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Ab Initio Effective Core Potentials Including Relativistic
Effects. 1IV. Potential: Energy Curves for the Ground and
o Several Exc1ted States of Au2

Walter C. Ermlef? YoonfS. Lee, and Kenneth S. Pitzer

Department of Chemistry and Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Abstract

The ground and excited states'of,Au2 are
studied using ab initio averaged relativistic
effective core potentials (AREP) and MCSCF-CI

procedures. Spin-orbit effects are included in

. . 2 2
the excited states derived from Sl/Z + D3/2

2 2 . . ‘s
and Sl/Z + DS/Z atomic states using an empirical

procedure. The ground state dissociation energy -
is calculated to be 2.27 eV as compared to the
experimental value of 2.31 eV. The calculated

energies for the two spectroscopically allowed

+ .. :
0_ to O; transitions and other molecular parameters

g
also agree reasonably with experiment.

2) Present Address: Department of Chemistry and
"~ Chemical Engineering
Stevens Institute of Technology
Hoboken, N.J. 07030



I. Introduction
\ There were several reasons for the choice of diatomic
gold for an eariy study in relativistic molécuiar quantum
mechaﬁics. The diésdciatibn energy is anomalously large,
5lérger evén thanrfor‘Cu2 whe~1.'eas_Ag2 has a much sméller
dissociation energy. Also\Au2 is isoelectronic with the
_mercufous ion Hg;+ which is unique in its stabilify_as‘a
dimeric dipositive species. Also our pfesentvtheoretical
methods appeared to be adequate at this point for fhe‘
treatmént.of a molecule where thé'primary bond was based on
vs orbitais as is explained below. h‘ ‘

. All-valence-electron calculations on the groundﬂand
" several excited states of Auz are presented here as the
fourth paper in a series dealing with the use ofigg‘initio
effective core‘poten£ials (EP). PapervI1 describes the
formal procedure for deriving fhe EP's énd reports results
for the Xe and Au afoﬁs, Paper II2 presents SCF calculations
on the ground,bpositive ion, and 650g Rydberg states of Xez)
and Paper 1113 contains the first calculations using these
.methods oh'thé ground state of Au, employing relativistic.
basis functions in which the results include the effects of
spin-orbit couplingvdirettly by_the use of an EP defined in
terms of two-component spinors.  In addition comparisons with

other forms of EP's, both relativistic and non-relativistic,

are discussed in Paper III.
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‘states coming from the Sd

~ The Auzgmoleculé'was chosen as a test system because,
as discussed in Paper I, it may be logically treated as a
22-valence electron system with the ground state predominantly

being a 6s-6s o bonding state and the low-lying excited

9652 configufation leading to twelve

12+ 1.+ '3+

states (in standard LS coupling notation) z

g’ zu’ g’
3.+ 1 1 3 3 1, 1 3 .3 2.
Bpr Mg My, CHoy TT, TA, Bys “Bgs gnd by- The “Dg )
andszs/2 states of Au are 1.136 and 2.558 eV above the ground

2S state'whereas the next levels (ZPl/2 and 2Ps/z)lare at
4.632 and 5,.105_eV.4 Hence the treatment of the D valence
statesvéhOU1d cpnsfitUte a reasonably ''clean'" set in the

sensé of not being strongly perturbed by other low-1lying
states of the same symmetry. The aVailaBility of expériﬁental
fesults-for the ground and some of the excited statés 5110ws

us to make some comparisons with various spectroscopic

constants.

' . . s 2 .2
Because the spin-orbit splitting of the DS/Z and D:,,/2

levels of Au is so great (1.522 eV), the description of

excited electronic states of Auz in terms of w-w coupling

would appear to be most appropriate. The twelve LS symmetries

above are combined usihg an empirical‘mode16 based on the

atomic spin-orbit splittihg‘to'Yield states of O;, O;, Oé,
. V ! : y - 7 .
g’ Zu, 3g, and 3u symmetry in Hunds coupling

case ¢ (w-w) notation. The observed molecular electronic

.1 1 2

Ou’ g’ u’

states may then be compared directly with calculated results.

