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1. INTRODUCTION

The interest in transition retal dimers has increased rap-
idly in the last years. Although only a few of these species were
terest was revived by the technigue known as matrix isolation,
which allowed the formation of a great number of these dimers trep

\ ) . , 1) . .
ped in non-interacting solid noble -cgas matrzx&s{*‘w These coould

then be studied by different spectroscopies, which may be helpful

in elucidating some aspects of the metal-metal bond.

The investigation of properties of transition metal dimers

has also important practical motivations; one of them 1

related to

fiad

e

2 . ;
heterogeneocus catalysis and chemisorption “) | 1t is believed that
a better knowledge uf the bond between two transition mstal atoms
may be the first step in understanding larger metal clusters oY

surfaces(B).

One useful tool to be employed in the study of the @rec
tronic sructure of transition metal dimers, among ath&r molecular
oxbital procedures, is the first principles LCAO rumerical dis~
crete variational (DVM) m@tyﬁé<4), which is self-consistent (SCF)
and makes use Qﬁ the local 5 approximation for the esxchange inter

[
actian(“)‘ The DVI{ method ha: been recently employed in a study of

; _ iy . X - NN )
the electronic strucure and hyperfine interactions of iron dimers
It would be useful to compare the performance of the DVM method

with standard "ab initio" procedures, which have been employed to

investigate a limited number of homonuclear firgte-row

: transition

£

metal dimers. In this letter are reported snd discussed s aspects

of the electronic structure of Cu2 as obtained by the DUM method .



The choice of Cu_ was based on the fact thet, tnlike othar dimeric

molecules of transition elepents whiech ‘have ground state high-spin

configurations as yet undetermined, QnQ has & ground state witich

»Jk

g

can be unambiguously aseigned to a closed-shells ‘Z - Moxeover, the

[t

le known in the gas state.

(4}

The DVM method was sloyed in its standard form” ',  with

the inclusion of all electrors. The one-electron eguations o  be

sulved ave of the Form
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Hartree-Fock~yo atomic orbitals. The interelectrounic COWpOhOWt

cf ths Coulonb potential Vc was approximated expanding the mole

oul
cular electronic charge density as & sum over sphevical densities
around each nudléué; w&theé by tne Mulliken populatioa P, of

crbitals in ach a*om
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where the sum is over all occupled atomic orbitals of both atcn:

The populations F, are iterated to self-consistency.

The exchenge term Vyw in equation (1) is the
_ , - .

- (5
ccal terw proposed by Elater )



where & = 2/3 has been vssa't) for rothiatom and molscula. ™

n wxpanﬂ@d nume 5 Favtre@wFuck" gter atomic

was uac@ foz c&«pcm, with t}w incly ion of Lhn vacant 4y, 44, bs
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& spherical attract

poternaial ‘well in ths atomic galou~
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3. ELECTRONTC STRUCTURE 'OF DIATOMIC COPPER A

CBonding dn Cu, resulits from the;samhinaticﬁ.of-éﬁcmbiualx
which form o orbitals and of 3d-orbitals vhich form ¢, % and 1. The

3d orbitals need shorter distaaces to interast, since they. .. -ave

cons 1deregly more cont rmvyeé I Fig. 1 aze ¢ shewr - the

; dbtained for [, with the LVM metbod, for D, sy

sl interatomic distances ard configuration

eigenvalues ¢
metry at sevar

4 A . e . ) .
187 Te 1é Zn” €ol). The ex cperimentel equilibrium cistance Le
(R SR« A & Y SR ¢ R I ” e

C

2. ?QR( },‘Algm shown in Fig. 1 are the 33 and 43 level  ow

A0 . _“ \ .
tion‘S&’C 45;, ob* ainad Lrom &

fox atomic cog pex ir. configu

Hartree-Fock-Slater spir-resiricted calcdletion. Jt may be  seen
that at large Cistances the energies of the arbata Ls 7cg agﬁ‘ Y
converge to ﬁh&“454l§Véﬂ and the xgmeiﬁ@ng_mgle¢;;arJgrbitals‘ to
the 3d. At shorter distences and in the vicinity of the eguili-

brium distance, there is considerable splitiirg of zll leves irndf

cating strong interaction hetween bhoth 4s and 3d

In Table 1 are giver the populations . of the abtomic orbi-
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are vexy similar teoothat of atan

ic copoer in oonfiguration 377 4s 2t 2.22% enother calovletion
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was perfomed with basiz functions corresponding to ¢

o 4
R

11l the final configuration of copper in the dimer was very
w o, 1 “ |

much near 23477 4s7. The diffuse orbitals 44, %g and 5p have very

small populations: howevw

ey, their inclusion in the bazis waz
. / N "
found to have an important ¢ffect in the eigenvzlues By

“ g - ).:.
some 34 character. The antibonding counterpart of 7c6 is the
% 1 7

approach, and the other orxbitals merce to form the 34 level. .

It iz known that homonuclear diatomic molecules, az treat
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conzistent solutions depending on whether or not the full peoint
Fq 4 : “' - {}O} - i
is imposed for the orbitals '™’ . Lowering the 'sym-

metry to C_ » that is, removing the mirror plane betwaeen ' the

wur
atoms, may lead to another selif-consistent zolution  whi in
principle will have s lower total energy since ;hm variational
freedom is larger. It would be intevesting to investigate this

syﬂne ies D, a3nd C_ - It i3 seen that the values are slightly
lower {~0.2eV) for ¢__ . Calculations at other distances  showed

this effect 10 be more pronounced at shorter diztances. At very

large diztances, leveis for ¢ 2isc converge to the shtomig values.

