A Simplified Approach to the Density Functional Theory of Molecules
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A simplified molecular orbital (MO) formalism based on density functional theory is developed.
Starting from the same energy expression as Kohn-Sham theory the electronic density is expanded
in terms of atomic mono-center densities. Application of the variational principle leads to a secular
matrix with a particularly transparent structure which allows the definition of a resonance integral
taking into account the effect of interference in a natural way. The construction of the secular matrix
scales formally asv? instead ofV3in the Kohn-Sham formalism with N being the dimension of
the atomic orbital (AO) basis set.
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1. Introduction matrix elements,,,, - of the single-particle Hamil-
tonian between AO'’s located on tkame atom, i. e.,

In recent times density functional theory (DFTXhe diagonal blocks of the Hamiltonian matrix, have
enjoys an increasing popularity in the field of combeen evaluated, the matrix elements between AO’s lo-
putational chemistry. It is based on the theorem @fated ordifferent atoms, i. e., the off-diagonal blocks
Hohenberg and Kohn [1] who have shown that thare as [8]:
ground state energy of a molecule is a unique func-

tional of the electron density. A break-throughwas %, ., = Bu.vs 1)
the idea of Kohn and Sham to obtain the electronic 1

density from an auxiliary system of non-interacting + = A Swr by ).
particles [2]. An advantage of DFT as compared to 2(%: farm Al % e B>

Hartree-Fock theory is the inclusion of electron cor-

relation. Moreover, the method scales formallyés g isthe resonance integral defined previously [8]
in contrast to the ab initio Hartree-Fock method scalyng S,.v» represents the overlap integral between
mg.asN4 with N being the dimension of the atomicpQ’s ¢, andg,, . The introduction of a resonance
orbital (AO) basis set. Thus, larger systems beconjgegral is of conceptual value because it takes into ac-

computationally tractable. The accuracy of this a:ount the effect of interference essential for chemical
proach rests on the choice of appropriate exchanggsnding [10 - 12].

correlation energy functionals the search for which is |t is the aim of this contribution to show that the
an active field of current research [3 - 7]. concepts mentioned above and used previously in the
In a previous contribution [8] a simplified MO for- development of an approximate Hartree-Fock MO
malism scaling asv? has been presented within themethod [8] can be more consistently implemented in
framework of Hartree-Fock theory. Using an AO bathe framework of DFT for two reasons. First, the elec-
sis set{¢,,, } with the subscriptd denoting the atom tron density is obtained from an explicit wave function
to which the corresponding AO is assigned and ia Hartree Fock theory. The Ruedenberg approxima-
truncated Ruedenberg expansion [9] for the repréion is imposed on this density afterwards. In DFT,
sentation of diatomic overlap densitie§, ¢.,,, the on the other hand, an explicit wave function never
essence of this formalism is the following: once theppears. All that is needed is an expression for the
electronic energy as a functional of the density and a
Reprint requests to Dr. Ch. Kollmar; variational ansatz for the latter. Only these ingredients
E-mail: kollmar@oci.unizh.ch will be used in the following. Second, due to the non-
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locality of the exchange potential in Hartree-Fock theand no final judgement can be given before imple-

ory, the exchange part of the Fock matrix is difficultnentation. On the other hand, semiempirical meth-

to handle and does not fit into the scheme (1) [8]. kbds are more flexible because they are based on the

we can retrieve the scheme of (1) for the construghilosophy that methodological shortcomings can be

tion of the secular matrix in the context of DFT, thepartially compensated by an appropriate parametriza-

formal scaling of the method would be reduced frortion. There have been efforts to deduce semiempirical

N3 to N2, This would put the present approach otMO schemes from DFT [31]. The present formalism

the same level of computational efficiency as curremhay serve as a basis for a genuine semiempirical DFT

semiempirical MO methods, e. g. MNDO [13]. method. Implementation on an ab initio basis, on the
The formal scaling of the different methods menether hand, would also facilitate the application of

tioned above is not directly related to the actual conBFT to very large systems.

