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Abstract: Extensive generalized valence bond (GVB) and configuration interaction calculations (POL-CI) have been carried 
out for the lowest states of Ni2 and Ni2+ for bond lengths from 1.6 to 4.0 A. The six lowest states of Ni2 are found to be essen
tially degenerate with an average equilibrium bond length /?e = 2.04 A and Dt = 2.92 eV. A 42„ ground state is found for the 
ion with a bond length Rt = 1.96 A and dissociation energy Dt = 4.14 eV. The bonding of Ni is dominated by the interactions 
of the 4s orbitals on each Ni with each Ni of Ni2 corresponding to a (4s)'(3d)9 configuration. The lowest states lead to singly 
occupied 5 orbitals on each center with other 3d occupations leading to 100 electronic states within about 1.0 eV of the ground 
state. 

I. Introduction 

The diatomic molecules formed of the first-row transition 
elements represent a potential source of information relevant 
to the study of organometallic complexes, surface chemistry, 
and solid-state physics. Unfortunately, isolation of these 
molecules from the bulk metal is very difficult to do in a 
manner that allows proper characterization. Experimental data 

to date on these molecules are scarce1 ~3 and quite inconclu
sive. 

Until recently, high-quality theoretical studies of these 
molecules were not feasible. With the development of sound 
effective potential techniques the size of the problem has been 
greatly reduced. As a first step toward calculations on larger 
clusters of Ni atoms, we have carried out a study of the bonding 
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Ni2 BOND ORBITALS 

Figure 1. States of Ni2 arising from possible occupations allowing a 3d hole 
on each center. 4s-4s bond exists for all states. 

Figure 2. The bond orbitals for several states OfNi2. Note the hybridization 
and polarization of the orbital for the dS state. The atomic 4s orbital is 
shown for reference. Long dashes indicate nodal lines. 

in Ni2 and Ni2+. In this paper we report the results of extensive 
generalized valence bond (GVB) and configuration interaction 
(CI) calculations on the lower states of these two molecules. 
In section II we present a basic qualitative description of the 
bonding of Ni2 followed by a more thorough discussion of the 
details. In section III a similar treatment is given for Ni2+. 
Section IV describes the methods used, and in the final section 
(V) we relate our results to the known experimental data and 
discuss the implications on studies of larger clusters. 

II. The Ni2 Molecule 
A. Qualitative Description. In this section we will develop 

a qualitative description of the states of Ni2 by starting with 
the separated Ni atoms. The ground state of the Ni atom is 3F4 
corresponding to a configuration4 [Ar]4s33d8, while the first 
excited state (0.03 eV above 3F,*) is the 3D3 corresponding to 
a configuration of [Ar] 4s13d9. On the other hand, averaging 
the J components of each state (corresponding approximately 
to ignoring spin-orbit coupling), the ground state is 3D(s'd9) 
while the 3F(s2d8) state is only 0.03 eV higher. 

Consider now bringing together two Ni atoms in the s2d8(3F) 
state. The size of a 4s orbital is about twice that of a 3d orbital. 
This indicates that the interactions of two Ni atoms will be 
dominated by the 4s orbitals on each center. As a result, two 
s2d8 atoms will interact in a repulsive manner as they approach 
one another (analogous to He2 or Be2). Two sM9(8D) atoms, 
however, each have half-filled 4s orbitals and can interact in 
a bonding manner as the orbitals begin to overlap (much as in 
H2). Similarly, an s2d8 Ni atom coupled with an s!d9 Ni will 
lead to a total of three electrons in the 4s shell and would not 
be expected to bond as strongly as in the s1d9-s'd9 case. The 
basic picture then for the lower Ni2 states will be of a single 4s 
bond, analogous to the alkali metals or H2. This leaves a single 
uncoupled 3d electron on each center, leading to a possibility 

of (5 X 2 X 5 X 2) = 100 states, depending on their spin cou
pling (75 triplets and 25 singlets) and orbital occupation. We 
will use a particle-hole notation in referring to the various 
states, where 88, -KIT, 8TT, etc., define the specific holes in the 3d 
shell of each atom. In all cases for Ni2, a 4s-4s a bond is un
derstood. 

The spectrum of states that results for Ni2 is shown quali
tatively in Figure 1. The states may be grouped, as shown, by 
their hole designations. In terms of the coupling of two Ni 
atoms, the trends shown here imply that a 5 hole is energetically 
most favorable, with TT and a holes significantly less so. This 
contradicts the ordering that is obtained by the application of 
simple ligand field or crystal field arguments (i.e., the splitting 
resulting from overlapping filled ligand orbitals). As discussed 
elsewhere,5 the origin for this ordering of states may be found 
in the configuration mixing that occurs upon hybridizing the 
4so- bond. In hybridizing this orbital to form the bond, each 
4s13d9 Ni mixes a component of 4s23d8 Ni. The 3d occupation 
on the s'd9 Ni determines which components of s2d8 will be 
used. A 3D Ni with a 8 hole will mix in a low-lying s2d8 con
figuration with 8a holes. A -K hole in the 3D atom forces the 
mixing of a higher ira hole s2d8 atom, while a a hole in the 3D 
forces mixing of very high-lying 00 hole s2d8 components. As 
a first approximation, these interactions are responsible for the 
ordering shown in Figure 1. The 0 bond pairs for the aa, 88, and 
xir states of Ni2 are shown in Figure 2 (along with a 4s atomic 
orbital for reference). The 88 hole state may be seen to have 
much greater 3dz2 character in its 4s pair than either the TTTT 
or (TO- states. This mixing is the only essential difference be
tween these states and seems to be responsible for the slightly 
stronger bond in the 88 hole states. We will consider each of 
the possible hole combinations more carefully below. 

