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An improved density matrix functiondkcorrection to Buijse and Baerends functiofBBC)] is
proposed, in which a hierarchy of physically motivated repulsive corrections is employed to the
strongly overbinding functional of Buijse and BaereriB88). The first correction C1 restores the
repulsive exchange-correlatiofxc) interaction between electrons in weakly occupied natural
orbitals(NOs) as it appears in the exact electron pair dengjtjor the limiting two-electron case.

The second correction C2 reduces the xc interaction of the BB functional between electrons in
strongly occupied NOs to an exchange-type interaction. The third correction C3 employs a similar
reduction for the interaction of the antibonding orbital of a dissociating molecular bond. In addition,
C3 applies a selective cancellation of diagonal terms in the Coulomb and xc en@afidsr the
frontier orbital3. With these corrections, BBC still retains a correct description of strong
nondynamical correlation for the dissociating electron pair bond. BBC greatly improves the quality
of the BB potential energy curves for the prototype few-electron molecules and in several cases
BBC reproduces very well the benchmaak initio potential curves. The average error of the
self-consistent correlation energies obtained with BBC3 for prototype atomic systems and molecular
systems at the equilibrium geometry is only ca. 6%2@5 American Institute of Physics

[DOI: 10.1063/1.1906203

I. INTRODUCTION 1/2]a(r,)[2+1/2|b(r,)[? i.e., an even distribution over the
two sites(of course there is zero probability for the second

Starting from the pioneering work of Heitler and . :
g b 9 electron to be anywhere witk spin). However, the cross

London! one of the paradigmatic problems of quantum « =z <
chemistry has been the correct description of electron corrd2/CAUCtS CoCuog(1)ag(2)o (1o (2)+c.c. do make the left
lation in the electron pair bond. The correct description of'9ht distinction. With the limiting values,~-¢,~1/\2,
left-right correlation manifests itself in the occurrence of cer-th€ Cross terms yield for the conditional density of Biepin

tain orbital products in the pair densitidiagonal two- €lectron the contribution —1[&(ry)oy(ry)o(ryoy(ro)
electron reduced density matyip,(1,2). In particular, the +C-C/pi(ry), which correctly has a negative lobe around the
double excitations that are well known to provide the pri-réference electron at;, while its positive lobe is on the
mary correlating configurations in the wave function, lead to'émote atom: i.e., when, is in the neighborhood of atom
orbital product terms in the pair density that are crucial forHa 1€ Qa S=a, the contribution is -1/@(ry)[?

the left-right correlation. The proper dissociation wave func-+1/2b(r;)[?, and when ryeQ,, the contribution is
tion for H, at R—», W=cylog(Dog(2)+cyloy(Day(2), 1/2a(r,)[>-1/2|b(r,)|?. So these cross product terms take
Whereggzl/\s'z(aer) ando,=1/V2(a-b) (a andb are the care, when added to the even distribution from the diagonal
atomic orbitaly, leads in the pair densityp,(1,2) terms, that the probability for an electron with spin down to
=2¥(1,2W¥(1,2" to diagonal terms such as beonnucleudis 1 when the electron of up-spin is known to
|Cg|20'g(1);g(2)o';(1)5'5(2) and |c 2oy(D)oy(2)o(1)o,(2).  be on nucleus, and vice versa. In atoms, such orbital cross
These diagonal terms do not, for a reference electron at orgroducts, stemming from double excitations, also take care
site, differentiate between the probabilities of finding theof in-out correlation, for instance, thes’—ns? excitations
other electron at the same site or the other site. If, for inin He, and of angular correlation around the nucleus, e.g., the
stance, electron 1 is at a position in the neighborhood ofls*>— np? excitations in HE. Evidently, in any theory that
nucleusa with spin «, i.e., r; € Q,,5,=«a, then the condi- directly tries to express the pair density in terms of orbitals,
tional probabilitypgﬁ(rl,r2)/p§“(r1) of finding electron 2 at the occurrence of these orbital cross products in the trial
position 2=r,,s, is, when electron 2 hasB spin, two-matrix must play a key role.

0021-9606/2005/122(20)/204102/13/$22.50 122, 204102-1 © 2005 American Institute of Physics
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For two-electron systems, it has been shown by Léowdin>N/2, which are similar, apart from different complex
and Shuff in one of the first applications of the concept of phases, to the orbital products highlighted above. The impor-
natural orbitals(NOs) that the exact two-electron closed- tance of these cross products to describe correlation has been
shell wave function¥(1,2) reduces to just a summation over emphasized,and they need to be retained, but due to other
excited closed-shell configurations, when the NOs are useglpproximations madésee the following section for discus-

as an expansion basis, sion), the BB two-matrix(1.2) overestimates the xc effect.
_ _ Goedecker and Umriglapr (GU) have modified the BB
w(l’z)_zci|Xi(1)X‘(2)|' L. y¢ functional by omitting certain diagondl=j) terms in

I both the expansion d"%%r,;r,)[> and in the Hartree en-
Here x; are the NOs with their occupatioms which can be  ergy. This modification tends to improve the energies but has
easily deduced to be=2c’ (we refer to Ref. 4 for the use the disadvantage that the functional is no longer self-
of reduced density matrices in the treatment of electronnteraction fredthe GU modification has been called a “self-
correlation. The exact spin-freep, corresponding to interaction correction,” but in a certain sense this is a misno-
Eq. (1.1) contains, in particular, the cross products mer since the modification destroys the integration of the
~[Vninaxa(r ) xa(r2)xa(r xa(r2) +c.c] between the first NO - exchange-correlation hole to -1 electtbnFurthermore, the
x1, with the largest occupation;, and other NOsx.. In energy improvement obtained with the GU modification ap-
the case of nondynamical correlation in dissociating H nears to be a result of partial cancellation of the positive
we have justy;=og and xa=x,=oy. In another lmiting  gftect on the energy of this modification and the essentially
case, the He isoelectronic  series, the t€rms,oqative BB error. This cancellation is far from perfect in the
_[.WlnaM(rl).Xl(rZ)Xa(.r1))(.a(r2)+C'C']’ being the only €X" " pond dissociation region, which is reflected in the large GU
plicitly negative contributions to the electron-electron mter-errors in this region for a number of prototype molecules
action energy calculated with E(L.1), are, apparently, also (Refs. 12 and 13 and Secs. IV and. We will discuss this

respons@le.for the dynamical correlat|or1 prevailing in th_at oint in further detail when proposing corrections to the BB
case. This time, however, many terms with weakly occuplecf