~ The following two sections describe the form of the

wavefunctions used in this study and the methods of introducing



spihforbit_effects. The resulting potential energy curves
are discussed in thé 1ast section., Some comments fegarding’
'anaIOgOUS_calculations qn Agz and Cu, are also included. |
I1. Calculations

-

The WavefunCtions for the twelve LS-coupling symmetries

25 and %s + 2D atomic

arising frbm‘thé'interacfion of %s +
states were computed using a model of the Au atom whereby

" the 68 core electrons were repiaced by anbaveraged relativistic
effectiVe‘coré potential‘(AREP), as'describe& in Paper III,

1065) were described by a

and thevil Valépce electrons (...5d
valence basis set of two 2s, two 2p, two 3d, and onev4f
Slatér-type functions (STF). The AREP was represented as}a'
numérical function intluding angular symmetries up to 2=4
(g~tYpe) as the "residual potential" (see Paper III).
| The (Zs 2p 2d lf) STF set (see Paper III) was determined
by flrst f1tt1ng ‘the. s, p, and d-type pseudo- orbltals as
two-term expansions then fully optimizing the exponents in
atoﬁic calculations for various LS{states in the field ofvthe
AREP, The 4f-type STF was Optiﬁized in ground-state SCF
lcalculations“on-Au2 ﬁear?Re and resulted in an ehergy lowering
of about 0.003 a.u. |

To insure that the ﬁolecular wavefunctions for the ground
state of Au, was sufficiently flexible to allow for the proper
dissociation:to two %S Au atoms, it was necessary to include
the twd_configurations allowed from the combination of the

6s electrons; 6sog2 and 6scu2.. MCSCF calculations were carried
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out incorporating these two configurations at 16 internuclear
separations and are reported in Table I together with the
analogous SCF (single-configuration) and CI (see below) results.

The molecular integrals for each of the 16 internuclear

~distances shown in Table I, including the matrix elements

involving the AREP (see Paper III) were transformed over the
MCSCF orbitals for the ground state and used in first-order’
CI caiculations désigned as follows. The MCSCF orbitals were
placed in three classes; the first corregBonding to those

derived from the 5d shell of Au, viz. Sdog, 5do,, 5dm , deg,

5d6g, and 5d§ . These orbitals were restricted to be fully

>otcupied in the MCSCF calculations but their respective linear

coefficients were optimized for each internuclear separation.
The second class consists of the éscg and 650u orbitals that
were optimized with respect to configuration mixing at each
internuclear separation. The 650g orbitai is dominant near

Re but the two configuratiohs have equal coefficients as dis-
sdciafion is approached; The third class is made up of the
remaining orbitals that can be‘constrUCted from the basis set.

This class is usually termed the "external" or "virtual"

class of orbitals whereas the first two are termed the "valence"

_ : shells
space. The inclusion :of only the 5d and 6s/in the valence

space may be rationalized on the grounds that the 2P states of

Au lie about 2 eV higher than

D states, as mentioned above.
To construct a list of configurations for the CI calcu-
lations, excitations are defined in terms of the distribution

