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Abstract

SCF calculations have been carried out for the ground
1 +

zg(O;) state of Au2 using a variety of ab initio effective
core potentials (EP). The effective core potentials studied
include both a two-component relativistic EP (REP), thét
includes spin-orbit effects; also averaged relativistic
EP (AREP) and a non-relativistic EP (NREP). All-electron
non-relativistic calculations were also performed. The
values of spectroscopic constants obtained from these

'"calculations_indicate that relativistic effects account for
a decrease in Re of over 0.3 R and an increase in the bond
enérgy of the order of 1 eV. Various intercomparisons indi-
cate the general validity of effective potential methods, |
properiy.applied, but also show certain limitations., 1In
particular the NREP results agree well with the all-electron,
non-relativistic calculations. Also various relativistic
effective-potential methods agree for SCF caigulations
provided both thé basis sets and the EP are carried to
Sufficiently high order in angular quantum.number. The bond

distance calculated relativistically agrees very well with

experiment.



I Introduction
. In the first paper of this seriesl (hereafter Paper I)
__thevgenefal basis was éstablished for é treatment of molecuies
containing heavy atoms by relativistic quantum meéhanics and
effective potentials (EP).' This treatment parallels the
ab initio core pdteﬁtiallmethods based on non-relativistic
quantum ﬁechanics'as developed recently by several authors.2
Our procedure starts with the fully relativistic'Dirac-Hartree;
Fock treatment of each atom. Thus the EP derived from these
atomic-data contains all relativistic effects on the core |
electrohs aé well asfthe valence electrons‘except for Breit
~ihteractions and are labelled REP. The results include spin-
orbif effects and follow the j~-j coupling system, i.e., there
'até separéte EP for pl/2 :emd_p:,)/2 states, etc. In Paper 1
‘the REP were derived for xenon and gold atoms. In this paper
we use the results for gold to tréat the ground state of Au,
in the SCF and MCSCF approkimation and compare the results
with those.from an all-electron nonrelativistic treatment,
with more apprdximate relativistic calculations, and with
experiment.‘ Alpaper to follow will present calculations for
excited states, as well as the ground state, of Au2 based on
extensive configuration interaction. |
Rigorous relativistic mblécular calculations must be
made in the w-w coupling system (equivalent to j-j coupling
for atoms). Althbugh_we are déveloping progfams for diatomic
molecules in w-w coupling for configurations with open shells,

these are not complete and hence not available for the present



calculations. A SCF calculation was made, however, for the
sipgle configuration closed,shell ground state of Au, with
fwo-compdnent relativistic sbinors and EP's.

A further approximation allows the use of molecular programs
in L-S coupling; this requires the deletion‘of_spin-orbit
coupling. We have followed this method by taking the weighted
average of the two EP's for a given non-zero % value, i.ef,j
for P1/2 and P3/p OT d3/2 and dS)Z' Suéh results are labeled
AREP for "averaged relativistic effective potentials." There
are semi—empirical methods for the approxiﬁate re-introduction
of spin-orbit effecté,3 Paper II4'presents results by this
method for Xe, in‘the.ground and excited sfatés.and for Xez+
Kahn, Hay, and Co‘wan5 have also developed a method for AREP
calculations in which they start with pértially relativistic
atomic calculations which, in the Pauli approximation, include
only the mass-velocity and Darwin terms and omit the spin-orbit
term. Comparison of results from the two AREP methods shows
- little difference between them; hence, one con;ludes ﬁhat the
additional approximations Of_Kahn, et al., are not important

in this case, at least.
II. Calculations

The EP's for Au were obfained using the methods described
in Paper I. Programs to compute the necessary molecular inte-
grals over the original numerical EP with respect to a basis
set of Slater-type functions (STF) were developed based on an

earlier program that employed a zéta-function approach.



In addition, non-relativistié (NREPJ andnaveraged.rélativistic
(AREP) SCF calculations have’been tarried.out using EP's.derived7
using the ﬁethods'of Refs. 2 and 5 for Au expressed as fits

'to Gaussian-typé fuﬁctions together with corresponding7'va1ence
electron basis-Sets, Finélly,'tb_gauge the EP approkimatioﬁ
of the core electroné, all-electron SCF calculations were

carried out- for Au,.

A. Calculations with AREP and NREP

It is instructive to’describe.certain feétures of the
program6 used to compute the matrix elements over the EP with
ﬁfespect'to an STF basis. An advantage in using numerical

integration prbéedUres is that it allows us to input the EP

in any convenient form,-viz as numerical functions,»or.as
fits to Slater (STF) or Gaussian (GTF) functions, from which

the appropriate quadrature points may be generated internally.