B. Detailed Discussion of d-d Interactions. 1. 0-0 States. 
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The 0-0 states have a singly occupied dff orbital on each Ni. 
These can be coupled into singlet and triplet states, 1Sg and 
3S[J". Ignoring the 4s-4s bond (which is common to both states), 
1 Sg can be considered as having a 3d(7-3da bond while 3SjJ" has 
a 3d<r-3d(T antibond. Thus these states are analogous to the 
corresponding 1 s-1 s states of H2. The difference is that at Re 
for H2 the ls-ls overlap is ~0.8 leading to a 3S^-1Sj sepa
ration of 10 eV, while for Ni2 the da-da overlap is ~0.07 
leading to a 3S^-1Sg separation of 0.33 eV (at 3.8ao). Thus, 
although the 1S^ state of Ni2 can be formally represented as 
Ni=Ni with 4s-4s and 3dcr-3d<r bonds, the 3d<r-3do- overlap 
is too small for a real bond. The 3dz2 and 4s overlaps for the 
1S^ state are plotted as a function of bond length in Figure 3. 
For comparison, the overlaps of atomic orbitals are shown as 
well. 

2. 8-8 States. States of this type will have doubly occupied 
3da orbitals on each Ni. An examination of Figure 4, where 
potential curves for <5<5 and au states are shown, indicates that 
the effect of these extra electrons is to increase slightly the bond 
length as well as to increase the harmonic force constant for 
the 58 (1Sg) state. These changes are a result of the fact that 
any overlap of the 3dz2 orbitals now leads to repulsive inter
actions between the two centers. Unlike the aa hole states, 
there is a number of states arising from 88 holes, differing only 
in the manner that the singly occupied 8 orbitals are coupled. 
Looking only at the 5 orbitals, a single Ni atom will be depicted 
as 

DISTANCE (ANGSTROM) 
2.0 2.2 2.4 2.6 

where the set of shaded lobes represent one of the 5's (81 or 
5*2-̂ 2) and the unshaded lobes the other 8 (82 or 8xy). Thus 
defined, the possible ways in which two Ni atoms may be 
coupled are shown below where the dots indicate how many 
electrons are in each orbital: 

The four 88 configurations have been grouped so as to indicate 
the resonant and antiresonant combinations. The symmetries 
resulting from these combinations are 

3y+ 
A i > 

3T+ 
1 U ) 

3 y -Z g ' 
3T" 

Iy+ 

Ip+ 

I p -

I y -
Ai 

(+ sign) 

( - sign) 

(+ sign) 

( - sign) 
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(lb) 

(2a) 

(2b) 

For (la) and (lb), two singly occupied orbitals can singlet 
couple to form a weak 8 bond, the singlet necessarily lower than 
the triplet. For (2a) and (2b) the singly occupied orbitals are 
orthogonal. With either configuration alone, the triplet would 
be expected to be lower by twice the exchange integral: 

(<5l̂ 52r|(>2rOl̂ ) 

For the bond lengths of interest in Ni2, this exchange integral 
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Figure 3. Overlap of 4s and 3dz2 atomic orbitals as a function of R. Also 
shown are the overlaps from GVB calculations on the 1Sg state. 
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Figure 4. Potential curves for several states of Ni2 (from POL-CI calcu
lations). 

is very small, ranging from 6.6 X 10 -5 hartree at 3.0 bohr to 
3 X 1O-6 hartree at 7.5 bohr. For such a small exchange inte
gral, the two spin states are expected to be essentially degen
erate throughout the bonding region of the potential curve. 
When varying the bond length through distances ranging from 
Rt to very large R, as has been done here, it is not adequate to 
consider only one spin coupling. The correct wave function for 
the ground state must possess the capability of going to the 
separated atom limit to produce two 3D Ni atoms, each with 
the 4s electron high-spin coupled to the 3dg orbital. The overlap 
between the two 5 orbitals is small enough that the coupling 
of the two triplets is determined almost completely by the 4s 
orbitals. At larger R this necessarily leads to the singlet being 
lower. 