NOs are relevant. unc/f\lonalént Sic.f”tlﬁ DMFT methods is the calculation of
In density matrix functional theordOMFT) one tries to good test of the methods 1s the calculation o

obtain approximations to the pair density using the NOs andnolécular potential energy curves, which is known to be a
NO occupation numbers. It is very important that such aphallenging task for approximate quantum chemical meth-
proximations contain the essential physics of electron corre?ds: The latter is true, in particular, for the otherwise suc-
lation, and they should therefore retain the correlating orbitaf€ssful methods of density functional theofFT), for
products just noted. In order to arrive at a useful approximaWwhich even the simple fimolecule with a dissociating
tion of p,, Buijse and Baerends® wrote for closed-shell bond presents a difficult problem. Spin-restricted variants of
systems the related exchange-correlaiier) hole function  standard DFT methods, such as the local density approxima-
p;‘g'e (r,|ry) as the square of a hole amplitud:ég'e (romrq) tion and the generalized gradient approximation tend to pro-
and expanded the amplitude describing the hole around duce rather large errors for dissociating closed-shell
positionr,, in the complete set of NOgsee the following molecules* As was argued in Ref. 6, an adequate approach
section for the corresponding expressiorEhis is a gener- should be based on an orbital-dependent functional, which
alization of the case of the pure exchange hole, where thivolves both the bonding and antibonding orbitals of a dis-
exact hole can be expanded in just the occupied Hartreesociating bond. This is, in fact, the characteristic feature of
Fock orbitals’ With the expansion coefficients obtained with the generalization of the Fermi hole amplitude of Hartree—
due account of the “sum rule” and the permutation symmetry=qck theory, employing only occupied orbitals, to the full
for the two-matrix, Buijse and Baeren8B) expressed the  exchange-correlation hole amplitude of Refs. 2, 5, and 15,
total pair densityp, in the following form: which involves the “virtual’(weakly occupietinatural orbit-
p?B(rl,rz) = p(rp(ry) alslwith weights proportional to then;. Nevgrtheless, appli-

_ cation of the ensuing DMFT to the potential curves of some
=2 i (r)x(r)xi(ra)x; (ro), - (1.2 prototype molecules revealed deficiencies?'®*#in par-

b ticular, the BB or CH functional produces a consistent over-

where the natural occupation numbéng are constrained to €Stimation of the absolute value of the total enefigge also
lie between 0 and 2. Sec. IV and V. On the other hand, the corrected Hartree—

This particular functional has been obtained by Miiler Fock (CHF) method, introduced also by Csanyi and Afias
in a completely different way. Csanyi and Aflaonsidered  Provides little or no improvement over the HF method for
the formal symmetry properties of two-matrices that are writ-Prototype molecules around the equilibrium distatfce:*®
ten as tensor products of one-matrices and arrived at whés analyzed in Ref. 16, this is a consequence of the implicit
they called the corrected Hartré€H) functional, which is  restriction of the CHF methotand the Bogoliubov method
identical to Eq.(1.2), as the simplest case. The ansdt2)  that is equivalent to 1) that its Coulomb hole is definite
contains orbital Cross products such asnhegative, which is certainly far from true for systems where
—[vaMi(rl)X;(r1)Xi(r2)X;(r2)+c.c.] between strongly oc- Hartree—Fock is a reasonable zero-order wave function. The
cupied NOsy;, i<N/2, and weakly occupied NOg,, a GU modificatiort’ yields mixed results, it often improves
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around the equilibrium geometry, but it produces rather largechieved with the BBC3 variant. In Sec. VI implications of
errors for the dissociating H(Ref. 12 and LiH (Ref. 17 the present results for DMFT, DFT, and many-electron

molecules. theory are considered.
Further improvement of DMFT is clearly required. In
Ref. 20 an approximate functional of the two-electtband  1l. THE BB FUNCTIONAL

K integrals with{;} has been derived from the theory of the

. ) . The BB electronic energy functiorfal is based on a
antisymmetrized products of strongly orthogonal geminals_. ole
; : . - simple ansatz for the xc holgl®® (N electron closed-shell
and in Ref. 21 the NO occupations in an approximate

functional were obtained as diagonal elements of an idempos-yStemS are considereathich is S?fmed by
[0]{S)

tent matrix, the elements of which represent the variational — po(r1,r) = p(ry)p(ro) + p(r ) pge (ro|r1), (2.1
parameters to be optimized. In Ref. 22 the “phase dilemma” herepy(T 1,1, is the pair density ang is the electron den-
of DMFT is discussed, i.e., the proper choice of the sign o p2\"1:72 P y

contributions to the xc functional of the terms with crossSIty’

products of NOs. p(ry) =2 nilxi(rol?, (2.2
In the present paper corrections to the BB functional are [

proposed(BBCn), which retain the abovementioned impor-

tant correlating orbital structures of the BB functional, while ;;, spin-restricted form, suitable for the closed-shell mol-

mtrqducmg a number of physmally motivated repulsive €Ol cules we are dealing withThe ansatz represemg'e as the
rections. In Sec. Il the original BB ansatz and the approxi- hole

) o ; ) square of the amplitude,. -,
mations behind it are discussed in both the prototype two- ol ol
electron case and in the genehelectron case. In Sec. I Pro (ralr 1) = = [@ge (ralr I, (2.3
three variants, BBC1-BBC3, are put forward. The first cor-
rection (BBC1) changes the sign in Eq1.2) of the cross

products vnanpxa(r )xa(r2)xs(r)xe(r2) between different

Wgakly occgpieq NOs(a. andy,. A theoretical justif?catipn of NOSs x,(r,), with r-dependent coefficients(r ), symmetry
this correction is that in the two-electron case it brings theand normalization requirements fon(ry,r,) lead (apart

approximate e>.<pression far, closer to the exact one. The from a phase factotto an expression faz(r ;) in terms ofy;
second correctiofiBBC2) reduceson top of BBCJ the xc andn as follows
1

interactions in BB_between different strongly occupied

with n; being the occupation of the N (we work here in

which is exactly possible in the exchange-only ca&sf we
hole, —N/2 * — P
use ¢ ro|r)=2Zim/p(r)x; (r)xi(ry) [all m=2 (i

<N/2)]. When the amplitude"2%r,|r) is expanded in the

NOs xi and xj, —vnimpxi(r)xi(r)xi(ro)xi(ro)/ri, to the hole, Vi (ry)
exchange-type interactions 3mnxi(r ) x;(r )xi(r2)x;(ro) #c (12l 2 Vp(ry) xi(r?) 24

/r1o. We define here the strongly occupied NOs as the set of

N/2 NOs with the highest occupation numbers. The thirdThe choice of complex phase fgr(r,)" is arbitrary, and has
BBC variant(BBC3) applies(on top of BBC1 and BBCRa  been made for smooth connection to the exchange type inte-
correction similar to the BBC2 correction, but now for the grals for (strongly occupied orbitals. We are dealing with
interaction of the antibonding NO of the dissociating bondreal orbitals and will drop the complex phases. From Eqgs.
with all strongly occupied NOs, except the corresponding2-1, (2.3, and (2.4) the expressior(1.2) for p5° follows
bonding one. The Origina| BB form needs to be retained for\NhiCh, in turn, determines the electron-electron interaction

the bonding-antibonding pair, since it is precisely the re-energy functional

quired form to get the left-right correlation right in the case 1 [ p(ryp(ry) 1 —
of dissociatior?"® BBC3 also applies the GU correction of ES(?: —f 2 drydr, - = nin;
s . . . : 2 P 2 i
omitting certain diagonal terms in the Hartree and xc ener
gies for all NOs except the bonding and the antibonding it Dxi(r ) xi(r2)xi(ro)
ones. This selective application of the GU correction retains Xf S 1r —EAR2 drqdrs. (2.9
12

the qualitatively correct BB description of the two-electron
bond, which makes an important numerical difference withThis orbital functional for the correlated total energy has
the full GU correction. In Sec. IV the BBC functionals with been derived for and has been applied to the many-electron
{xi} and{n;} taken fromab initio multireference configura- case?” where it proved to be overbinding. This deficiency
tion interaction (MRCI) calculations in large correlation- was already mentioned in the Introduction. To prepare for the
consistent basis sets are applied to potential curves of a numiodifications to be proposed in the following section, it is
ber of prototype few-electron-bonded molecules i LiH, instructive to consider the application agg in the two-