putational cost as a function of system size. Ithas been

shown that integral screening substantially reduc@s The Formalism

the effective scaling of the ab initio Hartree-Fock . ) )

method from its formal value o¥ [14, 15]. In DFT, S_lnce the formalism to be developed in the follow-

expansion of the density in an auxiliary basis leads {89 i closely related to Kohn-Sham theory we would

formal N3 instead ofN* scaling [16, 17]. The com- like to reV|eW_br|efIy thg ba§|c steps of the Iatter. The

putational efficiency of DFT can be enhanced furthdPtal electronic energy is given by the expression

by using confined basis orbitals, i. e., orbitals which

are strictly zero beyond a certain radius [18]. The norf = Ts[p(r)] + / V(N)p(n)d®r 2

selfconsistent Harris approximation [19] and related

schemes [20] represent another possibility to facili- 1 N 1

tate the application of DFT to very large systems. The + 2 /p(r)p(r ) Ir—r|

most important progress in this direction, however,

has been achieved by generalization of the fast mul{r) is the electronic density}/(r) the external

tipole method to Gaussian charge distributions leagoulomb potential, and, . the exchange-correlation

ing to linear scaling for very large systems [21 - 24]energy. In Kohn-Sham theory the density is obtained

Note that methods based on “traditional” evaluatioffom a wave function of non-interacting electrons

of two-electron integrals show only quadratic scaling’hich is simply the product of the eigenfunctions

for large systems in the most favorable case. How Of a single-particle Hamiltonian. The electronic

ever, itis not only the power of the scaling but also th@ensity for a closed-shell system is then given as

prefactor that matters. In this respect, the formalism )

presented in this paper with the number of two-elec- ~ 2(N = D>_ ¥ 3

tron integrals being proportional 92 instead ofN* i (occ MO's)

or N3at the outset has an inherent computational aghe sum on the right hand side of (3) extends over

vantage. Of course, such an approach can also bengfiloccupied MO’s and this will be the convention for

from linear scaling as has been demonstrated for tag sums over MO indices appearing in the following.

semiempirical AM1 method [25]. The functionalT's represents the kinetic energy of
It should be noted that the theoretical basis ghe independent-particle system which must not be

current semiempirical MO methods remains uncleggentified with the kinetic energy of the real system

This gave rise to considerable work trying to clarifyof interacting particles. We have

this problem [11, 26 - 29]. Especially the zero dif- L

ferential overlap (ZDO) approximation seems rather — * P\ AT

drastic and no clear-cut justification has been given so Ts = 22; / il ZA)wl(r) ar. “)

far [30]. Since this problem is avoided in the present ) o o )

approach we think that it provides a sounder badPPlying the variational principle to (2), we obtain

sis for a semiempirical MO method than currently » _

used schemes. We emphasize this aspect becau]sEe_ STslp(n)] ®)

the practical value as an ab initio method in anal- 3

ogy to Kohn-Sham theory remains yet to be proven * / (V1) + Viarredr) + V(1)) 8p(r) &

dBrd®r' + Ex[p(r)].
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with In a previous paper [8] we have used a truncated
Ruedenberg expansion [9] for the representation of
v = 3Exc[p(N] 6) the diatomic overlap densities appearing in (11):
1
and Gratin = 5 (2 Sutun i, buy (15)
1 v
Vearred$) = [ ) 7)
r—r] 3 Sy, Ol b0 ).
Finally, the variational principle leads to the following Vp
eigenvalue equation
g a Inserting (15) into (11) we obtain
RSP (r) = e (r), (8)

0= 5 (33 Py, 6,0, () (16)

A pyop,

+ 33 (P 01, (060, (1)).

v ’
B vp v

: o
where we have introduced the Kohn-Sham single-
particle Hamiltonian

~ 1
hKS = _EA + V(1) + Vigartred) + Vie(r)- - (9)

¢; are the MO energies. Now we make an LCAQntroducing the Chirgwin-Coulson bond order matrix
(linear combination of atomic orbitals) ansatz for th¢32]
MO'’s:

Vi =222 OOt (10) N= 3PS+ SP) 7)

A .
A (16) may be rewritten as

Using (10) in the expression for the electronic density

(3) we obtain P =D Nuyu, b, (N, (). (18)
A pyop,
p(r) = Pyun®y, (Do, (r)  (11)
;;;g AT Within the context of Hartree-Fock theory, (18)

_ _ clearly is an approximation to the electron density
with the elements of the bond order matfxbeing which can be justified to some extent if this density

defined as appears in a Coulomb integral. With regard to den-
) sity functional theory, however, one might adopt a
Prpus =23 CopiCli (12)  different point of view: here we interpret the matrix

elements oN as variational parameters for the opti-
ization of the ground state electron density such that
the total energy reaches a minimum. We assume that
the atomic basis set has been chosen flexible enough
hKSC = sCe (13) to a_IIc_)w the electron density to b(_a repres_ented _with
sufficient accuracy by (18). Equation (17) is retained

