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Exchange and correlation energy in density functional theory:
Comparison of accurate density functional theory quantities

with traditional Hartree—Fock based ones and generalized gradient
approximations for the molecules Li 5, N,, F5

O. V. Gritsenko, P. R. T. Schipper, and E. J. Baerends
Scheikundig Laboratorium der Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam,
The Netherlands

(Received 31 March 1997; accepted 24 June 1997

The density functional definition of exchange and correlation differs from the traditional one. In
order to calculate the density functional the@FT), quantities accurately, molecular Kohn—Sham
(KS) solutions have been obtained fraab initio wave functions for the homonuclear diatomic
molecules Lj, N,, F,. These afford the construction of the KS determinéigtand the calculation

of its total electronic energyEXS and the kinetic, nuclear-attraction and Coulomb repulsion
componentsTs, V, Wy as well as the(DFT) exchange energf, and correlation energf.. .
Comparison of these DFT quantities has been made on one hand with the corresponding Hartree—
Fock (HF) quantities and on the other hand with local density approximdtiba\ ) and generalized
gradient approximatiofGGA). Comparison with HF shows that the correlation errors in the
componentd’, V, andWy of the total energy are much larger for HF than KS determinantal wave
functions. However, the total energie&S andEMF appear to be close to each other, as well as the
exchange energies, andE" and correlation energies, andE"F. The KS determinantal wave
function and the KS orbitals therefore correspond to much improved kinetic and Coulombic
energies, while having only a slightly larger total correlation energy. It is stressed that these
properties of the Kohn—Sham orbitals make them very suitable for use in the molecular orbital
theories of chemistry. Comparison of the accurate Kohn—Sham exchange and correlation energies
with LDA and GGA shows that the GGA exchange energies are consistently too negative, while the
GGA correlation energies are not negative enough. It is argued that the GGA exchange functionals
represent effectively not only exchange, but also the molecular non-dynamical correlation, while the
GGA correlation functionals represent dynamical correlation only.1997 American Institute of
Physics[S0021-960807)00337-1

I. INTRODUCTION Since the exact functional form &, is not known, one
can, in principle, determine accurate valueskgfand E.
from highly accurateab initio wave functions, for example,
from extensive configuration interactiof€l) calculations.
From the accurate densigythe Kohn—Sham orbitalg; cor-
responding uniquely to that density have to be determined in
order to calculateE, and E. (see the next section for the
_ corresponding formulasThe determination of the accurate
Elp1=Tdpl+ Vipl+ Wilpl+ Exdp] 3 KS orbitals¢; ,(r) and the potential (r) from a given den-
where T is the kinetic energy of a noninteracting particle sity p appears to be a complicated problem which was
system with density, V is the energy of electron—nuclear treated in a number of papets:! The systematic KS solu-
attraction, andVy, is the Coulomb or Hartree enerdy,. can  tions for atoms from Li to Ar have been obtained relatively
be further subdivided into the exchanfg and correlation recently? followed by the first examples of molecular KS

The exchange-correlation energy, of a many-electron
system is the key quantity of density functional theory
(DFT).2% Within the Kohn—ShamKS) theory® E,. is de-
fined as a functional of the electron densjyin the KS
expression for the total electronic enerlp],

E. energies solutionst3~16
E _E E 17 Because of the lack of accurate KS solutions, traditional
xd PI=Edp]+Edp]. (1.2 Hartree—Fock based exchange and correlation energies have

Accurate values of the exchange and correlation energies of€en used in DFT to obtain referenEg andE values. In
tained for chemically interesting systems are essential foparticular, E is approxmated with the correspondmg HF
analysis of the effect of electron correlation within KS theory €xchange energf,"
and in order to test and calibrate various DFT approxima-
tions. We emphasize that the DFT quantittigsandE. are E.~EHF 1.3
5 : ) Nad = .
not the traditional exchange and correlation energies of
guantum chemistry, whose definition is tied to the Hartree—
Fock (HF) model (see below. while E, of DFT is approximated with the differendg’"
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5008 Gritsenko, Schipper, and Baerends: Correlation energy in density functional theory

between the empirical total nonrelativistic electronic energy N
of a systenE obtained from the spectroscopic ddtad®and p(N)=>, |¢i(r)|? (2.2
the HF electronic energg™F, =1
so the energfXS of ¥
E.~EF=E-E"F (1.4 ‘s -
ES=(WH|P) =T+ V+Wy+E, (2.2
As has been pointed out bef8?é’ (see also the next section ({} is the Hamiltonian of the systenincludes the first three

the definition ofE; in DFT differs conceptually from the terms of Eq.(1.1). The fourth term in the right-hand side of

definition of EJ" of traditional quantum chemistry. However, Eq. (2.2 is the DFT definition for the exchange energy,
the HF method vyields rather accurate electron densities for

most atoms, and in those caggsandE!" as well asE, and lao Uy
EHF Ex=—5 > 2 > | drdr,
HF are actually very close to each otHféin case of strong 249 A=
near-degeneracy correlation, such as in dissociating mol- . .
ecules, the HF and exact densities may differ strongly and o« Bio(11) Bjol(r1) ¢, (r2) hin(r2) 23
the difference between the conventional and DFT definitions [ri—r5] ’ '

of exchange and correlation energies becomes relé¥aht. _ .
g 9 whereo is the spin index. Actuallyk, has the same form, as

For molecules at the equilibrium geometry the question

whether the DFT and traditional definitions produce close® functional of the orbitals, as the Hartree—FdelF) ex-

HF ; : ; ;
values of the exchange and correlation energies remain‘g1ange energig,” butE,fp] s defme_zd wgp.the K.S orbrFaIs
open. ¢; related to the exact densipyr), while E," is defined with

. . F
In this paper the KS orbitalg; and energies such ds, the HF orbitals related to the HF dens/"(r).