Li,, BH, HF and to the atoms He, Be, and Ne. BBC greatlyelectron case. The ansd&4) for the hole amplitude has in
improves the quality of the DMFT molecular potential en- fact been shown to fully incorporate the effects of correlation
ergy curves compared to the uncorrected BB and BB-GUn two limiting two-electron cases, namely, the nondynami-
ones. The best performance in these post-Cl calculations isal correlation in the dissociating electron pair bond
achieved with the BBC2 variant. In Sec. V the results of(stretched H) and the dynamical correlation in the case of
self-consistent DMFT calculations are presented. Againfwo-electron ions withZ>2 (the He isoelectronic serigs
BBC greatly improves the quality of the BB potential curves. The two-electron cases are particularly interesting, since the
The best performance in the self-consistent calculations isxact wave functionV(1,2) attains the particularly simple
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form (1.1) in the natural orbital expansiohThe expansion xc holep[}g'e could be represented as minus the square of the
coefficientsc; are determined by the, up to a phase factor hole amplitudegpﬂg'e, Eqg. (2.3. Though this representation
fi=%1, has been used to arrive at H§.4) and hence at Eql1.2),
o= f-\“'m 2.6 the condition(2.3) is not a necessary attribute of the rigorous
P e ' theory and, for example, the xc part of the exact pair density
From Egs.(1.1) and (2.6) the exactp, of the two-electron (2.7) does not obey it. The erroneous negative sign of these
system reads terms inESé3 may be a source for its being too negative, so it
appears natural to adhere to thesign of the last sum in the
po(Fq,ro) = zj dsds,¥(1,2¥"(1,2) exact expressiof2.7), which is one of the corrections to be
discussed in the following section.
_ 2 2 — Note that the abovementioned BB approximations pre-
- EI: X )l + [2 fafaVninaxa(ry) serve the important second term in E2.7) with (minus the
. . — cross products [Nninaxa(F)xa(r)xa(ra)xa(ro) +c.cl, so
XxaFDXa(r)xar) + 2 fafpVNapxa(r)  that it passes unchanged from H8.7) to Eq. (1.2, apart

a>1

azb>1 from a change of the complex phases, which arise from the
Sy (F F)v(r) +c.c.l. 27 specific choice of phase for the weakly occupied N@®
Xo(FXa(T 2o 2) ] (2.79 same as for the strongly occupied onegich was made in

] ) Eq. (1.2). This could be changed in E¢L.2), but we will, as
The phase factor§ show up in the second and third sums of |, 5iaq above, refrain from keeping track of the complex

Eq. (2.78, accompanying the cross products of the weaklyynases. For the dissociating, kholecule this term reduces
occupied NOsy, with the strongly occup_led NQ; and the (see the Introductionto —{oy(ry)ay(r)oy(ra)oy(ry)+c.cl.
cross products between weakly occupied N@sand x»,  Taken together with the corresponding diagonal terms with
respectively. Then, using the fact tHgttends to be negative —ag(r)Plog(r)|2 and 4oy (r)[2oy(r,)|? which arise in the

if the dominant coefficient is chosen to be positiVene app?roximat?on(Z.S), this term produces the BB xc hole

arrives at X
— hole, —_~— 2 2
pa(ry,ro) = > nilxi(r )P xi(r )P + [_ > VN1Ngx(r1) Prc (r2lra) P(I’l){|gg(rl)| |(Tg(r2)|
i a>1
) * / +[oy(r)oy(ryoyra)oy(r,) +c.cl
XXTDXa DX+ 2 VNaNpxa(ry) ot 2u ! gz !
a>b>1 +ouroFlour)%, (2.10
X xXo(T ) Xa(F ) xp(r2) + c.c.]. (2.7b  which is correctly localized around the reference electron at
ry, i.e., whenr, is in the neighborhood of atom g p[l%'

(ry|r, e Qu)=-Ja(r,)|? and wherr, is in the neighborhood

note that the BB approximation of writing the xc hole as the®f He: prc” (ra|rae Op) ~—fb(ry)*. Note, that in the general
square of an amplitudgEq. (2.3)] which leads to Eq(1.2) N-electron case the BB ansatt.2) con_tayns similar cross
could be considered as amounting to two separate approx@rPducts YMMxi(r)x;(r)xi(ra)x(r2), (i), for all NOs.
mations. In the first place the first sum of E@.7) is ap-  'hen. the cross products [ vninaxi(r)xa(r)xi(r2)xa(r2)
proximated as the produptr,)p(r ) plus the diagonal terms *¢:c] between strongly occupied NOg, i=<N/2, and

Comparingp5® of Eq. (1.2) with the exac, of Eq. (2.7) we

in the double sum of Eq1.2) weakly occupied NOg,, a>N/2, represent a natural gen-
eralization of the abovementioned two-electron structure
E ni|Xi(rl)|2|Xi(rZ)|2 =~ P(rl)P(rz) —[\f'nlna)(l(l’l))(a(r1)X1(r2)xa(r2)+C.C.].

! Terms for which the analysis of the two-electron case,
“S )P (2.9 with only one occgpi_ed orbital, does not yield g_clue, are the
i cross products imxi(r Dxi(rxi(r2)x;(ra), (i j<N/2),
between different strongly occupied NOs. We will identify
these terms as another source for the overbindingt
The corresponding correction as well as other repulsive cor-
rections will be presented in the following section.

