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HabnumxeHHa o6miHHO-KOopenauinHoi eHeprii: LDA ta GGA
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B nonepeaHix cepiax

v
Teopemu XoeHbepra-KoHa n(r)'_' <{T}>

- BCi BN1ACTUBOCTI BU3HAYaOTbCA ENEeKTPOHHOK INYCTUHOLO f=3 f=3N
- (YHKUiOHaN eHeprii OCHOBOro CTaHy BUM3HAYaETbCA

HK
€NEeKTPOHHOI N'YCTUHOK OCHOBOTO CTaHy
Vext (7" )e——no(T)

PiBHAHHA KoHa-LlWema
- 3aMiHa peanbHOI CUCTEMU — CUCTEMOIO €NEKTPOHIB, AKI

He B3aEMOAIIOTb MiXK coboto

oA Uy ({ri})»Po({ri})
- NPUAATHI AN NPAaKTUYHOrO 3aCTOCYBAHHA
- PYHKUiOHaN 06MiHHO-KOpPeNAUinHOI eHeprii HeBIAOMUN
—vKs (r)e—no(r)




PiBHaHHA KoHa-lllema B peTtansax

MosHoNoOTeHUjanbHi metoaun (FLAPW)
HabaunxkeHHAa opmoUKmM Ana BUNiKaHHA madiHiB =" A=

MeTog, ,ONOBHEHUX XBUAb (PAW)
MNcesgonoTeHuianm

—%VQ + Vext (1) + VE(T) + Vee(T) ¢%<r) = €ithi(r)

HabnunxeHHs:

MosHicTio penatusictcbke (full relativistic)
CKanapHo-penaTusicTcbKe (scalar relativistic)
HepensaTtusictcbKe (non-relativistic)

HabnukeHHsA:

JNokanbHoi ryctnHm (LDA, Local Density Approximation)
Y3aranbHeHoro rpagieHTa (GGA, General-Gradient Approximation)
PoswupeHHA DFT

MetaGGA

ri6pmaHi yHKLIOHaNN
MeTog, KBasiyacTMHOK (GW)
YacosanexkHa DFT (TDDFT, time-dependent)

LDA+U




O6miHHO-KOpensauinHa eHeprina
E[n] =T[n] + U[n] + V[n]

/ v

T[n] = Ts[n] + Tc[n] Uln] = Uy[n] + U, [n]

~  —

EXC[n] = Ex[n] +Ec[n] PyHKLiOHaN 0bMiHHO-KOpenAaLinHOT eHeprii




O6miHHO-KOpensauinHa eHeprina

BapiauiiHuu nigxip,

BuTikae i3 BapiaLinHOro cnocoby otpumaHHaA eHeprii FapTpi, Konn baratoeneKkTpoHHa
XBUNbOBA PYHKLiA HAbAMKAETLCA AOOYTKOM OQHOENEeKTPOHHMUX opbiTanen. leTepmiHaHT
Cnentepa gae€ eHeprito lapTpi i 0OMiHHY eHeprito.

~ @@ ENE;EN)Pk(r)
. q 3 3 1 9@ ()P k
E.[{oi[n]}] = - 7Zijfd r[d’r —
KopenauinHy eHeprito noTim 3HaXo4ATb SIK PISHULKO MiXK MOBHOK E€HEPTiED OCHOBHOTO
CTaHy (ANna TOYHOT baraToeneKTPOHHOT XBMAbOBOI PYHKLLT) Ta TaKoi, Wo byna po3paxoBaHa
3a AJonomoroto getepmiHaHTa Cnentepa. TobTo HaABITh ii 3aNUC Yepe3 0AHOYACTUHKOBI
opbiTani HeBigOMMIA

E[n] - ?