of the 22 valence électrons among the orbitals in the three



classes. Table II shows how the configurations were defined
for the twelve LS-symmétfieskdéBired and the»number of con-
figurations for each electron distribution for 12; symmetry.
The final electron distribution in Table II corresponds to the
double excitations of the two 6s eleétrons and would serve to
’cbmprise a complete CI for the two electron (frozen 5d) system.
The importance of including these '"bond doubles' as well as
‘the successive improvement of the ground state wavefunction of
Au, as more electron distributions are inéluded is shown in
Fig. 1. The 6s valence (VCI) 6s first-order (FOCI) binding
enefgies (E(R = 4,75)-E(R = 20.0) = D, = 0.91 eV) are the same
. since only the two MCSCF configurations are allowed. The
additional 10 single excitations, which would allow for Qrbitai
relaxation effects,7 yield no contribution because the two
valence configurafions were optimized in the MCSCF procedure.
‘The curve for the complete VCI (distributions 1, 3,'and 4) is
slightly lower (0.1 eV) ‘than the 6s VCi-due to some effects
coming from inclusion of 5d(Class I) excitations into the 6s
orbitals (Class II). The addition of the 5d FOCI cogfigurations
-(distributions 5, 6, and 7) causes a significant increase in
bindiﬁg energy due to the effects of relaxation and poiarization
of the orbitals arising from the 5d shells of the Au atoms. :
Finally if is seen in Fig. 1 that the '"bond doubles" (distri-
bution 8) results in an additional increase in the binding
energy of about 0.3 eV fo yield a De value of 2.27 eV. This
change shows the importance of including this class of configu-
rations, or conversely, the degree of reliability of the‘fifst—

“order method (distributions 1-7) in describing the ground state
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; and “D

of Au,. "It should also be pointed out that the inclusion of
configﬁrations that correspond to excitations of one or more
electrons from the Sdésheils with one electfoh residing in

the external space result in the inclusion of 0.3 eV of atomic
correlatién ehergy (lower‘two curves of Fig. 1). This effect
is due to atomic excitations and should be nearly constant

for all internuclear distances. The'upper two curves have
dissociation limits that’are precisélyvthe sum of two 2S atomic

SCF energies.

ITI. Spih-Orbit Interaction

In order to obtain the states corresponding to Hund's

-

coupling tasec (w-w coupling), the calculated LS states from

2S + 2D atomic asymtote were corrected with an empirical model6

based on the experimental atomic spin-orbit splittings 2D3/2

2 All the w-w coupled states from 2S + ZD:,’/2 and

5/2°
25 4 ZDS/2 atomic asymtotés can be obtained as roots to the

spin-orbit matrices given in Appendix 1 with ¢ = .6087 eV.

Since the contribution from the ion pair.(Au+ + Au’) accounts

for all the bonding of the first 12; state, it was necessary

. . . . + '
to modify the spin-orbit matrix for Ou states that come from

3 1

the mixing of n, and. z;-states. Instead of solving the

. + : . .
2 x 2 matrix for 0, states, three LS states were included in

the spin-orbit matrix as shown in Appendix II. This approxi-
- mation is based upon two additional assumptions. First, the

spin-orbit splitting of ion pair states is zero, which is

rigorously true for atomic ions. Second, the two lower lying

1.+ 2

Zu states are composed of ion pairs and “S and 2D atoms,



which is a reasonable approximation as can be estimated from

CI coefficients. Then the contributions from 2S +.2D atoms

can be calculated using CI coefficients as shown in Appendix
II. This modification is not used for O+ states since the
ion-pair contributes little to the first excited 1Z+ state

In order to obtain the experimental energy separation for
the atomic limits, the energies of 511 the excited statés are
shifted by .305 eV relative to the ground state. |

- IV. Results and Discussion

The calculated potential curves forvthe excited states
that have allcwed transition moments from fhe groﬁnd state
are shown in Fig. 2. The circle in Fig. 2 indicates the
site of an avoided crossing of 1u states if a CI'calculation
were done in the w;w coupled configuratiéhs. All dthef u
states are shown in Fig. 3. Potential curves cf calculated
'g states appear in Fig. 4. Vertical transition energies'of.
these states calculated’at the internuclearudistance of 4.5
a.u. are given in Table‘III. They can be of some intefest
‘for certain applications and ére useful as an additional
guide for.identifying the curves iﬁ Figureé 2, 3, and 4.

Spectroscopic conscaﬁts were calculated for States that
have De 1arger than 0.3 eV and summarized'in Table IV with
'the experimental reéults.