This is valid in the two limiting cases of purely dynamical
correlation whenn;=2 andn,~;~0 (the He isoelectronic
serie$ and of purely nondynamical correlatiddissociated
H,) whenn;=~n,~1 andn;-,~0.2° Note, that the approxi-
mation (2.8) provides for the normalization condition

Ill. REPULSIVE CORRECTIONS: THE BBC n
J pZ(rlarZ)er = (N - 1)P(r 1) (29) EUNCTIONALS
since the other terms in E@2.7) do not contribute to this The first repulsive correction to BBBBC1) proposed in

integral, and Eq(2.8) leads immediately to Eq2.9). The this paper restores the positive phase of the cross products
second approximation is a change of the positive sign of thbetween weakly occupied NOs as it appears in the accurate
cross products between weakly occupied NOs in the last sutwo-electronp, of Eq. (2.7). To accomplish this, we intro-

of Eq. (2.7) to the negative sign of the corresponding termsduce the corresponding sign correctit®l) p5* to p5® of

in Eq. (1.2). This approximation is required in order that the Eq. (1.2).
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p?BCl(rl,rz):szB(rl,rz)+p§1(r1,r2), (3.1 rlzdrldr2 with the exchange-type interaction

nnJf)(l(r1)Xj(r1)x,(r2))g(r2)/r12dr1dr2 This is effected

which only makes this restoration, while preserving the ap-by the correct|0rp2 to p&

proximation(2.8). Comparing Eq(1.2) with Eq. (2.7), one

finds thatp$! has the general form P3BCA(r1,15) = pBBCHr 1) + pyAry,ry), (3.5
—
Pgl(r 1wl =2 > VNaNpXa(r D) X6(r D) xa(r 2) xo(r2), where
a,b#a>N/2
— 1
(3.2 pcz:z(rl,rz) = 2 (\ninj - Eninj>
which is valid in the two-electron case and can also be ap- Li#I=N2
plied as a correction to the ansdtk.2) in the N-electron Xxi(r)x;(roxi(ra)x;(ro). (3.6)
case. The corresponding electron-electron interaction energy
functional 55501 has the form The corresponding BBC2 energy functional is
EBBCl EBB + Egé', (33) EBBCZ EBBCl Eg; (37)
r r r r
Eecel: E ,nan Xal(r 1) x( 1r)Xa( 2) Xb( 2) dr ,dr . Eczzi E <\nn 1nn_)
a,b#a>N/2 12 e 2i,j¢i>N/2 J 2 |
(3.9
5 Xi(rl)Xj(rl)Xi(rz)Xj(rz)dr dr (3.9
The positive correction that we make inhibits the representa- l1s e :

tion of the xc hole corresponding te5°* as minus the
square of a hole amplitude, as in EQ.3). However, the Since both corrections C1 and C2 change only the orbital
correction C1 bringp5°“! closer to Eq.(2.7) in the two-  cross products imp,, the functionp22°2 of Eq. (3.5 also
electron case. BeS|de/szBCl(r1,r2) has the correct symme- satisfies the normalization conditi@8.9).
try with respect to permutation of the electron coordinates  The third BBC varian{BBC3) applies(on top of BBC1
ri,r, and it satisfies the normalization conditith9). There  and BBC2 a correction like BBC2 but now for the interac-
is no compelling reason to stick to the initial ansatz that thetion of the antibonding NQy, of the dissociating bond with
hole be written as minus the square of an amplitude. We wilkll strongly occupied NOs, except the corresponding bonding
therefore drop this assumption and will take as our only purone. In addition, BBC3 applies the GU correctibrio all
pose to provide an accurate approximation to the xc energiOs, except the bonding and the antibonding ones. This
The second repulsive correction of this pag€?2) is means that in Eg. (2.5 in the Coulomb term
applied on top of BBCL1 to the xc interaction between differ-(1/2) [ p(r)p(r,)/rq,dr,dr,, the i=j terms describing self-
ent strongly occupied NOg; and yx;, i,j<N/2. As was interaction of electrons in the same orbital with the same
pointed out in the previous sections, this interaction is represpin  are  omitted, amounting to a correction
sented for thei J p_ (and similarly for thej,i pain —1n2)(|(r1)2)(,(r2)2/r12 to the Coulomb energy integrand. In
W|th m term SVnin S xi(r)x;(roxi(ro)x;(ro)/ropdrsdr,  the xc term the correﬁgonding diagonal terms are omitted,
= 2\n n;Kj;. This reduces to the normal exchange interaciwhich is a Correctlor%\' 2xi(r )%xi(r2)?/r 1, to the xc energy
tion, which just has the prefactor -1 in front of thg inte-  integrand. In the Hartree—Fock case withen;=2 the can-
gral, when the orbitals are fully occupied,=n;=2. In the  cellation of these diagonal terms would be automatic, which
correlated case, the > _occupation numbers start to decreaggethe usual correction by the exchange terms of the spurious
from 2.0, and the 2\” n; factors become Iess negative than self-interaction in the Coulomb term. In the present case, the
the full (Hartree—Fock exchange factor —1. If one takes, GU approximation, which is only justified pragmatically
however, the exchange-type part of the exact pair densityvorks in the right directio) introduces a positive correction
which can be obtained from the exact one-particle densitpf the form (—zl‘ni2+%ni)\]“_ The factor 711ni2+%ni goes
matrix y as the product (/4)y(ry,ry)¥ry.ry),  through zero fom;=0 andn,=2 and has a maximum fa;
one would obtain the off-diagonal terms =1. So this is a relatively small correction when applied to
—aninixi(rDx(rDxi(rxj(r))/ri, in the energy integrand. strongly occupied orbitalgn,~2) and to weakly occupied
This of course reduces to pure Hartree—Fock exchangerbitals (n;=0). Denoting the bonding/antibonding pair of
(-Kjj) in the casenj=n;=2, but when the occupation num- orbitals as the orbitals with numbely2 andr, the occupa-
bers start to decrease from 2.0, the factokn/4 is less tions ny, andn, deviate most from 2 and 0, equalizing at 1
negative even thanm n;/2. We have inferred that the latter at the dissociation limit. Because of this the full GU correc-
terms are indeed too negative, the Coulomb correlation beintion (applied also tgy,» andy,) would distort the correlation
expressed primarily by the cross terms between strongly anstructure(2.10, which is essential for the left-right correla-
weakly occupied NOs, not between different strongly occu+ion in the dissociating bond. This distortiofas will be
pied NOs. We therefore reduce the xc interaction betweeshown in the next sectiopproduces a dramatic deterioration
strongly occupied NOs, replacmg for each orbital pair theof some molecular curves in the dissociation region. We
XC interaction 2\n nlfx,(rl)xj(r1)X,(r2))(l(r2)/ therefore will not apply the GU correction for the bonding-
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antibonding pair of orbitals with occupation numbers differ- -1.00 B rc
ing strongly from 2 and 0. The resultings®“® can be ex- BBC3|; :

pressed as follows: Y

rf .
P52 1,12 = p3°Ar 1,1 0) + pSAra,r o), (3.9 ,“/'/ BBC1(2)
where -1.05 !
c3 —_1
pa(ry,ry) = 2 vnin, = Eninr
i<N/2

XIxi(rDxr(r)xi(r2)x(rp) +c.cl

E(a.u.)

1 -1.10
+ > <ni_5ni2))(i(r1)2)(i(r2)2- (3.10
i#=N/2,r
The corresponding BBC3 energy functional is
BRSO =B+ EGY 31 15 :
where
c3 — 1 i
Eee = 2 vnin, = Eninr W
i<N/2 | | 1 | |
: : 2 4 6 10
Xf Xl(r1)Xr(r1r)X|(r2)Xr(r2)drldr2 R(a.u.)
12

2 2 FIG. 1. Energy curves for the Hmolecule with NOs and NO occupation
+ } 2 ( _ 1!’12) f Mdr dr numbers from full Cl calculations in the cc-pV5Z basis. The drawn curve is
i 10ro.