E. E. and others are obtained froab initio wave functions The DFT and traditional definitions of the correlation
X C . .
for the homonuclear diatomic closed-shell moleculesg, Li energy differ much more markedly. In DFT the correlation

N,, F, at the equilibrium and elongated bond distances.energyEC is defined as the remainder when the exchange
2 "2 a g ergyE, defined above is subtracted fro,, which im-

These molecules are considered as prototype systems wift]

truly covalent bonds and they are included into any represerpl'eS thatE, is simply the difference between the exact en-

KS
tative set of molecules to check the accuracy of approxima‘—argyE of Eq. (1.2) andE™ of Eq. (2.2,
tions in DFT. They represent rather different cases of cova- E_=E,.—E,=E—EXS, (2.9
lent bonding, ranging from the weakly bonded, ith a
single Z-baseds bond, to the very strongly bonded, Mith

one o and two 7 bonds, to the weakly bonded Rith one

so the KS determinantal wave function plays a role as refer-
ence wave function here in the same way as the HF determi-

2p-basedo bond and Pauli repulsion between twg lone nantal wave function does in the conventional definition.
pairs on each F atom. A comparative analysis of the exSince the HF determinant is by definition the one with the

change and correlation energies of DFT and traditional quaHpWESt p(_)|55|ble energy, g;e DFT corrglat:on ene?g/ls
tum chemistry is performed using a partitioning of the KS nhecessda_lr_ly rr|10re ”fg‘?‘““ rgeé;n an absolute sensthan
and HF electronic energieskS, EFF and correlation ener- 1€ traditional correlation ener
gies E;, EJF into various components. The values of the g < S (2.5
DFT exchange and correlation energies obtained are com- o ) ) ]
pared with those calculated with the GGA models of Ec can be subdivided into the kinefic; and the potentiaiV,
Becke? and of Perdew and Waf% 2 for exchange and of Ccomponents,
Perdew and Wantf 22 and of Lee, Yang, and P&?rfor E=[T—TJ+[W,—EJ=T.+W,, 2.6)
Coulomb correlation. As will be shown below, based on this ) )
comparison and on qualitative physical considerations on¥here Wy is the exchange-correlation Flart of the exact
can arrive at the conclusion that for molecules the GGA ex&lectron—electron interaction energy, W,.=W-—Wj. On
change functionals take effectively into account also a part othe oth_er hand, ac:Fo_rdlng to_ the traditional definition, the
the correlation energy corresponding to nondynamical corre€Orrelation energye.™ is the difference betweel and the
lation, while the GGA correlation functionals lack this part, Hartree—Fock energy,
thus representing the effect of dynamical correlation. EfF=E—E"F,
(2.7)
Ap(ry)p(ray)
=T—THF+f Ap(l‘)v(l’)dl’-f—f AL 1_p 22 dr,dr,
Il. DEFINITION OF THE EXCHANGE |I’1 r2|
AND CORRELATION ENERGIES IN DFT 1

Ap(ry)Ap(r
f p( 1) P( 2) drldr2+WXC—E;”:

In order to subdivide the exchange-correlation energy of 2 [ri—rol
DFT into the exchang&, and correlation component&q. — THF L \HF L \WHF 4 WHF
(1.2)], the determinantal wave functiok built from the KS ¢ ¢ H.c ¢
orbitals ¢; is used as a reference function. By definition, The definitions(2.4) and(2.7) differ conceptually from each
these orbitals yield the true ground state dengity other, since the DFT correlation energy is a functional of the
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exact densityp, while the traditional one involves the differ- have proven to provide the same good description of the
enceA p=p—p"¥. Therefore correlation terms like'", the  valence correlation effects as the corresponding calculations
correlation correction to the electron—nuclear attraction enin a basis of atomic natural orbital&NO).>8 In general, the
ergy, andWﬂ":C’, the correlation correction to the Hartree quality of the results appreciably improves when going from
energy of the electrostatic electron repulsion, do not entecc-pCVDZ to cc-pCVTZ basis, while further extension of
E.. Moreover, the term3H andWHF of ELF will be differ-  the basis produces relatively little improvement. The test
ent from the corresponding ternis and W, of E.. Note  MRCI calculations in the cc-pCVTZ basis reproduce well
thatW?F, according to the state separation energies, equilibrium geometry, har-
HE_ HE_ HF_ A s HF monic frequencies, and anharmonicities, as well as the dipole
We =Wiem BT=Bxt We— BT = AR W, (2.8 and quadrupole moments, which is indicative of the good
differs from W, only in the differenceAEi'HF between the quality of the corresponding wave function and the corre-

KS and HF exchange energies. lated densityp.
In the next section the procedure employed to obtain the In this paper the MRCI calculations have been carried
KS quantities will be outlined. out within the direct Cl approach with 106 reference con-

figurations for L, and N, and 36 reference configurations for
F,. The reference configurations were selected within the

lll. CALCULATION OF THE KS QUANTITIES internal space of eight lowest energy Hartree—Fock molecu-