O6miHHO-KOpensauinHa eHeprina

UmosipHicHKit nigxig,

EHepria KopenAuii — 4o4aTKOBE 3MEHLWEHHA eHeprii 33 paxyHOK cnpob eneKkTpoHiB
«YHUKATM» OHE O4HOro ANA 3HUXKEHHA eHepril KYNOHIBCbKOro BiALWTOBXYBaHHA
CunbHOKOpenboBaHa cUcTemMa — TaKa, B AKiM eHepria KopenaLii NopiBHAHA i3 iHWMMM
eHepreTUYHMMM YNeHaAMU, AK-OT O4HOYACTUHKOBOK KIHETUYHOIO EHEPIIEID YN EHEPTIED

[apTpi

Total Enegl i Exd'\ange Correlation %% Exchange % Correlation
1.5041

He -2.9065 -1.0619 -1.0182 -0.0437 35.0316
Ne -128.9577 -12.4733 -12.0902 -0.3830 9.3754 0.2970
Ar -527.5412 -30.8663 -30.1150 -0.7513 5.7086 0.1424

Kr ~2753.8291 -95.5146 -93.7655 -1.7490 3.4049 0.0635




O6miHHO-KOpensauinHa eHeprina

KopenauiHi gipku
Tow pakKT, wWo o6bMiHHA Ta KopenauinHa B3aEMOAA HamaratoTbCA TPUMATU €1IeKTPOHM
nodani oaHe BiA 0AHOro, NPUBIB A0 KOHLENUii 06MiHHO-KOpenaLuinHnX AipokK.

N, (T, ') nokasye ameHweHHs MMOBIPHOCTI 3HANTM €NEKTPOH B KOOPAMHATI I’ 3a i 0ro
3HAXO4KEHHA B TOUL, T.

: !
Exln]l = - [d®r [d3r ) NI (1)

[r—r/|



TouHicTb anpokcumauin: Stairway to Heaven

Heb6o0
[MToBHa TOYHICTb

MoBHicTio HenokanbHi metoau (GRPA)
3anexHicTb Big He3alHATMX opbiTanen

Hybrid GGA & Double Hybrid GGA
3anexHicTb Big 3anHATUX opbiTanei

MiKc dyHKuioHaniB
HUXKYNX PiBHEN

IV (r) | i Meta-GGA
Vzn(r) [lofaHa 3aN1eXHICTb Bif, 'YCTUHU KiHEeTUYHOT eHepril
vn(r) GGA
[logaHa 3anexHicTb Big rpagi€HTy rycTMHm

n(r)




CxoauvHka nepuwa: Local Density Approximation

Ba3syeTbca Ha HabAMMKEHHI OAHOPIAHOIrO eNEeKTPOHHOTO rasy

T[n] ~ TPA[n] ~ T, [n] = 2= 3n2)%5 [ d*rn(r)”

E.[n] = —( ) /3fd3rn(r) /3 byHKLUioHan 06MiHHOT eHeprii

@PyHKLUiOHaN KOpenauinHOi eHeprii HEBIAOMWUIN, MOTO HABNNKAKOTb PiISHUMU METOAAMMU, AK-OT
KBaHTOoBe MoHTe-Kapno abo HabamkeHHA Bunaakosux ¢a3 (RPA, Random Phase Approximation)

ELSDA[na, nﬁ] . d3m(l‘)8xc(na(l‘), nﬁ(r)) 3ara/ibHUM BMPaA3 3 YpPaxXyBaHHAM CriHiB
XC



CxoauvHka nepuwa: Local Density Approximation

VWN (Vosko, Wilks, Nusair) — nepuwa i3 ycniwHux 3anponoHoBaHux LDA-anpoKcumau,in

Accurate spin-dependent electron liquid correlation energies for local spin density
calculations: a critical analysis
SH Vosko, L Wilk, M Nusair - Canadian Journal of physics, 1980 - cdnsciencepub.com

We assess various approximate forms for the correlation energy per particle of the spin-polarized
homogeneous electron gas that have frequently been used in applications of the local ...
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CxoauvHka nepuwa: Local Density Approximation
PZ (Perdew, Zunger)

Self-interaction correction to density-functional approximations for many-electron
systems
JP Perdew, A Zunger - Physical Review B, 1981 - APS

The exact density functional for the ground-state energy is strictly self-interaction-free (ie,
orbitals demonstrably do not self-interact), but many approximations to it, including the local-...

