PCCP

Physical Chemistry Chemical Physics
rsc.li/pccp

RDFET

EXCHANGE L&

ISSN 1463-9076

l ROYAL SOCIETY PERSPECTIVE

Andrew M. Teale, Trygve Helgaker, Andreas Savin et al.
“ O F CH EMIST RY DFT exchange: sharing perspectives on the workhorse of

quantum chemistry and materials science

Volume 24

Number 47

21 December 2022
Pages 28643-29242




Open Access Article. Published on 10 Phata 2022. Downloaded on 2026-05-23 01:36:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

#® RovAL SOCIETY
ap OF CHEMISTRY
PCCP

PERSPECT'VE View Article Online

View Journal | View Issue

) Check for updates DFT exchange: sharing perspectives on the
workhorse of quantum chemistry and
Cite this: Phys. Chem. Chem. Phys., . .
2022, 24, 28700 materials science
Andrew M. Teale, (2 *® Trygve Helgaker, (2 *° Andreas Savin, {2 * Carlo Adamo, ¢
'h

Balint Aradi, ©2 ¢ Alexei V. Arbuznikov, @ Paul W. Ayers, (29 Evert Jan Baerends, |
Vincenzo Barone, (2! Patrizia Calaminici, 2 Eric Cances, (2% Emily A. Carter, &'
Pratim Kumar Chattaraj, 2™ Henry Chermette, &2 Ilaria Ciofini, (¢

T. Daniel Crawford, (2 °P Frank De Proft, {29 John F. Dobson, 2" Claudia Draxl, '
Thomas Frauenheim,*”" Emmanuel Fromager, (2" Patricio Fuentealba, ()

Laura Gagliardi, @2 Giulia Galli, @27 Jiali Gao, {2222° Paul Geerlings, {29

Nikitas Gidopoulos, (2 Peter M. W. Gill, © 29 Paola Gori-Giorgi, (2

Andreas Gorling, 27 Tim Gould, (9% Stefan Grimme, (2" Oleg Gritsenko, {92¢
Hans Jorgen Aagaard Jensen, (22 Erin R. Johnson, (2% Robert O. Jones, (2 2
Martin Kaupp, 2" Andreas M. Késter, (2 Leeor Kronik, @22 Anna I. Kryloy, (2™
Simen Kvaal, ©2° Andre Laestadius, ©2° Mel Levy, 2" Mathieu Lewin, (2 2°

) at

Shubin Liu, ©22P29 Pierre-Francois Loos, (2" Neepa T. Maitra, i ®° Frank Neese,
John P. Perdew, (22" Katarzyna Pernal, 22 Pascal Pernot, (22"

Piotr Piecuch, {2 ® Elisa Rebolini, {2 # Lucia Reining, 2 ®®*° Pina Romaniello, ¢
Adrienn Ruzsinszky, (2 °® Dennis R. Salahub, {2 *¢ Matthias Scheffler, (2 °'

Peter Schwerdtfeger, (29 Viktor N. Staroverov, (2 °" Jianwei Sun, (2 *

Erik Tellgren, ©° David J. Tozer, €2 ® Samuel B. Trickey, (2 ° Carsten A. Ullrich, € *'
Alberto Vela, @2 Giovanni Vignale, 2 °™ Tomasz A. Wesolowski, &2 °" Xin Xu (2 ®°
and Weitao Yang (2 °P

) bc

In this paper, the history, present status, and future of density-functional theory (DFT) is informally

Received 22nd June 2022, reviewed and discussed by 70 workers in the field, including molecular scientists, materials scientists,
Accepted 9th August 2022 method developers and practitioners. The format of the paper is that of a roundtable discussion, in
DOI: 10.1039/d2cp02827a which the participants express and exchange views on DFT in the form of 302 individual contributions,

formulated as responses to a preset list of 26 questions. Supported by a bibliography of 777 entries, the
rsc.li/pccp paper represents a broad snapshot of DFT, anno 2022.

“School of Chemistry, University of Nottingham, University Park, Nottingham, NG7 2RD, UK. E-mail: andrew.teale@nottingham.ac.uk

b Hylleraas Centre for Quantum Molecular Sciences, Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, N-0315 Oslo, Norway.
E-mail: trygve. helgaker@kjemi.uio.no, andre.laestadius@kjemi.uio.no, e.i.tellgren@kjemi.uio.no, simen.kvaal@kjemi.uio.no

¢ Laboratoire de Chimie Théorique, CNRS and Sorbonne University, 4 Place Jussieu, CEDEX 05, 75252 Paris, France. E-mail: andreas.savin@Ict.jussieu.fr

4 PSL University, CNRS, ChimieParisTech-PSL, Institute of Chemistry for Health and Life Sciences, i-CLeHS, 11 rue P. et M. Curie, 75005 Paris, France. E-mail: carlo-
adamo@chimie-paristech.fr, ilaria.ciofini@chimie-paristech.fr

¢ Bremen Center for Computational Materials Science, University of Bremen, P.O. Box 330440, D-28334 Bremen, Germany. E-mail: aradi@uni-bremen.de,
thomas.frauenheim@bccms.uni-bremen.de

f Technische Universitit Berlin, Institut fiir Chemie, Theoretische Chemie/Quantenchemie, Sekr. C7, Strafe des 17. Juni 135, 10623, Berlin. E-mail: alexey.arbuznikov@tu-
berlin.de, martin.kaupp@tu-berlin.de

¢ McMaster University, Hamilton, Ontario, Canada. E-mail: ayers@mcmaster.ca

" Department of Chemistry and Pharmaceutical Sciences, Faculty of Science, Vrije Universiteit, De Boelelaan 1083, 1081HV Amsterdam, The Netherlands.
E-mail: e.j.baerends@vu.nl

i Scuola Normale Superiore, Piazza dei Cavalieri 7, 56125 Pisa, Italy. E-mail: vincenzo.barone@sns.it

J Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados (Cinvestav), CDMX, 07360, Mexico. E-mail: akoster@cinvestav.mx, avela@cinvestav.mx,
pcalamin@cinvestav.mx

28700 | Phys. Chem. Chem. Phys., 2022, 24, 28700-28781 This journal is © the Owner Societies 2022


https://orcid.org/0000-0001-9617-1143
https://orcid.org/0000-0002-5032-8392
https://orcid.org/0000-0001-8401-8037
https://orcid.org/0000-0002-2638-2735
https://orcid.org/0000-0001-7182-841X
https://orcid.org/0000-0001-6113-7121
https://orcid.org/0000-0003-2605-3883
https://orcid.org/0000-0002-3045-4906
https://orcid.org/0000-0001-6420-4107
https://orcid.org/0000-0001-9842-4271
https://orcid.org/0000-0002-8876-8254
https://orcid.org/0000-0001-7330-7554
https://orcid.org/0000-0002-5650-7666
https://orcid.org/0000-0002-5890-7479
https://orcid.org/0000-0002-5391-4522
https://orcid.org/0000-0002-7961-7016
https://orcid.org/0000-0003-4900-7513
https://orcid.org/0000-0002-7582-1378
https://orcid.org/0000-0003-3523-6657
https://orcid.org/0000-0002-1099-4913
https://orcid.org/0000-0002-3138-8189
https://orcid.org/0000-0001-5227-1396
https://orcid.org/0000-0002-8001-5290
https://orcid.org/0000-0003-0106-7154
https://orcid.org/0000-0003-1897-7285
https://orcid.org/0000-0002-0084-3548
https://orcid.org/0000-0003-1042-6331
https://orcid.org/0000-0002-5952-1172
https://orcid.org/0000-0002-1831-3318
https://orcid.org/0000-0002-7191-9124
https://orcid.org/0000-0002-5844-4371
https://orcid.org/0000-0001-7481-5905
https://orcid.org/0000-0002-8743-7381
https://orcid.org/0000-0002-5651-468X
https://orcid.org/0000-0003-1167-4812
https://orcid.org/0000-0003-1582-2819
https://orcid.org/0000-0001-9279-3455
https://orcid.org/0000-0001-6791-8658
https://orcid.org/0000-0001-6788-5016
https://orcid.org/0000-0002-5118-4546
https://orcid.org/0000-0001-7391-0396
https://orcid.org/0000-0002-8151-135X
https://orcid.org/0000-0002-1755-0207
https://orcid.org/0000-0001-9331-0427
https://orcid.org/0000-0003-0598-7425
https://orcid.org/0000-0002-1840-8827
https://orcid.org/0000-0003-4691-0547
https://orcid.org/0000-0003-4237-824X
https://orcid.org/0000-0003-1261-9065
https://orcid.org/0000-0001-8586-6222
https://orcid.org/0000-0002-7207-1815
https://orcid.org/0000-0001-5709-5547
https://orcid.org/0000-0002-7411-7901
https://orcid.org/0000-0001-8300-8320
https://orcid.org/0000-0002-2200-1122
https://orcid.org/0000-0002-9848-3762
https://orcid.org/0000-0002-1280-9873
https://orcid.org/0000-0003-4845-686X
https://orcid.org/0000-0002-6828-3815
https://orcid.org/0000-0002-2361-6823
https://orcid.org/0000-0002-0019-4330
https://orcid.org/0000-0002-8750-2753
https://orcid.org/0000-0001-9224-6304
https://orcid.org/0000-0003-0102-5894
https://orcid.org/0000-0002-2794-8622
https://orcid.org/0000-0003-3851-5790
https://orcid.org/0000-0001-5792-4616
https://orcid.org/0000-0002-5247-2937
https://orcid.org/0000-0001-5576-2828
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp02827a&domain=pdf&date_stamp=2022-10-19
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02827a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024047

Open Access Article. Published on 10 Phata 2022. Downloaded on 2026-05-23 01:36:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Perspective PCCP

K CERMICS, Ecole des Ponts and Inria Paris, 6 Avenue Blaise Pascal, 77455 Marne-la-Vallée, France. E-mail: cances@cermics.enpc.fr

! Department of Mechanical and Aerospace Engineering and the Andlinger Center for Energy and the Environment, Princeton University, Princeton, NJ 08544-5263, USA.

E-mail: eac@princeton.edu

™ Department of Chemistry, Indian Institute of Technology, Kharagpur, 721302, India. E-mail: pkc@chem.iitkgp.ac.in

" Institut Sciences Analytiques, Université Claude Bernard Lyon1, CNRS UMR 5280, 69622 Villeurbanne, France. E-mail: henry.chermette@univ-lyon1.fr

° Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, USA. E-mail: crawdad@vt.edu

? Molecular Sciences Software Institute, Blacksburg, VA 24060, USA

9 Research Group of General Chemistry (ALGC), Vrije Universiteit Brussel (VUB), Pleinlaan 2, B-1050 Brussels, Belgium. E-mail: fdeprof@vub.be, pgeerlin@vub.be

" Griffith University, Nathan, Queensland 4111, Australia. E-mail: j.dobson@griffith.edu.au

*Institut fiir Physik and IRIS Adlershof, Humboldt-Universitdt zu Berlin, 12489 Berlin, Germany. E-mail: claudia.draxl@physik.hu-berlin.de

! Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany

“ Beijing Computational Science Research Center (CSRC), 100193 Beijing, China

¥ Shenzhen JL Computational Science and Applied Research Institute, 518110 Shenzhen, China

¥ Laboratoire de Chimie Quantique, Institut de Chimie, CNRS/Université de Strasbourg, 4 rue Blaise Pascal, 67000 Strasbourg, France. E-mail: fromagere@unistra.fr

* Departamento de Fisica, Facultad de Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile. E-mail: pfuentea@hotmail.es

Y Department of Chemistry, Pritzker School of Molecular Engineering, The James Franck Institute, and Chicago Center for Theoretical Chemistry, The University of Chicago,
Chicago, Illinois 60637, USA. E-mail: Igagliardi@uchicago.edu

? Pritzker School of Molecular Engineering and Department of Chemistry, The University of Chicago, Chicago, IL, USA. E-mail: gagalli@uchicago.edu

@ Institute of Systems and Physical Biology, Shenzhen Bay Laboratory, Shenzhen 518055, China. E-mail: jiali@jialigao.org

ab Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA

“ Department of Physics, Durham University, South Road, Durham DH1 3LE, UK. E-mail: nikitas.gidopoulos@durham.ac.uk

% School of Chemistry, University of Sydney, Camperdown NSW 2006, Australia. E-mail: p.gill@sydney.edu.au

“ Department of Chemistry and Pharmaceutical Sciences, Amsterdam Institute of Molecular and Life Sciences (AIMMS), Faculty of Science, Vrije Universiteit, De Boelelaan
1083, 1081HV Amsterdam, The Netherlands. E-mail: p.gorigiorgi@vu.nl, o.gritsenko@vu.nl

% Chair of Theoretical Chemistry, University of Erlangen-Nuremberg, Egerlandstrasse 3, 91058 Erlangen, Germany. E-mail: andreas.goerling@fau.de

% QId Micro- and Nanotechnology Centre, Griffith University, Gold Coast, Qld 4222, Australia. E-mail: t.gould@griffith.edu.au

" Mulliken Center for Theoretical Chemistry, University of Bonn, Beringstrasse 4, 53115 Bonn, Germany. E-mail: grimme@thch.uni-bonn.de

% Department of Physics, Chemistry and Pharmacy, University of Southern Denmark, DK-5230 Odense M, Denmark. E-mail: hjj@sdu.dk

% Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, B3H 4R2, Canada. E-mail: erin.johnson@dal.ca

% peter Griinberg Institut PGI-1, Forschungszentrum Jiilich, 52425 Jiilich, Germany. E-mail: r.jones@fz-juelich.de

al Department of Molecular Chemistry and Materials Science, Weizmann Institute of Science, Rehovoth, 76100, Israel. E-mail: leeor.kronik@weizmann.ac.il

" Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA. E-mail: krylov@usc.edu

“" Department of Chemistry, Tulane University, New Orleans, Louisiana, 70118, USA. E-mail: mlevy@tulane.edu

“ CNRS & CEREMADE, Université Paris-Dauphine, PSL Research University, Place de Lattre de Tassigny, 75016 Paris, France. E-mail: mathieu.lewin@math.cnrs.fr

% Research Computing Center, University of North Carolina, Chapel Hill, NC 27599-3420, USA. E-mail: shubin@email. unc.edu

“ Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599-3290, USA

" Laboratoire de Chimie et Physique Quantiques (UMR 5626), Université de Toulouse, CNRS, UPS, France. E-mail: loos@irsamc.ups-tlse.fr

“ Department of Physics, Rutgers University at Newark, 101 Warren Street, Newark, NJ 07102, USA. E-mail: neepa.maitra@rutgers.edu

% Max Planck Institut fiir Kohlenforschung, Kaiser Wilhelm Platz 1, D-45470 Miilheim an der Ruhr, Germany. E-mail: neese@kofo.mpg.de

@ Departments of Physics and Chemistry, Temple University, Philadelphia, PA 19122, USA. E-mail: perdew@temple.edu

“ Institute of Physics, Lodz University of Technology, ul. Wolczanska 219, 90-924 Lodz, Poland. E-mail: pernalk@gmail.com

¥ Institut de Chimie Physique, UMR8000, CNRS and Université Paris-Saclay, Bat. 349, Campus d’Orsay, 91405 Orsay, France.
E-mail: pascal.pernot@universite-paris-saclay.fr

“* Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, USA. E-mail: piecuch@chemistry.msu.edu

“ Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA

“ Institut Laue Langevin, 71 avenue des Martyrs, 38000 Grenoble, France. E-mail: rebolini@ill.fr

b4 Laboratoire des Solides Irradiés, CNRS, CEA/DRF/IRAMIS, Ecole Polytechnique, Institut Polytechnique de Paris, F-91120 Palaiseau, France.
E-mail: Lucia.Reining@polytechnique.fr

b Buropean Theoretical Spectroscopy Facility, Web: https://www.etsf.eu/

b Laboratoire de Physique Théorique (UMR 5152), Université de Toulouse, CNRS, UPS, France. E-mail: pina.romaniello@irsamc.ups-tlse.fr

b4 pepartment of Physics, Temple University, Philadelphia, Pennsylvania 19122, USA. E-mail: aruzsinszky@temple.edu

b¢ Department of Chemistry, Department of Physics and Astronomy, CMS — Centre for Molecular Simulation, IQST — Institute for Quantum Science and Technology,
Quantum Alberta, University of Calgary, 2500 University Drive NW, Calgary, Alberta, T2N 1N4, Canada. E-mail: dsalahub@ucalgary.ca

% The NOMAD Laboratory at the FHI of the Max-Planck-Gesellschaft and IRIS-Adlershof of the Humboldt-Universitit zu Berlin, Faradayweg 4-6, D-14195, Germany.
E-mail: scheffler@fhi-berlin.mpg.de

b¢ Centre for Theoretical Chemistry and Physics, The New Zealand Institute for Advanced Study, Massey University Auckland, 0632 Auckland, New Zealand.
E-mail: peter.schwerdtfeger@gmail.com

" Department of Chemistry, The University of Western Ontario, London, Ontario N6A 5B7, Canada. E-mail: vstarove@uwo.ca

biDepartment of Physics and Engineering Physics, Tulane University, New Orleans, LA 70118, USA. E-mail: jsun@tulane.edu

by Department of Chemistry, Durham University, South Road, Durham, DH1 3LE, UK. E-mail: d.j.tozer@durham.ac.uk

% Quantum Theory Project, Deptartment of Physics, University of Florida, Gainesville, FL 32611, USA. E-mail: trickey@qtp. ufl.edu

b Department of Physics and Astronomy, University of Missouri, Columbia, MO 65211, USA. E-mail: ullrichc@missouri.edu

bm Department of Physics, University of Missouri, Columbia, MO 65203, USA. E-mail: vignaleg@missouri.edu

b pepartment of Physical Chemistry, Université de Genéve, 30 Quai Ernest-Ansermet, 1211 Genéve, Switzerland. E-mail: tomasz.wesolowski@unige.ch

bo Shanghai Key Laboratory of Molecular Catalysis and Innovation Materials, Collaborative Innovation Centre of Chemistry for Energy Materials, MOE Laboratory for
Computational Physical Science, Department of Chemistry, Fudan University, Shanghai 200433, China. E-mail: xxchem@fudan.edu.cn

b pepartment of Chemistry and Physics, Duke University, Durham, NC 27516, USA. E-mail: weitao.yang@duke.edu

This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 28700-28781 | 28701


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02827a

Open Access Article. Published on 10 Phata 2022. Downloaded on 2026-05-23 01:36:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

1 Introduction

What is the status of DFT? Where is DFT heading? What are the
important new developments in DFT and what are the points of
contention? What is DFT?

Such questions are discussed whenever developers and
users of density-functional theory (DFT) meet - in conferences
and workshops, during coffee breaks and over dinners. We do
not expect short, clear answers to such questions but the
discussions and conversations they give rise to are often infor-
mative and entertaining - and different from discussions in
publications and presentations. We learn about new ideas and
developments and about failed attempts - a casual remark may
trigger new research or lead to new collaborations. These discussions
are an important reason for travelling to conferences and
something we have missed during the pandemic.

This article is an attempt to bring such discussions to the
printed format - to let prominent workers in the field exchange
views and thoughts about DFT in an open informal manner,
mimicking the format of a roundtable discussion, but backing up
their statements by arguments and references to the literature.
The end result should be a lively guide to DFT and its
development.

The format of the present article is an unusual one, resembling
most closely the Faraday Discussions but not anchored to the talks
presented at a conference. It is to our knowledge the first paper of
its kind in PCCP and the first such paper on DFT. Given its
unusual format, we here describe how it came about.

The initiative for the article was taken by three of the
authors, Andy Teale, Trygve Helgaker, and Andreas Savin.
Having received a go-ahead for the project from the publisher,
the three initiators compiled an initial list of questions about
DFT and some tentative answers. A letter of invitation was then
sent out to about hundred workers in the field, inviting them
“to participate in what will hopefully be an open, thought
provoking and informal discussion about density-functional
theory and its applications”. To clarify the format of the article,
the invitation contained a link to the document with the
preliminary questions and answers. A total of 67 accepted the
invitation, bringing the number of authors to 70.

In a process involving all authors, the preliminary questions
were revised and preliminary answers removed. A final set of
26 questions was agreed upon: five questions for DFT, nine for
Density-Functional Approximations (DFAs), eight for The
Future of DFT and DFAs, and four for Communicating and
Sharing Our Results.

All authors were then invited by the initiators to contribute
to the discussion by providing answers to the questions and
also comments to answers over a six-week period, encouraging
discussions among the authors. Guidelines were provided to
ensure a smooth collaborative process. The end result was an
extensive first draft of the manuscript, running over sixty pages
and with several hundred references. After a two-week internal
review involving all authors, an additional two weeks were
allotted for responses to the internal review. The purpose of the
internal review was solely to improve clarity of expression — not to

28702 | Phys. Chem. Chem. Phys., 2022, 24, 28700-28781
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restrict in any way the freedom of the authors to express their
opinions.

