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Ab initio density functional theory: OEP-MBPT  (2). A new
orbital-dependent correlation functional
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Using the optimized effective potenti@EP method in conjunction with an orbital-dependent
correlation functional developed on the basis of second-order many-body perturbation theory
[MBPT(2)], we performab initio correlated density functional calculations. Unlike other density
functional methods, this offers the first correlation approximation in a converging series of
approximations analogous to that in wave function theory. The OEP-NBR®rrelation potentials

of the helium isoelectronic series and the neon atom are in excellent agreement with prior quantum
Monte Carlo(QMC) results, while the widely used conventional approximate density functional
theory correlation potentials have qualitatively incorrect behavior. Furthermore, the correlation
energies, total energies, and the highest occupied orbital energies calculated by the OE@MBPT
method are also remarkably accurate. Unlike QMC, our procedure can be applied to general
molecules. ©2002 American Institute of Physic§DOI: 10.1063/1.1445117

I. INTRODUCTION viewpoint by Sham and Scttr® and by Goling and Levy?
The solution of the full integral equation of the OEP method

Density functional theoryDFT) based on the Kohn— s numerically very demanding and has been achieved so far
Sham(KS) schemé? is widely used to study the electronic oniy for systems with spherical symmetfyor periodic
structure of matter in physics and chemistry. Since the qualgystemd®! |n practice, an approximation proposed by
ity of the results is determined by the approximations use‘krieger, Li, and lafrat®!213 (KLI) is frequently used. Re-
for the exchange-correlation functionals, the development Of:ently, the linear-combination-of-atomic-orbitdlCAO) al-
more accurate and at the same time relatively simple angjthms for the OEP method have been developed recently
practical approximate functionals is of primary |mportance.by our group® and by Galing.'® They permit routine OEP

The newest approach for developing eXChange'correIat'OEalcuIations for atoms and molecules with Gaussian-type ba-
sis sets, but without any further approximation, and conse-

functionals might be calledb initio DFT? since it alleviates
the primary failing of DFT, namely, that there is no way to (ﬂsuently extend the applicability of the OEP method signifi-
Bantly.

guarantee convergence to the right answer. The basic idea
to take an exchange-correlation energy expression esta The incorporation of electron correlation into the OEP
formalism has been the subject of substantial interest

lished in theab initio wave function theory and to use it as
an explicitly orbital-dependeriand hence implicitly density- since the development of the exchange-only OEP method. In
.most of the existing applications, the exchange-only OEP

dependent exchange-correlation functional in DFT. This
universal and parameter-free methodology allows us to dll; iional has b bined with tional densit
rectly exploit knowledge from wave function theory and sys- unc !onal fas heen corln ined wi &1%3’;‘."9” |0rr]1a | er;S| y
tematically improve exchange-correlation potentials in thefunct!onas or_t e corre ation energy, e t e loca
KS DFET scheme. density approximatiofLDA), the generalized gradient ap-
One of the approaches that substantiatesnitio DFT is proximation (GGA), or the semiempirical Colle—Salvetti
the optimized effective potentidDEP method®~5 In this functional®®*°1t is well known, however, that the success of
approach, a given total energy functional depending expliccDA- or GGA-type functionals relies to some extent on a
itly on single-particle orbitals is minimized under the con- cancellation of errors between the exchange and correlation,
straint that these orbitals are the solutions of a single-particl#/hich is no longer maintained if a highly accurate exchange
KS equation with a local effective potential. Originally, the functional such as exchange-only OEP is used. Several ap-
exchange-only OEP method was derived by Talman an@roaches to derive approximate correlation energy function-
Shadw|c|é fo”owing the idea of Sharp and Hortams a aIS Suitable f0r the OEP method haVe been reported in the
method of giving a variationally optimal local potential literature. Geling and LeVB?'_ZO proposed a series of orbital-
whose associated single-particle orbitals minimize thedependent correlation functionals from the coupling-constant
Hartree—Fock HF) energy expression. Later in the context Perturbation expansion, which converges to a formally exact

of DFT, the OEP equation was rederived from a differentrepresentation of the correlation functional. Such a develop-
ment has also been studied by lvanov and BartfeBasid&?

a . : . . . considered including correlation effects in the OEP method
Permanent address: Institute of Physics, Nicholas Copernicus UnlverS|t)<I,V. . . .

Toruh, Poland. ith the aid of the Sham—Schkr equation and second-
D Author to whom correspondence should be addressed. order perturbative approximation to Dyson’s self-energy.

0021-9606/2002/116(11)/4415/11/$19.00 4415 © 2002 American Institute of Physics

Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4416 J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 Grabowski et al.

Graboet al® offered another scheme to derive a correlation ap Ny 1
functional using a particular perturbative expansion for the E[pa,pﬁ]Zz 2 f dr ¢i*(,(r)( - EVZ) bi (1)
interacting Hamiltonian, and derived equations involving the s !