Y% 36epertn P9 Mocnatucs LiutosaHo B 23374 oxepenax [los’sizani ctatTi  KinbkicTb Bepciit: 7

PW92 (Perdew, Wang, 1992)

Accurate and simple analytic representation of the electron-gas correlation

energy

JP Perdew, Y Wang - Physical review B, 1992 - APS

We propose a simple analytic representation of the correlation energy ¢ ¢ for a uniform

electron gas, as a function of density parameter rs and relative spin polarization ¢. Within the ...

Y% 36epertn 99 Mocnatucs LiutoBaHo B 26499 pxepenax [los’sizani ctatTi  KinbkicTb Bepciit: 7
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CxoauvHka nepuwa: Local Density Approximation

PZ (Perdew, Zunger)

EIF
Atom EX® EIEAaP (Ref. 2)
H -6.9 -8.5 ~8.5
He -23.2 -217.9 -27.9
Ne ~297.6 ~337.8 -329.5
Ar ~755.8 -842.4 -821.3
Kr -2407.5 ~2632.0 —2561.9

I

i

Egonv
Atom E ESCIE (Ref. 62)

H —-0.6 ~0.0 -0.0
He ~3.0 ~-1.5 -1.1
Be -6.0 -3.1 -2.6
Ne -19.9 -11.4 ~10.4
Mg -23.9 -13.6 ~-11.6
Ar -38.4 -22.3 -19.9

MNepeouiHka KopenauinHoi eHeprii ana umnctoro LSDA Ha 100-200%, ana PZ-LDA — 15-20%

CyTTeBa HeoOLiHKa 0bMiHHOT eHeprii (80 20%) ansa ynctoro LSDA



CxoauvHka nepuwa: Local Density Approximation

PZ (Perdew, Zunger)

I

e

Spin-restricted

EHF Expt.
Atom (Ref. 59) EXR ESIC-LSD (Ref. 62)
H ~13.6 ~13.0 ~13.6 -13.6
He -77.9 -77.1 —~79.4 —79.0
Li —202.2 ~199.8 —204.2 —203.5
Be —396.5 —393.0 —~399.8 —-399.1
B ~667.4 —~662.5 —672.0 —670.8
N —-1480.2 ~1472.7 -1488.9 —-1485.3
F —~2704.9 —~2696.6 —-2720.7 ~2713.5
Ne —~3497.8 ~3488.9 —-3517.6 —-3508.1
Na ~4404.2 ~4392.6 —-4426.1 -4414.7
Mg ~5431.5 —~5418.3 —5456.4 —5443.2
Al —6581.5 ~6566.0 —6608.8 —6594.0
P —9271.0 ~9251.1 —-9303.7 -9285.1
Ar ~14334.7 ~14310.5 ~14378.3 ~14354.6




CxoauvHka nepuwa: Local Density Approximation

PW92 (Perdew, Wang, 1992) method “E/a.u.
Thomas-Fermi 625.7
Hartree-Fock 526.818
{ OEP (exchange only) [526.812
— LDA (exchange only)|524.517
G(r, A,«a BBy Bap)=—2A(1+a,r,)In |1+
(7; 158182, B3, BasP 1”s 2ABr 2+ Bor + By P4 B P ) LDA (VWN) 525946
LDA (PW92) 525.940
LDA-SIC(PZ) 528.393
1/3 ADA 527:322
3 91 4/3 4/3 WDA 528.957
Ex(rs’g)——41n_ 2 [(1+8) " +(1=8)""]/2 GGA (BSSLYP)  |527.551
s experiment 527.6
P = [3 /417( ny +n | )]1/3 TABLE I: Ground-state energy in atomic units (1 a.u. = 1 Hartree =
2 Rydberg = 27.21eV =627 .5kcal /mol) of the Ar atom (Z = 18), ob-
=(ny—ny)/(ny+ny) S e T ok il YR a A i e
Krieger et al. (third of Ref. [120]), ADA and WDA values are from
1+ 4/3 +(1— /3 ... 2 Gunnarsson et al., Ref. [129], as reported in Ref. [5], and the LDA-
f( g) = [( g) ( g) ] SIC(PZ) value is from Perdew and Zunger, Ref. [93]. The experi-
(24/ . - 2) mental value is based on Veillard and Clementi, J. Chem. Phys. 49,