The numerical EP's computéd by the methods of Paper I, being
relative to the logarithmic grid dictated by the numerical

Dirac Hartrée-Fock procedﬁre, are matched With the bauss—

Legendre'or Gauss—Laguerre quadratures used by the EP integral

program by interpolation using a cubic spline technique.

In the case of the relativistic EP's the behavior in the
regidn near the nucleus has been accOunted fdr by matching

the expected behavior [Paper I, Eq (43)] as r - 0 with the

| Valﬁe and its first derivétive of the EP at some value L.

where the EP is still well-behaved, i.e., numerical inaccuracies

have not yet become evident.



The questions to be addressed here involve the problems

inherent in the representation of the EP's for a given atom

in the various forms that derive from the general equation2

yAREP U’ﬁREP + I’:zz' (U‘;z‘REP - U‘f:REP)IzmeI. (D)
In this part we treat only those EP's that correspond to the
use of LS-coupling in the molecular calculations. Relativistic
EP's generated by the method described in Paper I have been
transformed to the appropriate form by taking fhe weighted
average of the two components corresponding to'a given value
Lof the angular quantum number £. These averaged relativistic
~effective core potentials (AREP) yield gobd results for Xe2
ground, excited, and positive ion states4 and compare well
with results.8 based on the AREP of Kahn et al.5 .The value of

L corresponding to the 1argest angular momentum used in deriving

UEP

defines the ''residual potential' and is, ideally, one
gfeater than the highest & of the coré. |

We made SCF calculations for Auzibased upon‘our AREP
functions, which are designated AREP(I), and upon the AREP
obtained by Hay, et a1,7 for gold by the_method of Kahn, et al,5
which omits spin-orbit effects in the atomic calculations;
the latter results are designated AREP(II). We also used the
non-relativistic EP of Hay, ean1,7 for calculations on Au2
- listed as NREP. For AREP(II) and NREP we usedvthe basis sets

chosen by Hay, et al.7



B. Calculations with REP

‘The application of the j-dependeht relativistic effective
core potentials: (REP) to molecular calculatiohs requires the
»Computation of matrik elements over a basis set of two-component
spinors correspondlng to four component Dirac spinors without

small components. The Hamlltonlan is expressed as

::i

ZV h I | (2)
A o
usl ¥ v Ty | |

" where n, is the total number of valence electrons and ruv is

- the distance between electron u and v. In Eq (2) hu is given by
R N . Z

h=__]2_-_V2+ z [_}_9‘__.‘.[]
‘ H o=1 ou

REP
o

] (3)

where Z‘ is the nuclear charge of nucleus o/ UREP can be
- and N is the number of nuclei.
approximated by [Paper I, Eq (41)]

REP _ ,REP
Up = Uy (rgy) *
| 1 - i
L1 N2 REP yREP . l
) L 2 [U,LJ (ry,) - Upy (r W 1eim>g<ejm] g (4)
=0 j= 2-7[ m= -~ . .

where the projection operators are defined by

[2jm><2jm| = [ 21 C(zfj, m-o, o)IY (0,¢)¢i/2>] X
C(z%j; m-g', o')<¥?'°'(e,¢)¢§}zll (3)

with the notation the same as in Paper I. All one and two



electron matrix elemeﬁts of the above Hamiltonian with two
éomponént basis functions can be expressed as linear combina-
tions of appropriate non-relativisticvintegrals. The detailed
expressions for.these'matrix elements mayibe obtained from |
the work'by'Malli and Oreé9 by eliminating parts dependent»on
the small components of the Dirac spinors.

Matrix elements over angular projection opefatofs [Eq (5)]
'are calculated as linear combinations of the non-relétivistic
integrals described in the previous section and additional
integrals that correspond to the case o # o'. The formalism
for the SCF procedure is essehtially parallel to that deveiopéd
.”byNMJIi‘and»Oreg for relativistic theory for closed-shell
moiecules.9 Although their formalism is limited tdlthe
minimal basis set representatioﬁ of the Dirac-Hartree-Fock
‘calculations, this restriction disappears in our application
because of the absence of small components. - The symmetry |
properties of these moleciular orbitals are the same as those
of the-relativistic molecular orbitals, viz. orbitals are only
- distinguished by their total angular momentum like Hund's
case (c). |
| At present, the program is limited to closed shell con-

figurations of diatomic molecules.
C. All-electron Non-relativistic Calculations

A double-zeta basis set generated for the (...5d9 6s 6p)4F

state of the gold atom was used in single configuration SCF

calculations on (...2702....16ﬂ2;;..862..2¢2) 12; Auz. The



atomic energy with this basis set is -17864.62328 a.u.

compared with a value of -17864.62372%0

for a thoroughly
optimized double-zeta basis. Simply because of the large
number of OCCUpied.shélls, these double zeta bases for heavy
atoms are better able to contain orbital expansions whicb
approach the Hartree-Fock limit than is the case in light
atoms, at least‘for é and pvsymmétries, Also because of the
large number of occupiéd shells, the basis set contains,
without further addition, functions whose extent and | “
.symmetry type are those required for describing polarization
effects in the molecular environment.t The resﬁlts of this
double-zeta Au2 calculation, then, will be close to the
Hartree-Fock limit for the shape of the interaction potential.
‘The energy difference between R = 20; bohr and R = 5. bohrl
shouldvbe within ~0.2 eV of the Hartree-Fock limit. ‘Abéolute
energies, of course, wi11 have very much'larger errors, but

this is inconsequential.



