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The conutbuuon of core—valence corrclation to the valence charge demsity of the Li atom has beuen calculated using

(a) semr-cmpinical pseudopotenuals adjusted to expenimental 1omization energies, and (b) a non-empirical density -functional
correlation potential. The agreement with claborate CI calculations 1s cncouraging 1in both cascs.

1. Introduction

Core—valence correlation plays an important role
in determning properties of atoms and molecules
with large, casily polanzable cores: it reduces e.g. elec-
tric dipole polanizabihities of alkali atoms by up to
407 [1]; bond lengths of alkali dimer 1ons X3 de-
crease by up to 0.5 au [2]. It 1s rather difficult, on
the other hand, to descrnibe core—valence correlation
effects accurately within the framework of configura-
tion nteraction (C1) methods, if large cores are n-
volved [3].

While ab initio SCF pseudopotenuals [4] exclude
core—valence correlation from the beginning, 1t 18 im-
plicitly introduced into semi-empinical pseudopoten-
tials [5,6] through the fit to experimental data. Since
the fit is to expenimental energies, however, it 1s not
clear if the influence of core—valence correlation on
electron densities 1s accurately described within such
ascheme. In this letter we try to answer this question
for the most sumple system, the L1 atom.

We recently showed that reasonable estimates for
total and valence correlation energies of atoms and
molecules may be obtained from a non-empirical
modified electron-gas density functional [6,7].1t is
not clear, however, if a simple method like this is ap-
propriate for the description of relatively small ef-
fects such as core—valence correlation. We deal with
thus question, too, 1in this letter, again for the Li atom.

It is perhaps surprsing that so few authors have
published distribution functions for correlated atomic
densities; the paper by Gupta and Boyd {8] 1s 10 our
knowledge the first systematic contribution n this
field. Their densities for Li and Li* are derived from
the wavefuncuion of Weiss [9]. We use these densities
as a reference 1n this letter, together with MRD CI re-
sults of Romelt and Peyerimhoft [10].

2.Methods
2.1. Pscudopotentials

Our pseudopotentials for the L1 atom are semi-
local and contain a projection operator Py for the an-
gular quantum number I = 0. They are adjusted to
valence 1onization energies. The accuracy of the fit 1s
10-5 au for the two lowest states (n =2, 3) with /=0
and/ = 1 symmetry. The errors for the states with
1 = 4 are less than 10~* au. (Details of the fitting pro-
cedure are given in ref. [6].)

Since only valence states are involved in the adjust-
ment, the potentials arc not really fixed 1n the core
region: rather large differences can anse here, c.g.
with different types of ansatz. There 1s no need to
worry about that point: the arbitrariness n the core
region 15 a fundamental property of pscudopotentials

[11].
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Tabic 1

Pseudopotential parameters Ay (inau)

i =1 j=2 =3 7=+
0 4916 6.021 13112 1.824
1 0.333 0.580 6.548 1.276
2 0.0186 0.0994 0.00330 0.112
3 0.598 1.169 6.826 1.310

A pseudopotenual which reproduces SCF calcula-
tions can be obtaned [12] by fitting the parameters
A oM

Voer() =—r~1+f5(0), m
with
)‘l(r) = —A”r‘l e).p(—A,zrz)

+ A,y exp(—A;4r7) Py

10 ASCF energies (25 0.19631, 2p: 0.12840Q, 3s:
0.07377, 3p: 0.05675 au). The resuitng parameter
values are given in table 1. A pseudopotential of the
same analytic form, which imphcitly mcludes core—
valence correlation, is generated {6] by fitung the pa-
rameters to expenmental #1s and np energies(n = 2, 3)
[13]:

Vi =—r-1+70) )
(cf. table 1 for the values of the Aj).

A slightly more refined serm-empirical pseudopo-
tential can be constructed [12] by adding to Vger
one more term which explicitly describes correlation:

Val) = Pser () + 120 - (3

The parameters A 5, (table 1) are again adjusted to ex-
pernimental energies forns, np (n = 2, 3).