Green'’s functions for the exchange-correlation potential and 1 p(N)p(r")

energy. Unfortunately, there are no numerical examples or +§f dr df'WJrf dr p(r)v(r)
practical applications based on any of the proposed formal-

isms. Recently, however, Engel and co-workéf8 evalu- +Exd pu.ppl, )

ated correlation energies of the Bog—Levy (GL) pertur-
bation theory, although they neglected the single-excitatio
contribution, and used the converged exchange-only OEP re:
sults. They did not achieve self-consistency between th
exchange-correlation potential and orbitals because the rig-
orous solution of the corresponding correlated OEP equatiofi— 1v2+y [p, Ppl(N}bpo(1) = €pobps(r), o=a,B
was too complicated. (2
In this paper, we perform correlated self-consistent OEP

l){vherep(r) is the electron density and,, is the number of
-spin electrons. The spin densitipg(r), ps(r), and the
S orbitals{¢,,} are obtained by self-consistently solving
e KS equatioh

calculations for some atoms for which there exist essentially\/Nhere

exact correlation energies and potentfal& The OEP cor- Ny

relation energy and potential expressions are based on the pg(r)=21 | din(1)]% 3
=

simplestab initio wave function theory correlation energy

expression, namely second-order many-body perturbatiomhe local effective or KS potentials,[p, ,p £1(r) in Eq. (2)

theory [MBPT(2)], and hence we call this new orbital- can be written as

dependent correlation functional treatment OEP-MBR.T

In this OEP-MBPT2) correlated calculations, we solve the Usol Pasppl(T)

OEP integral equation for a given MBPZ) correlation func- p(r')

tional within the basis set without any further approximation, — =u(r)+ j dr'——7+Vyeolpa ppl(r), (4)

and we achieve self-consistency between the potential and r=r']

orbitals. To test our new correlation functional, we compareyhere

the correlation potentials obtained from our MBR)Icorre-

lation functional with the exact correlation potentrsl® and Vo[ 1= OExc pa.ppl 5

also with the potentials obtained from widely used local and xeolPa:PBINT)= "5, )

gradient-corrected correlation functionals. We find that, al- . . ,

though the total, exchange, or correlation energies calculated the local gxchang(_a-cqrrelatlon potential formally d_efmed
. . as the functional derivative of the exchange-correlation en-

with the standard DFT functionals can be reasonable, the

corresponding correlation potentials show incorrect behavior, rgyT\;]v(lath ;iiﬂgﬁ;? tgsineleccct’rno]godneennigx’(g' the exchange-

In contrast, our OEP-MBR®) correlation potentials are in . '

o ; . correlation functional Ex[p,.pgl, where E.dp,.pg]
gualitatively good agreement in both shape and magnltude:E [p.1+E, slps]+Ed 1, are defined via

with the exact ones, and are a dramatic improvement over —alPal™=xplPplT EclPasPpl:

previously developed correlation functionals. As a conse- 5 R 1 p(Np(r)
guence, our OEP-MBRZ) correlation functional can per- > Ex,g[pg]=<¢>o|Vee|¢o>—§f drdr’ ,
form well for total and correlation energies, for which con- 7 ©6)
ventional explicit correlation density functionals work well,

but also accurately reproduces the correlation potentials anghereV., is the electron-electron interaction operator. In Eq.
orbital energies, for which the latter functionals fail. These(6) ®, is the KS single determinant built from th¢, , o
results clearly indicate that not only the exchange-correlatior= «, 8, lowest-energy solutions to E@2). The correlation

energy but also the potential should be employed as a criteenergy functionaE[p,.pg] is given by
rion in developing functionals.

r=r'|

Eclpa.pgsl
- e 1 p(Dp(r")
:(\pra,pB|T+Vee|\pra,pﬁ)—zf dr dr =T
Il. OEP METHOD AND OEP-MBPT (2) CORRELATION B 1 N,
POTENTIAM - [Ex,g[pa]—g > f dr¢ri,<r>v2¢io(r)], W)
A. The OEP method o i=1

In the KS DFT method”?® we express the total energy WhereT is the kinetic energy operator aﬂdpa'pﬂ is the true
of the system as a sum of the kinetic energy of a system afjround-state wave function of the interacting system that
noninteracting particles, the Coulombic interaction energy ofyields the ground-state densitfr), which is a sum of the
these particles, and interaction energy between the electrospin densitiesp,(r) and pg(r), i.e., p(r)=p,(r)+pg(r).
and the external potential(r) and the exchange-correlation By construction the KS single determinabt, yields p(r)
energy, for o=a,B. Pure-state representability is assuméd.
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In the OEP method, where we do not restrict ourselves tand identifying
exchange-only OEP of Talman and ShadWibkt also “cor- )
related OEP,” the exchange-correlation functional is an ex- VScEaP(r USOGEP (r)— f dr' ——~ p( (1), (13
plicit, usually approximate, functional of spin orbitals
Exe 1{#p,}] and thus only an implicit functional of the spin we can rewrite Eq(12) in the standard form of the OEP
densitiesp,, and pg, in contrast to the conventional explic- equation
itly density-dependent exchange-correlation functionals. The
superscript OEP indicates that the functionals and potentlalz j dr{q&* (rr)[VOEP )
are now explicitly orbital dependent. The spin orbiteds, ,} e xeo
are the solutions to the smgle partlcle KS equatidnwith a

1 5EOEP
local effective OEP potentlal R(r). This is equivalent to _ xc G, (1,1 )by (1) +c.c.|=0, (14)
requiring v OF7(r) to be a local potential determined by the b)) Sppo(r')] —P7 P

condition that its correspondlng orbitals be the ones thafare
minimize the energy functiondll).* The stationarity condi-

tion bao(1) (1)
Gpolr,1")= 2 — 1 (15)
5EOET{¢pT}] q#p €po~ €qo
OV g4(1) :UOEP:O ®) The OEP integral equatiofil4) has to be solved for the
so~Vsa exchange-correlation potentdP=" in each KS(OEP itera-
leads to the following by virtue of the chain rule for func- tion, and the self-consistency, E@), must be achieved at
tional derivatives: the end.
ap or , By rewriting Eqg. (14), we can formally represent the
>y fdr’ SE N { g1 8¢hps (1) e exchange-correlation potential as
5¢po”(r/) g, (1) |U _,OEP e \/OER, (r)
S0 “so XCo
=0. 9) SEOE .
—2 f { P[{d)q /] ———+c.c X ', rdr’,
In the above equations and in the following, we use the con- Oppo(r’ Ppo(r")

