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Schedule 
•  Meet&on&four&days:&

–  Tues&(9th)&and&Thurs&(11th)&
–  Tues&(16th)&and&Thurs&(18th)&

•  MeePng&Pme:&14.15R18.00&
•  Each&period&

–  30&mins&HW&discussion&(14.15R14.45)&
–  90&mins&lecture+quesPons&(14.45R16.15)&
–  15&mins&break&(16.15R16.30)&
–  90&mins&2nd&lecture&(16.30R18.00)&

•  Office&hours:&&AHer&18.00&in&a&pub&with&good&ale.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 2&

Syllabus 
First&week:&Basics&
A.  Overview&of&course&and&introducPon&to&DFT&
B.  Elementary&groundRstate&DFT&
C.  Advanced&groundRstate&DFT&
D.  Elementary&TDDFT&

Second&week:&Advanced&topics&
A.  Molecular&electronics&
B.  Semiclassical&analysis&
C.  Strong&correlaPon&
D.  Advanced&TDDFT&
E.  Thermal&DFT&and&warm&dense&maFer&
F.  Density&funcPonals&from&machine&learning&
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Homework 

•  For&everyone&
•  mandatory&for&those&registered&
•  HW&at&end&of&each&class,&due&to&be&discussed&
at&start&of&next&class.&

•  Mostly&done&with&pencil&and&paper&and&a&lot&
of&thought&

•  Just&like&quantum&mechanics,&you&cannot&
learn&DFT&without&doing&problems&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 4&
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Background needed to follow 
lectures 

•  Audience&is&mixture&of&condensed&maFer&physics,&
electronic&structure&calculators,&materials&
science,&chemistry,&etc.&

•  Both&graduate&and&&undergraduate&students&
welcome.&

•  Vital:&&Excellent&working&knowledge&of&basics&of&
quantum&mechanics&(e.g.&Griffiths)&

•  Helpful:&&Vague&or&beFer&idea&of&standard&
approaches&to&the&problem,&such&as&HartreeR
Fock,&coupledRcluster,&…&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 5&

Flavor of this course 
•  We&keep&everything&as&simple&as&possible.&
•  We&show&illustraPons&of&everything.&
•  We&are&interested&in&first&principles&results,&i.e.&
predicPng&materialsRspecific&properPes&with&no&
input&from&specific&system.&

•  We&cover&only&electronic&DFT.&
•  We&do&not&include&

–  Careful&math&discussion&
–  Second&quanPzed&notaPon&
–  Proofs&of&anything&(except&HK)&
– How&to&run&a&specific&code&
&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 6&

Background material on DFT 
•  Good&books:&

– Primer&in&DFT&(ed&Marques)&
– TDDFT&(ed.&Marques)&
– Engel&and&Dreizler,&Dreizler&and&Gross,&Parr&and&
Yang,&Koch&and&Holthausen&

•  From&my&website&
– DFT&in&a&nutshell&(an&intro,&with&Lucas)&
– PerspecPve&on&DFT&(snapshot)&
– ABC&of&DFT&(in&bad&shape,&but&has&exercises)&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 7&

Today’s lecture 

•  Overview&of&modern&DFT&
&

•  Simple&illustraPon&of&what&a&density&funcPonal&
is.&

•  Follows&chapter&1&of&ABC.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 8&



10/5/12&

3&

Electronic structure problem 
What&atoms,&molecules,&and&solids&exist,&and&

what&are&their&properPes?&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 9&

Properties from Electronic Ground State 

•  Make&BornROppenheimer&approximaPon&
•  Solids:&

–  Laice&structures&and&constants,&cohesive&energies,&
phonon&spectra,&magnePc&properPes,&…&