2 i the full CI curve(labeled CJ, the other labels are defined in the text.

2i N2y EP)

(3.12 also compared with the BB and GU curvigke curves la-
Equations(3.10 and (3.12 are valid for molecules with a beled GU apply the full GU correction of omitting the same-
single bond, which are considered in this paper, but theispin diagonai=j terms in the Hartree energy and the diag-
generalization for the case of multiple bonds is straightfor-onal terms in the xc energy of the BB expression, &),
ward. The selective application of the GU correction inin both cases for all orbita]sThe correlation-consistent ba-
BBC3 as well as other corrections of this paper preserve the

important orbital structur€2.10 of the original BB, which is -7.85 —

responsible for the proper description of nondynamical elec- o~
tron correlation in the dissociating bond. Unlike other cor- \
rections of this section, the GU correctiggven if selectively
applied in Egs(3.10 and(3.12] does not preserve the nor- -7.90 -

malization condition(2.9). However, as will be shown in
Sec. V, the potential energy curves obtained with the self-
consistent DMFT calculations with BBC3 provide the best /
agreement with the benchmark full GFCI) and MRCI
curves.

-7.95 -

E(a.u.)

IV. POST-CI CALCULATIONS OF POTENTIAL ENERGY
CURVES WITH THE BBC FUNCTIONALS

Calculations with the NO$y;} and occupation$n;} ob-
tained from MRCI calculations are of importance for further
development of DMFT. Indeed, a successful DMFT func-
tional should reproduce these quantities, so that an assess-
ment of the quality of the proposed functionals with the
“best” {x;} and{n;} is in order. L

Figures 1-5 display the potential energy curves for the , , , |
prototype o-bonded molecules 4 LiH, Li,, BH, and HF 2 6 10
obtained in this post-Cl way with the BBC functionals pro- R(a.u.)
posed in the preceding section. They are compared with trgf

. . . . . IG. 2. Energy curves for the LiH molecule with NOs and NO occupation
potential curves obtained with a multireference single ang,ympers from MRSDCI calculations with the cc-pV5Z basis on H and aug-

double CI(MRSDCI) with the ATMOL packagé5 and they are  cc-pCvQZ on Li.
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-14.90 -100.0

BBC3
N\

-14.92
-14.94

-14.96

E(a.u.)
E(a.u.)

-14.98 -*,

-15.00

-15.02

7 8
R(a.u.)

FIG. 3. Energy curves for the fimolecule with NOs and NO occupation

numbers from MRSDCI calculations with the aug-cc-pCVQZ on Li. FIG. 5. Energy curves for the HF molecule with NOs and NO occupation

numbers from MRSDCI calculations with the cc-pV5Z basis on H and aug-
cc-pCVvVQZ on F.

sis sets are employed in these calculations, which are rather

more extended and more adapted to treat electron correlatiQiyations are performed in the correlation-consistent polar-

than the basis sets commonly used in molecular selfizeq valence 5-zeta basis S8 (cc-pV52) and for heavier

consistent DMFT calculations. For H and He atoms the calatoms the correlation-consistent polarized core-valence qua-
druple zeta augmentethug-cc-pCVQZ basis set€?° are

-25.00 — used. NOs{y;} and their occupationgn;} obtained with
\ MRSDCI have been used in E(8.1)—(3.12 to produce the
P BB, BBCn, and GU electronic energies.
-25.05 — B Since two-electron systems in general, and stretched H

in particular, served as the DMFT paradigm, we start our
discussion with the potential curves of Fig. 1 for the H
molecule. With the scale chosen, it clearly displays, first of
all, the well-known failure of the GU approximation. The
latter consistently underestimates theg é¢thergy and the cor-
responding error increases dramatically with the bond length
R(H-H), so that already a@R=2.5 a.u. the GU curve is way
off the FCI one. The reason for this is the deficiency of the
GU correction for NO occupationg, that deviate apprecia-
bly from 2 or 0, which is the case for the singly occupied
frontier NOs oy and o, of the dissociating K In this case
the GU modification produces a deficiefriot attractive
enough xc hole

1 1
PQ?le(GU)(rzhl) ~= m{ §|C’g(r1)|2|ffg(r2)|2
'\,«/' + [Ug(r 1)0'u(r1)0'g(r2)0'u(r2) +c.cl
-25.35 I | 0 I | 1
R(a_f'].) 10 +§|0-u(r1)|2|0-u(r2)|2}! (4-1)

FIG. 4. Energy curves for the BH molecule with NOs and NO occupationwhICh integrates erroneously to —1/2 electron. On the other

numbers from MRSDCI calculations with the cc-pV5Z basis on H and aug-N@nd, BB consistently OvereStimat?S the éhergy but, be-
cc-pCVQZ on B. cause of the proper forn2.10 of its xc hole, the corre-
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TABLE |. Comparison of the total and correlation energiaomic unitg calculated at the molecular equilibrium geometries with BB, GU, BB&l in the

post-Cl variant, and MRSDCI.

System He Be Ne 2l LiH Li, BH HF

-EC 2.9032 14.6444 128.8820 1.1739 8.0668 14.9857 25.2791 100.4128
-EC 0.0416 0.0714 0.3352 0.0403 0.0795 0.1142 0.1477 0.3442
—EBB 2.9119 14.6782 128.9166 1.1857 8.0878 15.0211 25.3422 100.4619
-EB8B 0.0503 0.1052 0.3698 0.0521 0.1005 0.1482 0.2108 0.3679
Error (%) 21 47 10 29 26 31 43 16

—EBBCL 2.9047 14.6590 128.8544 1.1759 8.0715 14.9897 25.2941 100.3939
—EBBCt 0.0431 0.0860 0.3076 0.0423 0.0842 0.1182 0.1627 0.3253
Error (%) 4 20 -8 5 6 4 10 -5

—EBBC2 2.9047 14.6571 128.8414 1.1759 8.0712 14.9840 25.2914 100.3795
—EBBC2 0.0431 0.0841 0.2946 0.0423 0.0839 0.1125 0.1600 0.3109
Error (%) 4 18 =12 5 6 -2 8 -10

—EBBC3 2.8975 14.6203 128.8062 1.1712 8.0537 14.9547 25.2141 100.2905
—EBBC3 0.0361 0.0473 0.2594 0.0376 0.0664 0.0832 0.0827 0.2219
Error (%) -13 -34 -23 -7 -16 -17 -44 -36