vention thati,j,k label occupied orbitalsa,b,c label virtual (16)
orbitals, andp,q,r label either. For a given approximation of 1, ) ) ) )
EOEP[{%T}] the first factor in the integrand in Eq9) is where X - (r _,r) is the inverse of the staup KS Illjear re-
easily derived. The second factor requires the standard firsEP0NSe function of a system of noninteracting particles

order perturbation theory for an infinitesimal perturbation Spy(r)
potential Svs, , Xso(T,17) = Sy (1)
Obpq (1) Poo(1) $ao(1) % o Bl Ban1) G5, ) bi(r)
W—é\mg’q;p ep—¢q0(r ) (10) :EI E o a(re _Z(r i +cC.C
lo ao
Inserting the functional derivative of EqQl) and using Eq. (17)

(10) into Eq.(9), we obtain 1 . . .
It should be understood tht, (r,r") is defined in the do-

qﬁgg(r)%g(r) , main of the eigenfunctions of,,(r,r’) and singularities in
% q;p P f dr'¢p,(r’) Xs,(r,r") do not pose any formal problem in E¢.6).%° In
the LCAO-OEP procedure, the potential and the response
V2+J dr (r") N N 1 5E§’CEP function (17) are represented in a real atomic orbitAlO)
S ramrr v(r’) Fro1) 3hpal1) basis{g,(r)} as
OEP, —
X ¢qo(r’)+c.c.] =0. (11) Ve (1= Ep: CpGp(r) (18)
. . L and
Using Eq.(2), we can rewrite the above equation in terms of
OEP
v g ! ’ !
: Xso(I, )=§4 (Xso)pg@p(1Gq(r"), (19
% Jdr’ [U?fp(r ) where
(" OEP i,a,/p)(izalq)*
dr” P( ) 1 OB (Xeo)pg= 2 (o3P o2 " | (20)
=T T G ) A

and (,s,|p) is the overlap integral of the orbitals, ,(r),
0 (12) ¢s,(r), and the orthonormal auxiliary Gaussian function

g0 bgo(r’)
X S —
> gp(r),

a#p €poc~ €qo

Gpo(r') dpo(r)+c.cl=
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. est. The fully contracted part of the Hamiltonian is the ex-
(T 4Sq] P)=f bro(1) dso(r)gp(r)dr. (21)  pectation value. In the second term we use following nota-
tion for two electron integrals:
Hence,Xs‘Ul(r,r’) can be expanded by the same basis as
(pdl[rs)=(pr|as)—(psqr). (28)
X (r,r') =2, (X5 paGpo(Ngolr’), (220 In Eq. (26) we have introduced the usual Fock matrix ele-
p.a ments defined in terms of KS-OEP spin orbitals:
where the inverse matriX,, can be obtained by singular

value decomposition oKy, . quz(p|h|q)+<p|2 f #F(2)
The exchange-correlation energy functional can be par- )

1

titioned into the exchange and correlation components, i.e., 1

Er T dpt 1= EL T {dbpt 1+ EST T {bp,}1, and likewise the X—(1=P1r) ¢j(2)d7,q

exchange and correlation potentials can be separated, as the 12

OEP equation is a linear integral equation. Choosing the HF B o

exchange energy functional in terms of KS orbitals as the =(p|h|q)+; {(pdlij)—(pilja)}, (29)

exchange functiongE 2=,

wp N where |h|q) is the one-electron integral

1 o
B Uepdl= -5 2 2 (addlidlo), (23

(P|h|Q)=f ¢p (NN(r) gg(r)dr, (30

we obtain the exchange potential in the following fotr:

VSOI.EP(I'):—E Z [(ia'jO'“o‘aU)

p.q i.j.a €, €a,

andh is thecore Hamiltonian(for a given electrondescrib-
ing its kinetic energy and potential energy in the field of the
(agig|Q)J nuclei.
In this study we choose the zero-order Hamiltonkdg
for the perturbation expansion as follows:

X(Xgg) qpdp(r) +C.C, (24

_ | _ | Ho=2 e{p'p}. (31)
where thechemical notation for two-electron integrals is p

used: From the usual RS perturbation theory, we can write the
(PolulT oS0 second-order many-body correlation energy expression
7 [MBPT(2)] in the following form:
1 - R N A
= f Bpol1) bao(1) [ $1o(1 ) bo(1)dr . (25) E¢ = (ol (Ve VixoRo(Vee™ Vixd | Do), (32

[\A/uxc=2i:1Vuxc(i)] but with the understanding that
B. The orbital-dependent correlation functional and

otential /
potenti Viyxe= NV + >\v§3>+>\f dr
In this study, we shall employ an explicitly orbital-
dependent correlation energy functional and potential on thevhich makes all other terms in E€R7) part of the perturba-
basis of the second-order Rayleigh—Sclinger(RS) pertur-  tion, ordered by\. It should be apparent that since the cor-
bation theory expression. We start with the Hamiltonian of arelation potentiaV/{?) is formally the functional derivative of
system of interacting electrons in the standard normal ordeE(CZ), it has to arise in second and higher orders of MBPT,
form:** while the exchange potential is first order. We temporarily
1 introduce the “order parameterk to make this explicit.
H=>, fo{pfal+ = > (pgl|rs){p'q'sr Hence, the energy functional that is only second-ordex in
g O 4 prs suppresses th¥'?), meaning it is exactly the same func-
+(Do|H| D) (26) t!ongl as t.hat in Gding-Levy perturbation theory. This dis-
tinction will be important below. The resolvent

