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Basic problem

Basic Electronic Structure Problem

* Non-relativistic

Born-Oppenheimer approximation
No external B field

First principles
Ab initio?

+ Just want E(R), mostly (fixed nuclei, electrons in
ground state):

Eina(R)
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Dominance of ground-state energy

+ Determines which molecules and solids exist
and many of their most basic properties

* Bond lengths / lattice parameters

+ Vibrational frequencies / phonons

* Reaction rates via transition-state barriers

+ Vital in chemistry, increasingly so in materials

+ Often care more about response properties in
physics
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Hamiltonian for N electrons in the presence of external potential v(r): )

A=T+Ve.+V,
where the kinetic and elec-elec repulsion energies are

1N
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and difference between systems is N and the one-body potential
N

V= Z v(r;)

i=1
Often v(r) is electron-nucleus attraction
ZOL
vir)=->) ——
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where « runs over all nuclei, plus weak applied E and B fields.

{(T+Ve+VIV=FEV
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E = min(W|T + Vi 4 V|W)

J

Useful books for materials

Richard M. Martin Richand M. Mavtin, Lecia Relning, 00 David M. Cepedey
Electronic Structure InteraCtmg
Basic Theory and Practical Methods EleCtrons

Theory and Computational Approaches

B. DFT (ground-state)
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Useful intro for anyone

TUTORIAL REViEW 8UAN'£ M

DFT in a Nutshell

Kieron Burke™’ and Lucas O. Wagner*®®!

The purpose of this short essay is to introduce students and
other newcomers to the basic ideas and uses of modern
electronic density functional theory, including what kinds of
approximations are in current use, and how well they work (or
not). The complete newcomer should find it orients them well,
while even longtime users and aficionados might find

something new outside their area. Important questions
varying in difficulty and effort are posed in the text, and are
answered in the Supporting Information. © 2012 Wiley
Periodicals, Inc.

DOI: 10.1002/qua.24259
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basics of TODFT linear

) song.
32K viewe 2 yearaage 1.9 viewe 2 years ago Tviowa 2 yeata a0

Approximation
12K views - 2years o

K views - 2years ago 76 iews  2years ag0 222 ez Yo ) P e e e v

-, L la

e

generalized Kohn Shamand  surprises n DFT meta 6o chemicalreactivity theory  memory in TODFT. magnetism and DFT
Geivative discontinuty

567 vews 2 years ago 551 vews - 2years ago 72uiews  2years ago 462 views  2years ag0 456 viows +2years ago
21 ewe 12 yoars o0

il
- . 5.2
holes
Statc conelation . deonsitios Soparated hybrids adiabatic comnection charges:
Aaviews  2years ago 365 views - 2years ag0 296 vows - 2yoars ago 267 vews - 2years ag0 240 viows - 2years ago
other mathematical thought-. 36 s . years ago 216 vews - 2years ago 208 vews - 2years ago e 117 vews - 2years ago

10

DFT on Coursera
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Thomas/Fermi Theory 1927

+ Derived in 1926 without Schrodinger eqgn.

“The Caleulation of Acomic Fields

LW T (e Coms. i S 21,5255
et s Noveter, e 2 Nt 19261

* Thomas-Fermi Theory (TF): ;ﬁm
A B bR
— V..= U = Hartree energy T =¥’3m f d’r n®(r)
V= [drp(r) v(r) |
— E=T+V,+V =S fdr fdr
— Minimize Eq[n] for fixed N
* Properties:
— Typical error of order 10%
— Teller's unbinding theorem: Molecules don't bind.

n(rnr')
lr—=r'l
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Hohenberg-Kohn theorems (1964)

* HKI:1-1 between n(r) and v(r)

+ HKII: F[n] is independent of v(r) [universal]

HK 1ll: Minimize F+V for fixed N to find n(r)
E = mwin<\u\?+ Ve + V)W)

» Constrained searc = mp{Ftn+ [ @ von |

where

Fln] = (WIT + Voo W)

min
Won

+ TF a crude approximation to exact theory
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[ KS equations (1965) }

Define fictitious non-interacting electrons satisfying: 4

1 N
{37+ u}am=go.  LlaR = ).
=i

where vs(r) is defined to yield n(r).
Define Ts as the kinetic energy of the KS electrons, U as their
Hartree energy and

F= T+ Vee=Tot Ut Exc
the remainder is the exchange-correlation energy. B

Most important result of exact DFT: v(r) 2
B
, |
n(r -
)= i) +/43,‘r£3,‘ + vieln(r), e
Knowing Ex.[n] gives closed set of self- TAUATIONS.
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XC approximations 20 yrs ago } [ Cool DFT appl ications }
* Local density approximation (LDA) = ziov = 4, [ ute) ::;w 2 R
— Uses only n(r) at a point. Ag = —(3/4)(3/m) = —0.738 j:
€ fa.
. (GGe(gz;ahzed gradient approx pon _ /diregcc"(n(r).wn(r)l) fé&e
— Uses both n(r) and IVn(r)l i
— Should be more accurate, corrects o m
overbinding of LDA e
— Examples are PBE and BLYP
« Hybrid (global): B = a (B — BSO) + BSS
— Mixes some fraction of HF with GGA
— Examples are B3LYP and PBEO
Kieron Burke Exciting Tutorial basic DFT 15 Kieron Burke utorial basic DFT
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Many codes implement similar algorithms. m

Top Algorithms among NERSC
codes Allocation Year 2018 Regrouped top 50 codes by
similar algorithms.

A small number of
benchmarks can represent a
large fraction of the workload.