In order to compare (1) with (2), it is necessary to consider 
the doubly occupied 8 orbitals. For the configurations shown 
in (1), a weak <5i bond is formed, but there are doubly occupied 
82 orbitals on each center that lead to repulsive interactions. 
For the configurations in (2) a doubly occupied orbital inter
acts with a singly occupied orbital, allowing the doubly occu
pied orbital to delocalize slightly on to the other center. The 
singly occupied orbital must become orthogonal and takes on 
antibonding character. Orbitals optimized to describe one of 
the configurations in (2) with singlet-coupled 5 orbitals are 
shown in Figure 5. (Only the 8xi-y2 orbitals are shown, the 8xy 
orbitals being equivalent to these.) Here it can be seen that the 
derealization of the doubly occupied 8 is so slight that the only 
indication of its occurrence is the node built in by the singly 
occupied orbital for orthogonality. The net bonding interaction 
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Ni, GVB ORBITALS (88 STATE) 

A. 4s-45 BOND PAIR 

C 3 d - „ PA PS 

. 3dS,2.yS OPBi'AL 

Figure 5. Contour plots of Ni2 orbitals obtained from GVB calculations 
corresponding to one of the configurations in (2). The 3diryl and 3dSxy 
orbitals are omitted. Long dashes indicate nodal lines. 

here, however small, should be more important than bonding 
occurring in (1), leading to (2) being slightly lower than (1). 
It is unlikely that these effects will be large. As a result, the 
splitting of states similar to (1) and (2) remains very small, 
with singlets in each case being slightly lower than the triplets. 
Resonance stabilization of (1) or (2) is virtually nonexis
tent. 

C. Intermediate States. A similar type of analysis may be 
applied to those states occurring intermediate in energy to the 
55 and aa states. As in the 55 case, all of the states in this region 
may be taken as resonant and antiresonant combinations of 
equivalent VB configurations (which themselves do not possess 
full molecular symmetry). 

There are eight states with 7T7r holes that are completely 
analogous to (1) and (2). Here again, a doubly occupied 3d^ 
orbital may overlap a singly occupied orbital on the opposite 
center as in (2) for the 55 case, and this type of state is expected 
to be the lowest in energy. Using the notation of (1) and (2), 
where now the orbitals are 3d„. (but with the same resonance 
combinations), the resulting states are 

(IaO 

(Ib ') 

(2a') 

(2b') 

The overlap of the TT orbitals on each center is not as small as 
in the 55 case. This leads to a noticeable resonance stabilization 
energy whose effect may be seen by examining Figure 1. There 
is a much greater separation between 7nr resonant and anti
resonant states (e.g., 1Ag and 1 S " or 1Ag and 1 S + ) than there 

3^+ 

3A+ 

3 Sg , 
3Au", 

1S8-
1A8

+ 

1A8-

%" 

( + sign) 

( - sign) 

(+ sign) 

( - sign) 

is between analogous 55 hole states. The exchange integral 

{itxzfKyz, I 7Ty71-TT;^) 

is no longer insignificant (it is 0.002 hartree = 0.05 eV) at Re, 
causing 3Sg to drop below the ' Ag, in opposition to what occurs 
for the 55 hole states. 

The 7r5 states present a slightly different problem. Here there 
are eight equivalent VB configurations which may be denoted 
as (singly occupied orbitals only) 

8\e^X7T, 8\eiryzr, 82£TTXZT, ^>2e^yzx (3a) 

<5ir7Txz£. b\t-Kyze, hix-KX2e, hitityze (3b) 

where subscripts £ and r refer to left and right, and each term 
represents an antisymmetrized pair. Owing to the equivalence 
of TTXZ and Tyz holes, as well as 5i and 52 holes,.proper resonance 
is obtained only upon combination of four of these configura
tions as follows:6 

•A[(&\tirXZT + 8\Tirxze) 
± {he^yzr + &2r^yze)] 

^•[(S\e*xZT - &\rKxze) 
± (faeTyzr - 82^yZe)] 

A[{8\fKyzr + 8\rTryze) 
± {he^XZr + hr^xze)] 

•A[{b\eiryzt - 8\T8yze) 
± (he^xzr - 82t^xze)] 

3^n+(+sign) (4a) 
3-1*+ ( - sign) (4b) 

^ n + ( + s i g n ) 
3-'<i>+(-sign) 

(5a) 
(5b) 

3 ^ 8 " (+sign) (6a) 
3^n8- ( - sign) (6b) 

3 ^ ; (+ sign) (7a) 
3 . ' n - ( - s ign ) (7b) 

This leads to eight covalent states for singlet and triplet, which 
may be viewed as having two types of resonance occurring si
multaneously. For both singlets and triplets, the stabilization 
resulting from left-right resonance (terms in parentheses, e.g., 
8\eTXZT ± 8\r-Kxze) is more important than resonance between 
orbitals on the same centers (between pairs of parentheses, e.g., 
8\£Trxzr ± 82£iryzr). This can be seen by examination of Figure 
1. 

Finally, there are 8a and 7rc7 hole states. As expected, all of 
the 8(j states lie beneath the x<r states in energy. There are four 
covalent A states with 8a holes that separate in energy roughly 
into two pairs. These pairs consist of resonant (' '3Ag) and an
tiresonant C'3AU) combinations of form 

A{8gar ± <r(8T) (8) 

The splitting energy is about 0.05 eV and is due to the overlap 
of a orbitals in the resonance configurations. Similar states are 
obtained for wa holes. The overlap between -rr orbitals is six 
times that of the 5 orbitals at Re; thus the split between reso
nant (''3IIu) and antiresonant (''3IIg) states is about 0.25 eV 
here. 