p(r')
[r—r’|

: (33

= foelP I+ D fogDTa}+WHH(Do|H| Do), Ro=(Eo—Ho) 'Q, (34
p p.q

p#q @7 whereQ is the projector for the orthogonal complement to
®, (i.e.,, single and double excitations and E,

where {p'q} and{pTq'sr} denotes the normal product of =(®,|Hq|P). Henceforth, we use the simplified notation
spin orbital second quantized operators and the last teriy andef) for the sum ofe- and B-spin parts of the local
(®o|H|Dy) is the expectation value of the Hamiltonian in effective exchange and correlation potentials, respectively.
the KS determinan®, which is the singlé¢Slate) determi-  The sum of ther and B parts of the left-hand side of EGL6)
nant built from theN=N,+ N, lowest-energy spin orbitals, is therefore identified g, + V(Cz). We can write this expres-
whereN is the total number of electrons in system of inter- sion in a more explicit well-known spin orbital forfi:=®
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EP=EQ+ER from its self-consistent, converged value. In a future paper
1 (ia]jb)|? 1 (ia|jb)(aj|bi) this point will pe made expllgltly, where we also generalize
= A e e 24 cte—c—c the theory to infinite order in perturbation theory and to
hab € , 0 b <hjab &TE T a b coupled-cluster theory. The second-order solution we obtain,
+S |fial (35) also provides the high-density limit in DFT.
a2 €€ The corresponding-spin correlation potential, obtained
where E2) and E are the double- and single-excitation by taking the derivative of the correlation energy functional

parts of the MBPTZ) correlation energy functional. In this (35 With respect to density/(9)(r) = 5E() 5p,,(r), can be
expression, it should be understood thé,=e,dyq readily derived. For the sake of compactness, we only
— NS k(pkIkp) +(p|Vy|p)]— )\2<p|V(2)|p> Hence, I|m|t|ng present the expressions for the spin-restricted case, which
ourselves to consistent orders of perturbation theory, there &n be readily implemented for closed-shell systems. Switch-
no contribution from the correlation potential to the single-ing to the spatial orbital notatiofnow i, j, k, | denote occu-
excitation,f;, term. Instead, we have the same second-ordepied spatial orbitalsa, b, c, dvirtual spatial orbitals, and
expression as that in the GL perturbation theory, plus either, andp, g denote orthonormal auxiliary functionand
proper linear equation fov, as required by Eq(16). Fur-  dropping the spin indices to simplify the expression, we ob-
thermore, we ensure that the KS density does not changain

Ve (N =VEL,(1)+VE,(r)

B 2(ialjb) —(ajbi)] | salJ) IJb) 1 (ia]jb) y -
—ELJZab p—— 22— 22 (sda)—5 o — e g il +Gila

+e—e€

—(aalq)—(bb|q)]

](xsﬁ)pqu(m% [2 ieizz (Slq (23, A9

ia €j s#| € €g s+a €3 €g
22 'q> ., [4tialck - }(xgbpqu(r), (36)
whereV(ngo(r)z5E(2)/6pa(r) andV&) (r)=6EZ) 6p,(r).
We can rewrite Eq(36) in a more explicit way, suppressing the superscript,
Ve (1) = Vo) F V(1) + Vi, (1) + Ve (r), (37)
where
, 3 2(ialjb)—(aj|bi) (ca|] ) 1
Vbeo(1) =2, {% ere—ci—ey |22 e-e, licla >+22 (k |q>”<xs(,>pqu<r>, (38)
) 3 2(ialjb)—(aj|bi) (la IJb) IJb) 1 (ialjb)
VDC”(r)_% {ijZab €t €— €, € g’. €€ 22 _Em
><[(ii|q)+(ijIq)—(aalq)—(bblq)]H(Xsi)pqu(r), (39)
fia ci ka
Véw(r):% [% €—€ 22 : |q) 22 ( Iq) fix+ 22 Iq)[4( alck)—(iclka)—(ik|ca)] }
><(X;£>pqu(r>. (40
, (jilq) (balq) fia .
Vae (1) =2 [E - Ea_zgl e 22 o T o L)~ (aga)] ](xsupqu(r), (41)
|
where we separated termvg,..(r) defined by Eq(38) and From the above expressio(&8)—(41) for the correlation

Vg, (r) defined by Eq(40) from the rest, as they maintain potential, we can immediately see some possible approxima-
the same structure of integral equation for potentials as thgons, which will simplify our OEP-MBPT2) correlation
exchange-only OEP integral equatiof24). The terms treatment. First of all, we can neglect terif#)) and (41),

Vi, (r) defined by Eq(39) andV¢,,(r) defined by Eq(41)  which come from the singly excited part of the MB@T
result in a more complicated structure for the OEP integraknergy functional35). This should not seriously affect our
equation. calculated results, because these terms should give a very
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small amount to the correlation energy and correlation poten 05 : : : : |

tial, since the HF and OEP occupied orbitals are similar. We 1/r

will call this approximation OEP-MBP®)D. OEg_E,\;’B’;%g T
Another possible approximation is obtained by neglect- SVWN cooeeevis

ing terms(39) and (41), which have a different and more
complicated structure than the exchange-only OEP inte
gral equation. We will label it by OEP-MBR2)S'D'.
We can also use these two types of approximations a
the same time, and obtain the simplest expression for th
correlation potential, which is Eq38) only. We will call it
OEP-MBPT2)D’. The correlated OEP method that contains
all terms(38)—(41) will be called OEP-MBPT2)SD or just
OEP-MBPT2).

