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Failure of Semi-Local Functionals for Transition Metals @ﬁ:ggi?a.
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Ratio of d and f shell volume to Wigner-
Seitz volume of transition elements
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Develop an exchange-correlation functional
that takes electron confinement into account.

6 Motivation acangi@sandia.gov




Constructing Exchange-Correlation Functionals
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* Exactly solvable reference systems
* Exact constraints
* Chemical intuition

unoccupied {¢;(r)} Jgeneralized RPA | RPA+

exc(n, Vn, Vn, )
exc(n, Vn)

\ Exc (n)

Chemical accuracy

(1 kcal/mol, 0.002 Hartree)
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7(r), V3n(r) meta-GGA TPSS, SCAN

Vn(r) GGA PBE, AMO5

n(r) LDA
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Hartree world
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Subsystem Functional Scheme @ Natorl
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EXC — /Q dr ’I’L(I‘) €xc [n7 V’n, [ {fy]’ T]j }] (I‘) Universal interpolation through the

l \ electron localization function

Divide domain Specialized functionals in
into subsystems different subsystems

Exactly known subsystems
* Uniform electron gas

* Airy gas

=—Fz —o0o<z<L

e o> I , ®;(2) < Ai(z)

ﬁ:T+Vext{

* Harmonic oscillator gas  H =T + =22, ¢:(r) o e'F1otk2v) [T (1) ¢/

Results acangi@sandia.gov




Exchange from the Harmonic Oscillator Gas () i
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Exchange from the Harmonic Oscillator Gas () i
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Exchange from the Harmonic Oscillator Gas () i
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Enhancement Factor of HOG Exchange @ﬁ%ﬁﬂiﬁ’an
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Enhancement Factor of HOG Exchange () i
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Enhancement Factor of HOG Exchange () i
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Enhancement Factor of HOG Exchange () tiorm
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Parametrization of HOG Exchange
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Accurate parametrization across a wide range of confinement parameters
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Bulk-Surface-Confinement Exchange-Correlation Functional @ﬁgﬁgﬁm_
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Bulk-Surface-Confinement Exchange-Correlation Functional @ﬁgﬁﬂiﬁm
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Bulk-Surface-Confinement Exchange-Correlation Functional @ﬁgg:‘,‘:a,
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Bulk-Surface-Confinement Exchange-Correlation Functional @%ﬁgﬁm
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Constraining the Functional Form with the Jellium Surface () i
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l

Divide domain
into subsystems

Results

|

Specialized functionals in
different subsystems

Density

Laboratories

{  Jellium surface

Uniform

/Background, ny (x)

Electrons, n (x)
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Assessing the XC Enhancement Factor Natoral

Properties

Exchange

* Recovers the correct uniform gas limit

* Satisfies linear response of the UEG o e
(quadratic in the small s limit) " LO bound PBE |

* Partially satisfies LO and tight bound 1.5
- tight bound

Correlation X 1.0} BSC (ELF= 005)
* Recovers the correct uniform gas limit L
0.5|
| BSC (ELF=1) -
0. 8 .............................
0 05 10 15 20 25 3.0

S
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Assessing the XC Enhancement Factor for the Jellium Surface @Eﬁ%{gm

Properties

Exchange

* Recovers the correct uniform gas limit

* Satisfies linear response of the UEG
(quadratic in the small s limit)

* Partially satisfies LO and tight bound

Eyo = /dr n(r) e;nif(n) Fxc (n, |VTL|, 7')

Correlation §<>
* Recovers the correct uniform gas limit L

05 10 15 20 25 30
S

acangi@sandia.gov
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Assessing the Bulk-Surface-Confinement (BSC) Functional () i
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Jellium surface

r's Oxeh  Oxe”  Oxe Oy Oxe
2.00 3354 3413
2.07 2961 3015
230 2019 2060
2.66 1188 1214
3.00 764 781
328 549 563
4.00 261 268

MAPE 2 -
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Assessing the Bulk-Surface-Confinement (BSC) Functional () i
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Jellium surface

I's Oxc.  Oxe.  Oxc Oxc.  Oxc
2.00 3354 3264 3413
2.07 2961 2879 3015
2.30 2019 1960 2060
2.66 1188 1150 1214
3.00 764 738 781
3.28 549 530 563
4.00 261 251 268

MAPE 2 5 —
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Assessing the Bulk-Surface-Confinement (BSC) Functional () i
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Jellium surface

I's Oxc.  Oxe.  Oxc Oxc.  Oxc
2.00 3354 3264 3414.0 3413
2.07 2961 2879 3014.6 3015
2.30 2019 1960 2058.4 2060
2.66 1188 1150 1213.5 1214
3.00 764 738 782.0 781
328 549 530 5634 563
4.00 261 251 269.6 268

MAPE 2 5 0.4 —
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Assessing the Bulk-Surface-Confinement (BSC) Functional () i

Jellium surface

I's Oxc.  Oxe.  Oxc Oxc.  Oxc

2.00 3354 3264 3414.0 3413.72 3413
2.07 2961 2879 3014.6 3014.64 3015
230 2019 1960 2058.4 2058.99 2060
2.66 1188 1150 1213.5 1214.07 1214
3.00 764 738 782.0 782.01 78l
328 549 530 5634 56299 563
400 261 251 269.6 267.73 268
MAPE 2 5 0.4 0.05 —