•  Liquids:&&&
–  Can&do&AIMD,&ab&iniPo&(DFT)&molecular&dynamics&

•  Molecules:&
–  Bond&lengths,&bond&angles,&rotaPonal&and&vibraPonal&
spectra,&bond&energies,&thermochemistry,&transiPon&
states,&reacPon&rates,&(hyper)RpolarizabiliPes,&NMR,&…&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 10&
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Why is it so hard? 
•  Must&solve&to&about&1&part&in&105&

•  Schrödinger&equaPon:&Coupled&

•  Or&variaPonal&principle:&
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Traditional approaches 

•  All&approximate&soluPons&to&Schrödinger&
equaPon&

•  SolidRstate&Physics&
– ManyRbody&methods:&GW&
– WavefuncPon&methods:&QMC&

•  Chemistry&
– VariaPonal&methods:&HF,&CI,&CC,&CASSCF,…&
– PerturbaPve:&MP2,&MP4,&CISD(T),…&
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Traditional approaches 
•  Must&solve&the&Schrödinger&equaPon&to&find&
groundRstate&energy&and&wavefuncPon.&

•  Tough&differenPal&equaPon,&with&nuclearR
electron&aFracPon&and&electronRelectron&
repulsion,&coupling&3N&coordinates.&

•  Chemistry&(ab#ini&o)&
–  VariaPonal&methods:&HF,&CI,&CC,&CASSCF,…&
–  PerturbaPve:&MP2,&MP4,&CISD(T),…&

•  SolidRstate&physics&
– ManyRbody&methods:&GW&
– WavefuncPon&methods:&QMC&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 13&

DFT in modern practice 
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Kohn-Sham equations (1965) 
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He atom in Kohn-Sham DFT 
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In reality… 
•  Must&approximate&a&small&unknown&piece&of&
the&funcPonal,&the&exchangeRcorrelaPon&energy&
Exc[ρ].&

•  70’sR90’s:&&Much&work&(Langreth,&Perdew,&
Becke,&Parr)&going&from&gradient&expansion&
(slowlyRvarying&density)&to&produce&more&
accurate&funcPonals.&

&
•  Early&90’s:&&

– ApproximaPons&became&accurate&enough&to&be&
useful&in&chemistry&

–  98&Nobel&to&Kohn&and&Pople&
Oct&9,&2012& CUSO&doctoral&program&in&physics& 17&

Commonly-used functionals 
•  Local&density&approximaPon&(LDA)&

–  Uses&only&ρ(r)&at&a&point.&

•  Generalized&gradient&approx&(GGA)&&
–  Uses&both&ρ(r)&and&|∇ρ(r)|&
–  Should&be&more&accurate,&corrects&overbinding&of&LDA&
–  Examples&are&PBE&and&BLYP&and&AM05&

•  Hybrid:&
– Mixes&some&fracPon&of&HF&
–  Examples&are&B3LYP&and&PBE0&&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 18&

Condensed&
maFer&physics&

Big picture 
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TF&theory&
Lieb&et&al&
Atoms&

NonRempirical&
use&of&QM;&
Perdew&

Empiricism&
Becke,&Truhlar&Exact&

condiPons&
Perdew,&Levy&

Modern&DFT&
KohnRSham&&
EXC[n↑,n↓]&

Materials&
science&

Astrophysics,&
protein&folding,&
soil&science,…&Ch

em
istr
y&Bio

Ch
em
istr
y&

Incredible breadth 
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Better Li batteries? 
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Survey of some applications 

•  Picked&at&random&from&literature&
•  No&endorsement&of&the&actual&science&is&
intended&or&implied.&

•  Any&resemblance&to&physical&reality&is&purely&
accidental.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 22&

Ferdinand&&Rissner&,&Amir&&Natan&,&David&A.&&Egger&,&Oliver&T.&&Hofmann&,&Leeor&&Kronik&,&Egbert&&Zojer&

Dimensionality-effects-in-the-electronic-structure-of-organic-semiconductors-consis5ng-of-polar-repeat-units-

Organic&Electronics&null&2012&null&

hFp://dx.doi.org/10.1016/j.orgel.2012.09.003&

Fig. 2 Density functional theory calculations on C60.  