Another pseudopotential considered in this work
s 2]

V3() = Vser () + Vi) @
with

Vool() = = (@/2r¥)[1 — exp(=yr3)]?

and

Vser@)=—r=1 +f3(r).

Here the starting point was the core—polanzation po-
tential V) of Meyer and co-workers [14] (a=
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5 November 1982

0.1915 au, y = 0,831 au), which essentially describes
core—valence correlation. Then the “SCF” part,
Vecr, of the pseudopotential was readjusted, so that

'y reproduces the expenmental ais, #p energes (n =
2, 3) (1able 1).

2 2. Density functional

In the local spin density (LSD) approximation, cor-
rected for selfanteraction [7], the correlation energy
E_ 1s given by

E, =f(p+ +p_) R (. p_)dr

— [piedps. O dr— [p_e(0,p )dr. ()

Here p; and p_ are the partial charge densities for
spin + and spin —, respectively. The function €.(p4., £_)
15 lahen from electron-gas data, in this work we use a
recent parametenzation by Vosko et al. [15] of cor-
relation energies per particle calculated by Ceperley
and Alder [16] for the homogeneous spin-polarized
electron gas. Note that the approximation does not
contain any parameters adjusted to atomic or molec-
ular properues.

The functional denwvative of {5) leads to correla-
tion potentials u, for spmn + and spin —:

Heo =“::t(p+, p_)~ ":::t(pt' 0, ©)
with

He(P4ep )= €c(Psr p_)—Be (s, p 3P (Ps+p) .

We introduce these potentials mto the UHF iteration
procedure 1 the folowing way: in each iteration step
the potentials p., are deternuned for a number of
points {80 i our L1 and Li* calculations); then a
least-squares fit is performed with a linear combina-
tion of gaussians (16 gaussians with exponents from
0.01 to 2621 .44 in this work); the matrix elements
of the analytic approximations for . are finally
added to the corresponding Fock matrix elements.

2.3. Basis sets

In our Li and Li* calculations —pseudopotential
as well as density functional calculations — we employ
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the uncontracted 11s gaussian basis set of Huzinaga
and Sakai [17]. With this basis set we recover in the
LSD calculauons 93% of the core—valence correlation
energy.

The MRD CI charge densities by Romelt and
Peyerimhoff [10], which we use as a reference, were
obtained with (11s, 4p, 1d) and (11s, 5p, 2d, 2f) GTO
basis sets, the s part bewng the same as 1n our calcula-
tions. Thesa CI calculations yield 7355 and 90¢%, respec-
tively, of the core—valence correlation energy of the
Li atom.

3. Results

As usual, we consider the radial valence electron
density

D) = 472 o) — p1, ()] - @)

The densities py |, py ,+ are taken from separate calcu-
lations for the Li atom and the Li* 1on. (With the
pseudopotentials py ,+ 1s set identical zero.,)

In order 1o study the influence of correlation on
D(r), we subtract the SCF electron densities from the
Cl and LSD values, and we subtract the densities with
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the “SCF” pseudopotentials (Vscg, Vscr) from those
calculated with the corresponding semi-empincal
pseudopotentials (V5, ¥3). The area under the AD(r)
=D(r) — Dgcy(r) curves thus corresponds to the dis-
placement of electronic charge due to core—valence
correlation.

As a measure of the size of the 1on and the atom
one can use the 0.002 au contours [18]. They arc at
3.3 au for Ly and at 1.7 au for Li*. The outer maxi-
mum of the Li radial density 1s at 3.1 au.

In fig. 1 we compare our LSD and pseudopotenuial
(V) results to the larger of the iwo MRD CI calcula-
tions. One can see that all AD curves show the same
qualitative behaviour. The effect of core—valence cor-
relation is a charge displacement which renders the Li
valence shell less diffuse. The regions where electron
charge 1s withdrawn and wherse 1t 15 accumulated are
almost 1dentical in all calculations. The pseudopotential
results for the inner core region (r < 1 au) are not
shown in fig. 1; the pseudoorbitals are not unique 1n
core region, anyway.