The procedure used in this paper to obtain the Kohn-ar orbitals(MO) for Li, and 10 orbitals for Bland F. For
Sham orbitals and energies frah initio wave functions has N2 and R the internal space includes, apart from the occu-
been already presented and discussed in Refs. 31,14. To opied orbitals of the mairtHartree—Fockconfiguration, also
tain the correlated wave functions, the HF and subsequent ¢he orbitals, which are essential for a proper dissociation
calculations have been performed for the ground states bimit of the molecule. These are thep2-MO of F, and
means of theaTmoL packag& at the bond distanceR,  2Ps- 2p5-MOs of N,. For Li,, apart from &, 1s; -, 2s,,,
=5.05, R=6.0, and R=7.0a.u. for Ly R.=2.074, R  and ;-MOs (the inclusion of the latter MO is essential for
=3.0, andR=3.5a.u. for N; R,=2.668, R=3.0, andR @ proper dissociation limit three moreo-type and two
=3.5a.u. for . A basis of contracted Gaussian functions 7-type orbitals have been included into the internal space.
has been used for the calculations. For Li a Basigth eight This choice of the internal space for the reference configu-
s- and fourp-type functions has been used, which has beetiations together with the use of the cc-pCVTZ basis is ex-
augmented with extra andd polarization functions. For N pected to provide a reliable description of the correlated
and F the correlation-consistent polarized core-valence triplgoth equilibrium and larger bond distancesA.
zeta addedcc-pCVT2) basis sef$ have been used. All single and double excitations from each reference

The basis sets cc-pCVXZ from XD (double zetato  configuration to either internal or external subspaces have
X=Q (quintuple zetawere obtained for the atoms B through been included in the MRCI, which have also been aug-
Ne as an extension of the correlation-consistent polarizethented with the configurations obtained by single excitation
valence basis se(sc-pVXZ).35 This extension allows us to from a reference configuration to the internal subspace with
represent adequately the correlated electron depsityall subsequent single excitation to the external subspace. The
regions and to treat uniformly core, core—valence, and vaMRCI calculations performed &, recover 86% of the total
lence correlation effects when performing the multlreferenceCOUlomb correlation energf" for Li; and N, and 84% of
CI (MRCI) calculations with the cc-pCVXZ basis. This goal E&" for Fy.
is achieved by the inclusion of a large number of basis func- The KS orbitals¢;(r) and potentialvg(r) of the one-
tions, so that the gap between the core and valence exponergt€ctron KS equations,
is rather smalf* The exponents were optimized in atomic
MRCI calculations. In order to describe properly effects of [ — 3V2+ v (r)]i(r)= € ¢i(r) 3.1
angular core and valence electron correlation, higher angular
momentum polarization functions were included with bothhave been obtained with an iterative proceddrehich has
high exponentgcorelike and intermediate exponentsa- been used previously to calculate the exchange-correlation
lence sizg In particular, the cc-pCVTZ basis chosen in this potentials and energy densities for the monohydrides LiH,
paper include- andd-type polarization functions of typi- BH, HF 1314 The KS orbitals¢; are represented in the same
cal core extent and- andf-type polarization functions with basis of MO’s as has been used for the MRCI calculations.
typical valence exponents. In a similar way, in order to de-The accuracy of the resultant KS solution can be character-
scribe properly the angular correlation, we have augmenteized with the values of the integrated difference between the
the basis of Ref. 33 for Li with polarizatiop- andd-type  calculated and target densitiégbsolute integral error of the
functions of both core and valence extent. iterative proceduneAp=0.0035e for N,, Ap=0.007 e for

The performance of MRCI with the combined cc- F,, and Ap=0.04 e for Li, obtained atR. after 100 itera-
pCVXZ basis sets as well as with the original cc-pVXZ setstions. The relatively large error for Liappears, probably,
was tested in Refs. 34, 36, 37 in atomic calculations and withbecause for this molecule with its diffuse electron density the
benchmark calculations on the,HC,H (n=2-7), OH, HF, region of density tailSwhere both the Gaussian basis set
N, molecules. MRCI calculations in the cc-pCVXZ basis representation and the potential construction procedure are
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TABLE I. Kohn—Sham energy characteristi@su) for Li, and their differ- TABLE IIl. Kohn—Sham energy characteristi¢a.u) for F, and their dif-

ences from the Hartree—Fock characteristics. ferences from the Hartree—Fock characteristics.

R(Li-Li) 5.05 6.0 7.0 R(F-F) 2.668 3.0 35
T, 14.902 14.840 14.817 T, 198.922 198.754 198.726
ATSHF 0.011 0.015 0.036 ATSHF 0.356 0.436 0.545
Te 0.083 0.084 0.079 T, 0.450 0.454 0.454
THF 0.094 0.099 0.115 THF 0.806 0.890 0.999
\Y —38.062 —37.392 —36.880 v —537.656 —530.896 —523.252
AVSHF=VHF —-0.048 —0.044 —0.064 AvsHF=VHF —-0.493 —-0.653 —0.890
Wy 10.079 9.729 9.450 Wy 129.566 126.286 122.529
AWEHF= Wi 0.045 0.032 0.037 AWEHF=WHT 0.122 0.215 0.363
E, —3.565 —-3.541 —-3.521 E, —-19.935 —-19.841 —19.760
AESHF —-0.002 0.001 0.001 AESHF 0.024 0.022 0.014
W, —-0.194 —-0.190 -0.192 W, —-1.082 -1.122 —-1.181
wHF —0.196 —0.190 -0.192 wHF —1.058 —-1.101 —-1.167
E. -0.111 —0.106 -0.113 E. —-0.632 —0.668 —-0.727
EHF —-0.105 —-0.103 —-0.104 ELF —-0.623 —0.649 —0.695
AESHF —0.006 -0.03 —0.009 AESHF —0.009 —-0.019 —0.032
gSmP -0.128 gemp —-0.755

less adequajeplays a more important role. The errofp  Hartree—Fock determinant and the corresponding differences
increase with increasing bond distariReA—A). Finally, us-  AESHF are presented. The HF determinant differs markedly
ing ab initio energies and densities as well as the obtainegrom the KS determinant, in particular for,Mnd B, as can