In each self-consistent field cycle, we first evaluate the
matrix representation of the response functiyy (17) and
then we invert this matrix by the singular value decomposi-
tion procedure to ensure that any singularity is excludec
from the X_,! evaluation. We then evaluate matrix elements
of the exchange-correlation potential over atomic orbitals
{Xu} i€, (u|Veelv), using Egs.(24) and (36), and pro- o y ) s . . .
ceed to a self-consistent solution that includes \#i& po- r/au.
tential. For numerical details applied Y§, see Refs. 14 and

Exchange-correlation potential / a.u.

2 1 1 1 1 1

30 FIG. 1. Comparison of the exchange-correlation potentials of the helium
: atom obtained from the OEP-MBFRZ), exchange-only OEP, SVWN, and
BLYP functionals.

IIl. RESULTS AND DISCUSSION rect (—1/r) asymptotic behavior of the potential for large
A. The helium atom and the helium isoelectronic although formally correct, the potentials decay too rapidly at
series very larger. Consequently, the potential obtained from a

ILCAO OEP-MBPT?2) procedure is displaced from the true

To assess the performance of our correlation functiona \uti ¢ Ea.(14) althouah the sh fth tential i
we will first concentrate on the helium isoelectronic series>° 410N O a.(14), althoug € shape ot the potential 1

because there exist practically exact solutidia the Schie accurately reproduced in the physically important region. In

dinger equation for these systefisand they are very use- EhloT st??a/, Wﬁ.f;shif:jﬂ:e cqrreolla;ion Eptﬁntital and .thg ma}gni-
ful for benchmark comparisons of various quantities ob-1ude orthe shift 1S determineéd by a highest occupied molecu-

tained from differentDFT and OEP in our casemethods. lar orbital (HOMO) condition, analogous to that for
For two-electron systems including the helium isoelectroni ex_change—o;ly OEfD,fofr a cprrelasted OEP-MB_F(E)hc_aIcu-
series, the exact local exchange potential is also knowraion- For the energy function&B5), we can write this con-

which makes the discussion of pure correlation e1°fectsd't'Orl as follows:
straightforward.

We start by comparing the results for the helium atom.f Brio(1) Vs b (r)dr
The OEP-MBPT2) calculations(full version and different
approximations were performed using the basis set which  =—> (H,j,lj,H,) +32 . (eno), (42)
consisted of even-tempered &@ype, 10p-type and Z-type ]
functions®® We compare them with the DFT results calcu- where ¢y, (r) is the highest occupied orbital. The first term
lated with the conventional exchange-correlation functionalson the right-hand side in E@42) is the expectation value of
BLYP is the Becke gradient corrected exchange funct®nal the nonlocal HF exchange potential constructed for the high-
(Becke83 and Lee-Yang—Parr correlation functiotfal est occupied KS orbitals, at{2(E) is a second-order self-
(LYP), and SVWN is the local density approximation to the energy expressid

exchange function#fl (LDA) and Vosko—Wilk—Nusair cor- (aplbj){2(qaljb)— (jaqb)}

relation functional® (VWN). In our comparison, we also in- E(qu)(E)z E

clude the results obtained from OEP-KLIESwhich is the j.ab Ete—eaep

exchange-only OEP method in conjunction with the semiana- inlib) 2(ailbi)= (bilai

lytical approximation due to Krieger, Li, and lafrateLI), =2 (ipli ){+(q | é) ( lqj)}, (43
plus a correlation contribution from the Colle and b GTETET S

Salvetti®4%(CS) correlation functional. where the summation over spatial orbitals is involved. The

In Fig. 1, we plot the exchange-correlation potential ob-orbital energies presented in Tables Ill and IV are obtained
tained from these approximate functionals and the OEPafter the exchange-correlation potentials of the LCAO OEP-
MBPT(2)SD method for the helium atom. Since the poten-MBPT(2) are corrected for the displacement. Also the OEP-
tials obtained from a LCAO OEP-MBRZ) procedure are MBPT(2) exchange-correlation and correlation potentials
expanded by Gaussian functions, which do not have the copresented in Figs 1, 2, 3, 5 and 6 are shifted, so that the
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TABLE |. Comparison of the total ground-state energies and exchange anc T T T

T
correlation energiegn hartreegfor the helium atom obtained from different 0.04 AN Exact

/ MRBREPT(OMD ————-—. -1
conventional DFT and OEP calculations. DESVWN, BLYP) and OEP- TI- /,/"“\\\ SE,EMBB,ETT(%)S .......
MBPT(2) calculations were performed using an even-tempered @®2d \ I// AR VWN oo
basis set. 0.02 I
|
Method Eiot Ere E, E. i
S 1
SVWN —2.834 835 —0.973 320 —0.861 853 —0.111 468 f 0 [_‘/
BLYP —2.907 066 —1.062 048 —1.018 344 —0.043 704 3 i
KLICS? —2.9033 —-1.0691 —-1.0275 -0.0416 ‘QE) }i
OEP-MBPT2D ~ —2.907800 —1.069 036 —1.022800 —0.046236 5 %[
OEP-MBPT2)SD —2.907 923 —1.069 159 —1.022 800 —0.046 359 c
OEP-MBPT2)D" —2.907 773 —1.071437 —1.025306 —0.046 131 '% 0.04
OEP-MBPT2)S' D’ —2.907812 —1.071477 —1.025306 —0.046 171 ° -
ExacP —2.903724 —1.066 676 —1.024 568 —0.042 107 g
aReference 19. -0.06

PReference 26.