The spectroscopic information on Au2 is given by Ames
and Barrow5 énd by Kleman, et'al,8 who also cite earlier work.
The fact that gold has but a single isotope allowed resolution
of rotational structure5 and yielded the precise interatomic
distances which are given in Table IV thether with other

spectroscopic parameters. The dissociation energy of the



ground state is obtained from mass spectrometric experiments,
most reoently by Kordis,'et‘al.9 Their result,‘Do = 52.9 ¢ O.SH
kcal/mole agrees well with earlier work including the value

51.5 + 2.2 kcal/molé froﬁ Ackerman, et al.10 With correction
fof zero point energy.one obtains De = 2.305 + 0.02 eV.

The values of 1.00 eV for the A O’ state and 1.78 eV for
the B O; state are calculated from the experimental T, values
of oorresponding states5 using the dissociation energy of tho
.ground statevand the atomic excitation energies to DS/Z'and
D3/2 states, respectively. It may be noted that simple
eXtrapolations_of vibrational levels yield De values of
1.41 eV and 1.47 eV for the A O; and B O: states, respectively.

One might have expected to observe also transitions to
the 1u state at 2.64 eV but this feature is evidently.léss
~intense than the XjA bands at nearly the same energy. Since
the iarge transition dipoie arising from the molecular ion-pair
state falls only into ‘the O; symmetry, the lower intensity
for the transition to the lﬁ state is not surprising.

The agreement of calcuiated and‘experimental dissociation .
ehergies for the ground state is fortuitously good; that for
Re and W teasonableq Although there is as much as 0.1 R‘
difference in calculated and experimental Re values, it is
interesting to note that the calculations reproduce’ the oorrect'.
order with A O; longest and B O; intermediate. The total
energies of excitétion:to'the A and B states are also fitted
quite well. Indeéd the entire pattern of agreement with

experimental values is remarkable and probably somewhat
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fortuitous. .A11 important aspects of the lower energy stateé'
of Au, appear to be appropriately'taken'into account by the
relativistic E.P. methods adopted. |

v It is also‘recognized that most states coming from the
2S‘+ 2D3/2 asymptote and some repulsive states from the

2S + 2D5/2-cou1d be changed through the configuration mixing

in w-w coupling case since the energy of the'zDs/2 + ZDS/2

atomic asymptote is lower than that 0f 2S + 2D3/2. However,

.there are nq O; or Oé states arising from ZDS/2 f 2DS/Z;
hence the calculated curves for these symmetries are unaffected.
This last point is important for the B O; state.

Calculatiéns were also initiated for Cu, and Ag,
following the same general system. While the results for the .
ground states give qualitatively corrgct sequences of'Ré values
and De values, several difficulties arose which made the re-
-suits unsatisfactory on a quantitativé basis. The same
probiems became evenlmore serious for excited states.

For copper the moét‘serious difficulty is the failure of ' 
SCF atomic calculations to‘reproduce; even approximately, the -
relative energies of the 2S and 2D states. Similar diffi-
‘culties are known to arise for nickel. }We understand that
very extensive CI caléulations11 are required to remedy‘this_
situation and such extensive atomic CI woﬁid be beyond the
scope of our present pattern.
For silver the problem arises from the fact that the 2P

excited state is somewhat lower than the’ZD,state for the atom,

Thus excitations involving both d and p orbitals_must be



included in an adequate treatment. Furthermore, the methods

used here for spin-orbit effects in Au2 would be inadequate

for'AgZ. In view of the more extensive efforts required to

‘properly deal with Cuz'and Agz,‘it seemed better to present

just the results for Au, at this time.

N
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'_Appendix I. Spin-Orbit Matrices for d
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Appendix II

- In an attempt to account for ion pair character let .