KS orbitals, the exchange and correlation energies and thefie judged from the large differenceaTSHF, AVSHF
components have been calculated. They will be presentegwsH" in the kinetic energy, electron—nuclear and Hartree

and discussed in the next section. part of the electron—electron potential energy, respectively.
The magnitude of these terms may be put in perspective
IV. CORRELATION CORRECTIONS TO THE KINETIC when comparing them to the dissociation energies of these
ENERGY AND VARIOUS POTENTIAL ENERGY molecules which range from a few hundredths of an @.iy.
TERMS FOR THE KOHN-SHAM AND and F) to ~0.37 a.u. (N). The explanation of the large
HARTREE-FOCK DETERMINANTAL WAVE differences between these KS and HF quantities is the dif-
FUNCTIONS fuse nature of the HF orbitals and electron den&if§# The
Tables I-11l present various Kohn—Sham energy characCoulomb correlation leads to a considerable contraction of

teristics of Li, N», and B calculated for three different bond the correlated density around the nuclei as compared with
distancesR(A—A). The componentd, V, W, andE, of  the HF onep'F. Because of this contraction, the correspond-

the total electronic energg®S, all calculated with the KS ing differences of the electron—nuclear attraction energies
determinant¥, and the KS correlation energg,=T, AV*"F=V-V" areinall cases negative, while those of the
+W, [Eq. (2.6)] are compared with those calculated with the kinetic_energy, AT>"*=T,—T"", and the Hartree energy,
AWEHF=w,,—WHF, are positive. Obviously, since the KS
density is exact, there are no correlation corrections to the
TABLE II. Kohn—Sham energy characteristits.u) for N, and their dif- KS V and Wy, and AVSHF and AVVSH"HF also represent the

ferences from the Hartree—Fock characteristics. . . HF HF
HF correlaiglé)n correctlor'ls{C andWy'. toV andWy . The
R(N-N) 5074 3.0 35 IargeAWﬁ andA_VS'HF_m the tables demonstrate the large
correlation corrections in the electron—electron and in par-
ZSTS'HF 103.2;2 1O§g§§ 1%8;)233 ticular in the electron—nuclear Coulombic energies in the
T 0.329 0.328 0313 case of HF. They are as a matter of fact of the same order of
c ' : ' H i I
THF 0.625 1.020 1216  magnitude asV, and W, which represent the change in
Y —303.628 —288.260 —283.780 the electron—electron interaction energy due to the Coulomb
A —0.558 —1.330 —1.759 hole. W, is purely an effect of the correlation between the
XV\RFHEWHF 73'(2)?2 Gg'sféf Gg'ggg electrons, but it is not significantly larger than the “second-
" He _aa 1o 154 ary” effects of the correlation induced changes in the one-
Ey 13.114 12.621 12.490 ! ) i vl
AESHF —0.006 —0.040 —0.067 electron density matrix and diagonal densTf)?', , Vo, and
W, ~0.804 ~0.969 ~1.063 Wi, respectively. Thd; and T values are given explic-
wgt —0.810 —1.009 —1.124 itly in the tables and show that these correlation corrections
E. —0475 —0641 —0.750 to the kinetic energies are modest as a percentade bfit
E! —0.469 —0.603 —0.687 th | : bsolut d thev differ sianifi
AESHF 0006 0038 0063 ey are large in an absolute sense, and they differ signifi-
gemp 0552 cantly (about a factor 2 for Pband k) between KS and HF.

In view of the considerable differences between various
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HF and KS energy terms, it is quite remarkable to note thaties upon bond lengthening reflect the increasingly more dif-
in a number of cases there is close agreement. To begin witlfiise nature of the HF orbitals due to the presence of ionic
the exchange energieg, and E)':'F are quite close for configurations. There are no corresponding correlation errors
Re(A-A) (note the smaIAEi'HF in the tableg except for b. in V andW in the KS case. A similar important difference
As a consequenc&V. and WCHFzAEi'HFJr W, are quite between HF and KS is apparent in the kinetic energies.
close. Since on the other hafig and TE* differ quite a bit, ~ Tables I-IIl present the kinetic part of the DFT exchange-
one would expecE.=T.+W, to differ from EJF, but re-  correlation energy. as well as that of the traditional corre-
markably the remaining term& ™ andwW'", in EL¥ [see Eq. lation energyT:". The T, and T{" values are evaluated as
(2.7)] are not only individually large but also cancel the dif- the difference between the Cl kinetic ener@§' and the
ference inT, and TSF, so that ultimatelyE, and EXF are  corresponding independent-particle kinetic energies,
very close. The differencA ES"" betweenE, and ELF is T ~TC_T 43
simply the difference between the energi€§ andEXS, as ¢ s’ '
THE~TCI— THF, (4.9

follows immediately from Egs(2.4) and(2.7),
The diffuse nature of the HF orbitals maked"™ increasingly