L Gross et al. Science 2012;337:1326-1329 

Published by AAAS 
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Fig.&1&&&Unit&cell&of&(a)&<math&alPmg="si52.gif"&overflow="scroll">&<mrow>&<mi>&?</mi>&<mo&stretchy="false">&(</mo>&<msubsup>&<mrow>&<mi>&
D</mi>&</mrow>&<mrow>&<mn>&6</mn>&<mi>&h</mi>&</mrow>&<mrow>&<mn>&4</mn>&</mrow>&</msubsup>&<mo&stretchy="fal...&

L.&&Ghalouci&,&B.&&Benbahi&,&S.&&Hiadsi&,&B.&&Abidri&,&G.&&Vergoten&,&F.&&Ghalouci&

First-principle-inves5ga5on-into-hexagonal-and-cubic-structures-of-Gallium-Selenide-

ComputaPonal&Materials&Science&Volume&67&2013&73&R&82&

hFp://dx.doi.org/10.1016/j.commatsci.2012.08.034&

Published&in:&Nicola&Bonini;&Jivtesh&Garg;&Nicola&Marzari;&Nano#Le+.&-2012,-12,&2673R2678.&
DOI:&10.1021/nl202694m&
Copyright&©&2012&American&Chemical&Society&

Published&in:&Elizabeth&Brunk;&J.&Samuel&Arey;&Ursula&Rothlisberger;&J.#Am.#Chem.#Soc.&-2012,-134,&8608R8616.&
DOI:&10.1021/ja301714j&
Copyright&©&2012&American&Chemical&Society&

Published&in:&Sven&Dabek;&Marc&Heinrich&Prosenc;&Jürgen&Heck;&Organometallics&&ArPcle&ASAP&
Copyright&©&2012&American&Chemical&Society&



10/5/12&

8&

Figure-1.-The-Leu46-hydrophobic-pocket-is-highly-conserved-across-MIF-species.-

ElRTurk&F,&Fauvet&B,&Ashrafi&A,&OuertataniRSakouhi&H,&et&al.&(2012)&CharacterizaPon&of&Molecular&Determinants&of&the&ConformaPonal&Stability&of&
Macrophage&MigraPon&Inhibitory&Factor:&Leucine&46&Hydrophobic&Pocket.&PLoS&ONE&7(9):&e45024.&doi:10.1371/journal.pone.0045024&
hFp://www.plosone.org/arPcle/info:doi/10.1371/journal.pone.0045024&

Nicola&A.&&Spaldin&

A-beginner's-guide-to-the-modern-theory-of-polariza5on-

Journal&of&Solid&State&Chemistry&Volume&195&2012&2&R&10&

hFp://dx.doi.org/10.1016/j.jssc.2012.05.010&

More diverse applications 

Oct&9,&2012& CUSO&doctoral&program&in&physics& 31&

Fig.&8&&&Conceptual&drawing&of&reverse&flood&reacPve&reservoir&management.&Contours&illustrate&stripping&of&SO<ce:inf&loc="post">&2</ce:inf>&&
from&the&supercriPcal&CO<ce:inf&loc="post">&2</ce:inf>&.&

VassilikiRAlexandra&&Glezakou&,&B.&&Peter&McGrail&,&H.&&Todd&Schaef&

Molecular-interac5ons-of-SO<ce:inf-loc="post">2</ce:inf>-with-carbonate-minerals-under-coTsequestra5on-condi5ons:-A-combined-

experimental-and-theore5cal-study-

Geochimica&et&Cosmochimica&Acta&Volume&92&2012&265&R&274&

hFp://dx.doi.org/10.1016/j.gca.2012.06.015&
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E.&&Men?ndezRProupin&,&S.&&CervantesRRodr?guez&,&R.&&OsorioRPulgar&,&M.&&FrancoRCisterna&,&H.&&CamachoRMontes&,&M.E.&&Fu...&