III. The Ni 2
+ Ion 

A. Qualitative Description. As in the case of neutral Ni2 , we 
will begin by first examining the possible couplings at very long 
R. The ground state for the ion is 2D with configuration 4s°3d9 

which lies 7.62 eV above the ground state of Ni.4 The first 
excited state for N i + is 4F which is 1.08 eV above the 2D state 
and has the configuration 4s'3d8. The separated atom limit for 
N i 2

+ is expected to be one of the following couplings (N i -
N i + ) 

3 D- 2 D 
(s 'd9-s°d9) 

0.0 eV 
(s'dtr4) 

3 F - 2 D 
(s2d8-s°d9) 

0.03 eV 
(s2d<r3) 

3 D - 4 F 
(s 'd 9 - s 'd 8 ) 

1.08 eV 
(s2d<r3) 

3 F - 4 F 
(s 2d 8-s 'd 9) 

1.11 eV 
(s3d<r2) 
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where the a shell occupation is given in parentheses below the 
energy value (ionization is assumed to occur from the a shell7). 
The importance of a strong 4s bond in the lower states OfNi2 
has been demonstrated and the same reasoning should apply 
here. As is the case for Ni2, s

2d8-s'd9 coupling involving three 
4s electrons should be less advantageous. The s 'd ' -s^ 8 cou
pling leads to a one-electron 4s bond and is reasonably strong. 
For example, the positive ion formed from each of the diatomic 
alkali metals involves essentially a one-electron ns bond, and 
each is more tightly bound than the corresponding neutral.8 

A similar ordering (bond energy ion > bond energy neutral) 
has been observed for each of the first-row transition metal 
diatomics.2 This coupling, as well as the s2d<r3 couplings (which 
are found to lead to the ground state), will be examined in more 
detail. 

B. Detailed Description of Bonding. In Figure 6, the spec
trum of states for Ni2

+ is shown for a bond length of 3.8 bohr. 
Two sets of states are shown, corresponding to those having an 
s2dtr" a shell (Figure 6a) and those that have an s'dff"+' a shell 
(Figure 6b). The preference for particular types of holes is 
exhibited in a similar manner as for Ni2. The situation is 
somewhat complicated now as it is possible for the s1 and s2 

states of the same symmetry to mix, leading to stabilized and 
destabilized mixtures. As an example we will consider the 55 
hole states. For Ni2 both 3SJ and 1S^ 55 states occur low in 
energy. Removing a 3d electron from the 3Sg leads to possible 
4,22^" s2 states. Removing a 4s electron from the 1SJ" state 
produces a 2S„ s1 state. These 2S^ states will mix, leading to 
the low-lying 55 state of this symmetry shown in Figure 6b. 
This mixing occurs very strongly in the Ni2

+ states making it 
difficult in some cases to unambiguously assign them as s1 or 
s2. These states are marked with an asterisk in Figure 6. In still 
other cases it was not possible to assign even the occupation 
character, and these have been left unassigned in the figure. 

A more notable difference that appears between Ni2 and 
Ni2

+ is that the low-spin coupling of the 55 holes does not lead 
to the ground state. The explanation for this lies in the two-
electron energy terms. Evaluating the two-electron energy for 
the three-electron, three open-shell quartet (ignoring closed 
shells) 

<P\ = A\b\£b2r<je{aaa)\ (9) 

leads to the two-electron terms 

E'ipx — Jh\fiiT ~ ^-^\eiiT ' Jb\e°e ~ **-&iec£ ' J hr"e ~ "-hr"e 

where 

JU = Ui]Jj) > O 

Kij= (ij\ij)>0 

There are two doublets possible given by 

<P2 = A\bub2Tae{afi - Ma) (10) 

(pi = ^4(5i^52r(T^(2aa/3 — a/3a — ftaa)} (11) 

These lead to the two-electron energies 

£<P2 — ^ ^\thr ' -"5|^2r ' JSitae 

**&2T0£ I2\^b\£c£ ' ^52TC£/ 

t^ifi ~ Jh\e&2T ~ &o\£02r ' •'Suae 

+ JdWt "*" h\Ko\tc£ + K.&lr(,e) 

Combining, 

Ef\ ~ E<n ~ ~2-K«i^2r — /iiKsitae + Ks2rCe) 

E^1 — E1n = — h(Kh\eae + Ks2rae) 

It has been shown previously that K&l£&2r is very small; however, 
the remaining exchange integrals are not, and they are re-

(4S)2STATES (4S)1STATES 

(a) (b) 

Figure 6. States of Ni2+ arising from possible location of 3d holes on each 
center. Ionization from 4s (4s1) or 3d<r(4s2) orbitals was allowed, giving 
rise to the two sets of states shown. Not all assignments are unambiguous; 
those shown with an asterisk are questionable. 

sponsible for the observed preference for the high-spin cou
pling. The other effects observed, which lead to splittings of 
the various states (e.g., resonance, electron-electron repulsion, 
etc.) in Ni2, apply identically to Ni2

+. 
From Figure 6, it can be seen that the preference for the 

s2dd3 a shell over the s'do4 is not great; at R = 3.8 au, the 55 
states resulting from each are separated by less than 1 eV. As 
is explained in more detail in Appendix I, the relative impor
tance of either of these couplings is a function of bond length 
and is given by the approximate terms: 