Sis the overlap matrixa¥S is the matrix of the Kohn- SO that the matrix elements &f are varied via a

The operator equation (8) is now transformed into
matrix equation in the AO basis

Sham operator (9) in the AO basis: variation of the original density matri®, i.e., the
MO coefficientsC,, ,; appearing in (12). Note that
hﬁw = (¢ ;}KS|¢UB>, (14) the electron density (18) is invariant with respect to

rotations of the coordinate axes and hybridization of
C is the matrix of the eigenvector coefficients appeathe AO basis set [33]. It is also necessary that spatial
ing in (10) and: a diagonal matrix containing the MO integration of the density (18) gives the total number
energies;. of electrons. If we assume the AQ’s on daene atom
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to form an orthonormal set, this may be easily veriFrom (17) it can be seen that the variation of the
fied by integration of (18) resulting in the trace of theelements of the Chirgwin-Coulson bond order matrix
matrix N which is equal to the number of electrons. is given as

The principal advantage of Kohn-Sham theory as

compared to earlier density functional approaches &V, . =Y > (8P, ., Su,u, * Su,v,0P.,,,)-
the introduction of a functiondl's (see (4)) which B vp
represents a more appropriate approximation to the (23)

kinetic energy than, e.g., the Thomas-Fermi func-

tional for the kinetic energy. We therefore retain (4)nserting (23) in (22) and renaming some of the in-
for the functionall's assuming that the MO’s obtaineddices, we obtain after some straightforward manipu-
from our approach ressemble the Kohn-Sham MO'tions

This remains to be proven in a practical implemen- ~

tation of the method but if the two sets of MO'’s are o = Z Z Z Z 8P ppa yiave (24)
not perfectly identical, they can be expected to have A pa B vp

at least the same nodal properties. It should be no

that (4) is not amxact representation of the kinetic en-

ergy of the interacting system, neither in Kohn-Sha = (b, - }A|¢ ) (25)
theory nor in our approach. A part of the kinetic en-*4"” pal o pmlrwe

ergy of the interacting system is always contained in

1 ~ 1
the exchange-correlation energy functiog). It re- ts ( D {Brua 0SS + 54100500,
mains to be seen if corrections to the latter will be 'y
necessary. In the present approach, the variation of
the total energy is still given by (5). The only change + ZSlA by |;le+ }A|¢ >>
, LAV Vp 2 13:) .

in comparison to Kohn-Sham theory is the ansatz (18)
instead of (11) for the electron density. _
From (18) and using the LCAO ansatz (10) in (4)adding the orthonormality constraints multiplied by

we o_btain for the variation of the density and of th‘?_agrangian multipliers to the energy variation (24),
Kinetic energy the variational condition results again in an eigenvalue

() =3 YD N, 0k (D6, (1), (19) equation:

[¢:]

A Ha ky AC = SCe. (26)
1
OTs=> "> > dPyyus(usl —54l¢1,)-(20) - The reader might wonder what has been gained by
A pa B vs solving (26) instead of (13). The advantage of this

Note the formal analogy of the kinetic energy Varijormulation becomes obvious if we take a closer look

- - he elements of the matrix Let us first consider
ation (20) to Kohn-Sham theory. Inserting (19) an n the 4
(20) in (5), we obtain ﬁ’ue diagonal blocks4 = B). The symbolS in (25)

may then be replaced by a Kroneckdyecause AO’s

1
OF = Z Z Z Z 8Py s (Grunl — §A|¢u3> (21) onthe same center are assumed to form an orthonor-

A s B vs mal set. We then obtain immediately

+ Z Z Z BNH’AMA (QSHA |‘7 + VHartree"' ‘k(c|¢u’A>- ;LHAI/A = <¢;LA |BKS|¢VA>' (27)
A '
) s ) Now we consider the elements of the off-diagonal
Using (9), we rewrite (21): blocks (4 # B). These can be written as
1 ~
OF = ZZZZaPVB#A<¢MA| - §A|¢VB> (22) h'uAyB :ﬂ'uAyB (28)