Computer-simula5on-of-elas5c-constants-of-hydroxyapa5te-and-fluorapa5te-

Journal&of&the&Mechanical&Behavior&of&Biomedical&Materials&Volume&4,&Issue&7&2011&1011&R&1020&

hFp://dx.doi.org/10.1016/j.jmbbm.2011.03.001&

Dentistry functional theory 

Fig.&8&&&OpPmized&PBE1PBE/6R31G(d,p)&geometries&for&the&most&stable&ICs&at&1:1&SRT/?CD&(a),&IV&(b)&VIII&and&at&1:2&SRT/?CD&(c)&X.&

Joel&J.&&Passos&,&Frederico&B.&&De&Sousa&,&Ivana&S.&&Lula&,&Elison&A.&&Barreto&,&Juliana&Fedoce&&Lopes&,&Wagner&B.&&De&A...&

Mul5Tequilibrium-system-based-on-sertraline-and-?Tcyclodextrin-supramolecular-complex-in-aqueous-solu5on-

InternaPonal&Journal&of&PharmaceuPcs&Volume&421,&Issue&1&2011&24&R&33&

hFp://dx.doi.org/10.1016/j.ijpharm.2011.09.026&

Fig.&4&&&Anisotropies&(direcPonal&difference&profiles)&?<ce:italic>&J</ce:italic>&(<ce:italic>&p</ce:italic>&<ce:inf&loc="post">&<ce:italic>&z</ce:italic>&
</ce:inf>&)&for&(a)&CaTiO<ce:inf&loc="post">&3</ce:inf>&&and&(b)&SrTiO<ce:inf&loc="post">&3<...&

K.C.&&Bhamu&,&Alpa&&Dashora&,&Gunjan&&Arora&,&B.L.&&Ahuja&

Nature-of-bonding-in-CaTiO<ce:inf-loc="post">3</ce:inf>-and-SrTiO<ce:inf-loc="post">3</ce:inf>:-A-Compton-sca[ering-study-

RadiaPon&Physics&and&Chemistry&Volume&81,&Issue&7&2012&728&R&734&

hFp://dx.doi.org/10.1016/j.radphyschem.2012.04.010&

Not everything is rosy 

Oct&9,&2012& CUSO&doctoral&program&in&physics& 36&
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Perspective on DFT 
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THE JOURNAL OF CHEMICAL PHYSICS 136, 150901 (2012)

Perspective on density functional theory
Kieron Burke
Department of Chemistry, 1102 Natural Sciences 2, University of California, Irvine, California 92697, USA

(Received 21 December 2011; accepted 2 April 2012; published online 17 April 2012)

Density functional theory (DFT) is an incredible success story. The low computational cost, com-
bined with useful (but not yet chemical) accuracy, has made DFT a standard technique in most
branches of chemistry and materials science. Electronic structure problems in a dazzling variety of
fields are currently being tackled. However, DFT has many limitations in its present form: too many
approximations, failures for strongly correlated systems, too slow for liquids, etc. This perspec-
tive reviews some recent progress and ongoing challenges. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4704546]

I. INTRODUCTION

Over the past 20 years, density functional theory (DFT)
has become a much used tool in most branches of chemistry.1

Many experimental investigations in organic and inorganic
chemistry routinely include such calculations, using a pop-
ular code, a standard basis, and a standard functional
approximation.2 A similar transformation is now underway
in materials science where, in the past decade, improvements
in both hardware and codes have made it possible to perform
systematic comparisons with experiment across large ranges
of materials, learning which approximations work and why,
and allowing for true first-principles predictions of properties.
Among notable recent successes are the prediction of new
catalysts,3 new Li battery materials4 in the Materials Genome
Project. A complementary aspect of this story is shown in
Fig. 1, which shows the number of papers given by Web of
Knowledge when DFT is searched as a topic (grey bars). This
will soon reach 10 000 per year, vindicating the 1998 Nobel
prize in chemistry, which was shared by Kohn5 for inventing
the theory and by Pople6 for developing computational meth-
ods in quantum chemistry. The figure also marks the fraction
of papers citing B3LYP,7, 8 currently the most popular approx-
imation in chemistry, and PBE, 9 the most popular approxima-
tion in materials. Clearly, applications to materials will soon
outstrip those in chemistry.