AEYHF=E —EfF=EMF-EXS 4.1
o lower thanT®, i.e., THF increases strongly upon bond elon-
HF KS ! 1c
andE™" andE™ are probably close due to the stationarity of gation, in particular in the triply bonded,Nfor which TE'F

the HF determinantal energy against orbital variation. As NN~
was noted before, the HF determinant is by definition the on Increases from 0.625 hartreeR(N—N)=2.074 a.u. to 1.216

with the lowest possible enerdgf. Eq. (2.5)], andAESH is Rartree atR(N-N)=3.5 a.u. The kinetic energy of the KS
always negativasee Tables I—Ilvl. T ¢ system does not suffer such an error, and in fgchardly

. changes as a function of bond distance. In the dissociation
We use the calculatedlES ™" values to estimate the true g

correlation energieg. of DFT for Li,, N,, F,. In order to do i’li?;l:n?(-:c f?gprrr?éj‘rftggsv;r?iéue df)LrJerQ r?:),:ﬁf ngtrns) ugznriﬁf::]hgif-
this, we add the differenc&ESH to the empirical value for g ' PP

i ) . . ferent fromT, at R, .
the traditional correlation enerds/™ ™" %obtained by using c e

irical estimate for th t total i th To sum up, the results of this section show that for the
an empinical estimate for the exact tota enefgyin the dimers Lb, N,, F, at the equilibrium bond distances the DFT
equation below,

and the traditional definitions of the exchange and correla-
ESMP= (E®™P— EMF) + (EMF— EXS)=EFemP AESHF, tion energies produce close numerical values. However,

(4.2  these close values emerge from the nearly precise cancella-
i i s,HF s,HF s,HF _
As follows from the previous discussion, the resulting em—tIon of Ia_rge.d|ffe.rence$T . AV , AW of the cor-
pirical ES™values presented in Tables I-Ill are close to therespondmg individual contributions. In other words, in spite
Cc

of the abovementioned difference of the HF and KS electron
densities, the electronic energy of the moleculgscalcu-
lated at the equilibrium bond distances in the exchange-only
approximation(i.e., from the one-determinantal wave func-
tions) remains practically the same for both HF and KS ap-
proaches. However, for the dissociating molecules, and in
general for weak-interaction situations, the typical Hartree—
Fock error of neglect of left—right correlation becomes more

esSerious and the DFT and traditional definitions yield increas-

correspondingEL ™ ones. One can conclude that the
present results foR,(A—A) justify (at least, for the case of
the second row dimerghe current practice to approximate
the DFT quantitiesE, and E. with the traditionalE}'™ and
ELF ones.

However, for larger bond distancB§A—A) this conclu-
sion does not hold true. The quality of the HF dengit{f
deteriorates with increasing bond distance and it becom

progressively less contracted than the correlated depsity
This is due to the ionic configurations present in the covalen
bonds described by the RHF wave function. The Hartree
Fock effective field is therefore too repulsive around the nu

clei, an effect that is particularly strong at large bond lengths

and if there are ionic configurations with multiple charge, a
is inevitable in case of multiple bond8.As a result, the
differencesA TS, AVSHF AWSMF increase, quite signifi-
cantly so for N and F, and moderately for Li[AWS" for
Li, actually slightly decreases for larger
R(Li—Li) =6.0 and 7.0 a.J. Compensation of the differ-
ences in the various terms which have opposite sign agai
takes place in these cases to a high degree, yet the resulti

'kngly different exchange and correlation energies. The tradi-

ional exchange and correlation energies can no longer be
taken as reference values for molecular DFT applications.

V. KS AND GGA EXCHANGE AND CORRELATION

S

ENERGIES

The KS exchange energi&s and the empirical estimate
EC™ of the DFT correlation energies for LiN,, F, pre-

distancessented in the previous section are compared in Table IV with

those calculated with the current functionals of the general-
ized gradient approximatiofGGA) and also with the corre-
sponding values obtained with the local density approxima-

AEﬁ'HF values are distinctly more negative than those fortion (LDA).*>*3In the last column of the table the exchange-

R.(A—A), so that the DFT correlation enerdy. becomes
progressively more negative than the traditioBgf .
Left—right correlation is treated fundamentally differ-
ently in KS and HF calculatiof$?* (it is not treated at all in
the latter case The progressively largevt™ and Wi, val-

correlation energyE, +ES™ (row labeled K$ is compared
with the sum of the exchandg,"¥ and correlatiorE"" func-
tionals of Perdew and Wafy 8 (row PW/PW, the sum of
the exchang&? functional of Beck& andEZY (row BPW),
and the sum oE®? and the correlation functiond-"" of
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TABLE IV. Kohn—-Sham, LDA, and GGA exchange and correlation ener-
gies(a.u). The KS entries in th&_ andE,. columns refer to the empirical
estimateE{™ and E, .= E,+ ES™.

difference betweeEfW andE, being somewhat larger. As a
result, the corresponding GGA exchange-correlation energies
are also close to the KS ones.