The final draft was edited by the three initiators, with the
aim of improving the organization of the manuscript by reor-
dering contributions and comments, reducing, where possible,
repetition and ensuring a certain level of uniformity in notation
and clarity of presentation. However, to retain the spontaneity of
the discussion and reflect the multitude of views presented,
reorganization was kept to a minimum. As a consequence, some
themes may be revisited in different contexts throughout the
paper — much as would happen in a lively roundtable discussion.

Having received a final go-ahead from all co-authors, the
final manuscript was submitted to the journal. All work on the
paper was carried out with LaTeX, using the Overleaf platform’
for ease of collaboration.

The final manuscript provides an interesting snapshot of
where DFT stands today and where it is moving. It covers much of
DFT with an extensive bibliography, but coverage is nevertheless
not exhaustive - classical DFT and multicomponent DFT are not
discussed, for example. The topics covered in the paper reflect
the interests of the authors. Also, the views stated are those of the
individual authors - as such, the paper has no conclusion. In the
spirit of the paper, you are instead encouraged to continue this
exchange of views, by contacting the authors.

2 Density-functional theory
2.1 What is DFT?

2.1.1 Savin. Density-functional theory (DFT) is more than
existence theorems. I like to make the distinction between

(1) a density functional, a number obtained from the
density;

(2) DFT, the collection of theorems useful for obtaining exact
results with procedures using density functionals, without
having to solve the exact many-body problem;

(3) the methods using them - for example, the Kohn-Sham
method; and

(4) density-functional approximations (DFAs), the approxi-
mations (or models). The latter can originate from a choice of a
“closed form”, as mentioned in contribution (2.1.4), or from
controllable ones, as related to the numerical treatment and
discussed in contribution (4.6.7).

2.1.2 Levy. Federico Zahariev and I have recently shown in
ref. 2 that it is useful and variationally valid to employ spin-free
wave functions in the constrained-search formulation when
deriving certain properties of a functional for the purpose of its
approximation.

In the constrained-search formulation of pure-state (or
ensemble) DFT, the kinetic plus electron-electron repulsion
energy of a density is the expectation value of the wave function
(or ensemble) that yields this density and minimizes the kinetic
plus electron-electron repulsion expectation value. That is,

Fas = min| [0 + £l W

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02827a

Open Access Article. Published on 10 Phata 2022. Downloaded on 2026-05-23 01:36:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

where, with the use of pure-state wave functions,

Flp) = min(¥|T + W|?). 2)

The wave functions are here spin-free, but antisymmetric in
the first M spatial coordinates and separately antisymmetric in
last (N — M) spatial coordinates. The generalization of F[p]
to ensembles should be clear. This generalization ensures
convexity.

2.1.3 Reining. One may distinguish different possible
aspects in this question: What is the message of DFT? Why has
it been successful? How is it used today? What distinguishes it from
other theories that deal with the many-body problem? Some are
treated later, so I think we should focus on the first aspect here.
I also think that, in answering this and many other questions, a
glance at other possible theoretical approaches is healthy,
because we always learn from comparison, so let us try to have
such a point of view whenever possible.

The term DFT expresses the fact that observables in the
ground state at zero temperature can be considered as func-
tionals of the ground-state density. This can then be extended
to thermal equilibrium, etc., as others point out. So, it means
that the density is a sufficient descriptor. It is important to say
“can be considered as a functional of the density”” and not “is a
functional of the density”’, because this is a choice: observables
can also be considered as functionals of the many-body ground-
state wave function, or the one-body Green’s function, or many
other possible choices. The functional of the many-body
ground-state wave function is very simple (whereas the wave
function is not, of course), and a density functional will in most
cases be exceedingly complicated (whereas the density is sim-
ple). Actually, I chose to say “can be considered as”, because
this does not imply that there must be an explicit expression.

A second important point: the density is not known a priori
but is needed as input to evaluate our density functionals for a
given system and observable. So, as a second aspect of DFT, we
also have to invoke the variational character of the energy as
functional of the density, because it allows us to find the
density that is needed to evaluate the functionals for the
various observables, without calculating the density from the
many-body wave function. Otherwise, DFT could probably not
compete with other approaches, not even as an idea - for
example, also the external potential is a sufficient descriptor
(for given particle number or chemical potential), it is simple,
and it has the advantage that we (think we) know it. The
variational character also has the benefit that a slightly wrong
density may still lead to a reasonable energy (whereas this may
not hold for other observables).

So, we may consider DFT as one possibility: one possible way
to formulate the calculation of observables in a many-body
system. There are many such ways, and we know that for most
systems we will never be able to obtain the exact answer.
Therefore, once we agree that those various ways are in princi-
ple exact, the true question is: how suitable are they as starting
points for approximations? And so, for our purpose here: in
which way is DFT a good starting point for approximations?

This journal is © the Owner Societies 2022
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2.1.4 Scheffler. Since the development of the quantum
mechanics of atoms and polyatomic systems, it was clear that
inspection of the ground-state electron density p(r) provides the
information on the total number of electrons, N, the positions
of the atoms, {R}, and from p(R,) the nuclear charges.>* Thus, p(r)
determines N, {Rj}, {Z;} - that is, the many-electron Hamiltonian,
and therefore, it determines everything. This is the algorithm that
defines how to go from the ground-state density to the energy.

The theorem of Hohenberg and Kohn® and the works by
Levy®” and Lieb® are beautiful mathematical treatments.
Importantly, the basic concept that the ground-state electron
density determines everything often enables decisive physical
insight. The often misleading assumption is that the above laid
out, exact algorithm “p(r) — ground-state energy (and even
everything)”’ can be expressed in terms of a closed mathema-
tical expression. Approximating the algorithm by a mathema-
tical functional, i.e., by a DFA, suffers from the severe problem
that the range of validity of this functional is typically unclear:
We can test its accuracy only by comparing results with experi-
ments or high-level wave-function theories. We trust the reliability
for systems that we believe (!) are “similar” to the tested ones, but
we don’t know about the accuracy for untested systems. And the
term “similar” is not even defined.

Let me add: I am not aware of a proof that the exact exchange-
correlation-functional exists, beyond the noted algorithm which
requires to solve the many-body Schrédinger equation. However,
and most importantly, the works by Hohenberg and Kohn and
Kohn and Sham have shown the way to develop density-
functional approximations which revolutionized the description
and understanding of polyatomic systems.

2.1.5 Kvaal. I agree with Savin in contribution (2.1.1) - in
particular with respect to the claim that a distinction between
exact DFT and approximate DFT is useful. In my opinion, they
are both conceptually and mathematically different. They share
the use of the density and potential as dual basic variables, but
otherwise the similarities disappear for me. For instance, a DFA
will have much nicer mathematical properties than the exact
universal functional, as they are built from simple, explicit
ingredients, at least partially necessitated by the need for efficient
numerical evaluation and optimization in order to be useful. On
the other hand, the exact universal density functional has a
complicated implicit definition, leading to a highly complicated
functional. A concrete formulation of this is due to Schuch and
Verstraete,” who demonstrated that, if an efficient evaluation of
the universal functional could be done, all NP hard problems
would be solvable in polynomial time. This is highly unlikely. On
the other hand, DFAs are necessarily computable! (It is of course
one of the marvels of DFT, that it is even possible to obtain such
good results with so little computational effort.)

Thus, approximate and exact density-functionals are math-
ematically quite different. The noncomputability of the exact
functional indicates that systematically improvable DFAs are
probably possible, in the sense of mathematical a priori error
estimation - that is, mathematical statements towards an
approximation’s accuracy in terms of its adjustable parameters,
such as basis size. Therefore, I would like to go out on a limb
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and say that approximate density functionals are not really
approximations to exact density functionals. They are instead
largely independent and, to a variable extent, semiempirical
models that have the common use of the density as a basic
variable as a characteristic. The latter aspect is for me an
answer to the question “What is DFT?”

2.1.6 Savin. Let me comment on the difficulty of obtaining
exact functionals in a (semi)local form by choosing a simpler
example. The Hartree density functional,

Eulpl=3| | oo/ —ridnde, @)

is universal, and not only known but also simple. However, I
don’t see how to replace it by a (semi)local form.f One can
argue that this does not lead to problems, as we compute Ey
explicitly. However, this argument is not valid if we choose to
express the exchange functional, E,, in a (semi)local form: for
one-electron systems, Ey = —Ey.

2.1.7 Yang. I agree with Savin on the difficulty of semilocal
functionals. The example of the interaction energy of a one-
electron system is a clear case: the exact exchange-correlation
energy has to cancel the classical Coulomb energy.'® Otherwise,
the functional has a self-interaction error (SIE).

For many years, the SIE had been assumed to be the main
systematic error in DFAs, related to the incorrect dissociation of
molecular ions, the underestimation of chemical reaction
barriers and band gaps of molecules and bulk materials, the
overestimation of polymer polarizability, and many other failure
of commonly used DFAs.""'> However, the development of two
SIE-free functionals, the Becke05** and the MCY2'* functionals,
changed the understanding.'® While these two exchange-corre-
lation functionals, nonlocal and also nonsemilocal, are SIE-free
by construction for any one-electron system and perform as well
on thermodynamics benchmarks as hybrid functionals, they
still retain significant errors in the dissociation of molecular
ions, band gaps of molecules, and polymer polarizability pro-
blems, much like the hybrid functional B3LYP. The only sig-
nificant improvement observed is in the prediction of reaction
barriers. Thus the systematic error is clearly not the SIE.

To describe the systematic error of DFAs, the concept of the
delocalization error has been developed, and it can be under-
stood from the perspective of fractional charges.'®'” For sys-
tems of small or moderate physical sizes, conventional DFAs
usually have good accuracy in total energies for an integer
number of electrons. For a fractional number of electrons,
conventional DFAs, however, violate the Perdew-Parr-Levy-Bal-
duz (PPLB) linearity condition,"®° which states that the exact
ground-state energy E(N) is a linear function of the fractional
electron numbers connecting adjacent integer points. Inconsis-
tent with the requirement of the PPLB linearity condition, E(N)
curves from conventional DFAs are usually convex, with drastic
underestimation to the ground-state energies of fractional

+ Note that there is a (semi)local form for short-range interactions, e.g., d(r; — 1),

e s 1) (0203001 — p2)drndey = Lo (e
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systems. The convex deviation of conventional DFAs decreases
when the systems become larger and vanishes at the bulk limit.
However, the delocalization error is exhibited in another way, in
which the error manifests itself in too low relative ground-state
energies of ionized systems and incorrect linear E(N) curves with
wrong slopes at the bulk limit."®*"*!

To reduce or eliminate the delocalization error, enormous
efforts have been devoted to the development of new exchange-
correlation functionals. None of these developments are based
on a semilocal form. All have nonlocal features in the func-
tionals - see the development of the scaling approaches.”*>*

In addition to the delocalization error characterized by
fractional charges, commonly used DFAs also have a significant
systematic static correlation error characterized by the violation
of the constancy conditions on fractional spins."”?**° The combi-
nation of the exact fractional charge condition'® and the exact
fractional spin condition’®*® leads to the general flat-plane
condition,”” the satisfaction of which is a necessary condition for
describing the band gap of strongly correlated Mott insulators. The
flat-plane condition also leads to the conclusion that the exact
exchange-correlation functional cannot be a continuous func-
tional of the electron density or the density matrix of the non-
interacting reference system everywhere.>” To reduce or eliminate
the static correlation error, one has to use nonlocal functionals.?®

2.1.8 Savin. Warren Pickett said during a talk (Brisbane,
1996): “True, the density gives the potential, and this makes the
Hohenberg-Kohn theorem sound so empty, because the
potential, we know it anyhow”. We do not need to start with an
unknown function, p(r), when it is equivalent to using a known
function of the position r - namely, the external potential, v(r).

2.1.9 Trickey. The Pickett remark quoted by Savin is a
paraphrase of the analysis that Per-Olov Lowdin had attributed
earlier to E. Bright Wilson.>® The density cusps tell you the
nuclear charges, hence the external potential v, hence the
Hamiltonian. Also see Krylov’s contribution (2.1.22) below.

2.1.10 Yang. The Hohenberg-Kohn work established the
principles for describing a many-electron system from the
reduced variable of its electron density and the Kohn-Sham
work provided the formulation to use a noninteracting refer-
ence system to represent the electron density of a many-
electron system. These works are the solid foundation of DFT.
However, they do not lead to any systematic pathway to the
approximation of the density functional; see contribution
(2.1.8). The specific approximations for the density functionals
are the key to all applications.

2.1.11 Helgaker. I suppose the nontrivial result is that (for
a given number of electrons) the potential and density are dual
variables — what you can calculate from one, you can calculate
from the other. In particular, we can calculate the energy
directly from the density, bypassing the potential.

2.1.12 Yang. Indeed, the dual formulation of DFT is the
potential-functional theory (PFT).*° PFT establishes two results:
the dual of the Hohenberg-Kohn theorem in terms of the
external potential as the basic variable and the dual of the
Kohn-Sham theorem in terms of the potential of the non-
interacting reference system. The first result provides a solution
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to the v-representability problem in the original Hohenberg-
Kohn work. The second result provides the theoretical
foundation for the optimized-effective-potential approach for
Kohn-Sham calculations with functionals of orbitals.

2.1.13 Helgaker. I like to think of DFT in terms of
Legendre-Fenchel transforms.®?' In short, from the concavity
and continuity of the ground-state energy v— E[v] as a function
of the external potential v e L**(R®) + L*(R®) follows the
existence of a universal density functional p— F[p] as a function
of the electron density p € L}(R*) n L'(R?) such that>®

Ev] = inf(F[p] + (v|p)) < HK variation principle (4)
p

F[p] = sup(E[v] — (v|p)) « Lieb variation principle (5)

where (v|p) = [v(r)p(r)dr. Since E and F can be calculated from
each other, they contain the same information, only expressed
in different ways. However, although the Lieb variation princi-
ple is a powerful tool for analysis and method development, it
is not a practical tool for computation. Instead, the power of
DFT derives from Kohn-Sham theory, making it possible to
approximate F{p] (sufficiently) accurately and inexpensively for
densities p of interest to us by introducing orbitals.

2.1.14 Levy. In contribution (2.1.13), Helgaker states that
he prefers the Legendre-transform formulation. However, it has
been shown that the Legendre-transform formulation is equiva-
lent to the ensemble constrained search.®

2.1.15 Helgaker. It is of course correct that the ensemble
constrained-search functional is identical to Lieb’s functional.
With respect to the different formulations of DFT, my view is
the following.

The Hohenberg-Kohn theorem,’ often thought of as the
cornerstone of DFT, is easy to prove (apart from some subtleties)
but perhaps not so easy to understand intuitively. Hohenberg
and Kohn’s original formulation of DFT is therefore not only
restrictive in scope (in that it assumes v-representability) but
may also appear a little mysterious.

Levy’s constrained-search formulation® took the mystery out
of DFT and brought clarity and generality to the field - a major
step forward, indeed. Lieb’s convex formulation,® on the other
hand, gave DFT beauty and elegance by identifying the density
functional with the Legendre transform (convex conjugate) of
the ground-state energy, thereby placing DFT in a broader
mathematical framework.>?

It is an important and nontrivial result in DFT that the
ensemble constrained-search functional and the Legendre-
transform functional are the same - they are merely comple-
mentary formulations of the same thing.® Together, they con-
stitute the solid foundation of DFT.

2.1.16 Scheffler. I somehow disagree with the last sentence
of contribution (2.1.13). Clearly, Kohn-Sham theory has provided
us with significant understanding, for polyatomic systems,
mostly for cases where the physics is largely governed by the
independent-particle kinetic-energy operator (or its orbitals).
However, in general, I would hesitate to call Kohn-Sham theory
together with the known DFAs ‘“(sufficiently) accurate”. A key
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scientific problem is that the range of validity of the known DFAs
is unknown, and a reliable estimate of the accuracy and a
systematic convergence of the accuracy are not possible. Our
own pragmatic approach is to perform calculations with different
DFAs, and if the results are similar, we tend to accept them.
Otherwise, we are worried. And, if possible, we check final results
by a higher-level theory - by, for example, coupled-cluster theory.

2.1.17 Kvaal. It is interesting to note that Lieb’s convex
formulation of exact DFT, the essence of which is succinctly
described in contribution (2.1.13), does not rely in any way on the
classical Hohenberg-Kohn theorems to establish duality of p and v.
Neither are the theorems necessary for the derivation of exact Kohn-
Sham theory. While the original Hohenberg-Kohn theorems are
now established rigorously, albeit with mild assumptions on the
potential,”® it is my opinion much easier to say that the Legendre
transform of E[v] is the essence and foundation of DFT, from both a
mathematical and a physical point of view. Lammert has pointed
out that the Hohenberg-Kohn density-potential correspondence
map is quite ill-behaved.** Nearby v-representable densities may
have wildly different potentials, and thus fundamental arguments
that rely on, for example, some kind of differentiation of v as a
function of p are not useful, at least for exact DFT.**

2.1.18 Laestadius. With recent development of unique-
continuation from sets of measure zero, in particular by
Garrigue,® I regard the Hohenberg-Kohn theorem as rigorous,
albeit with some limitations. In particular, certain I” spaces need
to be considered for the potentials - for example, Theorem 30 in
ref. 33 is a Hohenberg-Kohn result with all previous gaps filled,
although it is not given for L** + L*”.

Furthermore, comparing the situation with paramagnetic-
current DFT, where the lack of a (corresponding) Hohenberg-
Kohn theorem has been established by Capelle and Vignale,*® it
is striking that although (p,j,) determines the nondegenerate
ground state, if degeneracies are allowed, then the level of
degeneracy is not determined.>” A given (,jp) can therefore be
associated with two different Hamiltonians (in fact, infinitely
many) that may have different numbers of degenerate ground
states. (Of course, this doesn’t stop the constrained search,
which remains well defined.) In DFT, the extra layer of a
Hohenberg-Kohn theorem (not just the first part of a con-
strained search) rules out such situations. I view the Hohen-
berg-Kohn theorem as a gold reserve - it is perhaps unexciting
and just sits in the vault but is, on the other hand, good to have
in certain extreme situations.

2.1.19 Helgaker. Regarding the Hohenberg-Kohn theorem
in DFT, it is interesting to see what role it plays within the
Legendre-Fenchel formulation of DFT. The condition for a
minimizing density in the Hohenberg-Kohn variation principle
as given in contribution (2.1.13) is —v € 0F[p] where 0Fp] is the
subdifferential of F at p - that is, the collection of potentials with
ground-state density p. Likewise, the condition for a maximizing
potential in the Lieb variation principle is p € OE[v], where the
subdifferential of E at v is the collection of all ground-state
densities of v. In fact, the two conditions are equivalent:

E[v] = Flp] + (v|p) < —v € OF[p] < p € OEP].  (6)
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By the Hohenberg-Kohn theorem, the optimality condition of
the Hohenberg-Kohn variation principle takes the form

{=v+clc € R}, pis v-representable,
OF[p] = )

[/ p is not v-representable.

This uniqueness of the potential (up to an additive constant) is
not mission critical for DFT but tells us that there is a unique
maximizing potential in the Lieb variation principle (if any).

The optimality conditions in eqn (6) give some additional
insight: the ground-state energy E and the universal density
functional F are functions whose subdifferential mappings
(“functional derivatives”) are each other’s inverses. Loosely
speaking, therefore, E and F may be obtained from each other
by differentiation followed by inversion and integration.

2.1.20 Salahub. Savins answer in contribution (2.1.1) to
“what is DFT?” appeals to me because of its breadth. DFT
appeals to different people for different reasons, from the joy of
pure theory, to the satisfying hard work of DFAs, to the romp of
applications across disciplines (when it works), to the agony
when it doesn’t (appealing to masochists, but also affording the
possibility of looping back for improvements). So “DFT” is like
an excellent marketing logo, as recognizable to scientists as the
Nike logo is to the general public. Reasons for buying into DFT
are numerous and varied, as reflected in the sections of
this paper.

2.1.21 Fuentealba. The first time I heard about DFT was in
the eighties in Germany, and people called it ‘“Density Func-
tional Method”, because the theory is the quantum mechanics
and one cannot have a theory into another one.

2.1.22 Krylov. I first learned about the key ideas behind
DFT before its modern incarnation was developed. Back in the
eighties, chemists were using the Xo method, which was
regarded by ab initio theorists as semiempirical and, therefore,
inferior to the then gold standard - the full Hartree-Fock
method. We were struggling to understand why an inferior
method would give more accurate results. I think the real
insight was to understand that the Wilson conjecture - the
observation that the one-electron density contains all the
information needed to reconstruct the many-body Hamiltonian
(and, therefore, to find the exact solution of the Schrédinger
equation) - provides a physical justification for the existence of
a mapping between the density and the exact energy of the
system. The Hohenberg-Kohn theorems inform us that this
mapping is unique.