2415 (1968), and given to less significant digits than the calculated
values, because of relativistic and quantum electrodynamical effects
(e.g., the Lamb shift) that are automatically included in the experi-
mental result but not in the calculated values.



CxoauvHka nepuwa: Local Density Approximation

+ BiJHOCHO NPOCTa A1 iMNJIeMEHTaLLii, He NOTPebye 3HAYHOI KiNbKOCTI
pecypcis

+ nonynapHi pyHKuioHann VWN, PZ, PW92 i goci akTyanbHi
+ A3a€ NOXMOKY y napameTpax KOMipKK Ha piBHiI 1-2%

+ nobpe onucyrTb MeTanm

- MAQE CUCTEMATUYHY NOXMOKY B pO3paxyHKax eHeprii

- yncta L(S)DA nepeouiHtoe KopenauinHy eHeprito Ha 100-200%,
HeAoOoUiHIE 0OMIHHY Ha 15-20%, PYHKLIOHANM 3MEHLLYIOTb LLKO MOXUOKY

- JA€E CYTTEBY NOXMBKY B OLiHLi 3a60pOHEHOT 30HM Ta LUMPUHU €IeKTPOHHUX 30H

Vv

Tpeba wocb pobutn®©



CxoauHka pgpyra: General Gradient Approximation

HabNUXKEeHHA KiHeTUYHOI

3h? 2 5
T[n] = T**4[n] ~ T,"*[n] = E(an) /s J d&*rn(r) /3 eHeprii ana LDA

== N h—2/d3r [Vn(r)|? Ha6fll4">.KeHHF| KiHEeTUYHOI
8m n(r)  eHeprii ana GGA

i
3(3\ /3 4 o
Ex[n] — —(—) fd3rn(r) /3 Ha6J1M“):KeHH‘r'I 0BMiHHOI
& eHeprii gna LDA

2

b 10g° / 3r|Vn.(r)]2 HabNUMKEHHS 0BMIHHOT
4327w(372)1/3 n(r)4/3  eweprii gna GGA

EgGA [n] - d3rf(n (I’), Vn(r)) 3araanvTi/:| Bl/.l.l'ﬂﬂ,ﬂ, (I)XHKLLiOHany 0bMiHHO-
S KopenauinHoi eHeprii gna GGA



CxoauHka pgpyra: General Gradient Approximation
B88 (Becke, 1988) — nepua ycniwHa peanizauia GGA niaxoay

Density-functional exchange-energy approximation with correct asymptotic
behavior

AD Becke - Physical review A, 1988 - APS

Current gradient-corrected density-functional approximations for the exchange energies of

atomic and molecular systems fail to reproduce the correct 1/r asymptotic behavior of the
exchange-energy density. Here we report a gradient-corrected exchange-energy functional

with the proper asymptotic limit. Our functional, containing only one parameter, fits the exact
Hartree-Fock exchange energies of a wide variety of atomic systems with remarkable

accuracy, surpassing the performance of previous functionals containing two parameters or ...