A pa B vp

~ 1 1 ~ ~
+D DD N (0, IS §A|¢“'A ) t3 ( D by Sty + D S, h%gl’b)
By

A pyop, vy
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with the following definition of the resonance inte-these are obtained directly from (28), i. e., they do not

gral 5: depend on the size of the system. R
The number of matrix elements,, , |Vxc|¢.,, ) of
3 = (| — }A|¢ ) (29) the exchange correlation potential is also reduced in
pravs pato i the present approach and grows only linearly with
1 1 N because the particular form (18) of the density
-3 ( > (S, - 5416w ) S, eliminates the need to evaluate these matrix elements
'y for AO’s located on different centersi(# B).
1 .
+ ; Sy v {bur | — §A|¢VB>>' 3. Correlation Energy

The formalism described in the previous section
might also lead to a simplified approximation to, at
gast, the intraatomic correlation energy which is very
ften the dominant part[34]. Thisis due to the fact that

expression (18) makes it very easy to decompose

e molecular electron density into contributions from
%ividual atoms. We have

Looking at (28), we observe that we have now r
trieved the scheme of (1) directly from the variationa
principle. The important point is that the off-diagona
blocks can be constructed easily once the eleme
of the diagonal blocks have been calculated. On
the resonance integrals need to be evaluated direc
in the AO basis which is a simple thing to do. The _
remainder of these matrix elemgnts is c%mpletely de- p(r) = XA: par) (32)
termined by the elements of the diagonal blocks and
the overlap integrals. with

The particular ansatz (18) simplifies also the cal-
culation of the elements of the diagonal blocks which ~ pa(f) =YY Ny, 65, (N, (1. (33)
are given by the matrix elements of the Kohn-Sham pa ply
Hamiltonian (9). It is important to note that only two- ) ) i
center integrals appear in the Hartree term. Insertidd'e diagonal elemenfs,, ,,,, ofthe matrix\ give the
(18) into (7) and forming the matrix elements neceg2¢cupation number of the A@, , . Empirical expres-
sary for the construction of the diagonal blocks, w&lons for intraatomic correlation energies as a func-

obtain tion of AO occupation numbers have been used in

the literature [34, 35]. Thus, at least in a semiempir-

(Dpn Viartred by ) = (30) ical implementation of the present DFT scheme, one
A

might consider the representation of the correlation
Z Z Z Nop oo (Gogbur |Gu,dyr,),  ENETGY @S @ function of the matrix elements .,
B

P instead of a functional of a continuous densiy).
This corresponds to the discretization of a continuous
where we have introduced the abbreviation function. The discrete values represent the density in
atomic regionsin our case. Letus assume that we have
(Pus Gur | Dpnbpr,) = (31) an expression for the exchange-correlation energy as

L a function of the elements of the matfik
* / / * 3, 3¢/
[ 4200, 016, 0, ) B f(Nu ). 34

Now it is obvious that the construction of the matrixt is €asy to include this term into the variation of
f scales a®v2. The number of matrix elements of thethe electronic energy. It turns out that we have just to
diagonal blocks is proportional &, and the number réplace the matrix elements,.,, |Vic|¢,.,) appearing

of two-electron integrals appearing in each of theda the diagonal blocks of the matrixin (27) by the
matrix elements is also proportional 1, as can be derivativesdf /N, ,.,. Given (34), these are much
seen from (30). The number of matrix elements cdasier to evaluate than the former matrix elements
the off-diagonal blocks grows of course A% but which require numerical integration.
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4. The Energy Gradient C = COUT. (35)

Since geometric optimization of molecular strucC? is the MO coefficient matrix at the reference ge-
tures is one of the fundamental objectives in modemmetry, U allows for unitary transformations of the
theoretical chemistry it is important to have analytidMO’s and T ensures orthogonality of the MQO's for
expressions for the derivatives of the electronic el possible geometries. Both andU are of course
ergy. Such expressions have been developed in grégntical to the unit matrix at the reference point. De-
detail by Komornicki and Fitzgerald [36] for Kohn- noting the derivative with respect to a parametda
Sham DFT and can be adapted to the present formaliclear coordinate, say) by an upper index, we obtain

ism. at the reference geometry:
In contrast to Kohn-Sham theory, the electronic
density is not given by (3) in our case. However, we C* = COT +U?). (36)

may accept (3) as a formal notation for the density if it o ) ) o
is understood that the density is not obtained by sinlhe derivativeJ* vanishes in case of a variationally
ply plugging in the Kohn-Sham MO’s in (3), which qptlmlzed quefunct!op. There are many ways to Qe-
leads to (11) but rather by subsequent application 8¢ the matrixT but it is most obvious to choose it
the Ruedenberg approximation (15). In that case (§ymmetric. Then we have [37]
is completely equivalent to (18) and we can adopt (Ot aOy-1/2
all formulae of [36] as long as they refer to the MO T=(C7sC) ) (37)
basis. We just have to take care that the Ruedenbegge (st derivative at the reference geometry is now
approximation is applied to all terms except the kig; an by [37]
netic energy when making the transition from the MC9
to the AO basis. N 1 0