With such justification, one can approach the problem of
finding this mapping in a completely different way - not by
building approximations to the known exact solution (as done
in the wave-function theory), but by parameterizing an empiri-
cal representation of the mapping device, the functional. Most
DFAs are built upon mathematical representations of the
functional grounded in our physical understanding of what it
should look like (based on exact results for model systems), but
one can envision finding the mapping without any such help
from physics - for example, by brute-force training of a neural
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network (machine learning).*® One can, therefore, think of DFT
as an empirical method that can be made exact.

While the blind brute-force (e.g., via ML) discovery of the
density-energy mapping is, in principle, possible, it has impor-
tant limitations compared to physically motivated DFAs. First,
without any constraints due to physics, such brute-force search
is going to be computationally wasteful. Second, having
discovered the mapping between energy and density, one still
has no recipe for computing energy derivatives with respect to
various perturbations (i.e., properties), unless properties (or
various energy derivatives) were included in the training. In
contrast, using a physically motivated form of the functional
opens access to properties (although the quality is not guaran-
teed, as illustrated by the developments of magnetic DFAs*?).

2.1.23 Helgaker. I am not so fond of the Wilson conjecture -
it works only if we already know that the potential is a Coulomb
potential. It is a striking observation, but to some extent it
trivializes DFT. The Hohenberg-Kohn theorem makes no such
assumptions regarding the potential.

2.1.24 Jones. A fixation on exact energies appears to be so
strong among chemists that it justifies any amount of data
fitting, so reducing DFT to a ‘“semiempirical” or “‘empirical”
method. With their focus on extended systems, materials
scientists know that new knowledge can result from DFT
calculations, even if all the calculated energies are wrong. See
also contribution (2.2.23).

2.1.25 Ayers. Arguably, any electronic structure theory
method can be reformulated as a DFA by substituting its asso-
ciated energy functional into the Legendre transform or its
associated wave-function ansatz into the constrained search. So
Hartree-Fock may be legitimately considered a DFT (a general-
ized Kohn-Sham DFT). Is Hartree-Fock theory and its analysis
therefore DFT? Clearly, many coupled-cluster and propagator
methods are also frequently analysed as DFT. I would not like
to define DFT as “the sort of stuff that is done by density-
functional theorists” but some work that is marketed as DFT
(¢f contribution (2.1.20)) is not presented in the context of the
mathematical framework of DFT (¢f. contribution (2.1.1)).

To me, only orbital-free DFT is unequivocally DFT; every-
thing else can also be fruitfully viewed from an alternative
perspective. Indeed, some theoretical approaches and computa-
tional methods can legitimately be considered wave-function
theories/methods, density-matrix theories/methods, propagator
theories/methods, and density-functional theories/methods. I
do not wish to take a hard line and proclaim that these types of
theories/methods are not DFT because the philosophy (espe-
cially the emphasis on explicitly defining and characterizing the
functional that is being approximated), traditions (especially the
openness to pragmatic parameterization and approximation),
and tools of DFT can be useful even for theories/methods that
are “not just DFT”. But other, non-DFT, approaches could
sometimes be even more useful.

2.1.26  Gorling. While the electron density certainly is a key
quantity in DFT, I feel that there is a too strong focus on it - in
particular, on the idea of getting the total energy or other
information directly from the density. While this is the idea
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behind certain flavours of orbital-free DFT, it is not the idea
behind the most commonly used DFT approaches, which are
the Kohn-Sham or generalized Kohn-Sham methods. For these
methods, a quite different view on DFT can be taken: to
consider the electron density as the quantity that enables one
to associate the real electronic system with a model system that
has the same ground-state density, which makes it possible to
describe the ground-state energy and other properties of the
real system via the model system, ie., via its orbitals and
eigenvalues. From the Kohn-Sham orbitals, traditionally, only
the ‘noninteracting’ kinetic energy is calculated exactly, while
the exchange-correlation energy is approximated by an explicit
functional of the density.

But this is just one strategy. It is possible to determine
additionally other contributions to the energy from the orbitals -
for example, parts of the exchange energy in hybrid methods - or
even to calculate all contributions to the energy exactly from the
occupied orbitals, except the correlation energy. The latter can
then be approximated by orbital-dependent functionals.*® In the
latter case, the density is not needed at all in the calculation of
the total DFT energy. If, furthermore, the orbitals are obtained via
the optimized-effective-potential (OEP) method*®*® or within
an appropriate generalized Kohn-Sham approach, then DFT
methods results that do not require at any point the calculation
of the density. The density is then only required in the underlying
formalism.

I feel that the perception of DFT has been somewhat blurred
by a questionable statement that, one way or another, is
frequently found in textbooks and articles. This is the state-
ment that DFT is distinguished from wave-function methods by
using the electron density instead of a wave function to
calculate the total energy of an electronic system. This state-
ment is at least misleading if not wrong because most DFT
methods used in practice are Kohn-Sham or generalized Kohn-
Sham methods, which require orbitals and thus one-electron
wave functions to calculate crucial parts of the total energy.

2.1.27 Gidopoulos. I believe the distinction in the literature
between wave-function methods and DFT is slightly different. In
my understanding, the distinction is not that in DFT the energy
is actually calculated from the density, once we know the
density, because the question remains how to find the density.
Rather, the distinction is that in DFT the solution to the
electronic-structure problem is obtained by minimizing a total
energy as a functional of the density, while in wave-function
theory the solution is obtained by solving Schrodinger’s equa-
tion. So, calculating the energy from the density does not mean
literally plugging the density into some orbital-free expression,
but the process of minimization of the total-energy density
functional to obtain the minimum value, which is the total
energy of the interacting system.

2.1.28 Chattaraj. Any theory that applies density to under-
stand a many-particle system, without using the exact wave
function, can be termed as DFT.*”*° According to Hohenberg-
Kohn theorems,” DFT is a theory that legitimizes the use of the
density to calculate all possible properties. The Hohenberg-
Kohn theorems are just existence theorems and do not provide
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any know-how for an explicit form of the energy as a functional
of the density as well as functional forms of other properties.

2.1.29 Trickey. The foregoing discussion seems a bit paro-
chial - for example, the identification in contribution (2.1.4) of DFT
with “ground state”. That restriction seems to have been accepted
by subsequent commentators in this section. But there are several
instances of what generically is a DFT. There is, for example, a well-
developed classical DFT. Closer to the focus of this discussion
(many-fermion systems), there is free-energy DFT (also known as
finite-temperature DFT).>° It inexorably involves excited states. There
has been progress on free-energy DFAs.>'>® Another ensemble DFT
is the Gross-Kohn-Oliveira (GOK) approach for excited states at
T =0 K (see other commentators below).

The common theme of these DFTs is the reduction of the
inherent complexity of the direct description of a many-body
system to the comparative simplicity of functionals of the
density - either explicitly, or implicitly in terms of auxiliary
functions such as orbitals. The strategy, in the time-independent
case at least, is to obtain the relevant physics (hence also chemistry)
by an appropriate minimization procedure on a functional of
the density itself (whether it be pure-state or ensemble).

2.1.30 Galli. In the Hohenberg-Kohn formulation, DFT is
an exact theory of ground and excited states, entirely based on
the electron density. That is, the density determines uniquely
the potential, hence both ground and excited state properties of
the system may in principle be derived. However there is no
practical recipe on how to derive such potential and hence on
how to derive neither ground or excited state properties. The
Kohn-Sham formulation, in contrast, is applicable only to
ground-state properties, although in practice it is applied also
to excited states.

2.1.31 Schwerdtfeger. We should be reminded that the
charge density p(r, ¢) is not Lorentz invariant. As relativistic
quantum (field) theory demands a fully covariant formalism,
we have to use the four-current density j* as a function of the
four-position x* instead of the charge density, the latter appear-
ing only as the time-like (first) component of the four-vector
(0, Jilc, Jylc, joIc), where c is the speed of light in vacuum. The
Hohenberg-Kohn theorem has been generalized to the relati-
vistic domain by Rajagopal and Callaway®” and field-theoretical
aspects have also been taken into account by Engel.’® Beside
this enormous progress on the theoretical side, it is fair to say
that applications in this most rigorous relativistic framework
using the current-dependent exchange-correlation energy func-
tional are more or less absent.”® The main reason lies, as one
can guess, in the fact that relativistic DFT (RDFT) faces exactly
the same fundamental problems as DFT in the nonrelativistic
domain. As we know, relativistic effects can be very large for
electronic properties of compounds containing heavy elements,
often larger than the error introduced by many DFAs, thus
justifying the introduction of the exchange-correlation func-
tional into the (no-pair) Dirac-Coulomb (DC) equation (the
Douglas-Kroll Kohn-Sham scheme) or into its corresponding
two-component (such as exact two-component [X2C]) or scalar
relativistic schemes, with or without the relativistic pseudopo-
tential approximation. The latter together with DFT is clearly

Phys. Chem. Chem. Phys., 2022, 24, 28700-28781 | 28707


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp02827a

Open Access Article. Published on 10 Phata 2022. Downloaded on 2026-05-23 01:36:16.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

the main workhorse in solid-state physics. One may however,
question the inclusion of smaller radiative QED corrections
into RDFT as it cannot compete with more accurate wave-
function based methods. On the other hand, we should mention
that RDFT approximations based on the density p and the
(noncollinear) magnetization density m*>*® have now become
feasible and useful in many applications.

2.1.32 Tellgren. In my view, a lot of work remains to be
done on the theoretical side of RDFT too. Every rigorous formula-
tion of nonrelativistic ground-state DFT depends on the ground
state being identified as a global energy minimum. At the relati-
vistic level, an energy minimization principle strong enough to
construct a DFT is missing and the present attempts to establish a
relativistic Hohenberg-Kohn theorem are not rigorous.

2.1.33 Gritsenko. DFT can be formally considered as the
result of the simplest exact functional closure of the conven-
tional expression for the nonrelativistic ground-state energy
E[p, y, P], which includes the electron density p, the first-order
reduced density matrix (1RDM) y, and the diagonal part P of the
2RDM [ corresponding to a ground-state wave function ¥. This
can be achieved in the spirit of the Bogoliubov-Born-Green-
Kirkwood-Yvon (BBGKY) chain®' of the quantum dynamical
reduced theories of many-electron systems. Truncation of the
BBGKY chain with its exact or approximate closure at the mth
level produces theories that operate with the mth (and lower)
order RDMs.®? In this sense, DFT can be considered as the result
of the exact closure at the ‘“zero” (i.e., only density functional)
level of E[p, 7, P] with two maps, in complete analogy with those
employed in the derivation of time-dependent density-matrix-
functional theory (TDDMFT).®® The first map is the evident map
P~ I — 7y — p,while the second map p — ¥ — I employs the
Hohenberg-Kohn theorem. It is its simplicity and compactness
in the BBGKY sense and also its definite connection with a real
world via its exactness that make DFT such a fertile ground for
the present wealth of DFAs.

This great success of DFT can be favourably compared with a
rather tumultuous development of “higher-order” full 1RDM or
density-matrix-functional (DMFT) and 2RDM theories, which
still do not enjoy a truly successful “take-off’. The ongoing
development (see contribution (4.1.1)) explores a way** in
which DFT can help DMFT with such a “take-off”’, while DMFT
can help DFAs with the problematic inclusion in the latter of
nondynamical or strong electron correlation.

2.2  What is Kohn-Sham DFT?

2.2.1 Perdew. Often we need to predict the ground-state
total energy and electron density of a system of real interacting
electrons in a scalar external potential (created, for example, by
their attraction to nuclei). Correlated wave-function theory
provides “‘the right answer for the right reason”, but at a high
computational price for systems of many electrons. Kohn-Sham
DFT® employs a simpler noninteracting or Coulomb-uncorre-
lated wave function, but includes a density functional for the
exchange-correlation energy that is exact in principle but
requires improvable approximations in practice. It often provides
“almost the right answer for almost the right reason at almost the
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right price” for real atoms, molecules, and materials. The non-
interacting kinetic energy and the electron density are found by the
not-so-expensive self-consistent solution of effective one-electron
Schrodinger equations. Indeed, the exchange-correlation energy
and exchange-correlation potential “exactify” the Hartree approxi-
mation for the ground-state energy and density. The generalization
from total density to spin density®® provides more information and
enhances the accuracy of the approximations.

2.2.2 Gould. Kohn-Sham DFT® typically means any DFT
approximation that employs a set of one-body orbitals, usually
denoted {¢}, to produce a kinetic energy functional, Tp] := Ts[{¢)}]
that approximates the many-body kinetic energy, 7{¥] = (¥|T|¥).
Generalized Kohn-Sham DFT incorporates traditional approaches
to DFT as well as “hybrid” functionals, which allow for a nonlocal
operator treatment of the Hartree-Fock exchange terms.®’”

As a result, one can replace a many-body interacting Hamil-
tonian, H, by a simpler-to-evaluate one-body Kohn-Sham effec-
tive Hamiltonian:

L%W+wmmﬂ@®:&@®> ®)

where vy is an effective one-body potential (or operator potential).
The density may then be calculated as p = Y. |¢;(r)|?, while

ic€O0cc
the energy is given by Eo[p] = Ty[p] + Eux[p] + (v|p). We will define
Vs and Epy. below.
Formally, one may define Ti[p] = sup(Ey[v] — (v|p)), where

Eyv] = ir.},f{T[l‘y] + (v|py)} in the notation defined in contribu-

tion (2.1.13).% Thus, Typ] is the lowest kinetic energy of a
noninteracting system with density p. Kohn-Sham DFT is
useful because the Hartree-exchange-correlation (Hxc) energy,

Enx[p] := Flp] — T4[p], ©)

is easier to approximate than F[p]. Here, Eyy incorporates the
energetics of the interacting system, including some kinetic-
energy terms. The one-body effective potential that minimizes
Ey[p] can be shown to be vg = v + 3Ey/dp.

2.2.3 Gritsenko. A profound physical meaning of the
exchange-correlation part of the Kohn-Sham potential vy is
revealed with its partitioning

_ =hole
Vxe = Vxe

+ Dresp (10)

into the potential of the exchange-correlation hole 72" and the
response potential ¥egp. This partitioning emerges from differ-
entiation with respect to p of the exchange-correlation energy
E[p] represented via the exchange-correlation pair-correlation
function g,

Eulp] = [[pmetn e peandn, @
where the overbar indicates the coupling strength integrated

pair-correlation function. The potential #°°', the derivative of

i T4 p] has a slightly different meaning in hybrid DFT, where the Slater determi-
nant @ in Ts = (@|T|P) minimizes T + oW with 0 < o < 1 rather than T; see
Garrick et al.®®
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the p functions under the integral, represents the universal
interaction (for both occupied and virtual Kohn-Sham orbitals)
with the exchange-correlation hole of the unit charge. In turn,
the potential .., the derivative of the pair-correlation function
Zxe, €xhibits the spatial step-like structure, with the individual
steps distinguishing various atomic and molecular electron
shells.®’

2.2.4 Baerends. The Kohn-Sham method is often cited as
the method that made DFT a feasible computational method by
offering a decent approximation to (a large part of) the kinetic
energy. The latter proved too hard to obtain as a density
functional. But more importantly, the Kohn-Sham method
has provided DFT with an orbital model. This has greatly
facilitated its acceptance in the computational chemistry com-
munity. After initial reservations about the Kohn-Sham orbitals
(“they are only there to build the density”’), it has become
evident that these orbitals are not inferior to or more approx-
imate than the Hartree-Fock orbitals, but on the contrary are
even more suitable for the qualitative and semiquantitative
molecular-orbital (MO) theories of chemistry. If the exact
Kohn-Sham orbitals and orbital energies could be obtained,
this would be evident. The Kohn-Sham orbitals build the exact
electron density, i.e., the exact charge distribution in molecules,
so they are perfect for the so-called charge control factor of
chemical reactions. The energies of the exact upper valence
Kohn-Sham orbitals approximate the first ionization energies
exceedingly well: whereas the Hartree-Fock orbital energies,
within the frozen orbital approximation for ionization energies
(Koopmans’ theorem), deviate typically by more than 1 eV from
ionization energies, the exact Kohn-Sham orbital energies have
deviations that are typically an order of magnitude smaller.”®”*
The virtual orbitals of the Kohn-Sham model are not Koopmans-
type approximations to the electron affinities, but the virtual-
occupied orbital energy gaps are excellent approximations to
excitation energies.”>”® These are properties that have been the
basis for the whole edifice of orbital-based explanations in
chemistry.

Ultimately, virtually all explanations of chemical behaviour
are cast in orbital language, even if the underlying computations
are based on the most sophisticated techniques of theoretical
chemistry. The ready acceptance of DFT in chemistry has been
greatly aided by the availability of the familiar orbital model. As
for the old adage that Kohn-Sham orbitals and orbital energies
“have no meaning, there is no Koopmans’ theorem like in
Hartree-Fock theory”: the opposite is true.”®”*

The orbital energies of almost all DFAs do not have the nice
properties of the exact Kohn-Sham model, being some 5 eV too
high (not negative enough). This is unfortunate and has some
adverse consequences, but fortunately the upshift is approxi-
mately the same for the upper valence and the lower virtual
(valence) orbitals, so the correct relative order is preserved in
most DFAs. Nevertheless, more efforts should be made to
construct DFAs that obey these exact Kohn-Sham properties
(much) more closely.

2.2.5 Kirylov. The orbital picture of Kohn-Sham DFT is
indeed of great importance. With the exact functional, the
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energies of the highest occupied Kohn-Sham orbitals become
exact ionization energies (IEs) (as per Janak’s theorem). Numer-
ical investigations show that the shapes of the Kohn-Sham
orbitals in cases when their IEs are close to the exact IE (such
as when tuning the range-separation parameter to make the
Koopmans IE match A SCF IE) become similar to the shapes of
the Dyson orbitals.”*”> Interestingly, the energies of lower-lying
Kohn-Sham orbitals provide surprisingly accurate approxima-
tions to the exact many-body IEs (when used with appropriate
DFAs),”®”” which can be understood by analysing the curvature
of the total Kohn-Sham energy with respect to the occupation
numbers.”®

This endows the theory with the ability to provide physically
relevant quantities — for example, Dyson orbitals enter the expres-
sions for photoionization/photodetachment cross-sections and
can even be reconstructed from experimental data.”* Moreover,
the orbitals provide a link between many-body theories and DFT -
for example, one can judge the quality of a particular DFA by how
well the shapes and energies of the Kohn-Sham orbitals agree with
those from high-level many-body calculations (e.g., equation-of-
motion coupled-cluster theory).”® These ideas are already exploited
in optimally-tuned range-separated DFAs.”®”” But, perhaps
more opportunities exist for using ab initio Dyson orbitals to
build better DFAs?

2.2.6 Calaminici and Koster. To further underline the
importance of Kohn-Sham orbitals in chemistry and physics,
we mention their interpretative use in cluster science for the
definition of so-called superatoms - see, for example, ref. 79
and references therein.

Specifically, the electronic states of small metal clusters are
bunched in shells. These shells are experimentally observed in
the variations of polarizabilities, ionization energies, and electron
affinities - to name a few characteristic observables. Kohn-Sham
orbitals, as approximations to Dyson orbitals, reflect these shell
structures in a large variety of free and ligand-stabilized clusters.
Thus, the now common concept of superatoms in chemistry is
based almost exclusively on Kohn-Sham calculations and the
corresponding canonical Kohn-Sham orbitals.

2.2.7 Gritsenko. True, the shape of the accurate Dyson
orbital of a primary ionization is very close to that of the
corresponding accurate occupied Kohn-Sham orbital ¢;
obtained by “reverse engineering”’ from the correlated density.
However, the same is true also for Dyson orbitals of the satellites
of this ionization, reflecting the fact that Dyson orbitals are
neither orthogonal to one another other nor normalized. This
“unfortunate” feature of Dyson orbitals definitely hinders their
comparison with other, “normally behaving” sets of orbitals.

Due to this, the Kohn-Sham orbital energies ¢; differ, in
general, from the ionization energies I; by the spectroscopic
average of the satellite ionizations (see contribution (2.4.9)) as
well as by the contributions from the response potential (see
contribution (2.2.3)), with equality only for the highest occupied
Kohn-Sham molecular orbital.”* The “well-behaved” (i.e., ortho-
normal) Kohn-Sham orbitals are, in no way, the “poor cousins”
of the Dyson orbitals, forming a distinctively different set of
“optimal” orbitals. Indeed, unlike the Dyson orbitals, the
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occupied Kohn-Sham orbitals meaningfully accommodate the
“electron pairs” of conceptual chemistry, while their energies
provide a fair estimate of the potentials of primary ionizations.
Furthermore, combined with the virtual Kohn-Sham orbitals and
their energies, they form the basis for the successful treatment of
electronic excitations in TDDFT (see contribution (2.4.9)).