008 | .

HOMO condition is satisfied. The constant shift for the cor-
relation potential has a very small value in comparison to the -0 , l . ;
shift calculated for the exchange potential. For example, for
the neon atom for which numerical results are presented in
Sec. |l B, those shifts are 0.0042 and 0.1570 a.u. for correFIG. 2. Comparison of the exact correlation potential of the helium atom
lation and exchange potentials, respectively. with the correlation pot_entials obtained from thg OEP-M&_&;]’KLICS,

The total shape and magnitude of the OEP-MEDT SVWN, and BLYP functionals. The exact correlation potential from Ref. 25.
potential are almost the same as those of the exchange-only
OEP potential. This is expected because the correlation po-
tential is a small fraction of the exchange-correlation oneDFT correlation potentials, i.e., VWN and LYP. It is evident
and correlation hardly affects the overall shape and behavidhat, except for the OEP-MBRZ2) correlation potentials, all
of the total exchange-correlation potential. However, as ighe approximate correlation potentials show very large devia-
well recognized this small correction is essential in describtions from the exact one. In the region with large electron
ing chemistry correctly. Note that the OEP-MBRY density, these approximate correlation potenti@dl8VN,
exchange-correlation potential has the correetl/r LYP, CS have the wrong sign and qualitatively incorrect
asymptotic behavior for<4.7 after the correction based on shapes. In contrast, our OEP-MBRT correlation potentials
the HOMO condition is made, whereas the SVWN andare in qualitatively good agreement in shape and magnitude
BLYP potentials do not. The small oscillations of the OEP-with the exact one. There is a slight difference between the
MBPT(2) potentials near the nuclei and the deviations fromOEP-MBPT2)D and OEP-MBPT2)D’ potentials, the vari-
the —1/r curves at large (r>4.7) are numerical basis-set ous approximations to the OEP-MBE2) method do not in
effects in the LCAO-OEP method, and are discussed in detageneral cause any qualitative change in the correlation po-
in Ref. 30. tentials.

In Table I, we show the total ground-state and exchange- In Table Il, we compare the total ground-state energies
correlation energy and also the exchange and correlatiofor the helium isoelectronic series obtained from SVWN,
contributions to the total energy calculated from differentBLYP, KLICS, exchange-only OEP, and OEP-MBRY po-
DFT and OEP calculations in comparison with the exacttentials with the exact result The calculations for He, L,
values?® Despite the fact that the SVWN and BLYP poten- Be?*, and B* were performed with an even-tempered
tials are substantially different from the exact potential, the20s10p2d basis set, and for the other ions we used an un-
values of the energy components are reasonable; in particulapntracted ROOS-ATZP basis $&tln the last row, the av-
the BLYP functional provides accurate exchange and correerage absolute deviations from the exact values are pre-
lation energies. Comparing the results with the exact valuesented. As we can see from the table, the KLICS and OEP-
it is obvious that the OEP-MBRZ) and KLICS schemes MBPT(2) total energies are much closer to the exact values
perform much better than the conventional KS approachethan those obtained from the SVWN or BLYP calculations.
and give qualitatively similar results. Comparing different The average absolute deviation from the exact values is in
approximate variants of the OEP-MBE2) methods, we can the same order for both the exchange-only OEP and OEP-
see that there is almost no significant differences in totaMBPT(2) methods, while KLICS results are slightly better.
energies among them. A larger difference in total energieslowever, for the highly charged two-electron ions, the qual-
between the OEP-MBRZ)SD and OEP-MBPMR)D meth- ity of the KLICS result is worse, while the quality of the
ods come from different expressions for the energy funcOEP-MBPT?2) results becomes better. For Mg onwards,
tional, i.e., an additionalnegative singly excited term&g,  the OEP-MBPT2) total energies are closer to the exact re-
[Eq. (35)]. In Fig. 2, we compare the exact correlation po-sults than the KLICS ones. We would like to mention there
tential with the OEP-MBPTR2)D’, KLICS, and conventional are almost no differences in total energies between the

r/a.u.
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TABLE Il. Total ground-state energidin hartrees, sign reversgetbr the helium isoelectronic series from various conventional DFT and OEP-NIBBT
calculations. In parenthesis are given the correlation energies obtained from OEP)BR&Iculations. Basis sets used in DFBLYP, SVWN) and
OEP-MBPT2)D calculations are described in the text.

BLYP SVWN KLICS? OEP-MBPT2)D ExacP
He 2.907 066 2.834 835 2.9033 2.907 80046 236 2.9037
Li* 7.279 429 7.142 818 7.2803 7.281 (0D44 628 7.2799
Be?* 13.650 025 13.444 694 13.6556 13.654 (@43 108 13.6556
B3* 22.019 407 21.742 617 22.0301 22.028 @6B42 047 22.0310
cH 32.388 272 32.038 680 32.4045 32.402(1B041 000 32.4062
N5+ 44.758 082 44.333188 44.7788 44.777 @640 983 44.7814
(o 59.127 244 58.626 541 59.1531 59.151 @BR40 967 59.1566
F+ 75.496 340 74.918 991 75.5274 75.526 @840 917 75.5317
Ne?* 93.865 423 93.210 726 93.9017 93.901 @0040 855 93.9068
Na®* 114.236 751 113.504 042 114.2761 114.276(6510 894 114.2819
Mg'o* 136.606 019 136.795 111 136.6505 136.651(63B10 909 136.6569
Al 160.975 412 160.085 744 161.0250 161.026(69240 897 161.0320
I . . . . .
siter 187.344 860 186.376 105 187.3995 187.401(B6R10 894 187.4070
Artet 312.822 695 311.535012 312.8997 312.901(B5BI0 861 312.9072
AT 0.032921 0.524 914 0.003 736 0.004 3 0.0

aReference 19.
PReference 34.