2 _ 1 + S 2 ' ~ 1 + S 

where E\ and E\ represent the exchange effects responsible 
for bonding in the two- and one-electron bonds, respectively. 
The quantity T is the one-electron contribution 

r = h£r - y2S{hee + h„) 

The point of such a partitioning of the energy terms is to make 
clear the dependence of the bonding energy on the degree of 
overlap between centers. When 5* is small, E\ « E\, leading 
to s'dtr4 states being lower than analogous s2d<r3 states. 
However, as S increases with decreasing R, a crossing point 
is reached and the two-electron bond may become lower. These 
point's may be seen more clearly by examining Figure 7. The 
2 S + and 4Sg states shown are s'do-2 and s'dtr4 states, respec
tively. The crossing occurs in the region of 5 bohr, and for all 
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Figure 7. Potential energy curves for several low-lying states of Ni2+ (from 
POL-CI calculations). The two upper states have a (4s)1 bond, while the 
lowest state has a (4s)2 occupation. 

larger R, the s'da"+' states are lower in energy. For the same 
reasons, the minima for both 2 S + and 4SJ occur at longer bond 
lengths than the 42~ state. 

There are other factors which may lead to an ever greater 
preference for the s2d3 states than is indicated above. There 
are two separate couplings of Ni and Ni+, both of which lead 
to a occupation. By the noncrossing rule, the ground state must 
dissociate into the lowest of these, a s2d8 (3F) Ni and a s°d9 

(2D) Ni+. In Figure 8 the orbitals for a quartet 88 hole state 
are shown. Qualitatively, the shapes of the T and 5 orbitals are 
very similar to those shown for the 88 singlet coupled state of 
Ni2. The a shell has altered greatly owing to the loss of the 3dz2 
electron. The double occupied 3dz2 has delocalized slightly onto 
the other center forcing the 3dz2 orbital there to take on anti-
bonding character to remain orthogonal. The 4s orbital on the 
left has shifted away from the double occupied orbital. For the 
orbitals shown here, there is a net charge on the left of —0.34. 
Clearly this does not possess proper symmetry, and a rather 
complicated set of equivalent 8, 3dff, and 4s resonance con
figurations are required in the actual wave function. There will 
be two ways to describe the a resonance corresponding to the 
s2d8(3F)-s°d9(2D) coupling of Ni-Ni+ 

A\{aH
2 ± <Jrs

2){a$ - /3a)(^d
2o-rd 
± <xrd2< â)(a/? - 0a)a\ (12) 

or the s'd9(3D)-s'd8(4F) coupling of Ni-Ni+ 

•̂ !(ff̂ sffrs + <Trsff#s)(«0 ~ /Sa)(̂ d2OVd 
± <rrd

2^d)(a/3 - j8a)o) (13) 

The splitting in (12) will be large owing to the 4s-4s overlap; 
however, (13) shows no 4s resonance and should not have such 
widely separated resonant and antiresonant states. Careful 
examination of the 4s orbitals shown in Figure 8 indicates that 
the resonance there is not describable by either (12) or (13) 
above taken separately. The ground-state wave function is a 
stabilized mixture of both of these wave functions. This fa
vorable mixing, along with the loss of a 3d„ electron, is prob
ably the reason that 4 S " Ni2+ is more strongly bound at a 
shorter Re than 4 S " Ni2

+ or 1T8(3S+) Ni2. 

IV. Calculational Details 
A. Effective Potential and Basis Set. In all of the calculations 

reported here, we make use of the fact that the argon core for 
the first row transition elements is essentially noninteracting 
and thus replaceable by an effective potential. This reduces the 
SCF problem to one of optimizing only the valence orbitals. 
We first used the potential of Melius, Olafson, and Goddard9 

which was fit to an ab initio description of the Ni atom. This 

- ^ 9 S I -"K 

E. 3HS,!.,, PAIR F. 3d8,i_,z ORB.TAL 

Figure 8. Contour plots of orbitals for Ni2+ obtained from GVB calcula
tions for 8 orbital occupation as in (2), and a 3d<7 hole. Long dashes indicate 
nodal lines. 

potential was modified by Sollenberger, Goddard, and Mel
ius10 to incorporate intraatomic electron correlation effects 
in an approximate sense, leading to the modified effective 
potential (MEP) used in all calculations reported here. 

The basis set consisted of a (4s, 4p, 5d) set of Gaussians on 
each center. Of the five d functions from Wachters,1' the inner 
four were contracted together using the atomic coefficients. 
By using the effective potential, it was only necessary to use 
the four most diffuse s functions from Wachters' set (the inner 
two were contracted together using coefficients from the 3D 
atomic state). The p functions used were obtained by Sollen
berger; the inner three were contracted together using coeffi
cients from the atomic state. This scheme results in a (3s, 2p, 
2d) set of contracted Gaussians on each center. 