-EGY 2.8966 14.6143 128.8531 1.1625 8.0538 14.9816 25.2564 100.3862
-ESV 0.0352 0.0413 0.3063 0.0289 0.0665 0.1101 0.1250 0.3176
Error (%) -15 -42 -9 -28 -16 -4 -15 -8

sponding error vanishes at largg¢H—H). What is clearly

BB at all distancek(Li—Li), C2 significantly reduces fur-

missing in BB at shorteR(H—H) [compared to the exact ther the DMFT error, so that the BBC2 curve excellently
case, Eq(2.7)] is the proper positive sign of the cross prod- reproduces that of MRCI. For BH the BBC1 and BBC2
ucts of weakly occupied NOs, which is restored with the Clcurves nearly coincide with each other around the equilib-
correction (3.2) of BBC1. In the two-electron case BBC2 rium (see Fig. 4, however, the C2 correction increases with
coincides with BBC1, while the selective GU correction for the bond lengtiR(B—H), which makes the BBC2 curve defi-
weakly occupied NOs makes the BBC3 curve only slightlynitely closer to the MRCI one in the dissociation region. For
higher than the FCI and BBQ2) ones around the equilib- HF, though slightly worsening the BBC performance near
rium (see Fig. 1 As a result, all BB@ reproduce excellently the equilibrium(see Fig. % C2 plays an important role at
the FCI curve for H and at largeR(H—H) the BBOh curves  largerR(F—H) considerably reducing the relatively large dis-
converge somewhat faster than the BB curve to the FCI onerepancy between the MRCI and BBC1 curves at laRge
For other molecules considered GU displays the samé&or the latter two molecules, the combined effect of C1
trend as for H consistently underestimating molecular total + C2, incorporated in the BBC2 curve, greatly reduces the
energiescompare Fig. 1 with Figs. 235While this under- large BB error in the dissociation region.
estimation is not large near equilibrium, it increases sharply  Note that, except for the case of Hiscussed abovisee
with the bond distance, so that the resulting GU curves exFig. 1) and for the dissociating LiHsee Fig. 2, the third
hibit incorrect dissociation behavior and are much too deeBBC correction C3 produces a too high upward shift of the
compared to the MRCI ones. On the other hand, BB consisBBC3 curve for Lj, BH, and HF(see Figs. 3-6 However,
tently overestimates the molecular energies but, unlike théhis upward shift notwithstanding, the form of the BBC3
case of H, this overestimation appears to increase with thecurves appears to be surprisingly good, reproducing fairly
bond distance, which is especially true for the molecules BHvell the form of the MRCI curvegsee Figs. 1-6
and HF with heavier atoms. As a result, in the latter case the Table | presents the totéE) and correlationE;) ener-
BB curves are far too shallow. gies calculated for the abovementioned molecules at the
A remarkable feature of Figs. 2-5 is that BBC greatly equilibrium distances as well as those calculated for the at-
improves the quality of the DMFT potential curves. In par-oms He, Be, and Ne in the same post-Cl manner. Because of
ticular, the BBC1 and BBC2 curves are much closer to thehe absence of bonds for free atoms, we calculate the BBC3
MRCI curves than the BB or GU ones. The main correctionfunctional in this case without the corrections to an antibond-
to BB appears to be the phase correction C1 of E28) and  ing orbital. Thus, the C3 correction in E¢8.10 and(3.12
(3.4), though the C2 correction plays an increasingly impor-reduces in this case to the GU correction applied to all orbit-
tant role with increasing number of strongly occupied orbit-als, except the last strongly occupied orbita},. In agree-
als, the interaction of which determines the size of C2ment with the discussion given above, BB consistently over-
through Eqs(3.6) and(3.8). For LiH with only two strongly  estimatesE. values compared with those obtained with the
occupied NOs the BBC1 and BBC2 curves nearly coincidebenchmark CI calculations. In turn, GU and BBC3 consis-
with each other with only a marginal difference at largetently underestimat&.,. BBC1 and BBC2 produce similar
R(Li—H) (see Fig. 2 Already for Li, with three strongly energieqby definition, for two-electron systems, such as He
occupied NOs the C2 correction makes a rather importanand H,, these are the same energiesid they displayE.
difference(see Fig. 3. While C1 is a dominant correction to errors of either sign(see Table ). With this, BBC1 and
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BBC2 achieve the best performance among the functionals -0.85 4 [E?] Y
considered, with the same relatively small average absolute /," o
error of E. of 8% for both functionals. -0.90 S T
To sum up, the BBC corrections greatly improve the Faye
quality of the BB potential energy curves obtained with non- 0.95 - e
self consistent DMFT calculations with MR@k;} and{n;}. ; /,"

In this type of calculation the BBC2 functional shows the
best overall performance. In the following section it will be
shown that the energy lowering due to the self-consistent
optimization significantly improves the atomic and molecu-
lar energies obtained with the BBC3 functional, so that the
latter emerges as the best self-consistent functional.

E(a.u.)

V. SELF-CONSISTENT CALCULATIONS OF THE
POTENTIAL ENERGY CURVES WITH THE
BBC FUNCTIONALS

Though the post-Cl calculations presented in the preced-
ing section are useful for the assessment and further devel- R(a.u.)
opment of the DMFT methods, in a full-fledged DMFT
method all quantities should be calculated in a self-consistertiG. 6. Energy curves for the molecule, Mith self-consistent determina-
manner. Obvi0u5|y, a Vvariational, self-consistent energyion_of the NOs and NO occupation numbers for each NO functional. For
minimum of an approximate DMFT functional is lower than P3Sis €€ text
its energy calculated with any nonvariational NOs and their
occupancies, even with the best MRG4} and{n;}. In par- bital optimization, the basis sets are smaller than in the pre-
ticular, while the BBC2 energies obtained in the post-Cl cal-ceding section. The absolute energies of Figs. 6-10 are
culations are rather close to the MRCI or{see the preced- therefore not directly comparable to those of Figs. 1-5. For
ing section, the self-consistent BBC2 energies appear to bétoms the cc-pVQZRef. 26 basis set was employed with
consistently lower than the corresponding MR@F full- the exclusion of they and one of thef orbitals for Be and
configuration interactioiFCI) where it was possible to cal- Ne. For molecules composed of at least one light atom, i.e.,
culate therh values. Since BBC2 is obtained from BBC1 for H,, LiH, BH, and HF, the correlation-consistent polarized
with the repulsive correction C2, the self-consistent BBC1valence triple-zeta basis set-pVTZ) was used from which
energies are lower than the already too low BBC2 energieghe f orbital for heavy atoms was excluded, whereas for the
On the other hand, the C3 repulsive correction, which makekiz molecule a smaller cc-pVDZ basis set was used. It
the post-Cl BBC3 energies too high, produces self-consistershould be emphasized that the employed basis sets are still
BBC3 energies that appear to be rather cltesed in some relatively large compared to previous calculatiSifs and
cases very clogdo the MRCI ones. This discrepancy means, We did not freeze any orbitals throughout the optimization
of course, that the self-consistent DMFT NOs and their occalculations. Fully variational DMFT calculations involve
cupations differ from the corresponding MR@lose to ex-
ach {x;} and{n;}. The ultimate goal, of course, is to formu-
late NO dependent xc functionals that yield self-consistently -7.92 +
optimized orbitals that are close to the exact NOs, so the
discrepancy between energies based on exact NOs and on
optimized orbitals would disappear. We note that there is no
proof for variational stability of the functionals we are inves-
tigating. For the BB(CH) functional the possibility of varia-
tional collapse has been investigated for thenkblecule, as
a function of basis set and of the number of “active” orbitals
(“virtual” orbitals that are allowed to acquire occupatibﬁ%

It was concluded that variational collapse does not show up.
This has been confirmed by Herbert and Harriman with
larger basis sets and for other syste%s.