OEP-MBPT2)D and OEP-MBPT2)D’ methods. Also add- behavior in the KS potential, and it is further improved by
ing the single excitations in OEP-MBPZ)SD and the OEP-MBPT2) correlation treatment. In the KLICS re-
OEP-MBPT2)S' D' do not change the total energies. sults, one might expect similar quality, because the KLI

To assess the quality of the exchange-correlation poterexchange-only potentials are good approximations to the
tials, it is informative to look at the highest occupied orbital exchange-only OEP. However, as we can see, adding the
energies. In the limit of an exact exchange-correlation funcrgjie_salvetti correlation potentials to the exchange-only
fuon.aI, this val_ue should be eq‘if‘_'};’ the negative of the iony | potentials deteriorates the results. This is expected since
ization potential of the system: These values are very . . o

the CS correlation potentials have the wrong sign in the

sensitive to the quality of the exchange-correlation potential. hvsically rel  reqi ¢ dash readv b
In Table IIl, we present the highest occupied orbital energies? ysically relevant regions o space and as has aiready been

obtained from various approximate functionals. It is obviouscOnfirmed by the plot of the correlation potentials in Fig. 2.

that, once the HOMO condition has been imposed, the OEPAS in the total ground-state energy case, the highest occupied
MBPT(2) method has to give very good results. This supe-Orbital energies calculated by the OEP-MBRD, OEP-
rior quality is due to the inclusion of the exact exchangeMBPT(2)SD, OEP-MBPT2)D’, and OEP-MBPT2)S' D’

through the OEP scheme, leading to the correct asymptotimethods are almost the same.

TABLE Ill. The highest occupied orbital energiés hartrees, signs reversetbr the helium isoelectronic series from various conventional DFT and
OEP-MBPT2)D calculations. Basis sets used in DEBLYP, SVWN) and OEP-MBPT2)D calculations are described in the text.

KLI OEP

BLYP SVWN x only? x only KLICS? OEP-MBPT2)D ExacP
He 0.5894 0.5704 0.9180 0.9180 0.9446 0.8904 0.9037
Lit 2.2312 2.1903 2.7924 2.7924 2.8227 2.7719 2.7799
Be?* 4.8760 4.8066 5.6671 5.6671 5.6992 5.6482 5.6556
B3* 8.5199 8.4206 9.5420 9.5418 9.5751 9.5235 9.5310
cH 13.1634 13.0335 14.4169 14.4166 14.4507 14.3983 14.4062
NS+ 18.8067 18.6455 20.2918 20.2914 20.3261 20.2738 20.2814
o8+ 25.4498 25.2567 27.1668 27.1662 27.2014 27.1492 27.1566
F+ 33.0928 32.8676 35.0418 35.0410 35.0766 35.0245 35.0317
Ne* 41.7357 41.4780 43.9167 43.9158 43.9517 43.8997 43.9068
Na* 51.3794 51.0890 53.7917 53.7915 53.8269 53.7749 53.7819
Mg'o* 62.0223 61.6990 64.6667 64.6665 64.7020 64.6500 64.6569
Al 73.6652 73.3088 76.5417 76.5415 76.5770 76.5251 76.5320
Sit?* 86.3081 85.9185 89.4167 89.4165 89.4521 89.4002 89.4071
Arle* 146.8793 146.3556 150.9166 150.9164 150.9523 150.9005 150.9027
Al 1.8725 2.0924 0.0110 0.0107 0.0446 0.0074 0.0

aReference 19.
PReference 34.

Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 Ab initio density functional theory 4423

0.04 T T T T , 8 T T T T T
He He
o ) q4+ _____
0.03 I B - - an it - -
ok Ae ':
il Cor ;
ik o -=
I . . )"
0.02 il S A o i |
R .
S £ B
> .01 [& o
< il I A
= i - I
5 opm 4 = |
Q ' x
8 g e ap i
= ! g [
[ -l —_ b
S -0.01 - 5 :
3 3 3h i
2 c 3
8 -0.02 — I":\‘\
2 -lf- i -
-0.03 |- - o
P
1 K ) —
-0.04 ] ) /\'\
(VA
It \
A
- | 1 ] ] ] 0 AL ] ] 1
0%, 1 2 3 4 5 6 0 1 2 3 4 5 6

r/au. r/au.

FIG. 3. Correlation potentials of selected members of the helium isoelecE!G. 4. Radial density of the selected members of the helium isoelectronic
tronic series obtained from the OEP-MBPT(2)Erlculations. series obtained from the OEP-MBPT(2)balculations.