Ey E. Exc However, for N and B appreciable differences between
LDA 3084 0330 3414 the individual GGA and KS exchaljge and correlation com-
PW/PW _3537 ~0.137 _3674 ponents of the exchange-correlation energy are observed.
Li, BPW —3.555 -0.137 -3.692 Here, both GGA exchange functionals yield consistently too
BLYP —3.555 —0.134 —3.699 negative values as compared with the ES. The largest
KS ~3565  ~0128 —3693 (ifference is betweeR;, andE,, amounting to—0.094 har-
Exffgﬁ Ejg_'iclg: trees for N and to —0.166 hartrees for &= On the other
LDA 11873  -0942  -12815 hand, the GGA correlation functionals yield consistently too
PW/PW  —13.180  —0.490  —13.670 high values as compared witEf"". For N, the largest dif-
N, BPW 13208  -0490  -13.698  ference of 0.068 hartrees is f@&"" and for F, the largest
B:gp ‘g-i‘l)i ‘8-22‘2‘ _g-ggg difference of 0.086 hartrees is f&-". These differences of
E+ Egd: EC—.E”d: ' oppos_|te signs compensate each qther toa I.arge extent in the
13190  -0.476 resulting GGA exchange-correlation energies. For the
LDA _18211  -1206 -19507  PW valueER)'=—13.67 hartrees practically coincides with
PW/PW  —20.066  —0.669  —20.735 the corresponding KS valug,+E{""=—13.666 hartrees
R BPW —20101  —-0669  —20.770  gnd the BPW and BLYP values are not very far frdiy
B:;;P :igégé :8'%2 :gg'gg +EZ™. For F, there is also considerable compensation of
E, +EN: E,—EM: errors of opposite sign ik, andE., but a somewhat larger
220014 20676 difference between the KS and GGA values g remains
H, (Re=1.401) LDA —0.569 —0.095 —0.664 (see Table IV.
BPW —0.658 —0.046 —0.704 Note, that according to Ref. 45, the deviation of the at-
KS —06e1 ~0039  ~0.700  omjzation energy of the Nmolecule calculated with the PW
EfBI_EgG'Z Ejg_gés' approximation from the empirical atomization energy is
H, (R,=5.0) LDA 0423 —0.083 —0.506 0.021 hartrees. Its sign indicates relative overestimation of
BPW -0.512 —-0.032 —-0.544 the molecular total energy within the PW GGA, in agree-
KS —0.410 —0.186 —0.596 ment with the abovementioned overestimation of the
Ex+0 '553;4 Ecg E%dz exchange-correlation energy of this molec(#&," is 0.004

hartrees lower thai,+EZ™), but the absolute value of the
atomization energy error of PW is larger than that of the
molecular exchange-correlation energy error. A possible rea-
son for this might be a slight relative underestimation of the
Lee, Yang and Pait (row BLYP). In the first and second total energy of the N atom with the PW GGA. Another rea-
columns the KSE, and EC™, respectively, are compared son is that calculations with the PW functional have been
with the corresponding individual components of PW/PW,carried out in this paper and in Ref. 45 with different densi-
BPW, and BLYP. All LDA and GGA values are calculated tiesp. While in Ref. 45p obtained with the local spin density
at the equilibrium bond distances with the saate initio  approximation has been used, in this paper the MRG&s
densityp, which has been used to obtain the KS solution. peen employed to Ca|cu|a@§é’v_

For the LDA functionals the trend for all three molecules We have observed in a study of the correlation energy

is rather uniform. The correlation functional of LDA tends to densitye,(r) Ref. 31 for dissociating kithat the GGA lacks
overestimate the molecular electron correlationb%00%  the left—right correlation. This is also evident from the large
andEL"* values are consistently too negative. This is due taerror in WEW as compared to the exadt, in the same cagd
the well-known difference in correlation between the homo-(—0.057 instead of—0.207 atR=5.0 bohj). The trouble
geneous electron gas modethich is represented by the stems from the fact that the LDA and GGA approximations
LDA) apd finite inhomogeneous atomic and moleculardo not properly describe exchange and correlation sepa-
Systemé (the overestimation is corrected properly in the rate|y_ This may be understood from the exchaﬂeermD
GGA correlation functionals However, this overestimation and correlation(Coulomb hole functions px(rolry) and

is overcompensated by underestimation of the atomic angc(r2|r1) from which the corresponding energies may be ob-
molecular exchange in LDA, so thet” and the totaE:?*  tained

values are significantly highéless negativethan the corre-

sponding KS ones. 1 f p(r1)px(ralry)

The gradient corrections of GGA bring the correspond- Ex=§ [P
112

dr,dr,, (5.0
ing exchange and correlation energies much closer to the KS
ones as compared to LDA. In particular, foi, the exchange

energyE? and the correlation energi€gl"” and EL"" are 1 f p(r1)pc(ralry)