This perspective is for a general audience, and focuses
on fundamental general aspects of DFT, rather than detailed
computational procedures and results for specific systems.
Because DFT is now applied so broadly, no such article can
hope to be comprehensive. The topics covered here are de-
signed to give a flavor of how the field works, and are mostly
those I have personally worked in. Great longer reviews exist:
for experts,10–12 for users,13 and for neophytes.14, 15 I work
always within the Born-Oppenheimer approximation and the
non-relativistic limit. I will not discuss convergence of ba-
sis sets, but blithely assume all calculations are converged.
I use atomic units (lengths in bohr, energies in hartree) ex-
cept where otherwise specified. For simplicity, I refer al-
ways to density functionals, but modern calculations and
theory are always within spin-density functional theory, a
generalization.16

II. A BRIEF HISTORY

Our story begins in 1926 with the creation of Thomas-
Fermi theory,17, 18 an approximate method for finding the elec-
tronic structure of atoms using just the one-electron ground-
state density, ρ(r), but too crude to bind molecules.19 In the
1950s, Slater20 intuitively combined this idea with Hartree’s
orbital method21 in the Xα scheme. Later, the Hohenberg-
Kohn (HK) theorem22 proved that an exact method based on
ρ(r) exists in principle. The modern version in use today is
Kohn-Sham (KS) DFT, which defines self-consistent equa-
tions that must be solved for a set of orbitals whose den-
sity, ρ(r) is defined to be exactly that of the real system.23

In these equations, a small but vital contribution to the en-
ergy, the exchange-correlation (XC) energy, must be given in
terms of ρ(r). In principle, and for small systems, this func-
tional can be found exactly, but turns out to be more expensive
than direct solution of the Schrödinger equation.24 In practi-
cal calculations, the XC contribution is approximated, and the
results are only as good as the approximation used.

The simplest XC approximation is the local density ap-
proximation (LDA) (Ref. 23) which became the popular
standard in calculations on solids in the 1970s and 1980s.
But molecules in LDA are typically overbound by about 1
eV/bond, and in the late 1980s generalized gradient approx-
imations (GGAs) (Ref. 25) produced an accuracy that was
useful in chemical calculations. In the early 1990s, hybrids
were introduced by Becke,7 replacing a fraction of GGA
exchange26 with Hartree-Fock (HF) exchange, leading to the
ubiquitous B3LYP,8 the most popular approximation in use in
chemistry today. On the other hand, the PBE GGA (Ref. 9)
has come to dominate applications to extended systems (ma-
terials). We denote these three (LDA, PBE, and B3LYP) as
the standard approximations, meaning that they are the most
popular examples of each type of approximation, and domi-
nate the user market, as shown by Fig. 1.

To give an idea of how much (or how little) progress
is made in DFT development, we go back to the year of
the Nobel prize, 1998. Some of the most prominent practi-
cal difficulties from back then include (i) fundamental gaps
of bulk solids are underestimated, (ii) van der Waals in-
teractions missing from popular functionals, (iii) strongly

0021-9606/2012/136(15)/150901/9/$30.00 © 2012 American Institute of Physics136, 150901-1
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FIG. 1. Numbers of papers when DFT is searched as a topic in Web of
Knowledge (grey), B3LYP citations (blue), and PBE citations (green, on top
of blue).

correlated systems poorly treated, and (iv) no good scheme for
excitations. Of course, there are many others, but this sample
will give us some idea of how things work. The rest of this
article interweaves sections labeled progress, indicating ar-
eas where substantial progress has been made since that time,
with general background, explaining relevant concepts, and
challenges, areas that need improvement and where we can
hope for progress in the next decade.

