The real-space representation allows seamless distribution of the PS wave function ψ̃nkσ (rg )
over all wave function indices: band n, k-point, spin σ, as well as the grid-point g index. This is in sharp contrast to plane-wave basis codes which rely on the dual-space
technique [120] for iterative diagonalization, and are thus complicated by representing
the PS wave function in both real and reciprocal space. Parallelization over k-points and
spin is nearly trivial as these degrees are normally only coupled through electron density
(except in the case of EXX). The generalized eigenvalue problem, Eq. (29) can be solved
independently for each k-point and spin. However, as there are signiﬁcant number of
k-points only in small periodic systems and spin only in magnetic systems, the scalability
accessible via k-point and spin parallelization is limited beneﬁt for large systems.
The primary parallelization scheme in GPAW is the domain decomposition of the realspace grid. The simulation box is divided among the PEs so that each subdomain has
approximately the same number of grid points. Due to the local nature of the ﬁnitediﬀerence Laplacian, communication is needed only between neighboring PEs when evaluating derivatives. The non-local parts of the PAW Hamiltonian also require only nearestneighbor communication: Calculating an integral involving a projector function, hp̃ai |ψ̃n i,
only involves contributions from those PEs that have grid points inside the augmentation
sphere of atom a.
The computation of the dense matrix diagonalization and Cholesky decomposition needed
for subspace diagonalization and orthogonalization scales as Ne3 , where Ne is the number
of electronic states. For large systems with many electrons (Ne > 2000), these operations
can be excessively slow in serial and and must be performed in a parallel. In GPAW, we
use ScaLAPACK [121] to perform these dense linear algebra operations. In practice, a
small subset of the PEs is used for ScaLAPACK parallelization. As an example, in a 2048
core calculation with Ne ∼ 1800, ScaLAPACK diagonalizations is performed with only 16
cores ands takes a few percent of the total computing time. In our most recent release of
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GPAW, the associated dense linear algebra matrices, requiring O(Ne2 ) storage, are fully
distributed so that very large problems Ne > 10000 can be treated.
Even though the real-space domain decomposition scales well, the ratio of computation
to communication decreases when number of PEs is increased (for a ﬁxed problem size).
The limiting factor is the ratio Ng /Pd where Ng is the total number of grid points (proportional to system size N) and Pd is the number of PEs used for domain decomposition. The
computational workload of the entire calculation scales as O(N 3 ) (due to orthonormality
constraints and subspace diagonalization), so that in large systems additional parallelization levels are necessary.
For large systems, domain-decomposition is combined with parallelization over the band
index. This is ideal in the case of real-time propagation TDDFT because diﬀerent electronic states can be propagated independently of each other and communication is needed
only when summing for the electron density, similar to k-point and spin parallelization.
However, for a ground-state DFT calculation, the subspace diagonalization and orthogonalization steps necessitate communication of all the electronic states on co-subdomains
(g index). The amount of data to communicate per PE is proportional to Ng Ne /(Pd Pe ).
On the other hand, the relevant computational workload is proportional to Ng Ne2 /(Pd Pe )
(where Pe is the number of band groups and Pd Pe equals to the total number of PEs).
In sharp contrast to the domain decomposition, where the communication is proportional
to surface area of the subdomain, parallelization over the band index introduces communication which is proportional to the volume of the subdomain. Pe must be carefully
chosen so that the computation to communication ratio can be kept reasonable. Part
of the communication overhead can often be hidden by overlapping communication and
computation.
Optimal values of Ng /Pd and Ne /Pe depend a lot on the underlying hardware, but our
experience has shown that typical minimum values are Ng /Pd = 1000−8000 and Ne /Pe =
250 for ground state calculations, and Ne /Pe = 20 − 40 for real-time propagation. This
enables scaling to thousands of processors for large systems, as shown in Fig. 8. The
ground-state DFT calculation is a 102 Au atom cluster surrounded by 44 p-MBA molecules
[122] and the dimension of the system is ∼ 3 nm. There are total of 762 atoms on 1603
real-space grid and ∼ 1800 electronic states are included in the calculation. The real-time
propagation TDDFT is performed for a silicon cluster with 702 atoms on 1603 real-space
grid, the number of electronic states in the calculation is ∼ 1600.
When using the LCAO basis, the real-space domain decomposition is used when solving
the Poisson equation and in the evaluation of two-center integrals. Dense matrix diagonalizations can also be performed with the help of ScaLAPACK, and parallelization over
basis functions (equivalent of state parallelization in grid calculations) has been implemented. Generally, the parallel scaling of LCAO calculations is not as good as that of grid
calculations, on the other hand the more modest memory requirement and computational
workload enable large LCAO-type calculations with smaller number of CPUs.
In some special cases, it is possible to introduce further parallelization levels. For example,
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Figure 14: Parallel scaling for ground state total energy calculation (left) and for real-time
propagation (right). The calculations are performed on a Cray XT5 systems at CSC and at Oak
Ridge National Laboratory. The speedup is normalized so that at the ﬁrst data point (256 PEs
on left and 5000 PEs on right) the speed-up equals the number of PE’s.

in nudged elastic band calculations the total energies of the images are independent and
can hence be calculated in parallel. Also, when calculating optical spectra with realtime propagation the calculations over diﬀerent polarization directions (if required by
the symmetry of the system) can be performed in parallel. Finally, in linear response
TDDFT the construction of the Ω matrix, Eq. (69), can be performed parallel over the
electron-hole pairs. All these additional parallelization schemes are trivial and therefore
scale ideally.
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Summary and outlook

As described in this article, GPAW is now a stable and fairly mature real-space realization
of DFT and TDDFT, based on the PAW method. In addition to the grid-based description, a localized atomic-orbital basis is available for fast computations of more limited
accuracy. Many features have been implemented including a wide range of exchangecorrelation functionals. The code is currently developed by an expanding group of developers situated primarily in Denmark, Finland, Sweden, and Germany with users from all
over the world.
GPAW is an open-source project with only a loose organization behind it and therefore
there exists no single long-term master plan for the further development of the code. The
implementations that take place are exclusively based on the needs of the researchers
working with the code and the whole project is therefore in the end carried by the enthusiasm of researchers at all levels. Among the features which are currently implement, we
mention the calculation of static response functions using density-functional perturbation
theory and more general calculations of dynamical response functions within TDDFT.
The calculation of forces as well as adiabatic and Ehrenfest dynamics are also being implemented within TDDFT. Furthermore, there is ongoing-work to extend the number of
68

atomic setups to include all elements through atomic number 86.
The GPAW code builds upon the Atomistic Simulation Environment (ASE) [123] which is
a set of python modules to facilitate setting up, running, and analyzing atomistic/electronic
calculations. The tight integration with ASE is expected to be maintained in the future.
This seems natural also from the point of view that the interest in ASE has increased
considerably the past few years so that ASE now supports about 12 diﬀerent force and
energy calculators.
There are of course a number of other open-source projects focused on DFT/TDDFT such
as ABINIT, Quantum ESPRESSO, and Octopus. How does GPAW ﬁt into this ”market”
of codes? The main feature which distinguishes GPAW is the combination of real-space description with the PAW method. The PAW allows for an accurate, essentially all-electron,
frozen-core description which leads to soft pseudo wave functions even for transition metals. The real-space description allows for easy and very scalable parallelization through
real-space decomposition making it possible to perform accurate calculations for large systems. Only time can tell which future developments will make their way into the GPAW
code but almost certainly they will beneﬁt from the PAW accuracy and the real-space
parallelization.
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