[ri—ryl

only a few millihartrees off their KS counterparts, with the €2 drydrz. .2
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If the reference positiom, is close to nucleus\ of a di-  Table IV). For F, the energiesEfGA are still too negative,
atomicAB, the exchange and correlation holes will be delo-put they are clearly much closer td(+ EQ") than to the
calized over both centers, irrespective of their distance. Thigare exchange enerd, . For Li,, as was shown above, the
delocalization is unphysical, and in fact the exchange angffect of nondynamical correlation is smallRg(Li—Li) and
correlation holes on cent® have opposite sign and cancel Eq. (5.4 reduces effectively within GGA tdESGAs Ey,
each other. They are both negativefaand build together a \yhile Eq.(5.3) reduces tcECGGAE E.. At elongated distances
localized hole atA around the reference positian. (We Egd is expected to become much larger, butfg"is avail-
refer to Ref. 39 for an extensive discussion of the shape anglple. We have therefore added to Table IV entries for the
behavior of exchange and correlation holebhe electron  well-studied case of Hat both equilibrium distance and at
gas does not contain the phenomenon of left—right correlar=5.0 bohr, where we may rely on full-Cl calculations to
tion, the holes are always localized around the referencgptain accurate correlation energies. Full-Cl results &ffti
electron. The eXChange and correlation functionals devel'from a proper-dissociation Cl invoiving just the Configura_
oped from the homogeneous or inhomogeneous electron gggns (09)2 and (o,)? have been obtained from Ref. 39261
cannot be expected to be able to describe the correspondifg very small(—0.001 a.u. at R, but atR=5 bohr it is of