2 .2 2 2 2 2
B% = (Cpp * Cpppd/(Cy™ + Cyp” *+ Crpp)s

where the C's are mixing coefficients corresponding to the

. . . . . . +
respective (dominant) configurations in the first 1£u wave

I (scg)(sou), - ion pair configuration

II (dcu)(sog)(sou)z,‘ p
2 _
III (dcg)(scg).(sog).

2

‘The energies of the O;'states are roots of
| ECn) - o/2
u
e
B(/6/2)5 By (CI))

1-8)(/8/2)t 0 B, ('z))

S+ "D configuratiohs

acl
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.75
.25
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Table I. Ground State Auz Valence Energies (a.u.)

1E(SCF)

-70.272820
.618155

.738262

| .759430

- .767895
769278 -
766328

.760811
754218
746473
739423
.712174
690422
673762

.661266

.621691

L
E (MCSCF) .

-70.291183

.632900

.751744

.773288
.782712
785526
784477
. 781305
.777429
773001
.769366
,758443

.753765

.751926
751150
. 750536

E(CI)

-70.387333

.719504 .

.825669

.841041

.844318
.841337
.835026
.;82761I‘
.818684
.809870
.802415
.779374
.768405
.764050
.762353
761078

14



\_’/

Electron'
Distribution

Total

Table IT.

15

Electron Dlstrlbutlons for CI Calculatlons
for 22-Valence Electron- Au2

I‘ .

20

20

19
18
19
18

17
20

11

o L= T ¥ | [ 3] £ w -

ITI

N = e = o O =k O

No. 1

10

88

296

402
56

L+
z
g

6s

65
5d
5d
5d
5d
5d

65

862

Descriptioﬁ

‘Valence CI(VCI)

First-order (FO CI)
VCI.
VCI
FOCI
FOCI
FOCI

"Bond Doubles"



‘Table III. Vertical transition energiésa (in eF) of selected.
excited states of Au, calculated at R = 4.50 a.u.

Vertical transition Vertical transition

States energies (eV) States ~ energies (eV)

0, | 0.0 0y  2.6529
34550 . 3.6157

5.6131_ 3 o ' - 6.0626

o |  2.5616 o 2.4482

5.5161 | | © 3.0125
L 2.5710 D 5.7679
3.9543 1, 2.4482

5. 2359 2.6602

5.7027 o S 3.6495

2, 3.2056 o . 5.0216
3.9443 | © 5.8219

5.1911 o zu 2.4688

3 © o sases 3.6563
- 5.0316

3 _'_  3.6002

a

The energy scale shown in the figures can be obtained
by adding the energy of the ground O; state (-2.265 eV).

&
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‘State

+
0
: X g

.
A0

O+
B O

Table IV. Au, Spectroscopic Constants -

_vRe(A)

Calc.
Expt.?
Calc.
Expt.a

Célc.

Expt.a

Calc.
Calc.
Calé.‘
Calc.
Calc.
Calc.

@ from Ref. 5.

b from Ref. 9.

2.37

2.47

2.51
2.57

2.50

2.51

2.44
2.43

2.44

2,44
2.61
2,61

De(eV)

2.27
2,31

.79
1.00

1.38

b

1.78

- .76

.94

s
.84
35
4

.'we(cmpl)

165
191

121
142

146
180

138
143
140
140
110
112

T, (eV)

2.61
2.44
3.55
3,18

17
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Figure Captions

Fig. 1. Potential curves of O; of Au2 calculated with the

various levels of configuration interactions (CI).

W

Fig. 2. 'Molecular'states,of Au, derived from the 2S + 2S

~atomic ésymtote and the spectroscopically allowed
excited states from 2S + 2D asymtote. Spin-orbit
effects and ion-pair mixing are included in the

calculation.

. | . 2. . 2

Elg. 3. Ou’ Zu and Su states Qf Au2 derived from S,+ 'D
atoms.

Fig. 4. 0;,'0;, lg’ 2g and 3g states of Auz_derived from
2

S + 2D atoms.
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