2.2.8 Staroverov. The classic Kohn-Sham scheme almost
solves the problem of the kinetic-energy functional but its one-
determinantal form creates formidable challenges for approxi-
mating the exchange-correlation part. These include the diffi-
culty of devising exchange-correlation functionals for strongly
correlated systems (see contribution (3.4.1)), limitations imposed
by the assumption of noninteracting v-representability by a
single Slater determinant, and the intricate behaviour of exact
Kohn-Sham potentials (e.g., shifts within nodal surfaces of the
highest-occupied Kohn-Sham orbital®®), which DFAs somehow
have to get just right. Although the existing Kohn-Sham DFAs are
amazingly more accurate than the Hartree-Fock method in
general, it is sobering that they still inherit most qualitative
failures (see Section 3.4) of the mean-field approximation.
Ensemble methods (see Section 3.7) seem unavoidable from this
perspective.

2.2.9 Reining. Just to emphasize a few points, more from a
solid-state physicist’s point of view: first, Kohn-Sham theory
seems to be a natural next step when choosing to work with
DFT. Certainly, formulating things (or at least, energies) in
terms of functionals of the density is very much helped by the
fact that the huge Hartree electrostatic energy is known as an
explicit functional of the density. It allows us to have a large
part that we know exactly and only a small remainder that has
to be approximated.

What is more logical than continuing along this line and
taking out another part (the kinetic energy of some noninter-
acting system)? And what is more logical than taking this
noninteracting system to be “similar” to the real system - with
the same density, in the spirit of DFT? Generalized Kohn-Sham
theory is then also very natural, both because we know more
pieces and because (like the kinetic energy) we do not know
them as explicit density functionals. Making these pieces and
the resulting “potentials” more and more complex appears to
build a continuous bridge between Kohn-Sham and Green’s
functions equations. Another generalization is to start with the
consideration that the calculation of any observable will in
general integrate out certain details of a system, so the same
value for the observable might well be found in a simpler system.
This holds for the density — with the Kohn-Sham system, for
example - but one can also build auxiliary systems for other
observables and profit from the Kohn-Sham experience.

Second, further to the discussion about the Kohn-Sham
system, we should keep in mind that, for a single electron, the
Kohn-Sham excitation energies equal the exact ones, while the
Kohn-Sham electron addition energies are different from the
exact ones. So we may expect that, for certain systems, there is a
reasonable correspondence for the excitation energies. It is far
from obvious that this would also hold true in extended
systems with many electrons, and, of course, the Kohn-Sham
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gap does not equal the optical gap in general. The Kohn-Sham
band structure is nevertheless a powerful starting point for
calculations using, for example, one- and two-body Green’s
functions.

Third, the sometimes bad reputation of the Kohn-Sham
noninteracting system stems from the fact that it is often used
in place of the real system - not to yield simply its density, but
also any other observable, in particular, spectral functions. Of
course, this can lead to strong disagreement with the truth -
and the band gap is just one example. Maybe we should just be
more precise in saying what we are doing here — namely, that
we use the Kohn-Sham expression (which is a functional of the
density) for a given observable as an approximate functional
because we do not know a better one? This doesn’t change the
results, but it sounds a little more fair to the Kohn-Sham
noninteracting system.

2.2.10 Draxl. Indeed, the bad reputation of the Kohn-
Sham system may often come from the fact that we either tend
to overinterpret results or are not precise enough about what we
are doing. Sloppy phrases like “DFT is well known for its
notorious band-gap problem” might have been considered
appropriate long time ago, but should not be said anymore in
2022. Pointing out the SIE of many functionals is certainly
important, but we should always make clear at the very same
time that Kohn-Sham eigenvalues are not supposed to provide
band gaps.

2.2.11 Baerends. I would like to endorse the statement in
contribution (2.2.10) that Kohn-Sham eigenvalues are not
(should not be) supposed to provide band gaps. The fact that
in solids the Kohn-Sham band gap is not equal to (or close to)
the fundamental gap I-A is extremely frequently cited as the
(notorious, infamous,. . .) band-gap problem. But it is a problem
of wrong expectations.

In molecules, it is well known that the Kohn-Sham HOMO-
LUMO gap is much below the /-4 difference. This is due to the
fundamental difference that the Kohn-Sham system has an
attractive potential due to the exchange-correlation hole of —1
electron also for the virtual levels, while the Hartree-Fock
system lacks this attractive hole potential for the virtual levels.
In the same way, the presence of this viole potential lowers the
LUMO level (bottom of the conduction band, BCB) in solids
strongly.®' The exchange-correlation hole in solids is pretty
localized - at a given point r, its size is usually well within a
unit-cell range around r and therefore its potential is strongly
stabilizing. In a delocalized excitation, from an occupied Bloch
state to an empty Bloch state, the excited electron does not
benefit from this stabilization. Neither does an added
electron - the excitation energy to this delocalized state is
understandably close to the fundamental gap. So, physically
we cannot expect the Kohn-Sham band gap to match approxi-
mately the fundamental gap or a delocalized excitation energy.
Excitons in a solid (except for Frenkel excitons) typically have a
large size, extending over many unit cells. They have excitation
energies not much lower than the delocalized excitations, so
also for them the attractive Kohn-Sham potential Rl does not
fit reality.®*
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The situation is different in molecules since there the
physical hole that the excited electron leaves behind is roughly
mimicked by the attractive exchange-correlation hole in the
Kohn-Sham potential. Hence the Kohn-Sham virtual-occupied
orbital energy differences have the nice property that they do
approximate excitation energies in molecules;”>”* see contribu-
tion (2.4.9).

The difference between the Kohn-Sham band gap and the
fundamental gap can be cast in the form of expectation values
of the response potential part v'**P of the Kohn-Sham
potential;** see also contribution (3.8.6).

2.2.12 Vignale. A question that keeps resurfacing is: Why
are the Kohn-Sham orbitals better than the Hartree-Fock
orbitals? From the point of view of the variational principle,
the Hartree-Fock orbitals should be the best, since they build a
Slater determinant which has the lowest energy (defined as
expectation value of the Hamiltonian) among all Slater deter-
minants. The Kohn-Sham wave function - also a single Slater
determinant - cannot beat that. Nevertheless, we know that the
DFT energy is better than the Hartree-Fock energy and also that
the Kohn-Sham orbitals, as discussed in contribution (2.2.4),
far from being meaningless, are in many ways “better” than the
Hartree-Fock orbitals.

The resolution of the apparent paradox is that the Kohn-
Sham energy is not calculated as the expectation value of the
Hamiltonian in the Kohn-Sham wave function. The moment
we adopt the Kohn-Sham approach, the original Hamiltonian
of the system is no longer relevant. We are dealing with a
reference system that is no longer interacting, but the rules for
calculating the energy from the orbitals have also changed and
are now expressed in terms of the exchange-correlation energy
functional of the density. One could argue that the “particles”
of this reference system are the “quasiparticles” of the original
system, and this may help to rationalize the a priori surprising
success of the Kohn-Sham orbitals in predicting single-particle
excitation energies.

2.2.13 Baerends. So in what sense are Kohn-Sham orbitals
better than Hartree-Fock orbitals? When the energy of the
determinant of Kohn-Sham orbitals is calculated with the full
Hamiltonian, its energy is of course higher than the Hartree-
Fock energy, but actually by only a tiny amount.®* On the other
hand, the Kohn-Sham density, being equal to the exact one and
not so diffuse as the Hartree-Fock one (in molecules), leads to
much improved (more negative) electron-nuclear energy. Also
the orbital shapes are “better” than the too diffuse Hartree-
Fock orbitals (in molecules), so the kinetic energy is also
considerably better (higher). The errors of the Hartree-Fock
model for these two energy terms are large, in molecules often
larger than the bond energy, and they rapidly increase upon
bond lengthening.®* They cancel to some extent, which is why
they are not so readily recognized. The Hartree term is of course
also better (exact) with Kohn-Sham orbitals and density.

A tongue in cheek observation would be that the Hartree—
Fock model manages to build a determinant that has a little bit
lower expectation value of the Hamiltonian, but it has to distort
the orbitals (make them more diffuse) because the lowering of
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the kinetic energy then just outweighs the energy penalty of the
increase in the electron-nuclear energy. The Hartree-Fock
model does not care - it just tries to get the lowest energy
determinant. As noted in contribution (2.2.12), the true power
of Kohn-Sham DFT has to come from accurate approximations
of the exchange-correlation energy (defined in the Kohn-Sham
context), but the good properties of the Kohn-Sham orbitals are
an asset of this model.

2.2.14 Gidopoulos. To address the recurring question by
Vignale in contribution (2.2.12), I would like to point out that
the Kohn-Sham orbitals are in fact as “energetically optimal”
as the Hartree-Fock ones. Let me first quote Walter Kohn, who
said in his Nobel Prize lecture that, while the Hartree-Fock
orbitals are “total energy optimal”, the Kohn-Sham orbitals are
“density optimal” because they yield the exact density.

Although, undeniably the Hartree-Fock Slater determinant
has the lowest energy among all Slater determinants, we now
know that the Kohn-Sham determinant can at least match, if
not beat that (record), since it is “‘energy optimal” in a similar
sense: in the Hartree-Fock optimization, we use the full inter-
acting N-electron Hamiltonian, H and then seek the lowest
energy Slater determinant as the best approximate ground state.
For the Kohn-Sham orbitals, we may perform an equivalent, but
reverse Rayleigh-Ritz optimization: let us assume that the ground
state ¥ of the physical N-electron, interacting system is somehow
known (and fixed). Then, we consider all N-electron effective,
noninteracting Hamiltonians, H,, with a local potential v(r). The
ground-state wave function and energy of each H, are @, and E,,
respectively.

For N > 1, ¥ cannot be the exact ground state of any of
these noninteracting Hamiltonians, ¥ # @, for each v, because
¥ is an interacting state while all @, are noninteracting states
(Slater determinants). Hence, the following Rayleigh-Ritz
energy difference on the left-hand side is strictly positive:

(¥|H,|¥) — E, > 0. (12)

This energy difference gives a measure of how well ¥ approx-
imates the ground state @, of the effective Hamiltonian H,,. The
smaller the energy difference, the better the approximation of
¥ to @,. It is elementary to confirm that the energy difference is
minimized by the exact Kohn-Sham Hamiltonian H, .*! Inter-
estingly, the exact density property of the Kohn-Sham state is
the result of the Rayleigh-Ritz optimization and the density is
not a priori fixed. Hence, the Kohn-Sham Slater determinant,
on top of being ‘“density optimal”, it is also “energetically
optimal” in a Rayleigh-Ritz optimization, which physically is
equivalent to the total energy minimization of Hartree-Fock
theory.

I note that the variational principle in eqn (12) can be used
to construct optimally converging power series expansions for
the Kohn-Sham potential, without using the adiabatic connec-
tion (AC) path formalism.%’

2.2.15 Yang. I would like to address the physical meaning
of Kohn-Sham orbitals in calculations with DFAs. Most DFAs to
the exchange-correlation energy E,. usually produce reasonable
total energies for small and medium-size molecules; however,
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they have major deficiencies in the orbital energies. As has been
known for a long time, for finite systems, the eigenvalue of the
HOMO for the exact Kohn-Sham potential is equal to the
negative of the first ionization potential (IP), as follows from
the asymptotic decay behaviour of the exact electron density
and the requirement that the Kohn-Sham effective potential be
zero at infinity.*® However, in a Kohn-Sham calculation, the local
Kohn-Sham potential can have any additive constant and give
the same total energy and density but different orbital energies.
Thus, the argument based on the long-range behaviour of density
and potential hinges on a particular choice of the additive
constant of the potential.

The orbital energies for the frontier HOMO and LUMO were
rigorously shown to be the DFA prediction of the negative of the
first IP and the first electron affinity (EA) in 2008.”" Three key
results were used in the proof. (1) The Janak theorem shows
that Kohn-Sham orbital energies are the derivatives of the total
energy with respect to the orbital occupation numbers. Note
that the Janak theorem does not relate orbital energies to any
physical observables.?” (2) The left and right derivatives of the
total energy with respect to the total electron number, or the left
and right chemical potentials, are the negative of the first IP and
the first EA, respectively, of the corresponding energy functional.
This follows from the linear condition on the behaviour of the
total energy for fractional number of electrons.'® The linearity
condition is true for the exact functional, or for a functional
without delocalization error for general systems. For infinite bulk
systems, however, the linearity condition holds true for any
functional approximation.'® (3) The chemical potentials were
proved to be the derivatives of the energy with respect to the
orbital occupation numbers of HOMO and LUMO in a Kohn-
Sham calculation, when the exchange-correlation energy used is
a functional of the density. With the use of the Janak theorem,
this then establishes that the Kohn-Sham HOMO and LUMO
energies are the chemical potentials of the system for the given
DFA>' Similarly, when the exchange-correlation energy is a
functional of the noninteracting one-electron density matrix,
the chemical potentials were proved to be the derivatives of the
energy with respect to the orbital occupation numbers of HOMO
and LUMO in a generalized Kohn-Sham calculation.** Therefore,
the HOMO and LUMO orbital energies are the DFA prediction of
the negative of the first IP and the first EA. This interpretation of
the HOMO and LUMO energies holds true for molecular and
bulk systems, for any given DFA.

Indeed, DFAs with minimal delocalization error**>* have
excellent predictions of IPs and EAs from the HOMO and LUMO
of generalized Kohn-Sham calculations, comparable to the
accuracy of GW approaches.®® In addition, the orbital energies
above the LUMO and below the HOMO approximate the corres-
ponding quasi-particle energies, with similar accuracy as the
HOMO/LUMO for the IP/EA. This has been explored to describe
accurately the excitation energies and conical intersections of
molecular systems in the quasi-energy DFT approach based on
ground-state generalized Kohn-Sham calculations.®*%°

2.2.16 Baerends. In relation to contributions (2.2.15) and
(2.2.11), it should be stressed that it is very important to
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distinguish between the properties of, on the one hand, the exact
(original) Kohn-Sham model of noninteracting electrons in a local
potential such that the exact density is reproduced and, on the
other hand, the currently popular DFAs - in particular, those of the
generalized Kohn-Sham family with nonlocal potentials. The local
Kohn-Sham potential is unique by application of the Hohenberg-
Kohn theorem to the noninteracting electron system, and so are
the orbitals and orbital energies.

The attractive properties of the exact Kohn-Sham orbitals
and orbital energies have been expounded in some contributions;
see contributions (2.4.9), (2.2.4), (2.2.13), and (2.2.11). A salient
feature of the exact Kohn-Sham model is that the LUMO is not at
—A (given that the HOMO is at —I) but much lower: the HOMO-
LUMO gap is approximately equal to the first excitation
energy.”>”*% It should be made clear that contribution (2.2.15)
does not contradict these properties of the exact Kohn-Sham
model. It refers to a different family of Kohn-Sham models,
usually called the generalized Kohn-Sham models. These gen-
eralized models make it possible to include, for instance, part of
the exchange operator (a nonlocal potential) of the Hartree-Fock
model and adjust the local part of the potential so that the
density remains exact and adjust the exchange-correlation func-
tional so that the energy also remains exact.®” In such a scheme,
the orbital energies are different from those generated by the
exact local Kohn-Sham potential. In such a generalized Kohn-
Sham model, one may strive to obtain that the HOMO is again at
—I and that the LUMO is now at —A, as is also done in the
Koopmans-compliant functionals.”>*> The LUMO then becomes
more diffuse and one loses the simple representation of excita-
tions in TDDFT with just one or a few orbital transitions.”

2.2.17 Yang. In relation to the discussion in contributions
(2.2.15) and (2.2.11) on the physical meaning of the HOMO and
LUMO in DFT, it is important to separate the two types of one-
electron Kohn-Sham Hamiltonians. The first one is from the
ground-state calculation with a given DFA Ex®, which yields
the density, orbitals and orbital energies of the noninteracting
reference system, as developed in the original Kohn-Sham
paper.®® This is called the direct approach.’® The second one
is from an inverse calculation, generating the local potential
vg(r) that reproduces a given ground-state electron density,
which can be the exact density or an accurate density from
high-level calculations. We called this the inverse Kohn-Sham
or inverse OEP approach,® the potential so obtained is also
called the “exact Kohn-Sham” potential by Baerends in con-
tribution (2.2.16).

In an inverse approach, the local potential is determined up
to an arbitrary constant. Thus, in principle, the absolute values
of the orbital energies are not defined. However, if the correct
asymptotic condition on the potential is satisfied, which also
sets the constant, then &y = —I is obtained, where I is
the experimental ionization energy, if an exact density is given
(row 1 Table 1). Similarly, a good approximation to the experi-
mental —I is expected if a good approximation to the density is
given from a DFA calculation (row 1 in Table 1). However, the
corresponding LUMO energy has not been shown to relate to
the ionization energy and is not a good approximation to the
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Table 1 Properties of the electron density pZ(r) and HOMO and LUMO orbital energies, ¢y and ¢, of the noninteracting reference systems in exact DFT
(EPFT) and various DFA models. The DFA models include all continuous functionals of the density EL *[pZ(r)], continuous functionals of the non-
interacting density matrix £X “[pZ(r’,r)], and continuous functionals of the noninteracting orbitals and the external potential EXDCFA[{%G},veX‘(r)]. Computa-
tional approaches for pZ(r), ey and ¢ include inverse calculations from a given (accurate) electron density and direct calculation methods based on the
original Kohn—Sham approach (KS), the optimized effective potential (OEP), the generalized Kohn—-Sham (GKS) and the generalized optimized effective
potential (GOEP, which has been shown to be equivalent to orbital optimization (OO); see Jin et al.>%). Three properties of each quantity are considered
for each computational approach: (1) agreement of pZ(r), the density of the noninteracting reference system, with p?(r), the density of the physical system

consistent with the exact DFT, or the density of the DFA as defined by the linear response p°(r) = EEBFA/Svgxt(r); see Chen et al.,°® Voora et al;*° (2)
ext
agreement of the HOMO orbital energy ¢, with (aszFlA/E)N)

4

the chemical potential of electron removal for the functional employed; (3) agreement

Vext

the chemical potential of electron addition for the functional employed. No entry indicates that it is

Vext

of the LUMO orbital energy & with ((‘)EE;A /aN)

impossible or not yet known how to conduct the corresponding calculation. (Table provided by Yang, extended from ref. 93)

Noninteracting system Type EPFT Ext™p3(r)] Et™p3(r',1)] B {dpots Vext(D)]
Inverse KS/inverse OEP vg(r) Inverse ps(x) Yes Yes Yes Yes
oo a b b b
&, No No No No
KS vZ(r) Direct ps(r) Yes
& Yes
&y, Yes
OEP v{(r) Direct pe(r) Yes Yes/no® No
ey Yes d
&y, Yes No
GKS vg(r,r') Direct pe(r) Yes Yes
3% Yes Yes
&, Yes Yes
GOEP/O0 v{(r,1") Direct ps(x) Yes Yes No
Fo. Yes® Yes® !
L Yes® Yes® f

“In an inverse calculation, the potential is determined up to an arbitrary constant and the absolute values of the orbital energies are therefore
undefined. However, if the correct asymptotic condition on the potential is imposed, which also sets the constant, then &y = —1, is obtained, where /
is the experimental ionization energy.®® ? If the correct asymptotic condition on the potential is imposed, and if a good electron density is obtained
from the DFA, then the inverse OEP calculation will leads to ¢ that is a good approximation to the experimental —I. ¢ The agreement between pg(r)
with SEEEA /3vexi (1) is only true at the complete basis set limit for the basis set expansion of vZ(r), and not so for any finite basis set.”® ¢ Similar to
(b), if the correct asymptotic condition on the potential is imposed, then the direct OEP calculation will lead to ¢y that is a good approximation to
the experimental —1. * For explicit functionals of the density, or the density matrix, GOEP/OO gives the same total energies and density matrix as in
regular SCF. But the orbitals obtained in general are no longer the canonical orbitals and thus have no orbital energies directly. However, a unitary
rotation can bring them to the canonical orbitals with proper orbital energies in agreement with the corresponding chemical potentials./ In GOEP

or OO calculations, the Hamiltonian for the noninteracting system is not available, so neither are the noninteracting orbital energies.

experimental —J, as discussed in contribution (2.2.16). In atomic
calculations, the unoccupied-orbital energies, {¢.}, obtained from
inverse Kohn-Sham calculations, have been shown to represent
electronic excitations, with ¢, — &g describing excitation energies
of the system with the same number of electrons. Using ¢, — &g to
approximate excitation energies for molecules is less successful.