III. PROGRESS: MATERIALS AND NANOSCIENCE

As shown in Fig. 1, materials applications now share
the limelight with chemistry. Nanoscience completely inter-
weaves these two, such as when a molecule is adsorbed
on a surface. Many areas of materials research, especially
those related to energy, desperately need input from elec-
tronic structure methods. Most calculations of materials use
codes that differ from traditional quantum chemistry codes,
because they employ plane waves that satisfy periodic bound-
ary conditions.27 Such calculations converge much faster to
the bulk limit than by taking ever larger finite clusters of the
material. In fact, almost all popular codes are designed either
for finite molecular systems28 or for extended bulk systems,29

although codes that treat both are beginning to appear.30, 31

In solid-state physics, DFT has always been more pop-
ular than traditional approaches to the Schrödinger equation,
because the Hartree-Fock approximation has unpleasant sin-
gularities for zero-gap materials, i.e., metals. The next logical
step32 beyond the standard approximations are meta-GGAs,
which include the kinetic energy density as an input, and
can yield accurate ground-state energies simultaneously for
molecules, solids, and surfaces.33 But an outstanding failure
has been DFT’s inability to provide good estimates of the
fundamental gaps of semiconductors and insulators, a crucial
quantity for much materials research, such as impurity levels
in doped semiconductors.34

The fundamental (or transport) gap is I − A, where I is
the ionization potential and A is the electron affinity. It is well
established that the KS gap, i.e., the difference between the
KS HOMO and LUMO energies, does not equal this value,
even with the exact XC functional.35, 36 Calculations suggest

that the KS gap is typically substantially smaller (by about
50%) than the fundamental gap for semiconducting solids.37

The LDA and GGA approximations yield accurate KS gaps,
but it is the fundamental gap that is of real interest. In princi-
ple, I − A can be found by adding and subtracting electrons
from a large cluster of the material. Unfortunately, in LDA
or GGA, this gap, found by total energy differences, incor-
rectly collapses to the KS gap, because these approximations
wrongly allow electrons to completely delocalize over insu-
lating solids. Such approximations lack a derivative disconti-
nuity that prevents this over delocalization.36

A practical way around this problem is to use a hybrid,
but treating the exchange term as orbital dependent, via gen-
eralized KS theory.38 With mixing parameters of about 20%,
this typically yields much better gaps for semiconductor ma-
terials. A recent functional, called HSE,39, 40 not only mixes
in some HF, but also performs a range-separation. Based on
exact theorems of Savin,41 the short-range part of the HF is
treated exactly, while the long-range contribution is treated by
approximate DFT. The resulting functional, used to calculate
gaps in the generalized scheme, appears to work accurately
for a large variety of moderate-gap semiconductors,40 over-
coming the problems of LDA and GGA. It yields accurate
fundamental gaps when excitonic effects are negligible, and
is closer to optical gaps when they are not.42, 43

This kind of progress is very welcome in an era in
which we must accurately tackle moderately correlated sys-
tems. Transition metal oxides play vital roles in many energy-
related problems, such as creation of efficient photovoltaics.44

The standard approximations over-delocalize the d-electrons,
leading to highly incorrect descriptions. Many practical
schemes (HSE,39 GGA + U,45, 46 and dynamical mean-field
theory (Ref. 47)) can correct these difficulties, but none has
yet become a universal tool of known performance for such
systems. Very recently, a promising non-empirical scheme
has been suggested for extracting gaps using any approximate
functional.48

An alternative approach to directly tackling such prob-
lems is to study them in simpler situations, and test sug-
gested remedies on cases where exact, unambiguous answers
can be easily obtained. Recently, an extremely powerful tech-
nique for direct solution of many-body problems, called den-
sity matrix renormalization group (DMRG), has been adapted
to tackle a one-dimensional (1D) analog of the real world.49

DMRG is powerful enough to calculate the exact XC func-
tional on systems of 100 atoms or more.24 We will see how the
exact functional deals with strongly correlated insulators and
which new approximations are working for the right reasons.