Let us consider the gradient for a variationally op- = —QCOJrSaC : (38)
timized wavefunction as an example. Collecting the . .
MO coefficients in a matrixC and following the no- According to (45) of [36], the energy gradient for a

tation of [36] we may write variationally optimized wavefunction is given by the
expression
0E _ 1 (@) (@) (@) o
3o T2 Wil =3 A+ VB 42 5 Y i) +2 Y (WilVaele) D +4 3 T (39)
o 1 (occ) 1 (occ) 5 (occ) 1 (occ) 1 (occ)

In the last term on the right hand side of (39) we have taken into account that the matrix of the single-
particle Hamiltonian is diagonal in the canonical MO basis with the diagonal matrix elements just being the
MO energies;. Putting the upper index in parantheses indicates that only the basis functions have to be
differentiated. Inserting the LCAO ansatz (10) in the matrix elements of (39), using the definition of the bond
order matrix (12), and applying the Ruedenberg approximation (15) to all terms except the kinetic energy
results in the expression

0E 1
0 = 22 2 20kl = 54100 ) Prpa + 30303 Nuta (BalVI60, )+ (s Vacl, ) )

A B pa v AMA;L’A

S S S S Nt N 66y, 6061, (40)

A pa p/y B vp vy

+ ZZZZZZNSAMA<¢MA|V+VHartree+ V;<C|¢MIA> +4 Z eiT5; -

A pa p/y B v vy 1 (oce)

It should be noted that the elements of the maltihave to be differentiated because, according to the
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definition (17), they contain overlap integrals which depend on the basis functions. Using the derivative of
(17) in the second last term on the right hand side of (40), we obtain finally

ZZZZ ¢MA| A|¢u3 Ppna * ZZZ wanra ¢MA|V|¢;L’A>a + <¢HA|‘/;<C|¢H£4>(&))

A B pa vp A pa u
) 2220 Nutana Ny B b, B 0" * 3)3) ) IEW (41)
A pa ;L vB 1/ A pa B vp

: (Z< ,LLA |V + VHartree T V;<c|¢u M v T Z pavh ¢V’B |V + VHartree t V;<c|¢u5 >) +4 Z EiTiOf-

uy 1 (occ)

It should be noted that the reduced number of twdnteractions (electron-electron repulsion, core-core
electron integrals in comparison with the Kohn-Shamepulsion, electron-core attraction) is in general hard
formalism reduces also the cost for the evaluation ¢ assess, but the chemical bond is essentially due to
this gradient. Higher derivatives could be calculatethe interference resulting from the in-phase superposi-
in a similar fashion but are very lengthy and willtion of AO’s localized on different atoms, which leads
therefore not be given here. The present approattha “flattening out” of the molecular electron density
also avoids complications arising from the fit of theas compared to a “quasiclassical” density comprising
density in an auxiliary basis which is necessary tmdividual atomic contributions, and thus to a lower-
achieve the formaN? instead ofV* scaling of Kohn- ing of the kinetic energy [10 - 12]. This effect is just

Sham theory [36]. accounted for by the first term on the right hand side
of (42), as we would like to show in the following.
5. Discussion and Conclusion Using (29) and (17), we obtain
It is illustrative to express the total electronic end > "> "> " 8,.,, Py, = (43)

ergy given by (2) in terms of matrix elements in theay B ua vs

AO basis. First, we insert the LCAO ansatz (10) and

the definition (12) of the bond order matrix in the DD (bl - A|¢u3> VB A
functional T'g given by (4). Using the resulting ex- A B pa vs