In a direct calculation with a DFA - that is, when the energy
is minimized with respect to its variables, as discussed in
contribution (2.2.15) - the HOMO energy of the noninteracting
reference system has been shown to be equal to the chemical
potential for electron removal

Y
H ON ’
Vext

and LUMO energy of the noninteracting reference system has
been established as being equal to the chemical potential for

electron addition
HEDFA +
Vext
& = B ——
. ON
Vext

This journal is © the Owner Societies 2022

(13)

(14)

for a Kohn-Sham calculation with Ex: *[pg(r)] and also for a
generalized Kohn-Sham calculation with Exr “[pS(r’,r)] in the
work of Cohen, Moris-Sanchez and Yang”' (rows 2 and 4 in
Table 1). Note that these identifications are based on the
assumption that Ex [pI(r)] and Ex *[pI(r',r)] have an explicit
and continuous dependence on its variables pg(r) and pg(r',r).
But no locality is assumed. With these identifications, the use
of HOMO/LUMO energy to approximate —I/—A was then
established,”" building on the PPLB condition for fractional
number of electrons and its results for chemical potentials.*®
The quality of the approximation of ey to —/ and/or ¢, to —A just
reflects the quality of the DFAs used, where the delocalization
error of the DFA plays a key role;"® see contribution (2.2.15).

There are other approaches to direct calculation, using as
the basic computational variable either a local potential v5(r) in
an OEP approach or a nonlocal potential v{(r,r') in the direct
generalized OEP (GOEP) approach.®® The meaning of HOMO
and LUMO energies in direct OEP calculations was established
in ref. 21; see also Row 3 in Table 1.

In Table 1, we also list the results on the agreement of the
electron density of the noninteracting reference system with the
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density of the physical system as defined by the linear
response.”?

2.2.18 Trickey. The pervasive emphasis on the Kohn-Sham
orbitals to this point in the discussion is striking and, from the
perspective of my interest in orbital-free DFT, a bit overbalanced.
From that perspective, the Kohn-Sham orbitals and eigenvalues
are not the crucial insight provided by the Kohn-Sham decom-
position - that crucial insight is the existence (assuming v-
representable densities) of a noninteracting system with the
same density as the many-body system. With that assumption,
existence is provable by application of Levy°-Lieb® for the
ground-state and Runge-Gross®’ (as updated by Ruggenthaler
et al.’®*°) for the time-dependent case and Mermin®® for the
temperature-dependent case. The orbitals (and eigenvalues) are
a valuable, exploitable by-product.

Particularizing to the ground state, Kohn-Sham DFT is, at
base, the decomposition of the Levy-Lieb functional (putting
aside to a separate discussion the issues associated with the
original Hohenberg-Kohn and later Levy-Lieb functionals) into
physically recognizable, interpretable, and computable parts.
Orbital-free DFT (better called one-orbital DFT) exploits only
the decomposition, while conventional Kohn-Sham DFT also
uses the Kohn-Sham orbitals explicitly. Both variants (to use a
currently prominent word) are fundamentally Kohn-Sham
theory. Both have the same definitions of kinetic energy,
Hartree energy, exchange energy, and correlation energy. All
those definitions depend upon the Kohn-Sham determinant.

The distinction between those two variants is operational —
namely, what is done to exploit the Kohn-Sham decomposition
computationally. This is crucial because of the many state-
ments that one sees to the effect that orbital-free DFT is an
“alternative formulation of DFT” that avoids the problems of
Kohn-Sham theory, etc. That completely ignores the underlying
Kohn-Sham logic. That logic is in fact crucial to constraints on
approximate kinetic-energy density functionals (KEDFs).

2.2.19 Gritsenko. The unique feature of the exchange-
correlation part of the local Kohn-Sham potential is the richness
of the physical information on the local effects of electron
correlation, as reflected in the shape of the potential. This can
be favourably compared with the nonlocal Hartree-Fock and self-
energy potentials of the wave-function theory produced from the
corresponding kernels. The shape of the latter potentials is
“ruined” with singularities related to the orbital nodes. Contrary
to this, the steps of the Kohn-Sham exchange-correlation
potential meaningfully distinguish the local correlation effects
in adjacent atomic and molecular shells with the corresponding
“gauges” (see contribution (2.2.3)), while its integer discontinu-
ity “jumps” signal occupation of (previously virtual) Kohn-
Sham orbitals.

Then, instead of complaining about ““the idiosyncratic beha-
viour” of the Kohn-Sham exchange-correlation potential, one
should fruitfully explore and employ this meaningful information
- see, for example, contributions (3.1.12) and (3.8.6). Moreover, one
should not attempt to “wash away” this precious true information
by constructing artificially too smooth Kohn-Sham exchange-
correlation potentials by “reverse engineering” techniques.
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As to the generalized Kohn-Sham scheme, the term ‘Kohn-
Sham’ seems to be misused in this case. Indeed, out of desire to
get electron affinities as the energies of virtual orbitals, the
original Kohn-Sham theory is forcefully “crashed” in some (out
of infinitely many) variants of the generalized Kohn-Sham
“landscape” by mixing different theories both globally and
with range-separation techniques.

2.2.20 Gorling and Kronik. With respect to the term ‘gen-
eralized Kohn-Sham’, we feel that it is appropriate. The gen-
eralized Kohn-Sham approach®” relies on the basic idea of the
original Kohn-Sham formalism by exploiting the Hohenberg-
Kohn theorem to introduce a model system with the same
ground-state density, in order to have access to quantities that
help in the description of the electronic system. Such quantities
can be energies, typically the ‘noninteracting’ kinetic energy or
the exchange energy, but can also be orbital eigenvalues. The
generalized Kohn-Sham approach generalizes the Kohn-Sham
one in the sense that it extends the range of possible model
systems. Like all proper generalizations, it contains the original
Kohn-Sham approach as a special case. As also discussed in
contribution (2.4.8), the generalized Kohn-Sham approach pro-
vides more flexibility and establishes a firm formal foundation
for frequently used methods that do not calculate the exchange-
correlation potential as a functional derivative with respect to the
electron density, notably hybrid functional methods. And, as also
discussed in contribution (4.1.5), a specific generalized-Kohn-
Sham map need not be “crashed”, but rather can be judiciously
chosen, nonempirically, based on physical constraints.

2.2.21 Gorling. It is instructive to define which electronic-
structure approaches are Kohn-Sham methods. Such a definition
reveals the key characteristics of the Kohn-Sham formalism and
shows the scope and perspective that the Kohn-Sham formalism
provides. By a quite wide definition, those methods are Kohn-
Sham methods that rely on a model system of noninteracting
‘electrons’ with the same ground-state electron density as the true
physical electronic system and with a local multiplicative
potential. The noninteracting ‘electrons’ are particles that are
identical to electrons - in particular, they have the spin of
electrons - but do not interact among themselves. Given that
the particles of the Kohn-Sham system are noninteracting, the
Kohn-Sham equation for the Kohn-Sham orbitals and their
eigenvalues in eqn (8) emerges immediately.

Traditionally, the Kohn-Sham orbitals are used only to
evaluate the kinetic energy of the Kohn-Sham model system,
which represents the bulk of the full kinetic energy, taking into
account the fermionic nature of electrons. The Kohn-Sham
orbitals, however, contain much more information than their
kinetic energy. The occupied Kohn-Sham orbitals, for example,
enable an exact calculation of the exchange energy. This means
that all parts of the total energy except the correlation energy can
be easily calculated exactly, technically by evaluating the Hartree-
Fock energy with Kohn-Sham orbitals. Indeed, approximating only
the remaining small part of the energy, the correlation energy, is a
natural and systematic approach. For individually approximating
the correlation energy, orbital-dependent functionals*® can be
constructed that use occupied as well as unoccupied Kohn-Sham
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orbitals and their orbital energies, in this way exploiting much
more of the information contained in the Kohn-Sham model
system.

Historically, this route was not pursued for three reasons:

(1) to avoid the high cost of evaluating the exact exchange
energy, which nowadays is not really a problem for molecules
up to a size of several hundred atoms. For larger systems or
when very many electronic-structure calculations are required,
in ab initio dynamics simulations, for example, the cost of exact
exchange remains an issue.

(2) to benefit from error cancellation between exchange and
correlation contributions. While this is a valid reason, the
cancellation is not complete, limiting the accuracy that can
be reached by traditional Kohn-Sham methods.

(3) to avoid the problem that the exchange potential is not
directly accessible in terms of the Kohn-Sham orbitals. With
the OEP method, functional derivatives of orbital-dependent
energy expressions, including - for example, the Kohn-Sham
exchange potential - are accessible.*™*¢

While basis-set OEP methods were numerically problematic
in the past, robust, numerically stable basis-set OEP methods
are now available.*® Moreover, orbital-dependent functionals
can be evaluated in a post-self-consistent-field (post-SCF)
manner, avoiding the need to take functional derivatives of
orbital-dependent functionals with respect to the electron
density. Alternatively, functional derivatives can be taken with
respect to orbitals instead of the electron density, leading to
generalized Kohn-Sham methods.

Meta-GGA and hybrid functionals are established functionals
that depend on the occupied orbitals. Correlation functionals
based on the adiabatic connection fluctuation-dissipation
(ACFD) theorem'*>'°' depend on unoccupied as well as occu-
pied orbitals and their eigenvalues. The simplest example of
such a functional is the correlation energy within the random-
phase approximation (RPA).****°* All these methods are Kohn-
Sham methods or, depending on the way the exchange—correla-
tion potential is obtained, generalized Kohn-Sham methods.

2.2.22 Trickey. The remark by Gorling about the computa-
tional cost of exact exchange deserves emphasis. He observes
that the cost “nowadays is not really a problem for molecules
up to a size of several hundred atoms. For larger systems or
when very many electronic-structure calculations are required,
in ab initio dynamics simulations, for example, the cost of exact
exchange remains an issue.”

This is a crucial distinction between gas-phase chemistry
and materials physics and chemistry. For those with access to
significant computing resources, exact exchange is not prohi-
bitive for the comparatively small number of calculations
needed to study an isolated molecule of up to a few hundred
atoms. But that is manifestly not true for ab initio molecular
dynamics (AIMD) of several thousand molecular-dynamics
(MD) steps used to screen tens of different but kindred
condensed-phase systems, for each of which the constituents
are molecules with 300 or more non-hydrogen atoms. This
distinction illustrates the compelling importance of continued
effort to improve lower-rung DFAs. It also is but one example
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that there is more than gas-phase chemistry at stake in the
development of DFT methodology and algorithms.

2.2.23 Jones. I agree with Trickey in contribution (2.2.22)
and Gorling in contribution (2.2.21). The computational effort
required in many “real-world” applications is often underesti-
mated - see also Trickey in contribution (3.2.12), concerning
other problems of extended systems. A single MD simulation of
nanoseconds with a time step of femtoseconds can mean mil-
lions () of self-consistent DFT calculations of a system with
hundreds of atoms."% A factor of ten (or even of two) in computer
time per time step can mean the difference between completing
the calculation and abandoning it.

2.2.24 Savin. The Hohenberg-Kohn theorem is valid for
many Hamiltonians, including those with no interaction
between particles. The latter case shows already the difficulty
of constructing closed-form approximations to an energy den-
sity functional. Kohn and Sham decided to alleviate the treat-
ment of electronic systems by treating accurately a (model)
noninteracting system and by using density-functional correc-
tions only for the difference between the energy of this system
and the system of interest, with interacting electrons. Note that
this idea is easily extended to other model Hamiltonians,
making it possible to go beyond the use of a single Slater-
determinant reference within DFT - see, for example, ref. 106.

2.2.25 Tozer. A feature of regular Kohn-Sham calculations
using common exchange-correlation functionals is that the elec-
tronic energy does not in general equal the sum of the occupied
orbital energies. Recently, Levy and Zahariev'®” proposed the direct
energy Kohn-Sham (DEKS) scheme, whereby the Hartree-
exchange-correlation potential is shifted by a constant, in order
to make the electronic energy equal to the sum of the orbital
energies. This shifted potential has attractive theoretical char-
acteristics and so it is desirable to try to model it directly for use
in DEKS calculations. The use of density-scaling homogeneity
considerations is one possible way forward.'%®

2.2.26 Arbuznikov. The remarks of Schwerdtfeger in con-
tribution (2.1.31) have prompted me to add a few words on
relativistic exchange-correlation functionals.

Despite the lack of a rigorous theory that would allow one
to construct them in a systematic way, a potentially useful
pragmatic solution within the Dirac-Coulomb-Breit framework
has been known for a long time. Since relativistic effects
become important at high densities - that is, in exchange-
dominated core regions - one could, in a first approximation,
restrict oneself to an appropriate treatment of the exchange
energy. For the exchange energy of the relativistic homo-
geneous electron gas (RHEG),””**'°° a multiplicative correction
(a kind of “enhancement factor’’) has been derived as a simple
analytic function &(f), where f = (3n%p)"*/c (in atomic units).
This function satisfies () > 1 and tends to one at the
low-density limit; it is a sum of both Coulomb (longitudinal)
and Breit (transverse) contributions. This scheme has been
implemented and tested for atoms at the LDA level''® and
subsequently extended to the GGA level'™
response of the RHEG to a weak perturbing potential.>” Data for
several small diatomics are available as well.'*?

via data on the linear
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While valence-shell related properties turned out not to be
sensitive with respect to these corrections,"'* a high sensitivity
of core one-electron energies of heavy atoms has been clearly
demonstrated.’*! For heavy atoms, these corrections seem to be
of the same order of magnitude as atomic (nonrelativistic)
correlation energies."'® So far, it appears that these corrections
have not yet been implemented into a molecular or solid-state
code. Obviously, studies of the impact on core-related properties
will be of interest. Recently, short-range LDA and GGA exchange
functionals have been developed and implemented in a similar
way,"">"!* but again only for atoms and ions so far.

A very recent development of a potentially useful relativistic
local hybrid functional'*® within an X2C code should be mentioned
as well.

2.3 What can be described with DFT?

2.3.1 Helgaker. Pure (non-Kohn-Sham) DFT provides the
ground-state density and the ground-state energy. We can then
(in principle) obtain rigorously all properties that can be
expressed as functions of the density and the energy - for
example, derivatives of the energy with respect to nuclear
displacements or nuclear magnetic moments (provided DFT
has been extended to deal with magnetism as discussed in
contribution (4.3.1)). We can in principle also calculate excita-
tion energies, from equiensembles.

In practice, we do Kohn-Sham DFT, which in addition to the
density and the ground-state energy (in principle, both exact)
also gives us the Kohn-Sham noninteracting wave function,
from which many more properties of the system can be
obtained, but only approximately, given that the Kohn-Sham
wave function is a noninteracting approximation to the exact
many-body wave function.

We are of course free to use the Kohn-Sham wave function
as a zero-order starting point for a many-body treatment - but
we are then leaving the domain of DFT.

2.3.2 Gorling. The ground-state electron density yields the
electron number and the Hohenberg-Kohn theorem tells us
that it determines furthermore the external potential and thus
the Hamiltonian operator which determines all properties of an
electronic system. Therefore the ground-state electron density
determines the energy and the properties of the ground state
and of all excited states. In practice, we typically use DFT to get
information on ground-state properties and for excited states
we switch to TDDFT in the linear response regime. However, it
might be worthwhile to devote more effort to explore how
excited-state energies and properties can be obtained in DFT
without invoking TDDFT.

2.3.3 Kirylov. I would like to see some thoughts of how to
approach the problem of extracting properties that cannot be
formally expressed in terms of the electron density or one-
particle density matrix. The value of S is such a property.

2.3.4 Reining. I agree, in principle, that we should get from
the density all properties that are determined by the external
potential and the number of electrons. Why do we then feel that
we have so little diversity in the observables that are tradition-
ally dealt with in DFT? First, this statement is actually not true,
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if we consider the Kohn-Sham observables as approximations to
the true density functional of, for example, spectra - there are
many such calculations around. The Kohn-Sham expressions are
of course not explicit functionals of the density, but implicit ones,
via the orbitals. But why is it so difficult to go beyond the Kohn-
Sham approximation and find better ones for these observables?

Again, this is actually not completely the case. Take the
polarizability - we do go beyond the Kohn-Sham independent
particle polarizability, by adding Hartree (i.e., the bare Cou-
lomb interaction in the integral kernel of the Dyson equation)
effects in the RPA, and even exchange-correlation effects
through the exchange-correlation kernel, which is also a density
functional. Like Gorling in contribution (2.3.2), you might
object that this is TDDFT, but I would say it is linear response
in the ground state, so we are talking about functionals of the
ground-state density. Simply, we have derived this ground-state
density functional using TDDFT, but who cares how we derived
it once we have it? We could of course dream of finding simpler
functionals for the polarizability, maybe even explicit func-
tionals of the ground-state density, but since even the kinetic
energy is so difficult, I wouldn’t bet on this in the near future.

2.3.5 Yang. An exact DFT calculation for the ground state
of an N electron system provides directly the ground state total
energy E,(N) and electron density. It also provides the ground
state energies for the corresponding (N — 1) and (N + 1) electron
systems directly through the chemical potentials of the N
electron system. The extension of a similar connection to the
excited states of the corresponding (N — 1) and (N + 1) electron
systems has recently been made.*®*%®'1” However, since the
exact functional is not available in an explicit form, neither is
the method for the associated chemical potential calculations.
We now focus on the discussion on explicit functional forms
that include most existing DFAs.

For an N-electron system, a Kohn-Sham calculation with
an exchange-correlation functional that is an explicit and
continuous functional of the electron density leads directly to
E(N — 1) and E/(N + 1), the ground-state energies of the
corresponding (N — 1) and (N + 1) electron systems. Similar
connections follow for a generalized Kohn-Sham calculation
with an exchange-correlation functional that is an explicit and
continuous functional of the noninteracting reference density
matrix. This is true because of the following: (1) it has been
proved that the HOMO/LUMO energy is the chemical potential
for electron removal/addition,*" (see Table 1) (2) the PPLB
condition shows that the chemical potential of the N-electron
system is —I and —A."® Thus the band gap can be predicted from
the HOMO-LUMO gap, in either Kohn-Sham calculations with
an explicit functional of the electron density or generalized
Kohn-Sham calculations with an explicit functional of the non-
interacting reference density matrix. This connection is indepen-
dent of the functional approximation. However, the accuracy of
the prediction depends on the quality of the functional used.*
For functionals with minimal delocalization error, the prediction
is comparable to, or better than, that of GW approaches.”>*%%°

Similarly to the access to the ground state information of the
corresponding (N — 1) and (N + 1) electron systems, it has been
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argued recently that ¢(N), the orbital energies of orbitals above
LUMO and below HOMO also approximate the corresponding
quasiparticle energies ™" (N) as follows: e,(N) & ®, (N) =
En(N +1) — Eo(N), and ,(N) & w, (N) = Eo(N) — E,(N — 1). This
then links directly to the excited-state energies of the corres-
ponding (N + 1) and (N — 1) systems.®®3>''®!17 gxtensive
numerical evidence supports this claim.?®#»"%'"” Thus, the
excited-state energies of N electron systems can be obtained
from ground-state calculations on the (N — 1) or (N + 1) electron
Systems.88,89,116,117

2.4 What concepts are useful for the development and
understanding of DFT?

2.4.1 Perdew. An open subsystem of fluctuating (and thus
on average noninteger) electron number is a surprisingly useful
concept. Real atoms have integer electron numbers, but local and
semilocal approximations to the DFA for the exchange-correla-
tion energy spuriously predict the transfer (delocalization) of a
fraction of an electron between two different well-separated open-
shell atoms (or between two open subsystems of a combined
system). Nature’s integer preference is explained by invoking an
ensemble description of each separated open quantum subsys-
tem that is equivalent to making a wave-function description of
the combined system.'® When the electron number in the open
quantum subsystem is varied between two adjacent integers, its
exact total energy and electron density vary linearly with the
electron number (piecewise linearity), so the exact energy mini-
mizes at an integer electron number.

This has important practical consequences. In particular,
local and semilocal approximations predict incorrect energies
and densities for a diatomic molecule AB in the dissociation
limit. In fact, these approximations are much more accurate for
integer than for fractional electron numbers. This problem still
plagues density functional approximations. A non-self-consistent
cure is to evaluate the approximate functionals on Hartree-Fock
densities, which localize an integer charge around each separated
nucleus."*® Doing that also cures some related problems, such as
spurious charge transfers at smaller internuclear separations.

2.4.2 Perdew and Savin. In many cases, the energy and
wave function of the interacting system can be connected
smoothly to those of the Kohn-Sham noninteracting system of
the same electron density. Then the exact exchange-correlation
energy for that density becomes an integral over the strength of
the electron-electron interaction, which subsumes both the
potential energy of exchange and correlation and the kinetic
energy of electron correlation. The AC and the idea of modelling
the pair density associated with it'**'****! gerved as the key
inspiration not only for passing from LDA to GGAs,"**'** but
also for making the step to hybrid functionals.'** Note that it is
not necessary to use the pair density in the adiabatic coupling;
one can use the first-order density matrix as well — see, for
example, ref. 125.