delocalized holes in molecules. HOWeVer, it is an Oldcourse |argd-0114 a_LD_ for this prototype case of left—
I’]Otior‘f16 that the eXChange fUnCtional, since it mimicks a lo- right correlation. There is a Striking discrepancy Rt
calized hole, might be hoped to be describing in molecules- 5 hohr between the PW estimate Bf (—0.032 and the
the combined effect of EXChange and Ieft—rlght Corr6|ati0naccurate KS Valué—0186 In this case the near-degeneracy
which also leads to a localized hdlef. also Ref. 47. part of E, is large, andELY is clearly much closer td,
Itis the so-called nondynamical or near-degeneracy cor-_ g4 Also E,+E™is closer to the Becke exchange energy
relation that introduces left—right correlation and effects thenan the bare KS exchange energy is. Sificés small at this
hole localization. The LDA and GGA functionals cannot de- |arge distancé® E, is close toW,, and we note that the large
scribe the exact KS exchange, since it has a delocalized holgjscrepancy observed in Ref. 23 betwatp and W2 may
but it is interesting to investigate to what extent the LDA or pe similarly explained by lacking the near-degeneracy
GGA exchange functionals effectively describe, even if notyayt,
by construction, the combined effect of exchange and non-  symmarizing, GGA appears to provide approximately
dynamical correlation. Dynamical correlation alone might bethe partitioning
described by the electron-gas based correlation functionals. GGA  —GGA . —GGA . d
The energy of nondynamical correlatid® can be esti- B = EXA+ ES® = (E,+ EQ) + E¢ (5.9
mated with the assumption that simple CI wave functionsor the exchange-correlation energy.
constructed in Ref. 33, which provide the proper dissociation
limit (PDL) for the dimersA,, take into account the effect of
nondynamical correlation and neglect dynamical correlationyl' CONCLUSIONS
With this assumption the enerds}” can be estimated as the In this paper the difference between the DFT definition
difference between the electronic energies of the PDL an@f exchange and correlation and the traditional Hartree—Fock
HF functions, El= EPP*—EMF. This yieldsE™ values of based one is stressed. In particular we have noted that the
—0.009, —0.076, and—0.079 hartrees for Lj N,, and b, components¢, V, andWy of the KS energy differ signifi-
respectively. Thus, the energy effect of nondynamical correeantly from their HF counterparts. The conceptual difference
lation atR¢(A—A) is small for Li, while it is appreciable for of the DFT and traditional definitions of the correlation en-
N, and k. Bearing this in mind, we present in Table IV the ergy is illustrated by the markedly different dependence of
energy of dynamical correlatioR? estimated as the differ- the corresponding kinetic componerits and THF on the
enceES=ES™—E and the sumE,+ELY) of the exchange bond distanceR(N—N). While TH rapidly increases with
energy andEQd. The energiefg appear to be close to the increasingR(N-N), T, remains practically constant for the
GGA caorrelation energies, distances considere@f. Ref. 48. However, at the equilib-
EGGA- pd 5.3 rium bond distances, due to compensation of differences of
c c ' opposite sign, the total energie&® and EMF of the KS and
Thus, we arrive at the conclusion that the GGA correlationHF one-determinantal wave functions are close to each other,
functionalsES® p] (EEY or EL"P) effectively model the as are the corresponding exchange enerjeandE!". As
dynamical correlation of electrons in,Nind F. Similarly, a result,E; and ECHF values are also close to each other.
the GGA “exchange” energies are actually much closer toThese results justify for the equilibrium geometry the exist-
the sum of exchange and nondynamical correlation energiefg practice to assess the performance of approximate DFT
EGGA_E | gnd (5.4 exchange and correlation functionals for molecules by com-
X aC ' paring to conventionak!™ and EF values. For elongated
The localized hole corresponding E®" p] simulates the bond distances the difference betwdenandE" increases
abovementioned combined effect of exchange and nondysomewhat. For M, a molecule with a triple bond and strong
namical correlation which produces a localized exchange€oulomb correlation effects, the difference betwé&gnand
correlation hole. For pithe GGA exchange energiésspe- E?F has increased to 10% at 3.5 bohr. It is therefore worth-
cially, the PW ong are close to the sumE({+ EQ") (see  while to take into account the difference between the DFT
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and traditional definitions of correlation if one tries to de- The leading terms im, the externali.e., nuclearfield u(r),
velop DFT functionals capable to calculate accurately fullthe electronic Coulomkor Hartree potentialv,(r), and the
molecular potential energy surfaces. potential of the exchange or Fermi holg(r), cause the KS
The HF determinant is often denoted as the “best” one-orbitals to be roughly similar to the Hartree—Fock orbitals,
determinantal wave functiofand therefore the HF orbitals with usually a similar nodal pattern and one-electron energy
as the “best” orbitaly since it yields the lowest energy. distribution. Howevery, also contains the potential of the
However, it is to be noted that the HF wave function makesCoulomb holeu'c“"e(r) (we do not discuss the less important
quite large errors in important energy terms such as the kieontributions v i, and »"*%, cf. Refs. 51,52,14 It is
netic energy and the electron—nuclear and electron—electros{°(r) that builds the most important aspects of electron
Coulomb energies. In Nfor instance, the electron—nuclear correlation(such as the left—right correlation in a two-center
energy is not negative enough by 15 e\Rat and by almost  pond into the effective potential of the KS electron. The HF
50 eV at 3.5 boh(to be compared to a bond energy of 10 eV model causes an electron, when being in an atomic region, to
and to a zero error in this term for the KS determinah=  feel too much repulsion from the remaining electrdht
is making this error, which results from a too diffuse density,has too much weight for “ionic configurations,” in particu-
since it can lower the kinetic energy by making the densitylar at long bond distancgshence the too diffuse nature of
(i.e., the orbitalsdiffuse. However, this increases the error in the HF orbitals. This HF error is annihilated by°'r),
the kinetic energy; the HF error in the kinetic energy iRat  making the total field correspond to a proper localized
twice the error of the kinetic energy of the KS orbitals, and atexchange-correlation hole around the reference eledfron.
3.5 bohr the HF error is four times as largeore than 33 eV This prevents the orbitals and density from becoming dis-
too low, wheread s is only 8.5 eV too low. In short, HF is  torted, as they sometimes are in the HF modet instance
only trying to minimize thetotal energy, and it will make too diffuse, or unduly localized at one end of the b9,
large errors in individual energy components if it can lowerand results in the “advantages” of the KS orbitals noted
the total energy, even if only barely. It has been noticed thaibove. These properties of the KS orbitals may also lead to
this “freedom” of HF to distort the density and the orbitals, superior performancés compared to HF orbital& pertur-
if only the energy decreases, may lead to a distorted picturBation theoretic approaches to the electron correlation prob-
of chemical bonding, for instance to localized orbitéic  |em, or various types of Cl approaches. In this respect also
bond$ whereas more accurate wave functic®ASSCH the realistic nature of the KS virtual orbitals will play a role;
yield a covalent picturé®*° One can turn the above argu- the KS virtual orbitals do not exhibit the artificial upshift and
ment about the “distortion” effected by HF around and note diffuse nature of the HF virtual orbitals, the one-electron
that the KS determinant manages to improve the kinetic enenergy differenced\ e=e,— ¢; between a virtual orbitah
ergy and various Coulomb energy terms with respect to HRand an occupied orbital are closely related to excitation
very much, with only a small rise of the total energy, andenergies. We wish to stress that the properties of the KS
therefore the(total) correlation energy. If the criterium for orbitals make them particularly suitable for use in the mo-
“best determinantal wave function” would not only be |ecular orbital theories of chemistr§:>*
based on the correlation error in the total energy, but would  For atoms LDA is known to underestimate the exchange
also take into account the correlation errors in the physicallyenergy by roughly 10% and it overestimates the correlation
important energy components discussed above, the KS detasnergy by roughly 100%. The present examples demonstrate
minantal wave function is clearly “better.” this to be true for molecules as well. The errors do not cancel
It is not useful to argue about “better or not,” since this precisely, the total LDA exchange-correlation energies are
amounts to deciding on the best criterium, which may be aonsistently too higtinot negative enoughas compared to
matter of taste, but it is important to note that the presenthe sum E,+ES™). The gradient corrections bring the
results hold an important message concerning the status GGA exchange and correlation energies much closeg,to
Kohn—Sham orbitals as compared to Hartree—Fock orbitalsandES™, but for N, and F, they seem to overcorrect and the
The Kohn-Sham approach has endowed chemistry andGA exchange energies are consistently too (tw0 nega-
physics with a new set of one-particle wave functiéobit-  tive), while the GGA correlation energies are too high as
als). The physical meaning of these orbitals has for someompared tdE, andES™, respectively. However, the differ-
time remained somewhat obscure, and it is sometimes stateghces of opposite sign compensate each other and the result-
that one should not look for physical meaning or usefulnesing GGA exchange-correlation energies are rather dlese
but consider these orbitals as mere mathematical construciecially, in the case of M to the sum E,+ ES™.
whose only meaning is to build the exact density. However,  Concerning the systematic deviations between the GGA
we wish to reiteraté->’that on the contrary the KS orbitals and KS exchange and correlation energies separately, we
do make physical sense. This is a direct consequence of thgyve noted that qualitative considerations concerning the dif-
form of the local potentiabs(r) in which the KS electrons  ference between Fermi and Coulomb holes in molecules and

move, in the electron gas suggest that the GGA exchange function-
als represent effectively not only exchange, but also the mo-
hole hole lecular nondynamical Coulomb correlation, while the GGA
r=v(r)+vy(r)+ r)+ r . . C
p(1) = () F () + ) + e () correlation functionals represent the dynamical Coulomb
+ v kin(r) + v"Rr). (6.)  correlation. We have demonstrated that there is semiquanti-
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