Figures 6—10 display the potential energy curves for the
prototype molecules obtained with self-consistent calcula-
tions with the BB, GU, and BBC3 functionals. They are 8.12 , :
compared with the FCI results in the case of HiH, Li,, 3 5 7
and BH(and He, Be in Table )lor MRSDCI results in the R(a.u.)
case of HF and Ne. As a natural reference, the resmc_teEIG. 7. Energy curves for the LiH molecule with self-consistent determina-
Hartree—Fock(HF) curves in the same bases are alSo iNion of the NOs and NO occupation numbers for each NO functional. For
cluded. Because of the computationally more demanding Otbsasis see text.

-7.97 1

E(a.u.)

-8.02 1

-8.07
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FIG. 8. Energy curves for the Limolecule with self-consistent determina- FIG. 10. Energy curves for the HF molecule with self-consistent determi-
tion of the NOs and NO occupation numbers for each NO functional. Formnation of the NOs and NO occupation numbers for each NO functional. For
basis see text. basis see text.

minimizing the total energy with respect to both natural or-Preserving scheme presented in Ref. 30 and the quasi-

bitals and natural occupation numbers. For singlet and triplet®ton Boyden-Fletcher-Goldfarb-Shann@FGS Ref. 31

ground states of two-electron systems, such a method waptimization method was implemented in the first step of the

developed and applied some time ago by Kutzelﬁf‘g@o variational procedure described above. To assure that the

assure convergence to the minimum and to make the calcftural occupancies stay between zero and two and that they

lations more efficient, we have implemented a two-step proSUM Up to the number of electros we imposed than,

cedure. It consists of minimization of the energy with respect 2 co$(p) and Xm=N. For the optimization of the free

to the natural orbitals for fixed occupation numbers and Parametergp we employed the conjugate gradient Polak—
subsequent variation of the occupancies for the new set driPiere algonthmg.. o ,

natural orbitalSobtained in the first stépThis procedure is We start our discussion with the potential curves for the
repeated until convergence is achieved. The natural orbitalg2 Molecule in Fig. 6. Optimization improves GU close to

were parametrized according to the orthonormality-the equilibrium geometry, but agai'n., due to its deficient xc
hole (4.1), it produces a large positive error at large bond

lengths. On the other hand, unlike in the post-Cl calculations

2495 1 e and in agreement with the previous self-consistent
-25.00 4 e calculations;>*® BB consistently overestimates the, lén-
e ergy not only near equilibrium, but at &8(H—H) distances
2505 1 (compare Figs. 1 and)6The apparent reason for this over-
-25.10 A 7 estimation is the difference between the K&t,{n;} and the
: corresponding quantities produced self-consistently with the
25157 over-attractive BB functional. But then, the repulsive correc-
S -25.20 tions of BBC3 remove this error. As a result, BBC3 excel-
S O lently reproduces the FCI potential curve of, Fat all
i R(H-H) (see Fig. 6 the largest BBC3 error is only
-25.30 3 kcal/mol atR(H-H)=4 a.u.
Similar trends in the self-consistent performance of the
25351 DMFT functionals follow also for other molecules. Just as in
-25.40 A the post-Cl calculations of the preceding section, the self-
consistent BB greatly overestimates the molecular energies,
"25.45 1 especially in the dissociation region, so the BB potential
-25.50 , : : , . . curves are much too shallowsee Figs. 7-10 The self-
4 5 6 8 consistent GU curves are also too deep aroRpkexcept in
R(a.u.) the case of k), but much less so than the BB energies. The

FIG. 9. Energy curves for the BH molecule with self-consistent determina—seIf_ccmSIStent GU curves dissociate improperly er dd

tion of the NOs and NO occupation numbers for each NO functional. ForbiH, riSir_‘g too high as ir‘ the post-Cl case, though the cor-
basis see text. responding error is relatively not as large as that case. In the
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TABLE Il. Comparison of the total and correlation energia®mic unit3 calculated at the molecular equilibrium geometries with the self-consistent BB, GU,
BBC3, and MRSDCI(for Ne and HF or FCI (for other systemsmethods.

System He Be Ne K LiH Li, BH HF

-E® 2.9024 14.6400 128.8278 1.1723 8.0357 14.9014 25.2376 100.3192
-EC 0.0409 0.0671 0.2843 0.0394 0.0492 0.0319 0.1077 0.2616
-EBB 2.9141 14.7632 128.9548 1.1904 8.1040 14.9956 25.4560 100.4941
-EBB 0.0526 0.1903 0.4113 0.0574 0.1175 0.1261 0.3262 0.4365
Error (%) 29 184 45 46 139 295 203 67

—EBBC3 2.8976 14.6423 128.8333 1.1705 8.0414 14.9016 25.2320 100.2844
—EBBes 0.0361 0.0693 0.2898 0.0375 0.0550 0.0320 0.1022 0.2268
Error (%) -12 3 2 -5 12 0 -5 -13

-EGY 2.8978 14.6578 128.8583 1.1658 8.0414 14.9040 25.2680 100.3441
-ESY 0.0363 0.0848 0.3148 0.0329 0.0549 0.0345 0.1382 0.2865
Error (%) -11 26 11 -17 12 8 28 10