For more than a decade, researchers have been perform-
ing DFT calculations of molecular conductance, calculating
the current in response to a bias applied to a molecule caught
between two metal leads.50 This problem is prototypically
difficult for present electronic structure methods.51 This is a
steady state situation, not a ground-state one. Model Hamil-
tonians typically used to study this kind of physics are insuf-
ficiently accurate, as several hundred atoms must be treated
to achieve chemical realism.52 A standard approach, combin-
ing the Landauer formula53 with ground-state DFT and of-
ten called non-equilibrium Green’s functions (NEGF),54 is

Downloaded 11 May 2012 to 178.195.192.227. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

Things users despise about DFT 

"  No&simple&rule&for&reliability&
"  No&systemaPc&route&to&improvement&
"  If&your&property&turns&out&to&be&inaccurate,&
must&wait&several&decades&for&soluPon&

"  Complete&disconnect&from&other&methods&
"  Full&of&arcane&insider&jargon&
"  Too&many&funcPonals&to&choose&from&
"  Can&only&be&learned&from&a&DFT&guru&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 38&

Things developers love about DFT 

"  No&need&to&be&reliable&
"  No&route&to&systemaPc&improvement&
"  If&a&property&turns&out&to&be&inaccurate,&can&
spend&several&decades&looking&for&soluPon&

"  No&need&to&connect&other&methods&
"  Lots&of&lovely&arcane&insider&jargon&
"  Oh&so&many&funcPonals&to&choose&from&
"  Everyone&needs&their&own&DFT&guru&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 39&

Alphabet soup – Peter Elliott 

Oct&9,&2012& CUSO&doctoral&program&in&physics& 40&
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Materials genome from first 
principles? 

Oct&9,&2012& CUSO&doctoral&program&in&physics& 41&

Illustration 

Oct&9,&2012& CUSO&doctoral&program&in&physics& 42&

TCD06& 43&

Particle in a box 
•  Usual&formula&

•  Atomic&units,&box&length&1:&

,...3,2,1,
8 2

22

== j
mL
jhEj

,...3,2,1,
2

2
2

== jjE j
π

TCD06& 44&

Wavefunctions 

j=1&

j=3&

j=2&

j=4&
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TCD06& 45&

Particles in a box: n(x)=Σ|φj(x)|2%
Simple example: Flat box 

•  PotenPal&v=0&with&
hard&walls&at&x=0&
and&1&

•  Exact&density&(sum&
of&sin2(jπx))&for&N=4&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 46&

Kinetic energy in 1d 

•  Approximate&kinePc&
energy&by&local&
funcPonal:&

&
•  Dimensional&analysis&
gives:&&

&

•  Minimize,&by&
spreading,&to&find:&

∫= ))(( xfdxT locs ρ

∫= )(3 xdxaT s
loc
s ρ

Oct&9,&2012& CUSO&doctoral&program&in&physics& 47&

L
N

x =)(ρ

Ts =
1
2

dx
dϕ j

dx
!

"
#

$

%
&

2

j
∑∫

Simple example: Flat box 

•  PotenPal&v=0&with&
hard&walls&at&x=0&
and&1&

•  TF&density,&
n=constant=4&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 48&
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Simple example: Flat box 

•  PotenPal&v=0&with&
hard&walls&at&x=0&
and&1&

•  TF&density&misses&
quantum&oscillaPons&
and&violates&
boundary&condiPons&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 49& TCD06& 50&