Climate
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Basic successes ground-state DFT

Kieron Burke Exciting Tutoria

* Local, semi-local, hybrid, vdw-corrected

approximations yield useful accuracy for weakly
correlated systems

+ Works for both solids and molecules
+ Some find functionals from general rules of

quantum mechanics (eg Perdew), some from fitting
databases (eg Truhlar)

+ Perdew functionals work comparably well for solids

and molecules simultaneously

* Many fitted functionals work only for molecules,

but more accurate for those cases.

basic DFT 18
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C. Differences in subjects }
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Chemistry versus physics

* Primary focus in physics: Response properties
— Optical versus photoemission, etc.

* Primary focus in quantum chemistry: Ground-
state energies to high accuracy
— Tells you what bonds are formed and reaction rates
— Chemical accuracy (1 kcal/mol)
— CCSD(T) fails for multireference systems
— Accuracy for weak bonds 0.1 kcal/mol

« Materials science needs both

Kieron Burke Exciting Tutorial basic DFT 20
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Molecules versus materials

Traditionally, molecular codes distinct from
materials codes

Free boundaries versus periodic BCs

Molecular codes usually use Gaussians centered on
atoms

Solid state codes often use plane waves

Chemists have many databases, and can compare
with highly accurate quantum chemical calculations

Very little reference data for solids

Basis sets in chemistry downloadable, allowing 10
digit replication of energies with different codes
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Reproducibility and benchmarking

In quantum chemistry, Pople created the concept
of a ‘'model chemistry’

Model chemistry=a method plus a basis set

Can get the same result to about 10 digits
anywhere, anytime, with any professional-level
code.

The G2 data set is benchmark experimental and
calculated data agreeing within 0.05 eV.

In famous 1993 paper, Pople et al showed DFT

could yield about 0.15 eV accuracy for covalent
bond energies.

21 22
GMTNK55 Cost
Super database of 55 databases + With GGA, KS cheaper than HF, scales N3
About 1500 numbers « CCSD(T) scales N7
New methods routinely tested against it * Moderate cluster, a week for CCSD(T) 20 atoms
Many numbers at CCSD(T) level + Decent desktop, a morning for 200 atoms HF
or DFT.
Beginning to see CCSD(T) no longer accurate
enough
23 24
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Performance

* Most cases, CCSD(T) gives chemical accuracy
(error < 1 kcal/mol) for main group chemistry if
converged

+ Gives signal if there are known unknowns

+ Dissociates H correctly, but not N> because of
single-reference starting point
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Solids

* Much harder to do calculations
* Much harder to guarantee convergence

* See Science article 2016
* No real databases
* Much benchmark data from expt

Kieron Burke Exciting Tutorial basic DFT
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D Modern functional approximation
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Heart of commonly-used XC approximations

* Local density approximation (LDA)  piwsj,) - i, [ wi(r)
— Uses only n(r) at a point. A = (a8 = —0.780

* Generalized gradient approx
(GGA)
— Uses both n(r) and IVn(r)|

— Should be more accurate, corrects
overbinding of LDA

— Examples are PBE and BLYP

ESCA = /d"r eS8 (n(r), [Vn(r)|)

* Hybrid (global): ERP = a(Ex — E{Y) + BN
— Mixes some fraction of HF with GGA
— Examples are B3LYP and PBEO

xciting Tutorial basic DFT
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Exact conditions on Ey.

+ Can deduce many exact properties satisfied by
Exc

* Ex[n,] =y Ex[n] where n,(r) =y’ n(y r)
« Ex[nyn,] = Ex[n;,0] + Ex[0,n|]

* | =-gHomo

Perdew approach

* Choose conditions to ensure reasonable
performance on molecules and solids

* Nowadays, include appropriate norms (eg H atom,
uniform gas) but no covalent bonds

+ At each level, find a single functional for all
systems

Kieron Burke Exciting Tutorial basic DFT

29

30

Jacob’s ladder

RARTREE WORWD

Kieron Burke Exciting
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Toulouse book chapter

Kieron Burke Exciting
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Head-Gordon and Mardirossian review

3 OPEN ACCESS

Thirty years of density functional theory in computational chemistry: an overview
and extensive assessment of 200 density functionals

Narbe Mar

ind Martin Head Gordor®>

Ut Chemicascences
eley Netona aboratory,Berale,CA USA

Kieron Burke
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Different approximations

Almost all materials calculations use a
functional created by Perdew et al

* Moderate accuracy for both materials and
molecules

* Most chemical user calculations do not
— B3LYP, old but standard
— wB97-V is very accurate for GMTNKS55 databases
— Use D3 or D4 dispersion

Kieron Burke Exciting Tutorial
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GS energy is 99% of everything

* Successes (and failures) of GS DFT do not
automatically mean TDDFT will ‘work’

+ Almost all applications of gsDFT focus solely on
E and its derivatives

* A KS calculation also yields gs density and KS
eigenvalues/eigenvectors, both occ and unocc

+ Density is rarely looked at; usually, but not
always, ‘pretty’ good

+ Eigenvalues are usually ‘very bad’, unless fixed

xciting Tutorial basic DFT

Exact conditions

* Most chemistry functionals ignore exact
conditions. Yet do very well on databases.
* How come? 0s

—— gedanken density
He density /7

y R. Pederson and K. Burke, (2023). arkiv: 2303.01766
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Summary

Ground-state DFT is successful on a vast scale,
covering many areas

Typically delivers useful accuracy

Big differences between chemical and material
communities

Perdew functionals interpolate between solids and
molecules

Thanks to you, students and collaborators, and NSF
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