other moleculeqLi,, BH and HP the self-consistent GU MRSDCI total and correlation energies calculated for the
curves do not exhibit the large error of the post-Cl calcula{prototype molecules at the equilibrium bond lengths as well
tions. The apparent reason for this better performance of thas for the atoms He, Be, and Ne. Comparison with Table |
GU approximation is partial cancellation of the positive er-with the post-Cl energies shows that, due to the variational
ror, corresponding to the deficient GU xc hatel) and the effect discussed in the beginning of this section, the self-
large negative error of the BB part of the self-consistentconsistent energies of the DMFT functionals are substantially
functional. For H this cancellation fail§see Fig. &, for LiH shifted downwards compared to the corresponding post-Cl
it also does not work wel(Fig. 7), while it produces good energies. This downward shift dramatically increases, in gen-
quality curves for Lj (Fig. 8 and HF(Fig. 10, and some- eral, the overestimation of the correlation energies with BB
what less so for BH due to a relatively large erroiRat (see Table M. In turn, the GU and BBC3 self-consistent
The best overall performance is achieved with the self-correlation energies display errors of either sign. In particu-
consistent BBC3 functional. When one takes into accountar, the average absolute error of the GU correlation energies
that the present orbital-dependent exchange-correlation funés 14%. The BBC3 functional shows the best performance
tionals are not essentially more complicated than the HF exalso at the equilibrium geometry. The BBE&3 values are
change functional—the most important complication beingcloser to the FCI/MRSDCI ones than the GU values in all
the additional variability of occupation numbers—the im- cases, except Hdor which the BBC3 and GLlE, are nearly
provement compared to the Hartree—Fock curves in Figghe samgand HF(see Table Ii. The relative error of BBC3
6-10 is striking. In particular, BBC3 excellently reproducesdoes not increase with the size of a system. Indeed, the larg-
the potential energy curves not only for, Hut also for L,  est error of —13% for the ten-electron HF molecule is close
and BH. In fact, the GU curve for Liis already of high to that of —12% for the two-electron He atom. On the other
quality. However, BBC3 manages to further enhance thdnand, the error for another ten-electron system, the Ne atom
DMFT quality at allR(Li-Li) and neaR, the BBC3 curve is only 2%, while for the six-electron Lithe BBC3E, co-
practically coincides with the FCI onesee Fig. 8 BBC3  incides with the FCI one. With this, the absolute averkge
also exhibits a remarkably good performance for Biée error of the self-consistent BBC3 is only 6.5%.
Fig. 9. The largest deviation between the FCI and BBC3  To sum up, the results of the self-consistent DMFT cal-
curves in this case is only 4 kcal/mol and for larger culations presented in this section show the best overall per-
R(B-H), starting from ca. 4 a.u., both curves coincide with formance of the BBC3 functional, which greatly improves
each other. For LiH and HF the performance of BBC3 isthe quality of the original BB for the potential energy curves
somewhat worse. In the former case, the BBC3 curve coinas well as the quality of the total and correlation energies for
cides with the GU one around the equilibrium and bothatoms and for molecules at the equilibrium geometry.
curves are close to but a bit lower than the FCI one in this
region (see Fig. 7. However, at largeR(Li—H) the BBC3
and GU curves diverge from each other and from the FCIVI' CONCLUSIONS
curve. While the GU curve goes too high, the BBC3 curve  The improved density matrix functionals BBCpro-
goes too low. For the HF molecule the BBC3 curve is tooposed in this paper employ simple nonempirical corrections
shallow in total, being too high arouri®}, and somewhat too to the BB functional. These corrections provide a physically
low at R—o (see Fig. 1@ However, both BBC3 and GU reasonable description of electron exchange and correlation
greatly improve upon BB. However, while the GU improve- in terms of the NO product structures in the approximate
ment emerges from the abovementioned cancellation of epair-densityp,. In particular, the repulsive xc interaction be-
rors, that of BBC3 comes as a result of successive corredween electrons in weakly occupied NOs, provided with the
tions of Sec. Ill, which do not distort the correct BB orbital C1 correction BBCL1, corrects the sign of the terms involving
structure(2.10 for the dissociating bond. products of weakly occupied NOs only to the sign those
Table Il presents the self-consistent DMFT and FCl/terms have in the exag} for the limiting two-electron case.
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On the other hand, the C2 correction reduces the xc interachemical bonding, of essentially self-consistent field level of
tion of the BB functional between electrons in strongly oc-complexity, be developed. The developments in this paper go
cupied NOs to the exchange-type interaction that can bsome way in this direction.
written as —¢(r,r,)y(r,,r1)/4 also for nonidempotent one- We shall extend these investigations in both a DMFT
matrices(with occupation numbers differing from 2 ang. 0 and a DFT framework. First, the present BBC will be applied
In turn, the C3 correction includes the antibonding orbital ofwithin DMFT to a larger and more varied set of molecules
a dissociating molecular bond, which formally belongs to theand their reactions. Already, our results for the HF molecule
weakly occupied set of orbitals, in the set of orbitals forsuggest further refinement of BBC. Then, the established dis-
which this type of interactiofone-matrix exchanges as-  crepancy between the post-Cl and self-consistent DMFT cal-
sumed. In addition, the C3 correction applies a selective cargulations is to be addressed. Eventually, a successful DMFT
cellation(not for the bonding/antibonding pair of orbitalsf ~ method should reproduce closely both the energies and NOs
the diagonal terms in the Coulomb and xc interactions, ag¢and their occupationsof ab initio FCI/MRSDCI calcula-
originally applied by GU for all orbitals. tions. If an efficient evaluation of the approximate NOs can
A remarkable result of the paper is that these simpléde achieved in a Hartree—Fock-like self-consistent field pro-
orbital product structures, based on a qualitatively reasonableedure, the NO functionals offer the perspective of a large
description of the xc effects, yield within DMFT rather ac- improvement over the Hartree—Fock model with moderate
curate molecular potential energy curves as well as reasof0st. This would not only yield good energetics on the basis
able correlation energies for prototype atoms and molecule®f the NO functionals, but also provide an excellGmtura)
BBC greatly improves the quality of the BB potential curvesorbital basis for a subsequent CI calculation.
in all regions and for all molecules considered and, unlike ~ The present BBC functional will be applied also within
GU, it does not fail in certain cases such as the dissociatingensity functional theoryDFT) for which the proper de-
H, molecule. This overall good performance of BBC is duescription of the full potential curves is known to be a noto-
to the fact that all the & corrections do not distort the im- fiously difficult problem. In this case, as was proposed in
portant orbital product terms of the BB functional that de-Refs. 6 and 14, instead of NOs and their occupatiofjsthe
scribe correlation in the dissociating bond. occupied and virtual Kohn—Sham orbitdlg;} are to be in-
BBC reproduces well the correlation energies obtainedserted in the xc functionals with corresponding participation
with FCI/MRSDCI for the equilibrium geometry. The aver- weights{w;}. The latter quantities cannot be calculated with
age absolute error of the self-consist&tcalculated with  the same self-consistent procedurenasather thew; are to
BBC3 is only 6.5%. The apparent reason for this are thee obtained as functionals of other KS quantities, for ex-
specific orbital product terms involving strongly and weakly @mple, as functionals of Fhe KS orbital energies as in.
occupied NOs, which are introduced with the original BB Ref. 14. It is currently believed that the next step in refine-
ansatz and describe both nondynamical and dynamical corf€nt of xc functionals in DFT has to involve the introduction
elators, and are retained in BRCHowever, the virtue of this  Of orbital-dependent functionals. While the exact-exchange
orbital structure is revealed only when other orbital producfunctional is a natural first choice, it suffers from similar
terms are corrected, as is done in the case of the Bcdisadvantages as the Hartree-Fock model doebital-
functionals. The present results show that for a number off€Pendent functionals should incorporate the effects of cor-
typical systems an accurate approximation to the Cl resu|rtelat|on_from the start in order.to be competitive at aII_W|th
can be obtained with NO functional. Effectively, a highly the avaﬂaple density and den3|ty-g_rad|ent based functionals.
correlated result is obtained with an energy expression! N functionals of the type investigated here are such ex-
which only employs two-index two-electron integratbe change plus correlatlpn including orbltal.—de_pep'dent function-
so-calledJ andK integralg. In contrast to the Hartree—Fock &IS- The results of this paper prove their viability.
method, however, these integrals have to be evaluated not
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