B. Wave Functions. The primary goals in these calculations 
were to obtain not only good binding energies but also a clear 
physical description of the orbital interactions as a function 
of bond length. Almost all of the lower states of Ni2 and Ni2

+ 

involve weakly overlapping singly occupied 3d orbitals. Thus, 
even at Re, where the Hartree-Fock description is usually 
acceptable, many of the states cannot be properly described 
by this type of wave function. The GVB wave function, al
lowing each electron in a bonding pair to occupy its own orbital, 
accounts for the major correlation effects, leading to a quali
tatively useful description. The separated atoms each possess 
at least four doubly occupied valence orbitals, allowing us to 
choose as a minimal description for the molecule a GVB wave 
function that includes eight doubly occupied orbitals and four 
singly occupied orbitals. We find that the two 4s orbitals are 
always coupled into a singlet GVB pair for Ni2. The remaining 
two singly occupied orbitals have 3d character and allow the 
generation of all low-lying states. From these GVB calculations 
we obtain a set of spatially optimized orbitals (see Figures 5 
and 8) from which we can obtain a good description of the 
bonding. 
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Table I. Equivalence of Configurations Based on Localized or Atomic Orbitals and Configurations Based on Delocalized Symmetry 
Functions 

localized delocalized 
Orbital &x2-y2 &xy &x2-y2 &xy &x2-y2 bxy bx

2-y^ bxy 

function type L R L R L R L R G U G U G U G U eq 
(2 1 1 2) + (1 2 2 1) (2 1 2 1) - (1 2 1 2) (2a) 

configurations" (2 1 1 2) - (1 2 2 1) (1 2 2 1) - (2 1 1 2) (2b) 
(2 2 1 1) + (1 1 2 2) (2 2 1 1) + (1 1 2 2) (la) 
(2 2 1 1) - (1 1 2 2) (2 2 1 1) - (1 1 2 2) (lb) 

a For example, (2 1 1 2 ) indicates configuration 52
x2-y2a&X2-y2b&xyii&xyb-

The GVB wave function accounts for the important electron 
correlation effects, but does not possess £>»/, symmetry. Using 
these orbitals, however, we can perform small CI calculations 
that will build in resonance effects and provide the proper 
symmetry. 

To make use of the full diatomic symmetry in these CI cal
culations, it is convenient to project the localized GVB orbitals 
into a set of symmetry orbitals. For a CI wave function, which 
includes resonance terms, the use of such functions is not a 
restriction. The equivalence of the localized and delocalized 
descriptions for this type of wave function is demonstrated for 
55 hole cases in Table I. In making the transformation from 
localized to delocalized orbitals we have used the simple 
relations 

A similar analysis may be performed for each of the other 
combinations of holes. 

For Ni2, to obtain a basis for the CI, we begin with the set 
of 12 localized GVB orbitals corresponding to a triplet-coupled 
55 hole state with occupation as in one of the configurations 
of (2a) or (2b). We form the symmetric and antisymmetric 
projections, then orthogonalize to obtain 12 valence and 12 
virtual symmetry orbitals. The process of orthogonalization 
changes the character of the valence orbitals somewhat but use 
of the virtuals allows this to be corrected in the CI. For the 
states of NJ2+ an analogous procedure was followed. The GVB 
orbital set used as a basis was that shown in part in Figure 
8. 

C. GVB-CI. The spectrum of states for Ni2 and Ni2
+ shown 

qualitatively in Figures 1 and 6 was obtained from a small 
restricted CI designed to characterize the ordering of states. 
In doing such a small CI, the configurations necessary to de
scribe different occupations of the same symmetry (e.g., 3 S " 
which arises from 55 and 7r7r hole states) could be allowed to 
interact within a single calculation and many more states could 
be obtained inexpensively. It was found that such interactions 
were not important and that the states could be clearly assigned 
in most cases according to the scheme presented in sections II 
and III. 

The method used to generate the configurations for the 
GVB-CI was straightforward. No excitations were allowed 
into the virtual orbitals. All a—-a, 7r-*ir, 5-*5 excitations were 
allowed but no excitations to shells of different £ values were 
allowed. The resulting set of configurations could be separated 
into symmetry types under D2/, and each type solved for sep
arately. 

The basis used for these calculations involved valence a and 
5 orbitals obtained from a triplet-coupled 55 hole GVB calcu
lation. The % basis was from an analogous irir hole state. To 
avoid bias due to the different spatial character of singly and 
doubly occupied orbitals, the 7r and 5 orbitals were averaged 
after projecting into symmetric and antisymmetric combina
tions. 

D. POL-CI. This larger CI is designed to allow changes of 
orbital shape to occur when the full resonance is included in 

the wave function. Thus, in addition to excitations important 
for the GVB-CI, we allow single excitations into a set of virtual 
orbitals to allow "polarization" of the occupied orbitals. It was 
of obvious interest to fully examine the 'rg(55) and 3Sg (55) 
states as they are nearly degenerate candidates for the ground 
state. We also chose to further examine the 1S+(O-Cr) state since 
it initially seemed a clear choice for the ground state. More 
importantly, as a aa hole state, it allows us to gauge the dis
tance between the highest and lowest of the 4s2 states of Ni2 
as a function of bond length. For Ni 2

+ there were three states 
of primary interest. Aside from the 42^(s2d<73) ground state, 
it was of interest to carefully determine the applicability of the 
one-electron bond ideas to Ni2

+ ; thus the 4Sg (s'dtr4) state was 
considered. In the same manner as for Ni2, it was of interest 
to examine the 2S+(CCr) state (also a 4s1 state) to determine 
the full range of 3d occupation effects as a function of bond 
length. 