10.

ITI. Results and Discussion

Presented in Tables I and II are a series of results
for the ground 1ZgAstate of Aﬁz. The calculationé are singie
configuration SCF (Table I) and two-cohfiguration MCSCF
(Table‘Ii) whefevthe Guz term necessary for Fhe proper

2

description of two “S atomic states, at dissociation has been

included. Tﬂé 2$2p2d1fbbasi5'éet uSed_in our EP calculations
is given in Table III. Since the SCF wavefunctions for Au, ‘ -
do not allow for the proper aéymptotic behavior, dis- -
sociation energies are ﬁot available. Instead we report the
‘values of (EZO—Ee), the decrease in total SCF energy from
ZOa}q.to the minimum at R - These values may be used for
comparison among the SCF calculations, but it should be noted
that the tendency for these wavefunctions to admixtures of -
atom pair and ionvpa{r limits may not have proceeded to

the same extent at R = ZO:Oa}u.for all of the cases. Hence,
the Dé values for the SCF results should only be tgken as
qualitativé comparisons. The valﬁes of Re'and we,fbn the
other hand, should be consistently represented aﬁd were
derived using five poinfs near Re‘

The SCF calculations are infended to show the degree of
consistency of the use of EP's derived from différent for-
malisms (Refs. 1, 2, and 5) and to give an indication of the
hagnitude of the relativistic effects in Auz;' Table Ivshows

~the agreement between the all-electron and valence electron

non-relativistic Ep (NREP) results to be quite reasonable.

)5

The differences (Rows 1 and 2) between values of Re’ (EZO-Ee
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and w, are 0.01 R, 0.14 eV and 14 cm-l, resﬁectivély. Similarly,
. the felativiétic célcuiations AREP(I) and REP uéing a L=4

.résidﬁallpqtential.énd a numerical form of Ugldetermined by

the methods of Paper I yield results (Rows 4 and 5) in good
‘agreement with ea;h other and with those from AREP(II) in Row 3.~
This agfeemeﬁet between AREP and REP indicates that the
averaging procedure is reasonable for this case.

Thus, it appears from the results of Table I that the

relativistic effects in Au2 yield a decrease in Re in excess
of 0.3 R and abbutla.ZS% increases in Wg . The‘reiativistic
calculatidns"of Re are'in.excellent égreemént with the experi—
Wmentally de‘terminedll value Re = 2,47 R. The relativistic
calculations for wg are smaller than the experimental Value
of 191 cm-'1 but much closer than the non—felativistic fesults.
The energy values in Table I are not so cleafly interpretable,
but they indicate a'relativistic'increése 'in bond energy of

the order of 1 eV.

vOfbital energies at R = 4.75 a.u. are shown in Fig. 1.
Comparing 6sdg orbital enefgies one may conclude that 6s
glectrons.are responsible for most of felativistic effects in
Auz,'a large increase in binding ehergy from the non-relativistic
to the relativistic values., The 5d orbital enérgiesvare
decreased slightly from the noh-feiativistic values to thosé
of AREP(I), but this efféct is small as compared to the splitting
" from either interatomic interaction or the spin orbit effect
(in-REP).F Orbitals of a given » value in the 1ast column

arise from different X values in the other columns, i.e.,
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w = 1/2 from either ¢ or = and'w = 3/2 from either m or §.
Consequently, there can be.some mixing of these 1/2 or 3/2
orbitals and the differences of'individual REP vélues ffdm
“AREP(I) values are not pure spin-orbit effects, although
‘that was the basic cause. |

Wavefunctions for Au2 including more extensive config-
uration mixing have been computedlz,using the numerical AREP
andvthe same valence STF_basis_set for ail electronié states
arising from the atomic asymptotic limits 2S.+ 2S and_ZS + 2D.
The improved ground state'potential energy cﬁrvé has
R, = 2.37 R, D, = 2.27 eV, and w, = 165 em™! in good agreement
with the experimentally determined values.