29
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Avoiding Step Features
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Jellium surface
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2.00 3354 3264 3414.0 3413.72 3413
2.07 2961 2879 3014.6 3014.64 3015
2.30 2019 1960 2058.4 2058.99 2060
2.66 1188 1150 1213.5 1214.07 1214
3.00 764 738 782.0 782.01 781
328 549 530 5634 562.99 563
400 261 251 269.6 267.73 268
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Avoiding Step Features
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Jellium surface
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2.00 3354 3264 3414.0 3413.72 3412.84 3413

2.07 2961 2879 3014.6 3014.64 3014.64 3015

230 2019 1960 2058.4 2058.99 2059.64 2060

266 1188 1150 1213.5 1214.07 1213.99 1214 s

3.00 764 738 782.0 782.01 781.43 781 At

328 549 530 5634 56299 56227 563 . ;

400 261 251 269.6 267.73 268.13 268 1 f
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S
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Generating a Test Set of Binary Transition Metal Compounds Natoral
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Liz Decolvenaere (DE Shaw Research)

Element Mn Fe Co Ni Cu|Y Z Nb Mo Tc Ru Rh Pd Ag|Hf Ta W Re Os I Pt Au

Selection of binary transition metal compounds
* 26 transition metals
* 80 binary compounds

* Experimentally known configurations
* Several functionals (LDA, PW91, PBE, AMO5, PBEsol, RTPSS, SCAN)

Data analysis

* Standard test set
All experimental and DFT ground states and “almost” ground states

* Micro test set
< 300 structures capturing the most astounding failures and important
experimental results

* Macro test set

All ~12,000 structures

Data management
NIST Materials Data Repository A

The National Institute of Standards and Technology has created a materials science data

W\ repository as part of an effort in coordination with the Materials Genome Initiative (MGI) to . L
establish data exchange protocols and mechanisms that will foster data sharing and reuse I Forma’tlon 2 G rou nd Lattlce EIaStlc
across a wide community of researchers. with the gog\ of enhancing th quality of rpater\a\s energies State energles constants constants
data and models. Data present on this system are varied and may originate from within NIST
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Summary and Acknowledgements

Summary
* Implementation in electronic structure codes

[( Libxc - a library of exchange-correlation functionals for density-functional theory

Elk code (http://elk.sourceforge.net) (https://gitlab.com/libxc/libxc)

* Assessment for materials (energetics, lattice constants, and elastic properties)

00
obg 28
£ \\ ’°°’/
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Ground-State Density Functional Theory in a Nutshell () tiorm
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Hamiltonian : H =T i 1% + T ee
Universal functional : F[n] = min (¥|T + We|¥)

v—n
Ground-state energy : FE, = min { F[n] + /dgr n(r) v(r)}

SRve
Kohn-Sham equations : €; ¢;(r) = < v + vs(r)} ¢; ()

2

\

N
Electronic density : n(r) = Z ¢; (r)o(r)

Exchange-correlation energy : F[n| = Ty|n] + U[n] + Exc|n]
oU [n] . 0 Exc|n]
on(r) on(r)

Kohn-Sham potential : vs(r) = v(r) +

35 Bac kg round acangi@sandia.gov



Wigner-Seitz Radius () i
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The  WignerSeitz is a
dimensionless radius of a
sphere that contains the
charge of one electron and is
commonly used as a measure
to characterize the density of a
system.
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[ ] o [ ] Sad.
Electron Localization Function @Na%ol?al
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ELF— ——
1+ [D/Dy]
1 |Vn(r)|?
D=7 —=
ST 8 ()
Dh — %(37‘_2)2/3 n(r)5/3

A measure of the likelihood of
finding an electron in the
neighborhood space of a
reference electron located at a
given point and with the same
spin.

Charge density Charge density gradient

acangi@sandia.gov
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BSC Exchange-Correlation Functional () i

Eycln] = /Qd37“ n(r) excn, Vo, 75 {vi}, {n:}(r)

€xo [0, V], ELF](r) = €°[n, |Vn|, ELF](r) + €c”¢[n, |Vnl|(r) e (1) _ 11 L) 2 Li(t)
EBSC = €x s {1 + [ ELF — 1][1 + Xaur (Xsurf,2 - 1)]Xsurf,2} * t12 t t
+ €2 {1+ Xupe[Xowrtz — 1} 1 — Xze Xowet,2] ao(a) =2 A(a)
— 4 as(a) = w — «
Xewr(r;me) =1— nz [ELF(r) —1/2] - 2(a) 2(a) 2A(a),
o) 2 WY = 482 T 20 TN
et 2(T5M3) = 1+ e2ms 2(r) ao(0) = D(a) B C(a)  B(a) _ Aa)
Uk n](r) = €224 [n](r) 0 28800%  48a2 ' 4o 3
esurf — avos - 1-v9-In(—2a) -T(0,—2a) 2v2a  1-—e2* 4(2a)3/2 357
[n)(x) = 2% [, |Vl (x) A(a) = o Sh e - n (18 e
Conf[ I(r) = HOG[ (¥l BLE|(r) e?@erfc(v/2a) —2a -1 2v/2a
€c”%[n, |Vn|l(r) = e [n](r) { Xauwee, 1 (1571) + [1 = Xawwea (r5m1)] (71 +7278) } Bl = J L
X (T51m1) = % Cla) = 1\6/07; [62a erfe(v/2a) — 1]
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Assessing the Bulk-Surface-Confinement (BSC) Functional () i

Laboratories

Jellium surface
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