The manner in which the configurations were obtained for 
this state may best be seen by examining a particular occu-
paion, for example, triplet-coupled 55 holes analogous to (2). 
The GVB wave function replaces the product 

^4{V4s^4s(a/3 - /3a)| 

with the pair correlation function 

•>4i(04sW>4sr + 0 4 s r $ 4 s ^ ) x ! 

where 04S^ and 04s r are allowed to be completely general. In 
terms of symmetry orbitals, this becomes 

A{(4>ig ~ X2^5JxI (14) 

This leads to two configurations describing the correlation in 
the 4s orbital; combining these with the four resonance con
figurations described by Table I leads to eight of the configu
rations shown in Table HA. (The remaining four involve the 
4Sg^Su1 occupation.) For the triplet-coupled 58 hole states of 
(1), the configurations are shown in Table HB. From this basic 
set, all singles into the virtual orbitals were considered under 
the restriction that only avai ~* ovirt, irvai —* Tvirt* and 5vai —* 
5virt be allowed. The results of these POL-CI calculations for 
the lowest states of Ni2 and Ni 2

+ are listed in Table III. In 
Table IV we compare the total energies for these states as 
obtained from each level of calculation reported here for a fixed 
bond distance of 2.01 A. 

V. Discussion 

A. The Bond Length. The Ni-Ni bond length in the bulk 
metal is 2.49 A,12 as compared with our value for Ni2 of 2.04 
A. Such short metal-metal distances are quite unusual, even 
for those binuclear complexes with metal-metal bonds.13 This 
short distance finds some support, however, in the recent work 
of Efremov et al.14 Their rotational analysis of a band char
acteristic of the Cr2 dimer15 indicates a bond length of 1.71 A, 
which is consistent with the result reported here. Melius, 
Upton, and Goddard16 have examined a cluster of 13 Ni atoms 
consisting of a central Ni and 12 neighbors as in the free metal. 
An optimization of the bond length for this cluster yielded an 
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Table II. Configuration Basis for the POL-CI Calculations 

4sB 4su 3d, 3d„ &x2-yh ^2-y 'u " ^ g uxyu 

A 

B 

2 
2 
2 
2 
O 
O 
O 
O 
1 
1 
1 
1 

2 
2 
O 
O 
1 
1 

O 
O 
O 
O 
2 
2 
2 
2 
1 
1 
1 
1 

O 
O 
2 
2 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
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2 
2 
2 
2 
2 
2 

2 
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2 
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2 
2 
2 
2 
2 
2 

2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 

2 
1 
2 
1 
2 
1 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

2 
1 
2 
1 
2 
1 

2 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 

1 
2 
1 
2 
1 
2 

1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
2 
1 

1 
2 
1 
2 
1 
2 

state A 
We, 

cm" eV 

Ni2 

Ni 2
+ 

'2}(<rff) 
T11(SS) 
3S+(SS) 
1SJ(SS) 
3SJ(SS) 
1S+(SS) 
T8(SS) 
exptl" 
2 S + (aa ) 
4Sg(SS) 
4SJ(SS) 
exptl" 

2.03 
2.05 
2.05 
2.04 
2.04 
2.04 
2.04 

2.15 
2.16 
1.97 

308.6 
346.5 
349.3 
347.1 
342.5 
344.8 
344.2 

178.7 
303.0 
390.0 

2.36 
2.91 
2.92 
2.92 
2.92 
2.93 
2.93 
2.4 
2.64 
3.31 
4.14 
3.8 

" Reference 1. In obtaining Z)e values, Kant used estimates of R^ 
•• 2.30 A and a), = 325 cm-'. 

Ni-Ni distance of 2.41 A, quite close to the value of 2.49 A for 
Ni metal. Whereas two Ni atoms may interact strongly with 
one another, the implication here is that the presence of other 
neighboring atoms (or ligands in finite complexes) leads to 
additional repulsive interactions between nonbonded electron 
pairs forcing the larger bond length. Thus the large difference 
between the atomic radii for the bulk metal and the (calcu
lated) bond length of the dimer appears to be real. 

B. The 85 Ground State. The calculation of a 55 hole ground 
state finds support in similar calculations that have been car
ried out on the NiH molecule. Here the hydrogen atom bonds 
directly to the singly occupied Ni 4s orbital, leaving a single 
3d hole on the Ni atom. It is found that the lowest state of this 
system is the 2A state which has a 3dj hole.10 In this case, ex
perimental results clearly show a 2As/2 ground state.17 

C. The MO Description. It is important to note that a similar 
treatment of M2 using molecular orbitals would lead to very 
different results. The difficulty is a result of the extremely small 
overlap (S < 0.01) that exists between d5 orbitals on different 
centers. Just as the MO wave function is far more successful 
at describing the lowest triplet state of H2 than the lowest 
(ground state) singlet state at large separation, here a bias 
toward high-spin states is introduced in the MO description 
of Ni2. In section IVD and Table I we have demonstrated the 
equivalence of the MO and VB in describing 55 hole triplet 
states. There is no corresponding set of resonance configura
tions that may be used for singlet 55 hole states. Electron cor
relation error, a problem for H2 only at large separation, se
riously affects Ni2 singlet wave functions at equilibrium sep

aration. Thus the ' 2 + (55) state and ' T+ component of the ' Tg 

(55) state are both found to be almost 10 eV higher in the MO 
description. Clearly, a vast expansion of Figure 4 would be 
required to include the same spectrum of states described by 
MO wave functions. Only those singlet states resulting from 
the open-shell coupling of singly occupied orbitals [such as ' SJ 
(55)] would be properly described. 