O

-

The difference for the two sy “otries is less pronounced for the more



3 B i M*w * T ' . -
diffuse orbitals 7ng:120} and 45ui:146 }. In Table 1 axe com-
Pared the self-consistent populations for both symmetries. At
Sbarter distances, the §mn~ral trend iz a slight increase in the

4s popuiatién and decrease in 34, when lowering the symmelry to
Cmv;‘This may'be understood considering that the more stable solu
tion will represent a S£ronger bond, which is achieved mainly via
4s eiectrons;

In Table 3 are displayed eigenvalues for Cu,, reported by
cher autheors, for the de@ose of comparison. One may observe that
the Xaﬂmuitiplé scattering (MS-xo) method produces energi@s{l;)
that are quite similaf'tb the DVM values. However, the LCAO-Hartree

1f“C’“k ("ab ini tl()"‘ (12 one

3

~“ectron levels are very different, in
WO resPects. rst, they are much lower than the yo values: sec-

ond the last occupled level is the 7¢_ o
r(lZ)(la}

4y

‘almost pure 4s charac—

[Te}

whereas in the yo calculations the last occupied level

n

s 60 (130 in C,,) which is part of the 34 "band”. In the DVM and

tevel (120 in Cmv} ig found at ig Hex

Fed

MS-~xa calculations, the 7o

energies, among the 3d levels, and shows considerable 3d-4s mi %

ing,

S
This apparent discrepancy may be understood if one takes
into account the d4iff erent'ﬂcaninas of the Fock operator eigen-

values and the eigenvaluéé"éf’thé DV¥ and ME models with the Yo ex~

change approxmmatlcn. The fo Ter eigenvalues, acoording to Koopmans ' theorem,

represent approximatly the ionization potentials ¢f the electrons

in the molecule; the latter have no such physical meaning. However,

-

Lﬂnlzatlcns potent*als may be cobtained through the use of the
5 - 2 3

t?ansitlon state concept( " a SCF calculation is perfomed {(spin-

pol arlzed} for a "transition state” in which 1/2 electron ‘has

been removed from the orbital in question. The eigenvalue of this



érbitai will then represent, to 3 gcgd approxination, the ioniza-
tion potentizl with xevgxsaﬁ,si%n.__ | o
In Table 3 are given‘thg iQpizatlon pmteﬂtiais vgia&xv;wég
the four outer Orulfa 8 QF Fh7, walculated.vutn‘ﬂw~UWnr@ﬁxr uak%\
manner described sbove. It is_ seen th cs&.‘mere is :_néped a Jaxge dhferencé
with respect to the orbital eigegyalggs. The‘tranSL;;on Msta3é
procedure produces ionization ymtentials which ére mucﬁ h%géégf
and alsc reverses the result indic ated by mere obsgrvatién 5f~tﬁe

efgenvalues in that the first i@nized eiectron is in the orbital

76¢_ with mainly 4s character. These results are now gualitatively

w0

consistent with the “"ab initic" calculation. The DVM  ionizastion

potentials axe;semawha&.1ower;vinkﬁhe@ry, the xa’tragsﬁtion s;é@g
values should be more accurate in the sense that iﬁ takes  into
account relaxation effects. The author %% not aware %éJ :g}i§§;e
exgeximgg;§;Avalues:with'ﬁh;ch to‘comga?e.v, | ) )
The lower symmetry calculations of t nsxuxan state i@§;~

zation potentials show an increase of as ma ch as ~v,8ev xox the

-

34 electrons,. but ach_sﬂaiw\: effeCt fav the < elevbrcns of

4y
=8
n

charactex.

A Simixax,éiscrega Y éyween,cnerelectrcn energies  and

transition state lonization potl entials. is obtalned for atcmic cop

per with the ﬁa:ﬁreawFock«Sl@ta: methods As seen in Table 3, the
; b 10, 1

spin polsrized calculation of Cu{3d” '4s”) gives a level Ordering

4s#<35#<35@ . but the f;:;t iorization is from the ds leve}; The
calculated vGTue T aéeJ CQQD&“G& well with’the e¥perimental value
7. ev(*é
-In summaxy, this calculation for dimeric cepperbshowsrthat

--the ya approximation has to be used with caution, when one is Wh%l

gdering suan molacuxes with valence levels of very dlfferent natU“



3d mixing; howsver, a8 geen in Table 1, SCF calculations for Cu.

indicate that an electron removed from 60 is almost purely 34, and

from 70, is almost purel;
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- TABLE - CAPTIONS

Table 1:

Atomic populations for Cu, and Cu

Table 2:

Main contributions of atomic orbitals in population ana-

lysia of the valence levels of Cu, in Dmh symuetry;: at interato-~-

o

. o G
mic distances 2.22A and 4.7654,

Table 3:
One-~electron levels of atomic and dimeric copper. Ener-

gies in eV.

. ' O
a) Prom reference (1l1l}.0 value used for Cu: 0.707, T, = 2.222.

[y

b} Values obtained approximately from Figure 3 in reference (12; .

PO

Sor v = 2.22
=
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