pression, (18), (29) and (17) in (2), we obtain
_ZZZ<¢1‘A| A|¢M > wiapa-

E= Z Z Z ZﬂﬂAVB PVB;LA (42) A pa o,

A7 B pa vB . . . .
It is easily seen that the first term on the right hand
+ _ + side of (43) corresponds to the kinetic energy of the
ZZZ sama (Pual A V|¢“ ) molecule, i.e., (4) if we neglect the kinetic energy
contribution to E,.. The second term on the right
Z Z Z Z Z Z hand side of (43) is obtained frc_)m the first by appliqa—
Farr - waa Nuyvs tion of the Ruedenberg approximation corresponding
4 to a neglect of interference effects. If each diagonal
block of the matrixN is diagonalized by a unitary
(P bur, |00 Dup,) + Exclp(n)]- transformation of the AO’s of the corresponding sin-
gle atoms, this term can be interpreted as a sum of the
Itis clear that the total energy of a molecule (includinginetic energies of individual atoms with each hybrid
the core-core repulsion not given in (42)) has to b&0 being occupied byv, ,,, electrons. Thus (43)
lower than the energy of the separate atoms whicbpresents the difference between the kinetic energy
compose the molecule. One may therefore wondef the molecule and that of the separate atoms. It de-
which of the terms in (42) contains the energy of thecribes the lowering of the kinetic energy resulting
chemical bonds. The balance of the different Coulonfbom interference because the first term on the right

A pa oy,
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hand side of (43) includes interference whereas tlz@om must be orthogonalized. Second, one could also

second term neglects it. Since (43) comprises contdensider implementation on a semiempirical level in

butions from individual atom paird, B it would be a minimal basis as already mentioned in the intro-

an appropriate quantity for defining the energy of duction. In this context it is interesting to point to a

chemical bond between atomsand B. This illus-  structural analogy in the Hamiltonian matrices of the

trates the conceptual value of the resonance integpaksent DFT scheme and the most simple semiempir-

arising quite naturally in our approach. ical MO approach, the extendediekel method [41].
The variational ansatz (18) for the electron densityhe construction of the Hamiltonian matrix in the

has been motivated by the Ruedenberg approximaiter method also obeys the scheme given by (1).

tion [9] which, however, in contrast to Hartree-Fock he elements of the diagonal blocks of the extended

theory, is not used explicitly in DFT. The representaHiickel matrix can be written [41] as

tion of diatomic overlap densities by the Ruedenberg

or the simpler Mulliken approximation [38] has been hiZﬂ’A = o, b, (44)

used to rationalize the physical basis of semiempir- )

ical MO methods [11]. There have been only few he off-diagonal elements

attempts to implement such approximations directly 1

in ab initio Hartree-Fock methods [39, 40] because hﬁguB = EkSHA,,B (ap, tayy) (45)

their numerical accuracy is hard to assess. Since the

elements of the Chirgwin-Coulson bond order matrisre obtained from (1) if we assume the following

are introduced directly as variational parameters feesonance integral:

the electron density instead of just being used for the L

approximation of a density calculated from a wave eh _ Lo

function, DFT is particularly suitable for our concept Buave = Z(k DSavn (@ ¥ n). - (46)

developed previously in the context of Hartree-Fo_clf.hus, interference is taken into account by choosing

e amolapartche FHamitamion of domeity fanotonall> L n the extended kkel method. In pracice, a
gie-p y value ofk = 1.75 is used.

theory, so that theomplete Hamiltonian matrix is in- From a practical point of view, the most striking

cluded into the scheme of (1), whereas the non-local A i
exchange potential of Hartree-Fock theory has to %dvantage of the present formalism is given by a re

) . .~ duction of the computational cost for the construc-
B o o apaydon of e Hailonian mais, Which might make
ectly P p'e,rep worthwhile to pursue this approach. We have seen
something like a general scheme for approximate M

: at it scales formally a&v? instead of N* (ab ini-
methods where anly the diagonal blocks of the Ham. ) Hartree-Fock) ofV3 (Kohn-Sham theory). While
tonian matrix need to be recalculated independen

; . . ; He computational efficiency of this approach is thus
in each iterative cycle. The advantage of this tran%'omparable to that of existing semiempirical methods

pare SLclre of e Seculr Al il PECO R avoids he shorcomings ofthe ZDO approxmaton
b y Y applied in the latter.

(CO) approach for periodic structures, which will be
presented in a subsequent paper.

In the implementation of the present approach ongcknowl edgement
can follow two routes. First, one could implement
it on an ab initio basis like the Kohn-Sham formal- 1would like to thank Michael C. Bhm who alerted
ism. This should not encounter principal difficultiesme to expressions for intraatomic correlation energies
One should just remember that all AO’s on the san®s a function of AO occupation numbers.
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