In the valence region, the quanutauve agreement
between both our pseudopotential and density func-
tional AD(r) and the MRD CI curve 1s very sausfactory.
The dewviation 1s actually smaller than that between dif-

AD(r) 6.0 l_ ) T )
(102 a.u)
5.0+

0 1.0 2.0 3-0

4.0 5.0 6-0 7.0
rla.u.)

Fig 1. Valence-electron density differences AD(r) from pscudopotential V, (——-), local spin density functional (-..) and MRD Cl

(—) calculations.
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AD(r} 5.8 'r_ ' i ! ! ) j '
(107? a.u.)
s.ol |
1.0}
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0 1.0 2.0 2.0 1.0 5.0 5.0 7.0
r(o.u)

Tz 2. Valence-electron density difterences AD(r) from varnous Cl caleulanions CI [8,9] (—~~), MRD CI {10} smatler basis ()
and larger basis (—).

ferent CI curves, shown n fig. 2. The basis-set differ- this curve 1s not so suitable, howeser, for our purpose
ence between the two MRD CI calculations yields of comparison, since the SCF and CI basis sets are not
density differences of the order 1 X 103 au. The ef- the same here.
fect is even larger with the Weiss CI wavefunction, In fig. 3 we compare the AD curves for two differ-
D) g0y ' ' ' ' ' i
{102 a.u)
5.0

4.0

-3.0 : '
1.0 2.0 3.0

Fig 3, Valence-clectron density differences AD(r) from different pscudopotential calculations: ¥y, eq. (3) (—) and V3, eq. (4)
{—~~). The correspondng pseuaopotential differences (V3 — Vsopi (—), and 13 — Vgt (———)s arc gven m the lower half
(mn au logarithmic scale).
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ent pseudopotentials (V,, V3), 1n order to check the
dependence of our results on the functional form of
the pseudopotentials and on the fitting procedure
chosen. For illustration, the poientials responsible for
the charge displacement (V — Vgcp, V3 — Vgcp) are
also plotted in fig. 3. The potentials are nearly iden-
tical in the valence region, as expected. As a conse-
quence of the exponential ansatz, however, ¥y — Vscr
decreases too rapidly for large 7, but the absolute er-
ror 1s less than 10~4 au here. The substantial deviation
between the potentials in the core region 1s not sur-
prising 1n view of what has been said in section 2.1.
The density differences AD(r) in the valence region
are comparable to, or even smaller than those which
enter through the basis-set dependence mn the MRD CI
calculations. The ¥ curve, not shown 1n fig. 3,15
quite symilar to the V5 one: the deviation never ex-
ceeds § X 104 au. Another example: a pseudopoten-
tial, which was obtained from ¥ by setting 443 =0
and readjusting A,y and A, to ns energles, yrelded
AD(r) values virtually identical to those of the origi-
nal V5.

Furthermore, we have tested the influence of the
basis set on our results. We found that different basis
sets of similar quality (e.g. the Huzinaga—Sakai [17]
and the van Duijneveldt [19] basis sets) yield valence
densities D(r) which may differ by 10-3 au. The
AD(r) density differances are stable, however, to 3 X
10~4 au in the pseudopotential as well as in the densi-
ty-functional scheme.

4, Conclusion

It 1s possible to compute the effect of core—
valence correlation on the valence charge density of
the Li atom rather accurately by using methods which
need only energetic information for atoms (pseudo-
potentials) or for the homogeneous electron hquid
(density functionals). These methods are very simple
to use: the computational effort 1s comparable to that
of a SCF calculation; in particular, no polarization
functions are needed. In a forthcoming paper, we in-
tend to extend our discussion to heavier alkali atoms

(Na, K).
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