2.4.3 Sun. Related to the concepts mentioned above - that
is, the AC and fractional charges - the concept of the exchange-
correlation hole has been useful for the development and
understanding of DFT. For example, the sum rules for the
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exchange and correlation holes have been used to explain the
successes of LDA, while the successful PW91 GGA functional
was constructed by enforcing the sum rules for the exchange
and correlation holes on the gradient expansion approximation
of slowly varying densities. The construction of the SCAN meta-
GGA was guided by the understanding of the exchange and
correlation holes. In particular, prototypical systems with very
localized exchange correlation holes can be used as appropriate
norms, whose exchange-correlation energies can be exactly or
nearly exactly predicted by a semilocal density-functional approxi-
mation. Semilocal approximations, whose underlying exchange-
correlation-hole models are necessarily semilocal, must fail to
describe systems with delocalized exchange correlation holes —
for example, systems characterized by fractional charges.

2.4.4 Xu. The AC path mentioned in contribution (2.4.2),
which bridges the fictitious noninteracting Kohn-Sham system
to the fully interacting real system, is one of the most important
concepts in the development and understanding of DFT.'**!
The coupling-constant integration along the AC path defines
the Kohn-Sham exchange-correlation functional, which also
accounts for the kinetic energy of correlation.'”® The more we
know about the AC path, the better DFAs we can construct.

The first widely recognized hybrid DFA is Becke’s half-and-
half functional.’** It was derived based on a linear model for
the AC path, which was then empirically extended, leading
eventually to the widely used B3LYP functional."**™"*° More
sophisticated AC models have been used to develop and
rationalize the popular “nonempirical” PBEO functional,"° as
well as some other hybrid functionals."**

The AC formalism has provided an important playground for
the development of the advanced DFAs that involve the unoccu-
pied Kohn-Sham orbitals. The random-phase approximation
(RPA) was introduced to the DFT community via the ACFD
formalism."°***> Gorling-Levy (GL) perturbation theory** shows
that the initial slope of the AC path is twice the second-order GL
perturbation energy (GL2). For systems with a linear AC path, the
exact exchange-correlation functional is therefore nothing but
the exact exchange plus GL2 correlation energy.’** The AC
formalism has motivated the initial developments of several
successful double-hybrid approximations by further mixing the
second-order perturbation (PT2) energy with the already success-
ful hybrid functionals."* ™"’

2.4.5 Gori-Giorgi. The AC can be mathematically extended
outside the usual range between the Kohn-Sham and the physi-
cal systems - for example, to negative coupling strengths (attrac-
tive electrons)'®® or, more interestingly, to very large positive
coupling strengths (electrons repelling each other infinitely
strongly, or, equivalently, the Levy-Lieb functional in the 7 — 0
limit"****%), This latter case defines the limit of strictly correlated
electrons (SCE),**''** which yields the functional complemen-
tary to the Kohn-Sham kinetic energy - that is, the minimum
possible electron-electron interaction of a system with given one-
electron density p(r); see eqn (76) in contribution (4.5.8). The SCE
functional also yields the exact low-density limit of the exchange-
correlation functional of Kohn-Sham DFT. Although chemical
systems are usually very far from this limiting situation, the SCE
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functional sheds light on the nonlocal nature of the exact
exchange-correlation functional and can inspire the construction
of new approximations to handle strong correlation.'*>*”

Another way to use the SCE limit in chemistry is to build
interpolation models of the AC between the Kohn-Sham limit
(which may include exact exchange and second-order perturbation
theory) and the expansion at strong coupling strength,'*>*871>!
The interpolation strategy based on global quantities (integrated
over all space, a strategy that can be viewed as creating nonlinear
hybrids and double hybrids) was abandoned for some time
because of its lack of size consistency. However, more recently, it
has been shown that size consistency can be easily restored for
these functionals at no extra computational cost.*°

2.4.6 Teale and Helgaker. The AC is certainly a powerful
tool for understanding the universal density functional. Using
the Lieb variation principle (see contribution (2.1.13)), the AC
can be calculated to high accuracy using many-body wave-
function techniques."”* > As well as the usual linear AC path,
generalized AC paths, such as those based on the error func-
tion, can be calculated and are relevant for range-separated
hybrid functionals.'**>%*%7

Such calculations can also be used to extract the coupling-
constant-dependent one- and two-particle density matrices. The
one-particle density matrices may be used to define an AC
focusing on the kinetic component of the DFT correlation energy
- see, for example, ref. 125 and 158, as alluded to in contribution
(2.4.8) and calculated in ref. 159. The two-particle density
matrices can be used to give direct access to the exchange-
correlation hole and its coupling-constant average.'**' All these
quantities can be determined using high-level ab initio methods,
giving valuable insight into the near exact behaviour of F[p]. The
challenge is to parameterize simple models to construct useful
DFAs - work that is still an active area of research.

All of the AC pathways mentioned above focus on the
density-fixed case, relevant to Kohn-Sham DFT. However, if
one notes the conjugate relationship between F[p] and E[v], a
natural alternative is a potential-fixed AC, a possibility that has
also been explored numerically.">*'®! Since the density is no
longer fixed, the calculations of the AC pathway are in the
potential-fixed case much simpler to perform, but the non-
interacting reference system (the bare nucleus system) is
farther from a realistic electronic system than its Kohn-Sham
counterpart. Recently, other ACs have been developed that do
not insist on a fixed density along the AC pathway - see, for
example, ref. 162 for an AC that recovers the Mgller-Plesset
series as its low coupling-strength expansion. The utility of the
AC as a concept for understanding new theories based on these
alternative pathways and their relative pros and cons compared
with the Kohn-Sham approach underlines its importance as a
concept in electronic-structure method development.

2.4.7 Kaupp and Arbuznikov. The AC, which has already
been invoked in contributions (2.4.2)-(2.4.6) as an important
principle for the development of DFAs, is usually applied to the
energy functional, where its existence is well established."®****

Increasingly, however, interpolations along local ACs have
been used, meaning that the coupling-strength (1) integration
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is applied to the corresponding energy density or even to the
exchange-correlation hole followed by integration over one and
two spatial coordinates, respectively. While the existence
of a “local AC” has never been proven rigorously, Becke
argued that such an approach does not violate any basic
principles and is just a matter of changing the order of
integration that is valid for continuous functions'® - see also,
for example, ref. 149.

One of the first applications of the local AC to the develop-
ment of DFAs was to derive the B88 correlation functional®®®
Given that the global AC is the founding principle underpinning
(global) hybrid functionals (see contributions (2.4.2), (2.4.4) and
(2.4.6) above),*»"*%1 3 Jocal AC should be relevant for local
hybrid functionals (LHs) with position-dependent exact-exchange
admixture. Let us mention in passing our early attempts to derive
local mixing functions for LHs from local AC interpolation.'®®
Other important hyper-GGA functionals simulate strong correla-
tion effects and also make use of local interpolations."®*"°

Most notable in this context are recent efforts to include the
SCE limit (1 — o) of the AC by local AC interpolation.**1707172
Importantly, the local AC approach has advantages compared
to the global AC in terms of achieving size-consistency for DFAs
in the presence of degeneracies."”

2.4.8 Kronik. An important concept that I have found to be
very useful is that of generalized Kohn-Sham theory, introduced
by Seidl et al.®” This involves mapping of the many-electron
system onto a partially interacting model system, represented by
a single Slater determinant, such that the ground-state electron
density is conserved. The original Kohn-Sham theory then
emerges as a special case of generalized Kohn-Sham theory,
where the partial interaction is set to zero.

Generalized Kohn-Sham theory, recently extended to both
TDDFT'”* and ensemble DFT,"”” provides a useful viewpoint that
rigorously justifies the use of nonmultiplicative potentials. In
particular, this means that the use of Fock-exchange potential
operators (and variants thereof) in hybrid functionals (both
global and range-separated), originally viewed as an ad hoc and
theoretically unjustified merger of Kohn-Sham and Hartree-Fock
theories, are rigorously derived and justified within generalized
Kohn-Sham theory."”® While, for a given system, there is only one
exact Kohn-Sham map, there are infinitely many partially-
interacting systems to which an exact generalized Kohn-Sham
map may be formed.®® This added flexibility has been found to be
useful for spectroscopy - in particular, for choosing generalized-
Kohn-Sham maps in which the derivative discontinuity is elimi-
nated; see elaboration in contribution (4.1.5).

2.4.9 Gritsenko. A useful concept of Kohn-Sham DFT is the
meaning of the energies of the Kohn-Sham orbitals. According
to the Kohn-Sham analogue of Koopmans’ theorem,”® the
energy ¢; of the occupied Kohn-Sham orbital ¢; can be inter-
preted as approximate relaxed vertical potential I; of the primary
ionization, ¢; & —I. The quality of this approximation is better
for the outer-valence Kohn-Sham orbitals, with equality for the
HOMO. The deviation of ¢ of the lower-lying Kohn-Sham
orbitals from —I; is, primarily, due to the spectroscopically-
averaged contributions from ionization of the corresponding
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“shake-up” satellites.”* The energies ¢, of virtual Kohn-Sham
orbitals ¢, include the “excitonic” type particle-hole interaction;
see contribution (2.2.3). The difference ¢, — ¢; therefore serves as
a good-quality zero-order estimate of the corresponding excita-
tion energy from TDDFT. With the electron affinity provided by
the energy of the anionic Kohn-Sham HOMO, the Kohn-Sham
orbitals deliver all the important one-electron quantities.

2.4.10 Baerends. The formal theory - beginning with the
Hohenberg-Kohn theorem - is clear enough. It offers the
prospect of finding important properties, notably the energy,
as functionals of the electron density. However, the functional
relation between the density and the energy remains obscure.
The theory tells us that the density uniquely determines the
energy (or rather, that each ground-state density is associated
with a specific energy), but it tells us nothing about the precise
relation. When two densities are close to each other (given
some topological definition of distance between densities),
there is no guarantee that the corresponding energies are also
close. In other words, we do not (yet) know how to derive from
the one-electron density information on the pair density, which
determines the (correlation) energy. It is a fundamental weak-
ness of the theory that it provides no clue to the solution of this
problem.

In ab initio quantum chemistry, the route that is followed, in
many different ways, consists of finding computationally feasible
and sufficiently accurate approximations to the full configuration-
interaction (FCI) solution. One may call this a mathematically-
oriented approach. One can view DFT as an attempt - maybe
often unconsciously - to follow the route of finding physical
models for the pair-correlation function. The largest part of the
LDA functional is the exchange functional, which is practically
the same as Slater’s original p** approximation. Slater derived
his “exchange hole” from a simple model (local hole of constant
depth integrating to —1) which leads to practically the same
exchange energy expression (with p*”° density dependence)
as the homogeneous electron gas of LDA. But the Slater con-
struction shows that the interpretation is not necessarily that of
an electron-gas exchange approximation. Indeed, it has been
realized that this simple local hole is much more like an
exchange-correlation hole - for instance, accounting for consid-
erable left-right correlation in the chemical bond (which is why it
soon was called an exchange-correlation approximation).®® The
Slater (or LDA) hole yields much better bond energies for
prototypical diatomic molecules than the exchange hole of the
Hartree-Fock model: bonding changes from severe underbind-
ing in Hartree-Fock theory to some overbinding in LDA. Also,
the systematic errors in frequencies and bond distances that
characterize the Hartree-Fock model disappear. This tells us
that modelling of the exchange-correlation energy may not be
so difficult after all.

The major improvement in the step from LDA to GGA comes
from improved modelling of the exchange approximation.
Becke’s parameterization was fitted to reproduce the exchange
energies of the rare-gas atoms, and Perdew’s nonempirical GGA
approximation of the exchange hole likewise considerably
improved atomic exchange energies. The main contribution
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to the success of GGA (improvement over LDA) for bonds in
simple diatomic molecules originates from these exchange
improvements. This is mystifying since one would expect the
better exchange approximation of GGA to reproduce more
closely the poor Hartree-Fock results. Apparently, the GGA
exchange improvements have turned the exchange holes into
better exchange-correlation holes. So, there is still a consider-
able lack of precise understanding why the most successful
models work, which perhaps explains the lack of consistent
improvement beyond the GGA level. On the other hand, the
“physical route” to the correlation problem by modelling of the
exchange-correlation hole is hopefully a fruitful way forward
that can be pursued independently of the clarification of the
mathematical intricacies of DFT.

2.4.11 Gori-Giorgi. Besides the argument that the exchange-
correlation hole is much more localized than the exchange
hole,*® other possible ways to understand the interesting point
made in contribution (2.4.10) about fitting exchange on atoms
and getting correlation in molecules could be:

(i) the exchange energy functional (and the exchange hole)
changes linearly under uniform coordinate scaling. The corre-
lation energy (and hole), by contrast, does not exhibit any
simple scaling. However, when the electron-electron inter-
action becomes dominant with respect to the kinetic energy
(see contributions (2.4.5) and (4.5.8)), then the exchange-cor-
relation energy scales again as the exchange energy.'”%"7”78 1t
might thus make sense to have an exchange-like functional to
capture (at least part of the) static (left-right) correlation.

(ii) More recent work by Burke, Perdew and coworkers (see
ref. 179 for a recent review) has clarified the sense in which LDA
is a universal limit for coulombically bound systems, with
exchange as the leading term.

2.4.12 Krylov. Reduced quantities, such as state and transi-
tion density matrices, natural orbitals, natural transition orbitals
(NTOs), and Dyson orbitals, are very useful for understanding what
DFT can and cannot do.” These objects are also useful for making
rigorous connections between DFT and wave-function theories, as
well as for interpretation.

For example, NTOs afford a unified and rigorous description
of electronic transitions in terms of MO theory, which is also
experimentally verifiable, noting that observables such as
absorption cross-sections can be rigorously expressed in terms
of matrix elements between hole and particle NTOs. By using
natural orbitals and their occupations, one can compare such
properties as diradical character and the number of effectively
unpaired electrons;'®® although not observable, these quanti-
ties are useful for understanding the underlying electronic
structure and for judging whether DFT captures the physics
of the problem.

2.4.13 Krylov. The observation that the response of the
density of one electronic state (e.g., the ground state) contains
the information about the entire spectrum of the system is both
an opportunity for useful extensions and a liability in the
context of the applicability of the theory. This observation has
been used to extend Kohn-Sham DFT to describe excited states
via TDDFT.
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The same observation, coupled with the fact that the quality of
the response of the density depends on the quality of the density,
also enabled the extension of Kohn-Sham DFT to electronic
structures that have multiconfigurational character and, therefore,
are not well described by the single determinant. Although with
exact Kohn-Sham DFT, we should be able to treat any type of
electronic structure, current DFAs implicitly rely on the expectation
that a single Slater determinant provides a good zero-order repre-
sentation of the wave function; consequently, most Kohn-Sham
DFAs fail when the electronic structure is multiconfigurational.

In the spin-flip DFT (SF-TDDFT) approach, the “difficult”
multiconfigurational states (such as diradicals, molecules with
broken bonds, transition metals) are described by means of
spin-flipping excitations from a well-behaved high-spin refer-
ence state."®'®® In exact DFT, this approach should yield
identical results to the traditional Kohn-Sham treatment -
however, with the current incarnations of Kohn-Sham DFT,
the SF-TDDFT method provides an effective solution to certain
types of multiconfigurational states.

Thinking in terms of response properties also helps to
understand when to anticipate potential problems. For exam-
ple, while a TDDFT calculation may yield excellent excitation
energies for a few valence states of interest, it may fail mis-
erably in describing nonlinear properties, such as two-photon
cross-sections, if the chosen functional does not treat (higher-
lying) Rydberg states correctly.

2.5 What useful concepts of electronic structure theory have
emerged from DFT?

2.5.1 Gill. Inspection of the electronic Schrédinger equation
for a large molecule does not lead one to anticipate that most of its
interesting properties can be partitioned into almost-additive con-
tributions from its various parts. As a result, there is an apparent
inconsistency between the baroque complexity of quantum chemis-
try’s many-body framework and the simplicity and predictive power
of chemistry’s “functional group” paradigm. Kohn-Sham DFT
models, in which the exchange—correlation energy is approximated
by an integral over all space of a function of the electron density,
have partially bridged that conceptual gap.

2.5.2 Kronik. Regarding contribution (2.5.1): interestingly,
decades after his seminal DFT work, Walter Kohn formalized the
idea of almost-additive local contributions by introducing the
concept of “nearsightedness” of electrons in many-atom systems;
see also contribution (5.4.7). Nearsightedness means that (with
some caveats), for a fixed chemical potential, local electronic
properties, such as the density, p(r), depend significantly on the
effective external potential only at nearby points.'®*'>

2.5.3 Ayers, Chattaraj, Chermette, De Proft, Fuentealba,
Geerlings, Liu, Vela, and Yang. In the variational equation of
DFT, the Lagrange multiplier u was identified by Parr and
coworkers in 1978*7'%® as the partial derivative of the energy
E with respect to the number of electrons N, at constant

external potential v(r),
_ (o
F=\on)
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The chemical potential is the negative electronegativity y = —u
by the Iczkowski-Margrave definition'®” and reduces to the
Mulliken electronegativity in a finite-difference approximation.
As the electron density p(r) can be shown to be equal to the
functional derivative of the energy with respect to the external

potential,
OFE
0= (5.

two basic quantities x and p(r) can thereby be seen as responses
of the energy to perturbations in N and v, respectively.

This observation forms the basis of conceptual DFT
where, starting from the energy functional E[N,v] for
atoms, molecules, and the solid state, derivatives of the type
"8 EJON"3v(x1)dv(rs) ... 8v(r,y) are identified as response
functions of the system’s energy to perturbations in N and v,
important for chemical reactions, with x and p being the first-
order (n =m+ m’ = 1) responses. Second-order properties (1 = 2)
like the chemical hardness,

_(PE
T=\an2),

and its inverse, the chemical softness S = 1/, the Fukui

(16)

17)

function
oy _ (9p(r)
1= (%) (19)
the linear response function
S’°E
/ f—
60~ (57 )
and even third order properties, with
9f (r)
@ (y) =
720 = (%) (20)

as the most representative member the dual descriptor, fol-
lowed. All of them have proven their merits as concepts in the
electronic-structure theory of atoms, molecules and the solid
state,'®®"®° emerging in a natural way in conceptual DFT which,
on the basis of the initial identifications, forms an integral part
of DFT.

All these response functions and some others derived from
the energy function E(N), of which the electrophilicity o is the
most eminent representative,"*>'®" were shown to bear
chemical relevance. To give some examples: the chemical
hardness 7 in eqn (17) was identified with Pearson’s hardness,
while the Fukui function f(r) was recognized as a generalization
of Fukui’s frontier MO concept, its product with the total
softness, the local softness s(r) = Sflr) being a local indicator
for soft regions in a molecule.

The first conceptual development of the chemical potential u
was based on the assumption that the fundamental functional
E[N,v(r)] is differentiable everywhere for both variables.'®® Sub-
sequently, the exact piecewise linear conditions at fractional
particle numbers were established originally by Perdew, Parr,
Levy, and Baldus (PPLB)"® based on grand canonical ensembles
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at zero temperature and later by Yang, Zhang, and Ayers based
on pure states with degeneracy.*’

The piecewise linearity of E[N,v(r)] with respect to N means
that the derivatives at integer electron numbers are discontin-
uous. In particular, at a given integer N, the chemical potential
u = (OE/ON)v, the Fukui function f (r) = (0p(r)/ON))v and other
related quantities are discontinuous, the corresponding left and
right derivatives being different. In view of this discontinuity,
use of the derivative notation is best understood with an under-
lying finite-difference mathematical definition,*”'*> where e.g.
the right derivative is obtained by evaluating E(N + 1) — E(N).
This interpretation is particularly important for second deriva-
tives such as the chemical hardness in eqn (17).*” Since the
chemical hardness describes the change in the first derivative at
an integer electron number N, it will be zero or infinite at N and
have no physical meaning unless interpreted in the above finite-
difference manner. The PPLB condition is thus the foundation
for the discussion of derivatives. It leads to the identification of
the left and right chemical potentials with the ionization energy
I and the electron affinity 4, respectively.'® This identification
was used to establish the physical meaning of the HOMO and
LUMO orbital energies as the density-functional prediction of
—I and —A, respectively, associated with the functional approxi-
mation used.”'