slightly poorer quality than those of KLICS. Again, like in

In Fig. 3, we plot the OEP-MBP(R)D’ correlation po- the case of the helium atom, adding the CS correlation po-
tentials of some selected atoms in the helium isoelectronitential worsens the orbital energy relative to the KLI
series. The shapes and magnitudes of the plotted correlati@xchange-only result, again indicating that the CS correlation
potentials are in good agreement with the exact results prepotential has the wrong sign in the physically relevant region
sented in Fig. 4 of Ref. 2fnote that the horizontal axes of just as for the helium atom. In the OEP-MBEJ case, the
Fig. 3 are not scaled by the nuclear chargenlike in Fig. 4  correlation correction moves in the correct direction because
of Ref. 25. As we can see in the figure, the position of the of the qualitatively correct correlation potenti@ee Fig. 6,
maximum of the correlation potential is shifted toward thebut the magnitude of the correction is slightly too large. In
nucleus for heavier ions. This can be simply explained by thd=ig. 5, we plot the exchange-correlation potential obtained
dependence of the correlation potential on the shell structurtsom the OEP-MBPT2) calculations and the exchange po-
of the electron density. In Fig. 4, we plot the radial chargetential from the exchange-only OEP calculations. As ex-
density obtained from the OEP-MBFZ) calculations for a pected, the exchange contribution largely determines the
few members of the helium isoelectronic series. The posishape of the total exchange-correlation potential, although
tions of maxima in both figures match very well. the effect of correlation is visible near the intershell region
B. Neon atom and is quantitatively very important. In Fig. 6, we plot the
' LYP, VWN, and OEP-MBPT2) correlation potentials. We

As another example, we have performed OEP-MB®»T
calculations for the neon atom in an uncontracted ROOS-

ATZP basis set. In Table IV, we compare the total ground-TAB'-'_E IV. Tota_ll ground-sta_te energies and the highest occupied orbital
. . . . . . energieseyomo (in hartrees, signs reversefr the neon atom. DFTBLYP,
state energies and highest occupied orbital energies obtamg&eWN) and OEP-MBPT) were performed using an uncontracted ROOS-

from OEP-MBPT2), KLICS, SVWN, and BLYP calcula- ATZzP basis set.
tions with the exact resulfS.Again the correlated OEP cal-

culations give much better total energies and highest occu- Eo €Homo

pied orbital energies than the conventional DFT method. The BLYP 128.972 478 0.4914
approximate KLICS total energies are slightly closer to the SVWN 128.232 975 0.4980
exact result than the total energy of the OEP-MBBT KLI x only 128.5454 0.8494
method, although the latter result is already highly accurate. gLEIIS—SI\/IBP'I(Z)D Eg'gzg (2)17 %‘%i‘;é
The total energies calculated in the OEP-MEBTmethods OEP-MBPT2)SD 129 009 088 0.6489
are too negative, because the GL expression for the second- oEP-MBPT2)D’ 128.985 505 0.6546
order energy functional that we use in our calculations al- OEP-MBPT2)SD’ 128.995 330 0.6545
ready gives much lower energies than Hartree-Fock based Exact 128.9376 0.7945

MBPT(2), e.g. The highest occupied orbital energies 0b-sreference 19.
tained from the OEP-MBP(R) calculations are also of PReference 45.

Downloaded 26 Sep 2005 to 128.227.192.244. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4424 J. Chem. Phys., Vol. 116, No. 11, 15 March 2002 Grabowski et al.

T 6 T T T T T

i
OEP-MBPT(2)

OEP x-only -----

Exchange-correaltion potential / a.u.
Radial density / a.u.

8 1 1 I 1 ]

0 1 2 3 4 5 6
r/a.u.

r/a.u.

FIG. 5. Comparison of the exchange-correlation potential with exchange ) )
potential of the neon atom obtained from the OEP-MEBENd exchange- F!G. 7. Radial density of
only OEP calculations, respectively. OEP-MPBT(2)D calculations.

the neon atom obtained from the

compare them with the exact correlation poteffigialcu-  /though the magnitude of the OEP-MBE2J correlation po-
ential is almost twice as great as the ex&@MC) one.

lated from very accurate charge density obtained from quarFo Il the OEP-MBP lati i i
tum Monte Carlo calculation§QMC). The conventional verall the . ©) correlation potential is a striking

DFT correlation potentials have the completely wrong Shapémprovement over those obtained from popular functionals.

as compared to the exat®MC) one. Our OEP-MBPD) It mg;ll alsfcl) be nr?ucer:j that fthﬁ shape of th(;a. corrzlgtllor;] po-
correlation potential shows qualitatively the correct shape'fem'a,IS re .ec.tst e shape of the corresponding ra lal charge
density. This is analogous to the well-known observation that

the humps in the exchange potentials occur owing to the
intershell structure of the radial charge density. One might

0.3

0.25

Correlation potential / a.u.

| T T T
7N Exact

OEP-MBPT(2)D
OEP-MBPT(2)D*

r/a.u.

expect that a correlation potential will reflect the radial
charge density for an atom and allow the electrons to avoid
each other. This simple argument appears to be supported by
Figs. 2 and 3 for He and by Figs. 6 and 7 for Ne, where we
can find that the peaks in the correlation potentials coincide
with those in the radial charge densities. A comparison of the
radial charge density obtained with accurate orbital-
dependent correlation potentials should compare well with
those fromab initio correlated methods like coupled-cluster
theory.

IV. CONCLUSIONS

We have performed aab initio correlated DFT calcula-
tion employing the OEP-MBP(R) correlation functional and
obtained accurate exchange-correlation and correlation po-
tentials for some atoms whose exact exchange and correla-
tion potentials are known. We have performed fully self-
consistent OEP-MBP(R) calculations to achieve self-
consistency between the exchange-correlation potential and
orbitals. The total exchange-correlation potentials, when
plotted, are hardly affected by electron correlation as the

FIG. 6. Comparison of the exa¢@@MC) correlation potential of the neon
atom with the correlation potentials obtained from the OEP-M&PT
SVWN, and BLYP functionals. The exa@@MC) correlation potential from
Ref. 26.

exchange potentials dominate in the total exchange-
correlation potentials. This is expected as the correlation ef-
fects are subtler and are at least an order of magnitude
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