Setting the constant 

•  Exact&formula:&
%
•  For&large&N:&

•  Choose&As=π2/6&to&make&
exact&in&this&limit.&

•  Remarkably,&Tsloc&is&exact&
for&ALL&bounded&problems&
as&N&gets&large&

6
12

2

2

1

2
2

2

)1(
22

)( +

=

+== ∑ N
N

j
NN

L
j

L
NE ππ

2

22

6
)(

L
N

N
NE π

→

N Ts Ts
loc 

1 4.934 4.112 
2 24.67 21.79 
3 69.09 62.92 

Accuracy of local approximation 

•  Exact&formula:&
%
•  For&large&N:&

•  Choose&as=π2/6&to&make&
exact&in&this&limit.&

•  Remarkably,&Tsloc&is&exact&
for&ALL&bounded&problems&
as&N&gets&large&

)1)(2/1(
62

)( 2

2

1

2
2

2

++== ∑
=

NNN
L

j
L

NE
N

j

ππ

2

22

6
)(

L
N

N
NE π

→

Oct&9,&2012& CUSO&doctoral&program&in&physics& 51&

N Ts Ts
loc[ρloc] 

1 4.93 1.64 

2 24.7 13.2 

3 69.1 44.4 

4 148.0 105.3 

∫= )(
6

3
2

xdxT locs ρ
π

Survey of advanced topics 

•  Note:&CECAM&program&next&week&on&van&der&
Waals.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 52&



10/5/12&

14&

Strongly correlated systems 

•  Study&basic&phenomena&and&failures&of&all&
funcPonals&for&stong&correlaPon&

•  RelaPon&between&laice&Hamiltonians&and&
realRspace.&

•  Very&important&for&oxides&and&other&energyR
related&materials.&

•  Dynamical&mean&field&theory&doing&very&well&
here.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 53&

Molecular electronics 

•  Should&we&expect&DFT&calculaPons&of&current&
through&molecules&to&be&accurate?&

•  A&perfect&case&study&in&understanding&DFT&
•  Right&on&the&border&between&weak&methods&
and&strong&methods.&

•  Recent&breakthroughs&showing&exactness&of&
KS&current&for&Anderson&juncPon&&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 54&

Semiclassical origins of 
approximate functionals 

•  From&day&1,&semiclassical&methods&were&used&
to&derive&funcPonals&

•  Much&harder&to&see&in&KS&formalism.&
•  Last&7&years,&we’ve&been&studying&connecPon.&
•  Very&fruiÄul,&led&to&PBEsol,&and&fundamentals&
of&potenPal&funcPonal&theory.&

•  Much&deeper&understanding&of&funcPonal&
performance&than&in&literature.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 55&

Fundamentals of TDDFT 

•  TDDFT&has&even&weirder&logic&than&groundR
state&DFT.&

•  We’ll&understand&role&of&memory&effects,&
biggest&source&of&error&(maybe)&in&present&
TDDFT&

•  ApplicaPons&to&lowRenergy&electron&scaFering&
•  RepresentaPon&problems&and&new&results&
overturning&some&foundaPonal&papers.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 56&
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Finding functionals with machines 

•  Combine&powerful&new&methodology&from&
computer&science&(machine&learning)&with&DFT&
to&find&funcPonals.&

•  For&a&toy&problem,&we&produced&the&most&
accurate&DFT&approximaPon&ever.&

•  Violates&almost&everything&taught&in&week&1.&
•  Can&even&predict&when&it&is&accurate.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 57&

Thermal DFT 

•  Much&recent&interest&in&warm&dense&maFer&
– NaPonal&igniPon&facility&
– Planetary&interiors&
– Z&machine&

•  Basic&theorem&by&Mermin&
•  Development&of&temperatureRdependent&
funcPonals.&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 58&

Vote 

A.  Strong&correlaPon&
B.  Molecular&electronics&
C.  Semiclassical&analysis&
D.  Advanced&TDDFT&
E.  Density&funcPonals&from&machine&learning&
F.  Thermal&DFT&and&warm&dense&maFer&

Oct&9,&2012& CUSO&doctoral&program&in&physics& 59&