2.5.4 Liu. The use of density functionals to quantify and
rationalize traditional chemical concepts and physiochemical
properties is an ongoing research topic in DFT.">® The first
example was by Nalewajski and Parr,"* who proved that the
Hirshfeld partitioning (the Hirshfeld charge) arises from the
constrained minimization of information gain (the Kullback-
Leibler divergence, an explicit density functional), subject to
the normalization condition of the total electron density.

Steric effects have been quantified in DFT by the Weizsicker
kinetic energy functional.'®® Its functional derivative has been
employed to predict stereoselectivity."”® Pauli energy has been
validated as a robust identifier for double, triple, quadruple, and
even higher covalent bonds."®”

2.5.5 Staroverov. The electron localization function (ELF)
and related tools for analysing the nature of chemical bonds
come from DFT and are now ubiquitous in computational
chemistry. Other examples include the average local ionization
energy’®' 2% and classical turning surfaces of atoms and
molecules.***

2.5.6 Pernal. The concept of the AC, conceived within the
DFT framework and successfully used to develop approxima-
tions to exchange-correlation functionals — see contributions
(2.4.2)-(2.4.7) - has inspired the development of methods for
calculating the dynamical correlation energy in wave-function
theories.” In the general AC theory developed in ref. 205 and
elsewhere, one is not restricted to adopting a noninteracting
Kohn-Sham system as a reference system, corresponding to a
vanishing coupling constant. If, instead, the reference wave
function consists of a combination of Slater determinants
and orbitals are partitioned into noninteracting groups (most
commonly into doubly occupied (inactive), fractionally occupied
(active), and unoccupied (virtual) orbitals, as in multiconfigurational

198,199

200
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self-consistent-field (MCSCF) theory) then, by following the AC
path, the limit of no correlation is smoothly connected with the
full electron-correlation limit.

A difference between AC-DFT and multiconfigurational AC
theory is that, in the former theory, the electron density is fixed
to the exact density by a local one-body potential varying along
the AC path, while in the latter, the condition of a constant
density is imposed as an approximation. AC-based correlation
energy approximations have been used with MCSCF, complete-
active-space SCF (CASSCF), density-matrix-renormalization group
(DMRG) and geminal theories.”*>?°® These multiconfigurational
AC approximations rely on the ACFD formalism and the
(extended) RPA. An appealing feature of the multiconfigurational
AC methods is that only one- and two-electron reduced
density matrices are needed, as opposed to perturbation
approaches such as complete-active-space second-order per-
turbation theory (CASPT2) or N-electron valence-state second-
order perturbation theory (NEVPT2), which require three- and
four-body RDMs.

It has been recognized that, in the general AC theory, the
reference state need not be an electronic ground state as long as
it is not degenerate. This has motivated the development of AC
methods for excited states, which recover the dynamical corre-
lation energy for a specific state.>*” It may be worth exploring if
a similar approach could be developed for Kohn-Sham DFT,
taking an excited Kohn-Sham determinant as the noninteract-
ing system. The clear advantage over TDDFT would then be the
description of states of double-excitation character.

2.5.7 Pernal. There has always been an intuitive under-
standing that short-range correlation relates to the electron
cusp in the wave-function description, while long-range corre-
lation plays a role when electron pairs dissociate or when van
der Waals bonds are formed. Range separation of electron
correlation has gained mathematical rigour in the range-
separated multiconfigurational formulation of DFT.2°®2% In
range-separate multiconfiguational DFT (RS MC-DFT), only the
long-range part of the electron interaction operator, which
is bounded at electron coalescence and is characterized
by a proper Coulomb tail, is retained in the many-body
Hamiltonian. Consequently, a wave function in RS MC-DFT
has no electron cusp, which greatly simplifies the many-body
problem - approximate wave functions call for shorter
configuration-interaction (CI) expansions than when the full
Coulomb interaction operator is used.

The long-range electron correlation energy naturally
emerges as the difference between the energies of the FCI wave
function and the chosen model (CI, CASSCF, etc.).>'>*'" The
short-range correlation energy is rigorously defined as

ESR[p] = glil;('quﬂL W|P) — %113<W|T+ WiR ) o1
— (Dxsp]| R | Pks|p])

and depend on the underlying range-separation of the electron
interaction operator, W = W® + W5%, Approximations for the
short- and long-range correlation energies can be developed
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independently. One of the appealing features of RS MC-DFT is
that wave-function models and existing approximate exchange-
correlation functionals may be adapted to a range-separated
electron interaction.

The rigorous range separation of electron correlation has led
to a proliferation of wave-function methods using short-range
exchange-correlation functionals as an inexpensive way of
accounting for dynamical (short-range) correlation, thereby
improving their accuracy and/or efficiency.>'> A promising direc-
tion of development of DFT via its merger with wave-function
theory is enabled by gaining access to a correlated two-particle
local function - the on-top pair density — which can be used as a
variable in correlation functionals in addition to the electron
density; see, for example, ref. 213 and contribution (4.1.1).

2.5.8 Grimme. In the early days of quantum-chemical
method development for electronic structure, drastically simplified
methods for large systems termed “semiempirical” like MNDO,
AM1 or PM6*'* were derived as approximations to Hartree-Fock
theory.”"* Usually, minimal atom-centred atomic-orbital (AO) basis
sets and severe integral (multipole) approximations were applied,
enabling a reasonably accurate, extremely fast treatment of mostly
organic molecules. Because of the applied zero-differential-overlap
(ZDO) approximation and their Hartree-Fock origin, these methods
are not robust for more complicated electronic systems like, for
example, the important class of organometallic catalysts.

This situation changed in the mid 1990s when the tight-
binding (TB) semiempirical theory was proposed as an approxi-
mation to Kohn-Sham DFT,*'>?"® based on previous work of
Foulkes and Haydock.>'” The current theoretical view on TB
methods, which in the meantime have been consistently para-
meterized for the whole periodic table,*'® is based on a Taylor
expansion of the total energy E around a reference density p,,
constructed as a sum of atomic valence densities:

E[p] = E%po] + EVpo,8p] + E?)po,(8p)"] + E¥[po,(8p)°] + ...
(22)

where the fluctuations dp are expressed in terms of multipoles
and the series is usually truncated at third order. Short-range
repulsive, exchange-correlation as well as dispersion effects are
typically described using empirical pairwise potentials.

The speed-up of a TB calculation compared to, for example,
a regular GGA(PBE) DFT calculation, is about three orders of
magnitude, at little loss of accuracy for common properties like
electronic and geometric structures. Thermochemical data and,
in particular, conformational energies are generally not so well
described, which is at least partially attributed to the small
(mostly minimal) AO basis sets employed.*'® The development
of more accurate, but still sufficiently fast, TB methods is an
important future field that should take advantage of more
advanced DFAs.

2.5.9 Aradi and Frauenheim. The efficient DFT-based TB
methods are not restricted to ‘“classical” DFT and to ground-
state properties only. Several DFT extensions have been success-
fully ported into the density-functional tight-binding (DFTB)
framework®"® and implemented in various program packages.
The DFTB version of those extensions (hybrid functionals®*’
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TDDFT,**° Ehrenfest dynamics,”*' Green’s-function-based elec-
tron transport,*** etc.) are typically several orders of magnitude
faster than their DFT counterparts, allowing for a more efficient
treatment of large systems and/or long time scales.

2.5.10 Koster. For decades, X, and Kohn-Sham DFT methods
have served as a playground for the development of density-fitting
methods.”***** Commonly used approaches are the variational
fitting of the Coulomb**® and Fock®®® potentials. With these fitting
approaches, the formal scaling of first-principles Hartree-Fock and
Kohn-Sham calculations is reduced by one order of magnitude
without lowering the accuracy of the underlying methodology. To
avoid linear-algebra bottlenecks associated with variational density
fitting, iterative Krylov subspace solvers are advocated.””’

A further simplification of Kohn-Sham DFT implementa-
tions can be achieved by using the approximate density from
the variational fitting of the Coulomb potential for the evalua-
tion of the exchange-correlation energy and potential.>****°
The resulting energy expression remains variational and yields
optimized structures and relative energies that are almost
indistinguishable from standard Kohn-Sham approaches, but
at a substantially reduced computational effort. The extension
of this auxiliary DFT (ADFT) approach to perturbation theory
permits first-principles molecular property calculations of sys-
tems with up to thousand atoms - for example, second-order
analytic energy derivatives.”>* Most recently, ADFT also serves
as platform for the development of new DFAs.

2.5.11 Galli. DFT in its approximate Kohn-Sham formula-
tion has been key in the description of chemical bonding in
condensed systems, including solids and liquids, in different
phases and under different thermodynamic conditions. It has
been especially critical for understanding trends in chemical
bonding in solids as a function of temperature, pressure and,
more recently, even external fields, although we are still far
from having accurate descriptions in many cases. It is also
important to note that the use of approximate DFT (beginning
with LDA) is at the basis of the development of first-principles
molecular dynamics and hence the ability to study finite-
temperature properties of materials.

Orbitals obtained from the solution of the Kohn-Sham
equations are also at the basis of most many-body perturbation
theories solving, in approximate manners, the Dyson and
Bethe-Salpeter equations (GW and BSE methods). These
approaches have brought tremendous progress in understand-
ing properties of solids, in spite of some lack of accuracy, and
almost all of them (for solids) are based on DFT.

2.5.12 Reining. Further to the usefulness of DFT as starting
point for Green’s functions methods, I would like to point out that
combinations, for example, approximations for vertex corrections
beyond the GW method are derived from DFT and TDDFT.

3 Density functional approximations
3.1 What strategies have been useful in constructing DFAs?

3.1.1 Chermette. It is worth recalling that DFAs span a
wide range, from quasi ab initio to fully semiempirical status.
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The first category, promoted by Perdew and collaborators,
introduces parameters that are almost all fixed by theoretical
constraints. This approach, which allows us to use the resulting
exchange-correlation functionals in exotic systems with some
confidence (assuming universality of the functional), may,
however, involve constraints that can be questioned, as
being not necessarily appropriate for molecular systems - for
example, the uniform-gas limit. This constraint was removed by
Handy et al®*' in the OPTX exchange functional and is a
reminiscent of the X-alpha functional. This approach, coupled
to a correlation functional (e.g., in the OPBE functional), may
lead to a good description of spin states.>*>

The second category, promoted by the Minnesota team, has
led to functionals involving up to 64 parameters. These func-
tionals may be very accurate for - but limited to - small classes
of molecular systems and properties. In a paper involving 200
combinations of exchange and correlation functionals,>*
Mardirossian and Head-Gordon compared the performance of
these exchange-correlation functionals applied to 82 data sets,
with and without dispersion corrections, and documented the
scattering of the performance among the properties for given
classes of molecular systems.

3.1.2 Perdew. The original local density approximation
(LDA)®® for the exchange-correlation energy was based upon
fitting to an appropriate norm or system for which the approxi-
mation is exact: the electron gas of uniform density. Non-
empirical generalizations of LDA have been constructed by
satisfying additional exact constraints or mathematical properties
derived from exact but impractical expressions (see, for example,
ref. 6, 100 and 120) for the functional. For example, the PBE
functional®®* satisfied 11 exact constraints, and the SCAN
functional®®® was constructed to satisfy all 17 known exact con-
straints that a meta-GGA can satisfy. The SCAN functional also fits
generalized appropriate norms, such as the hydrogen atom and
neutral atoms of large atomic number. By contrast, empirical
constructions are fitted to experimental or higher-level compu-
tational data (usually for molecules), which can make them
more reliably interpolative and less widely predictive than the
nonempirical functionals.

Of course, these two approaches are often combined. The
most accurate functionals (including meta-GGAs, hybrids, and
RPA-like functionals) generalize Kohn-Sham theory®” by employing
as arguments of the energy density not only the electron density and
its gradient, but also the occupied or even the unoccupied orbitals
or one-electron wave functions, and by optimizing those arguments.
A sometimes important but seldom discussed step in the
development of a functional is ‘“‘deconstruction”: removing
what is wrong or unnecessary, as in the transition from gradient
expansions to generalized gradient expansions.'?’

3.1.3 Chermette. As suggested in contribution (3.1.2), in
case of semiempirical functionals (see contribution (3.1.1))
which may involve dozens of parameters, it is especially impor-
tant to remove all parameters with statistically insignificant
weights in the fits. The reason is that these parameters intro-
duce noise in the calculations and restrict severely the applica-
tion domain to the classes of molecular systems that have been
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used in the training set. Approaches like variance analysis
spring to mind, but more elaborate methods may also be used
- for example, Mardirossian and Head-Gordon**® have detailed
the strategy they used for a combinatorial approach to handle
the problem, which is made more complicated by the fact that
the objective function to be optimized (usually a least-squares
sum) is a (linear) combination of inhomogeneous quantities
(energies, structural data, other physical properties) that are
combined with ad hoc weights in the objective function.

3.1.4 Adamo and Ciofini. The terms “empirical” and “non-
empirical” used above deserve some clarification. For us, the term
“nonempirical” denotes those DFAs whose internal coefficients
are not determined by an error minimization relative to external
reference data sets (experimental or theoretical), but instead are
fixed using only constraints derived by theory. The term “empiri-
cal” denotes, by contrast, those functionals whose coefficients are
determined by a parameterization procedure. However, since these
latter functionals may also respect some theoretical constraints, we
prefer to use the term “semiempirical” to underline their theore-
tical foundation. In our opinion, these two terms, “nonempirical”
and “semiempirical”’, are not measures of quality, but rather
indicate how the functional has been developed. Between these
two classes, the term “minimally parameterized” is also used, to
underline that an effort has been made to reduce the number of
functional parameters, as mentioned above.

3.1.5 Loos. The uniform electron gas, a hypothetical infi-
nite substance where an infinite number of electrons ‘“bathe”
in a (uniform) positively charged jelly of infinite volume, is one
of the success stories of DFT and, in particular, the parameter-
ization of its correlation energy as a function of the density has
been enormously useful for the construction of DFAs.**” From a
more general point of view, model systems (especially the ones
with uniform electron densities) provide new ways for improv-
ing and testing DFAs.>*® In this regard, finite uniform electron
gases (where electrons are confined to the surface of a sphere)
can be seen as an extension of the conventional “infinite”
version thanks to additional degrees of freedom coming from
the tunable “finiteness” of the electron gas.>**>*°

3.1.6 Reining. I would like to elaborate on contribution
(3.1.5) of Loos: using results from the uniform electron gas has
been invaluable for the success of DFT. Here, we should stress
how much DFT has profited from other people’s work and
methods - in particular, from the quantum Monte Carlo
calculations of Ceperley and Alder.”*' This is important:
trying to use the strong points of other methods - and trying
to use the knowledge of model systems for the real materials
we are interested in. This strategy could be extended much
further.”*

3.1.7 Savin. An important decision in constructing DFAs is
the choice of parts to be approximated by a closed form.
Hohenberg and Kohn already considered it necessary to treat
exactly the Hartree term, thus treating the electrostatic con-
tribution to the energy correctly.”> Kohn and Sham decided to
leave the DFA for exchange and correlation (Section IL.A of their
paper), or for correlation only (Section I1.B).®> One can discuss
having a part of exchange treated by orbitals and a part by
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DFAs, as done in hybrid DFT."** One can also decide to treat
only a part of correlation by a DFA - see, for example, ref. 243.
3.1.8 Staroverov. The analytic derivations of density func-
tionals for model systems that gave us the Dirac exchange and
Thomas-Fermi theory, as well as derivations of DFAs from model
exchange-correlation holes'®**** have been seminal. The success
of this analytic approach seems difficult to sustain in DFT, but
that is almost certainly because not everything has been tried.
Attempts to connect DFT with wave-function methods explicitly
can also result in effective practical methods, especially for
calculations of accurate Kohn-Sham potentials.”*>>*

3.1.9 Johnson. Explicit modelling of the separate exchange,
dynamical, and nondynamical correlation holes has been a very
successful strategy in functional development. The (exact)
exchange-correlation energy can be written in terms of the
exchange-correlation hole as:

Po(r1)

1 r !
Ey. = E Z JJTZI/’lzg (l‘] s l'2)dl‘| dl‘z. (23)

The total exchange—correlation hole can be decomposed into
separate exchange, parallel-spin correlation, and opposite-spin
correlation holes. Real space models can then be proposed that
obey known constraints, such as normalization, as well as
density and curvature constraints at a reference point.***

Another useful strategy in the development of GGAs is to
enforce a large-gradient limit of the enhancement factor,>**>*°
which ensures an accurate treatment of nonbonded repulsion
in van der Waals complexes.?*>*** Such functionals are capable
of high accuracy for modelling intermolecular interactions in
both gas-phase and solid-state systems, when paired with a
density-functional dispersion correction.>*?

3.1.10 Adamo and Ciofini. It is worth underlining how the
respect of known theoretical constraints can help in the devel-
opment of DFA approximations. In this sense, we should first
mention Becke’s half-and-half model, which introduces the AC at
the heart of functional construction.'* Another example is the
PBEO functional,'®”*>* defined based on the ansatz of Perdew
and co-workers for the form of the AC path."*® The relationship
between the AC ansatz and numerical performance has been
explored by Yang and co-workers."*" Later, the introduction of
the GL limit (see contribution (2.4.4))"** in functional develop-
ment has led to the definition of double-hybrid functionals,
including some nonempirical approaches.>>*>>¢

Interestingly, since the introduction of Becke’s half-and-half
model, constraints derived from properties of the AC have been
used for functional development, thereby avoiding introducing
variables to be fitted to external (not theoretical) data. In other
words, increasing the number of theoretical constraints in
going from local to hybrid functionals leads to improved
numerical performance (at least within the same functional
family) for a large number of chemical properties.>*’

3.1.11 Sun. In the approach of using exact constraints to
construct DFAs mentioned in contribution (3.1.2), two different
levels of exact constraints have been successfully used. For
example, the PW91 GGA functional was constructed to satisfy
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the exact constraints of the exchange-correlation hole, while
the very similar PBE GGA functional was constructed to satisfy
exact constraints of the exchange-correlation energy. The SCAN
meta-GGA functional was constructed by satisfying the exact
constraints of the exchange-correlation energy but guided also
by properties of the exchange-correlation hole.

3.1.12 Gritsenko. A useful strategy in constructing approx-
imations to the Kohn-Sham exchange-correlation potential is
the statistical averaging of (different) orbital potentials (SAOP).
The SAOP exchange-correlation potential, which statistically
averages the potential with the correct Coulombic asymptotics
and the potential arising from the step structure of the atomic
and molecular electron shells, produces a good-quality estimate
of vertical ionization potentials and yields a high-quality zero-
order estimate of excitation energies within TDDFT.>*®

3.1.13 Romaniello. The link between DFT and many-body
perturbation theory (MBPT) based on Green’s functions has been
particularly beneficial. The Sham-Schliiter equation (SSE),>*°
which relates the Kohn-Sham potential of DFT to the self-
energy of MBPT, has given several insights into approximations
to V.. As an example, one can easily retrieve the OEP equations
from the linearized version of the SSE.>**?°*

Also, the time-dependent version of the SSE="~ has been very
useful in the context of TDDFT. For example, one can show that
the TDDFT exchange-correlation kernel fi. can be written
exactly as two contributions, one responsible for the shift of
the Kohn-Sham band gap to the fundamental gap and the
other accounting for excitonic effects.®® This splitting has been
recently used to calculate accurate optical spectra of semicon-
ductors and insulators within a pure Kohn-Sham TDDFT
framework - that is, without invoking empirical information
nor theory beyond Kohn-Sham DFT (e.g., GW theory) to correct
the Kohn-Sham gap.>**

3.1.14 Galli. One of the outstanding open problems in
defining approximate density functionals pertains to the descrip-
tion of the electronic properties of solid-solid and solid-liquid
interfaces. When systems with different dielectric properties are
interfaced - for example, a metal with an insulator or a semi-
conductor such as silicon with an insulating liquid such as water
- none of the existing functionals can accurately describe band
offsets and other electronic properties. This issue can be miti-
gated by carrying out GW calculations starting from DFT orbitals
(for nonmetallic systems) However, this GW@DFT approach does
not work when the underlying wave function provided by DFT
turns out to be too inaccurate as a starting point - for example,
for some transition-metal oxides.

A useful strategy for deriving approximate functionals for inter-
faces may be based on an approximate treatment of the screened
Coulomb interaction and of dielectric matrices; the latter may then
be used to derive approximate hybrid functionals with parameters
that capture how the dielectric screening varies in different parts of
the system (see, e.g, ref. 265 and references therein).

262

3.2 How accurate do we need DFAs to be?

3.2.1 Jones. Table 2 shows that “accuracy” has different
meanings in different contexts. If one is interested in properties
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such as cohesive energies and structures in different phases of
extended systems, then it is impossible in practice to determine
accurate total energies using DFT methods. If the goal, how-
ever, is to shed new light on a problem or to make unbiased
predictions, then DFT calculations can be a reliable partner.
They share with other approaches the benefits of error cancel-
lation, and users of molecular dynamics welcome the fact that
forces are straightforward to calculate and consistent with
variations in the energy.