Y% 36epertu Y9 Mocnatuca LiutosaHo B 55166 mxepenax [Mos’sisaHi ctatTi  KinbkicTb Bepciit: 9
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| +6ps_sinh™'s_ ’ p.’ (r)

MapameTp £=0.0042 6yno nigibpaHo TaK, abu BigTBOPIOBATH BiAOMY OOMIHHY EHeprito
ana 6haropoaHux rasis



CxoauHka pgpyra: General Gradient Approximation

BP86 (Becke, Perdew, 1988) — dyHKLioHan B88 3 KopensALiliHOO eHeprieto, 3anponoHOBaHOo paHille Perdew. [1obpe
nepeabavyae reomeTpito, BibpaLiiHi 4YacTOTK, Ta HEMOraHWI AN1A CNEKTPOCKONIYHMX AOCANIAMKEHb

BLYP (Becke, Lee, Yang, Parr) — dyHKUioHan B88 3 KopenaLiliHO eHeprieto, 3anpornoHoBaHoto Lee, Yang Ta Parr.
MNepenbayae 3aHAATO AOBIi MiXKaTOMHI 3B’A3KK, NPOTE NONYAAPHUN B XiMii

Development of the Colle-Salvetti correlation-energy formula into a functional of
the electron density

C Lee, W Yang, RG Parr - Physical review B, 1988 - APS

A correlation-energy formula due to Colle and Salvetti [Theor. Chim. Acta 37, 329 (1975)], in

which the correlation energy density is expressed in terms of the electron density and a ...

v 36epertn Y9 Mocnatucs LlutoBaHo B 99837 axepenax [Mos’si3ani ctatti  KinbkicTb Bepciit: 14

PBE (Perdew, Burke, Ernzerhof) — ay»xe nonynapHui B ¢isnui, He emnipnyHnit GGA-dyHKLioHan

Generalized gradient approximation made simple

JP Perdew, K Burke, M Ernzerhof - Physical review letters, 1996 - APS

Generalized gradient approximations (GGA's) for the exchange-correlation energy improve

upon the local spin density (LSD) description of atoms, molecules, and solids. We present a

simple derivation of a simple GGA, in which all parameters (other than those in LSD) are

fundamental constants. Only general features of the detailed construction underlying the

Perdew-Wang 1991 (PW91) GGA are invoked. Improvements over PW91 include an

accurate description of the linear response of the uniform electron gas, correct behavior ...

Y% 36epertn Y9 Mocnatucs LlutoBaHo B 157915 mkepenax [Mos’sizaHi ctatTi  KinbkicTb Bepciit: 21




CxoauHka pgpyra: General Gradient Approximation

TABLE I. Atomization energies of molecules, in kcal/mol (1 eV = 23.06 kcal/mol). Exc
has been evaluated on self-consistent densities at experimental geometries [33]. Nonspherical
densities and Kohn-Sham potentials have been used for open-shell atoms [34]. The
calculations are performed with a modified version of the CADPAC program [35]. The
experimental values for AE (with zero point vibration removed) are taken from Ref. [36].
PBE is the simplified GGA proposed here. UHF is unrestricted Hartree-Fock, for comparison.

System A EUHF AELSD AEPWI1 A EPBE A Eexpt
H, 84 113 105 105 109
LiH 33 60 53 52 58
CH, 328 462 421 420 419

NH; 201 337 303 302 297
OH 68 124 110 110 107
H,0 155 267 235 234 232
HF 97 162 143 142 141
Li, 3 23 20 19 24
LiF 89 153 137 136 139
Be, -7 13 10 10 3
C,H, 294 460 415 415 405
C,H, 428 633 573 571 563
HCN 199 361 326 326 312
CcO 174 299 269 269 259
N, 115 267 242 243 229
NO 53 199 171 172 153
0, 33 175 143 144 121
F, =37 78 54 53 39
P, 36 142 120 120 117
Cl, 17 81 64 63 58

Mean abs. error 71.2 314 8.0 7.9




LDA vs GGA
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LDA vs GGA
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Liu, Peitao. "Low scaling GW method: implementation and applications." (2017).