Table II presents comparisons of properties of Au, derived
| using theTAREP(I) defined by the pseudo-orbital transformation |
for an ll—valenCe-eleétron Au atom as detailed in Paper I.
There are three principél variaﬁces in the caléulations of |
Table II yielding importént compariSoﬁs. The first is the
deletion of the f-type polarization fuqction from the basis
set; the second is in the'form of the EP as either numerical
Ul(r)'s or STF or GTF 1éastvSQuares fits of these, and the
.third is in the choice of the residual potential UL [Eq. (1)]
as L = 2, 3, or 4. A

‘The effect of the f-type STF basis function, obtained by
comparing rows 2 and 3 with rows 7 and 8, respectively, is-
about 0.1 eV in De and .06 K in Re' Since this is a rather
substantial effect for the addition of polarization-type

functions for mostly non-bonding d orbitals, an appreciable

part may be attributed to the superposition problem for a



double-zeta basis set (i.e., a basis function centered on one

' nutleusvalleviapihg deficiencies in the étomicﬁbasis set at
the other nucleus.)

: The effect of using a least squares fitted AREP as
opposed to the.prigihal numerical fofm is seen by comparing
~Rows 1, 4 and 5;_ The differences of 0.1 and 072 eV in D of
. STF énd GTF fitted AREPFS from the numerical form is a | |
reasonable reflection of accuracies expeéted from the fitting
method. |

'”Thé most obvious diécrepancy in Table II is that amohé
the calculations where the residual potenfials differ(
'Whereaé the Changes resulting from choosing L=3 instead of
'L=4 are small, but not negligible, those due to the use of

L=2 are Unadceptably large (compare the pairs of rows 1-3,
5-6, and 7-8). The'use of U, as the. residual potential for
the AREP leads to pétential énergy curves.that are much too
attractive witthé too small by 0.3 Z, and De\and'wé too

1

large by about 2 eV and 100 cm This discrepancy is the

consequence of the attractive tail in the residual d potential.

~

shown in Fig. 2. This problem has also been encountered in
other work and corrected by shorfehing the region of fitting
or by generating the residual potential from highly positive

ions.13 - In our casé the choice of a sufficiently large L

- value for the residual potentials yielded satisfactory results,r

but we cannot as yet draw firm general conclusions on this

matter.

13

4,13,14
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In conclusion we note that the Calculations reported
here show large relativistic effects shortening and
strengthening:the.bpnd in Au2 and indicate that the primary
source of these.changes is in the coﬁtraction of the 6s

orbitals.
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Basis Set

'STF (12s 10p 6d 2£)
 GTF (3s 3p 34)/(2s 2p 2d]
“GTF (3s 3p 3d)/[2s 2p 2d]
" STF (2s 2p 2d 1£) |

'STE(2s 2p 2d)

2 see Eq.(1).

Table I. SCF Results for Au

- EP

-All-electron

NREP (GTF)
AREP (I1) (GTF)
AREP (I) (Numerical)

REP(Numerical)

L

“max

a

2

[
R /A

2.84
2.83
2.48
2,48

2.50

(B,o-E)/eV  w_/em™h)

3.00

2.86

4.00

4.01

3.93

105

91

138

145

142

81



Table II.  MCSCF Results for Au, with AREP(L)

2 .
L 2 R‘(R) ‘D'(eV) em™ 1

) : max  Re 3 e . we \ _

STF (2s 2p 2d 1f)  AREP(Numerical) g 2.54 - 0.95 107
STF (2s 2p 2d 1f) AREP (Numerical) £ . 2.50 0 1.12 120
STF (2s 2p 2d 1f) AREP (Numerical) d 2.18 3,18 218
STF (2s 2p 2d 1f)  AREP(STF)® g 2.56 0.85 111
. STF (2s 2p 2d 1f) ~  AREP(GTF)®. | g 2.56 0.76 107
STF (2s 2p 2d 1f) AREP (GTF) | . d S 2.19 1.49 174
STF (2s 2p 2d) AREP (Numerical) £ 1 2.56 1.02 116

STF (2s 2p 2d) ~* AREP (Numerical) d 2,24 2.90 195

See Eq. (1).
Ref. 1.
Ref. 15.

6T



Table III. Slater basis set of Au for the REP?
and AREP(I) calculations

£ n_ _z

s 2 1.17
2 0.75
p 2 0.82
2 0.4l
d '3 2,40

3 1.26
f 4 2.00

a.Identical basis functions.were used for j = & - %

and j = & + %'orbﬁtals with‘the same .



Figure 1.

Figure 2.

.'Figufe Captiohs

Orbital energies (in a.u.) of Au2 calculated
at R = 4.75 a.u. AE, AREP and REP refer to the

a11-e1ecfron, the averaged relativistic EP and

- the relativistic EP, respectively. Lines

connecting the orbital energies calculated with
AREP(I) and REP indicate the probablé cor-
relations of the w-w coupled orbitals.
Relativistic effective core potentidls (REP)

of the 1l-valence electron Au.
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