In extended systems, it is often impractical to repeat calcula-
tions with different functional approximations [see contribution
(2.1.16)], and it is essential to develop a level of “trust” [see
contribution (3.2.7)] in the approximations one uses and a feeling
for their limitations. My own applications over several decades
show a clear preference for main-group elements, which might
imply less trust in the ability of particular DFAs to describe
transition and rare-earth elements. This is perhaps not surprising,
since some DFAs describe energy differences in the corresponding
atoms very poorly.

3.2.2 Schwerdtfeger. The accuracy really depends on the
property in question, on whether the corresponding operators
sample the density more in the outer region or in the region
close to the nucleus. I find Table 2 quite useful, but we should
be reminded of some more problematic cases for properties
such as polarizabilities or hyper-polarizabilities.

Moreover, if we have an incorrect long-range behaviour of
the one-particle density, then the region close to the nucleus
will also suffer because of charge conservation. As a result,
properties like electric-field gradients (EFGs) are not so well
described by currently available DFAs - the worst results are
perhaps obtained for the late transition metals.>”* To illustrate,
the Cu EFG in CuF at the experimental bond distance is mea-
sured to be (in atomic units) —0.31(2), while some representative
DFAs give +0.495 (LDA), +0.444 (PW91), and +0.146 (B3LYP). At
the coupled-cluster CCSD(T) level, we have —0.439 (—0.341 if
relativistic effects are included).””® To address this problem, the
parameters in the CAMB3LYP functional can be tailored such
that accurate results for EFG (and other short-range properties)
are produced,’’* but this is not a nice solution and no unique
functional exists that performs well for all properties concerned.

One should also mention that, as for molecules,>”* the
performance of various DFAs for the solid state has been exten-
sively analysed in the past - see, for example, ref. 274-276. Here, a
few percent error range is typical for solid-state properties such as
lattice constants, cohesive energies and bulk moduli if (for the
heavier elements) relativistic effects and (for the lighter elements)
phonon contributions are included. For finite temperatures,
thermal effects need to be included as well.

3.2.3 Fuentealba. Let me illustrate Schwerdtfeger’s point
regarding polarizabilities with some numbers. The dipole
polarizability of a Li, cluster has been calculated using the
B3LYP and PW91 functionals, the values being (in atomic units)
355 and 394, respectively.””” But the experimental value is
327 - no explanation. More dramatically, for the Cuy cluster,
the calculated value is 295, while the experimental value is
984.%% pathetic.
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Table 2 Common accuracy objectives

Property Accuracy required

1% keal mol™
3% keal mol !
0.3% keal mol !
1.6” keal mol™*
0.1% keal mol ™!
1 kecal mol™*
1° keal mol ™!

Heats of formation
Heats of formation (“intensive”)*
Conformational energies

Barrier heights
Ionization potentials

Band gaps 0.1 ev
Excitation energies 0.1/ ev
Bond lengths 1¥ pm
Vibrational frequencies <3"em™
Shielding constants 0.5-5%'
Dipole moments 0.1-0.2 D
Dipole polarizabilities 0.5-% a.u.
Electric field gradients 0.1-0.2" a.u.

“ Savin: mean value of the experimental uncertainties compiled in ref.
266 for over 500 molecules containing elements with Z < 18. See also
ref. 267.7 Savin: Qo, ¢f contribution (3.3.12), obtained from the
experimental uncertainties compiled in ref. 266 for over 500 molecules
containing elements with Z < 18. © Savin: heat of formation divided by
(the number of atoms —1), justified by the mean of the values obtained by
detaching successively one atom after the other. ¢ Grimme: molecular
total energy difference for the same covalently bound structure but with
different three-dimensional shape normally obtained by rotation around
covalent bonds. ¢ Schwerdtfeger: based on ref. 267.” Kronik: an experi-
mental accuracy of 0.1 eV in band gap measurements is possible, as well
as desirable, but not at all trivial and may require the combination of
several measurement techniques. Many reported experimental results,
especially for insulators, do not necessarily reach this level of accuracy.
Also, some reported band gaps arise from correction terms to optical gap
values. Furthermore, experimental band gaps are also influenced by
electron-nucleus coupling, sometimes quite significantly. This should
be taken into account when comparing to results of electronic structure
theory that do not include such coupling. ¢ Helgaker: the uncertainties in
experimental bond lengths depend strongly on the experimental techni-
que used - an accuracy of 1 pm for covalent bonds of first-row atoms is a
reasonable target for computation. For benchmark data of wave-function
methods, see ref. 268. * Draxl: for vibrational frequencies, even semilocal
DFT does already very well, if computed consistently (ie., for the
optimized geometry®®®). The situation is more tricky for intensities, as
these are typically not measured for solids. The situation may be different
for molecules; thus a distinction would be needed. Note that intensities
can’t be obtained by DFT alone. ‘ Kaupp: the necessary and achievable
accuracy for shieldings and relative shifts differs from nucleus to nucleus
and for different applications. The best way to report the accuracy that
allows a comparison between different nuclei, is to give relative deviations
in %, normalized to the shielding or shift range of a given nucleus (either
computed or experimental). For meaningful accuracy, this should not
exceed a few percent, sub-percent accuracy is better, and is achievable at
least for light main-group systems. This is not yet the case for transition-
metal nuclei.” Schwerdtfeger: these accuracies are expected from any
decent ab initio calculation. For comparable accuracies for EFGs achieved
by coupled-cluster methods see ref. 270, for DFT see ref. 271 and 272.

3.2.4 Calaminici. The accuracies of static Kohn-Sham DFT
dipole polarizabilities are usually in the range of 1%. However,
the errors in dynamic dipole polarizabilities can be catastrophic -
in particular, for planar conjugated systems. Here, the long-range
behaviour of the functional used is critical.>”® The polarizabilities
of small metal clusters can be significantly influenced by tem-
perature effects.’®® Furthermore, the experimental references
for static polarizabilities of such clusters are not always reliable.
In particular, this is the case for the available measured copper-
cluster polarizabilities in the literature.
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3.2.5 Chermette. As far as bond lengths are concerned, the
accuracy can be better than 1 pm (perhaps has small as 0.3 pm)
if the aim of the calculation is to compare bond lengths of
organic isomers and conformers. On the other hand, if heavy
atoms are present, 3 pm or even 5 pm can be considered fine,
even with relativistic corrections added. There is room for
improvement.

3.2.6 Grimme. Chemically relevant energies span a huge
range - from one tenth to hundreds of keal mol™". The often
cited “chemical accuracy” of 1 kcal mol " usually refers to
bond or atomization energies, which (for small systems) are on
the order of a few hundred kecal mol~*. While this definition is
appropriate for some thermochemical problems, it is inap-
propriate for others. For example, the very relevant conforma-
tional energies of typical pharmaceutical drug molecules with
about 50 atoms are on the order of the thermal energy at room
temperature (0.6 kcal mol™"). Hence, in practical applications,
only errors less than about 0.1-0.2 kecal mol ™" are acceptable.”®"

Another aspect to consider here is that the most important
primary application of current Kohn-Sham DFT in chemistry is
probably the determination of equilibrium structures (R.)
including those of chemical transition states. Even with rather
simple DFAs (e.g., GGAs), basically no severe outliers are
obtained, even in electronically difficult cases - a fact that, in
retrospect, was extremely important for the development of
computational chemistry. As such, newly proposed, empirical
DFAs, should be carefully tested not only for energies but
additionally for the computation of R. structures. Similar
considerations hold for the computation of vibrational frequen-
cies, which are of utmost importance for thermostatistical
properties - for example, Gibbs free energies.

3.2.7 Savin. It seems to me that in most cases, calculations —
like experiments - are not carried out to obtain specific numbers,
but to answer some questions. Furthermore, the methods of
quantum chemistry do not provide error bars for our calcula-
tions. The expected accuracy is therefore what we have from our
experience with methods, which may not apply to a specific case.
This experience may be tainted by trust acquired over years and
not revised by an active following of progress in the field.

Another aspect is that we may overemphasize the accuracy of
what we take as a reference. Herbstein discusses several factors
that may affect the measurement of such basic data as single-
crystal unit-cell dimensions.”® Cioslowski et al. show that
experimental error bars are often missing or can be quite
large.**® Sometimes advanced wave-function calculations are
not pushed far enough to be used as a reference.**

3.2.8 Adamo and Ciofini. In some cases, determining how
accurate DFAs need to be is probably even more difficult than
determining how accurate existing DFAs are in fact for a given
property. Indeed, even for a single, well-defined property, the
target accuracy will depend on which question we aim to
answer (as already pointed out by Savin in contribution
(3.2.7)). The necessary accuracy will depend strongly on the type
of “interaction with the real world” is desired, following the
excellent classification given by Kronik in contribution (3.8.5):
confirmation, interpretation, or prediction. In our experience,
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this is particularly true for the interpretation and prediction of
excited-state properties of molecular systems.

There have been a huge number of publications assessing
the performance of different DFAs within TDDFT for the
prediction of excitation energies both using theoretical and
experimental reference data - see, for instance, ref. 284-288.
Nonetheless, two difficulties are becoming nowadays evident:
the reliability of affordable theoretical reference methods for
large molecular systems may be difficult to assess, and the fact
that excitation energies may not be the only property needed to
provide a full answer to a given chemical question.

Concerning the first point, thanks to a number of detailed
studies that compare DFAs results with those obtained using
different reference methods, it has become evident that, especially
for complex molecular systems, assessing the accuracy of DFAs is
also dependent on the choice of reference. By targeting an accuracy
below a certain threshold in the excitation energy, one is probably
simply targeting the error bar of the methods used as reference.**
Furthermore, errors depend on the type of excitations considered —
for instance, local or charge-transfer excitations. Due to the
different impact of the approximation used in a given DFA on
the different types of excitation, it is very difficult to assess a
global accuracy for this DFA in predicting excitation energies.
More severely, (vertical) excitation energies are often not what
one aims for as a chemical answer since the quantitative
description of the photophysical properties of a given molecular
system are related to the prediction of its entire spectrum
(absorption or emission), practically manifested in the observed
colour.**° In this case, the accuracy we would like to reach - and
which is asked for in industrial application, for instance - is the
sensitivity of human colour perception.>

To achieve this objective, one needs to combine a very high
(and energy-dependent) accuracy in the excitation energy with a
very good description of the band shape. This latter is mostly
obtained using approaches enabling the description of the
vibrational broadening, that is the vibronic coupling between
ground and excited states. Previous studies®®' have nonetheless
demonstrated that the same DFA can seldom reproduce with the
same accuracy both electronic excitation energies and vibrational
broadening. Finally, the comparison with experimental data can
become even more complicated if environment effects, usually
modelled with approximate methods, have to be considered.**>
This latter point is of course of relevance, for any theoretical
approach used and not exclusively limited to DFT.

3.2.9 Barone. Sufficiently accurate molecular structures are
a prerequisite for the computation of thermodynamic, kinetic,
and spectroscopic properties. In this connection, the latest-
generation DFAs (hybrid and, especially, double hybrids) with
dispersion corrections added perform a remarkable job for main-
group elements, in noncovalent complexes and for transition
states.>®*?* Furthermore, the remaining errors are rather
systematic and can be corrected for by linear regression, depend-
ing only on the atomic numbers of the involved atoms.>***°” As a
matter of fact, energies and properties can usually be calculated
very accurately at DFT geometries with negligible errors provided
that the functional and the basis set are properly selected.
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The situation is more involved for transition metals, where
comprehensive benchmarks are still missing.

From another point of view, comparison with experiment
requires vibrational corrections to geometric parameters and
zero-point energies. The situation for main-group elements is
again very satisfactory, with latest-generation DFAs in conjunction
with second-order vibrational perturbation theory (or anharmonic
treatments) providing remarkably accurate results without the
need for any scaling factor.”****® The above remarks concern
isolated molecules (or low-pressure gas-phase). The situation is
more involved in condensed phases, where much work to improve
the accuracy of the results is ongoing.

3.2.10 Piecuch. While it is important to set accuracy targets
for any quantum-chemistry approach, not only for methods
based on DFT, it may be useful to keep in mind that some
quantities, such as binding energies in weakly bound clusters,
activation energies, and vibrational frequencies, to name a few
examples, vary so much among the various systems (in the case of
vibrational frequencies, even within a given system) that setting
up fixed error limits is not necessarily helpful. In all such cases,
the relative (percent) errors may be more informative when
setting up accuracy standards.

For example, it is commonly accepted that achieving a
1 keal mol ™" (chemical) accuracy for binding energies involving
covalently bound molecular species is often desirable, but
setting a similar accuracy target for activation energies, which
can be on the order of 1 kcal mol " in some processes and more
than 10 kcal mol ™" in others, may be misleading. Furthermore,
one can have reaction mechanisms that involve larger and
smaller barriers along the same reaction pathway or along
multiple competing pathways. A 1 kcal mol ' accuracy level
does not work well for noncovalent interactions either. In fact,
even the frequently mentioned value of about 0.1 kcal mol™"
may not be adequate in this case.

If we replace the error criteria for the binding energies in
weakly bound species and activation energies by relative errors
of, say, 5%, then we may be in a better position to judge and
make recommendations regarding what method to use. Indeed,
if the activation energies along the reaction pathway of interest
are on the order of 10 kcal mol ! or more, as in ref. 298, then
~ 5% relative errors translate into total errors on the order of
0.5-1 keal mol ', which is good enough to understand the
reaction mechanism. However, if the activation barriers are on
the order of 1-5 kcal mol ™", or if we must decide if a particular
reaction has a barrier or is barrierless, as in ref. 299, then a
fixed accuracy criterion may be insufficient to make a proper
recommendation regarding what method to use. Similarly, a
fixed 0.1 kcal mol™ " criterion might be of little use for some
noncovalent interactions, where there are many cases in which
the interaction energies are as small as 1 kcal mol ™" or less and
equally many cases in which the interaction energies are on the
order of a few kcal mol " or more. A good illustration of the
former situation is the magnesium dimer, which is an impor-
tant weakly bound system in studies of ultracold and collisional
phenomena and which is characterized by a binding energy of
about 430 cm™; see ref. 300 and 301. To properly understand
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this system, one must be able to reach an accuracy on the order
of a few cm™", which is a major undertaking, even for the
highest levels of ab initio wave-function theory.*°*3%>

The magnesium-dimer example is also a reminder that in
setting accuracy targets, we should be careful about treating
wave-function methods, including those based on coupled-
cluster theory, as providers of reliable reference information.
As is very well known, wave-function methods exhibit a much
slower convergence with the basis set than methods based on
DFT. Also, the treatment of core electrons is usually different in
DFT and wave-function calculations. Wave-function calculations
are often carried out with frozen core electrons, whereas DFT
(putting aside the issue of relativistic effective core potentials) is
an all-electron theory. Thus, judging DFAs by comparison with
wave-function approaches may sometimes be misleading or
questionable.>® Finally, the CCSD(T) approach, often regarded
as a standard for high-accuracy calculations, fails not only in
multireference situations, such as covalent bond stretching and
biradicals, but also in many cases of noncovalent interactions,
including the aforementioned magnesium dimer, where the
CCSD(T) binding energy extrapolated to the complete basis-set
limit has a substantial error.>**"*°> While the development of ab
initio wave function methods can be well served by comparisons
with FCI, the development of DFAs may be better served by
comparisons with reliable experimental data.

The idea of setting up accuracy targets using relative (percent)
errors may easily be extended to other properties in Table 2. For
example, the aforementioned 5% error limit would work well for
vibrational frequencies, including low-frequency and high-
frequency modes. Clearly, depending on the nature of the appli-
cation, one may replace the 5% target by a different target.

3.2.11 Kaupp and Arbuznikov. Several contributions in this
section indicate that accuracy depends on the type of property
one looks at. While highly empirical DFAs have concentrated on
relative energies relevant for chemical processes, a wide-ranging
recent discussion has put electron densities into focus.?*!
Here, we should clearly distinguish different spatial regions in
an atom, molecule or solid, as different requirements hold for
the core, valence, asymptotic, and intermediate regions. For
example, many (albeit not all!) empirical Minnesota functionals,
which give excellent valence energies and probably reasonable
valence densities, produce highly erratic hyperfine couplings for
transition-metal nuclei****'* and also perform poorly for NMR
shifts and spin-spin coupling constants.>>>'7 A position-
dependent admixture of Hartree-Fock exchange in local hybrid
functionals®'®*'® seems to be one way to improve specifically
properties of operators that act near the nuclei or far away from
them - see contribution (4.1.10).

3.2.12 Trickey. One of the most striking features of Table 2
is what is not there. Except for band gaps, there is nothing
about solids, no cohesive energies, no bulk moduli, no crystal-
line phase-transition pressures. (We here assume that “bond
lengths” can be interpreted generously as including lattice
constants.) With the disclaimer that what follow are simply
values that seem to be fitting from experience but not from
study, plausible useful accuracy values seem to be 0.015 A for
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cell constants, about 0.1 eV per atom for cohesive energies,
+4% for bulk moduli, and +2% for transition pressures
(assuming the crystal structures are correct). The main point
is that work is needed on such criteria.

Add to that something little discussed in this roundtable —
namely, that predictive screening of materials requires even-
handed accuracy across states of aggregation. One must have
the same computationally affordable functional and protocols
for both the isolated molecular constituents and the condensed
phases, with correspondingly consistently appropriate accuracy
for both constituents and aggregates. It is of little or no use in
first-principles computational materials physics to prescribe a
highly sophisticated DFA of great accuracy for the molecular
constituents that cannot be afforded in condensed-phase
studies or is deliberately tuned (e.g., OPTX) to be accurate for
molecules only.

3.2.13 Baerends. A striking deficiency of almost all DFAs is
the error of about 5 eV in the orbital energies. This is a much
larger error (more than 100 kcal mol~"!) than in the total energy
and unacceptable in view of the desired chemical accuracy. Its
origin can be clarified using the partitioning of the exchange-
correlation potential in the hole potential part and response
part, vy = P20 + 5P where the overbar indicates that we are
dealing with coupling constant integrated quantities; see
Section 2.4. The exchange-correlation hole potential is directly
related to the exchange-correlation energy density, 70o%(r) =
2exc(t) with Ey[p] = [ex[p](r)p(r)dr. The response part origi-
nates from the functional derivative of the &, factor in the total
energy.

Given DFAs with good total energies, the error in the orbital
energies should not come from the hole part of the exchange-
correlation potential - indeed, it has been argued that the error
is in the response potential.>*® It is quite common that an
approximation to an integrand is decent in the sense that the
integral (the energy) is well approximated, while the derivative
of the integrand (the potential) is still very poor.

The response part of the current DFA potentials is too
repulsive over the bulk molecular region, causing the 4-6 eV
upshift of the orbital levels. A better approximation to the
response potential is called for, rather than just the derivative
that arises from existing LDA or (meta-)JGGA energy density
approximations. Indeed, replacing the LDA/GGA response part
of the potential with the approximate response potential from
ref. 321 (a local potential determined from nonlocal input)
already improves the orbital energy spectrum a lot.**° Better
approximations to the Kohn-Sham potential of course also
improve response properties such as (hyper)polarizabilities
and excitation energies.>®® Note that this improvement is not
primarily an effect of the correct asymptotic behaviour since
the orbital energies are mostly determined by the potential in
regions where the orbitals have a large amplitude (ie., the
region where the bulk molecular density resides). Obviously,
the accuracy of the DFA potential has been lagging far behind
that of the energy. It needs to be improved, preferably in a more
fundamental way than by pragmatically admixing some percen-
tage of a nonlocal exchange potential.

28728 | Phys. Chem. Chem. Phys., 2022, 24, 28700-2878]1

View Article Online

Perspective

3.2.14 Gorling. The origin of the errors that most DFAs
exhibit for the Kohn-Sham orbital energies is the presence of
unphysical self-interactions. A solution to this problem has
been around for a long time - namely, an exact treatment of the
Kohn-Sham exchange potential, which requires the OEP
method.*®™*® If the exact local Kohn-Sham exchange potential
- that is, the OEP exchange potential - is used, then the HOMO
eigenvalue immediately is close to the IP as it should, whereas,
in conventional GGA calculations, it is typically several eV too
high. Moreover, the Kohn-Sham eigenvalue spectrum changes
qualitatively: an exact-exchange (EXX-OEP) calculation gives a
Rydberg series as it should, while a GGA calculation does not.
Thus, if the self-interaction contained in the Hartree potential
is properly cancelled by the exact Kohn-Sham exchange
potential, then a qualitatively correct and quantitatively much
more accurate spectrum of Kohn-Sham orbital energies is
obtained.**™*°

The OEP method has a bad reputation because of numerical
problems. However, the