D. Comparison with Observed Spectra. The states discussed 
in this study all occur in a region of energy that has not, to date, 
been examined experimentally for Ni2- It is possible, however, 
to use information obtained here concerning the ground state 
to comment on recently observed ultraviolet-visible spectra 
for the dimer. The two most complete studies, those of Ozin18 

and Hulse and Moskovits,19 were both obtained with Ni de
posited in argon matrices and show good agreement in the 
observed bands. Both studies show well-resolved bands at ap
proximately 2.4 and 3.5 eV with vibrational spacings of about 
330 cm - 1 (Ozin reports 360 cm - 1 for the 2.4-eV band). A third 
structureless band is noted in both studies at around 2.9 eV. 

An important feature in the well-resolved bands is that the 
measured vibrational frequencies are very close to the value 
of 344 c m - 1 obtained here for the ground state. Electronic 
transitions of the form a ̂  -* 7T4P or <T4S -» <J4S* that would be 
expected to carry oscillator strength should also lead to sig
nificant changes in vibrational frequency and thus do not 
represent reasonable assignments for these transitions. Similar 
arguments apply to allowed 3d —- 04$* transitions (since this 
produces a more weakly bound 4s3 bonding configuration). On 
the other hand, transitions of the form 3d —• 7T4P should have 
little effect upon the vibrational frequency and represent the 
most likely assignments for these transitions. In the separate 
atom, the analogous 3d -»• 4p transitions occur in the range 
from about 3.2 to 5.8 eV.4 Upon formation of M2, the 3d levels 
are only weakly perturbed, whereas the 4p7r level is stabilized 
through formation of the partial 7r bond. As a result, the mo
lecular 3d -*• 7T4P transition energy should be reduced some
what (~0.5 eV) relative to the atomic analogue, which is 
consistent with the observed bands. 

Hulse and Moskovits,19 through comparison with published 
Xa and extended Hiickel treatments of Ni2, reach similar 
conclusions regarding the origin of the two structured bands. 
The third band, owing to its structureless nature, apparently 
involves significant geometry change and thus weakening of 
the Ni2 bond. For these reasons, Hulse and Moskovits assign 
this band to the <T4S -» <T4S* transition, expected to be strong. 
Though we cannot rule out such an assignment, simple overlap 
arguments suggest that this transition should occur at much 
higher energy. For clarity, we will consider the forbidden <T4S 
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Table IV. Total Energies" for Some of the Low-Lying States of Ni2 and Ni2
+ from GVB-CI and POL-CI Calculations at R = 2.01 A 

(Energies in hartrees) 

state 

GVB-CI 
POL-CI 

T,(«8) 

-81.0870 
-81.0960 

J2-(65) 

-81.0867 
-81.0956 

Ni2 
TU(M) 

-81.0864 
-81.0943 

1 ZJ(W) 

-81.0563 
-81.0721 

'2~{d5) 

-80.7729 
-80.8595 

Ni 2
+ 

22+(<7<7) 

-80.7211 
-80.8037 

" Using the effective potential, atomic energies are Ni (3D) = —40.4943 and Ni+ (2D) = —40.2150 hartrees. 

Table V. Effects of Spin-Orbit Coupling on Lowest Ni2 States 

state Q" tfo.eV* H0 +Hsoc 

dominant admixture 
due to spin-orbit 

coupling 

' 2 + (M) 
T 8 (M) 
' 2 - (M) 
32g(M) 

32U
+(M) 

T U (M) 

0 
4 
0 
1 
0 
1 
0 
5 
4 
3 

0.00 
0.001 
0.006 
0.009 
0.009 
0.016 
0.016 
0.016 
0.016 
0.016 

-0.147 
-0 .030 
-0 .140 
-0 .020 
-0.098 
-0.009 

0.115 
-0.135 
-0.008 

0.135 

32-(M) 
3^u4(TTiS) 
32u"(M) 

'2 + (M) 

'2U"(M) 

(50%) 
(10%) 
(50%) 

(50%) 

(50%) 

" Total angular momentum about axis. * From GVB-CI calcula
tions. c Rediagonalized from 100 X 100 matrix. 

perimental estimate changes very little (~0.1 eV) upon in
corporating our calculated molecular constants into the for
mula used by Kant. 

F. Spin-Orbit Coupling. As the spectrum of states found in 
this study spans a very narrow energy range, the possible in
fluence of spin-orbit coupling on the ordering of states merits 
some consideration. A very simple assessment of the impor
tance of this effect is made possible by the fact that each of the 
states involves highly localized singly occupied 3d orbitals. Our 
approach was as follows. We considered the 100 lowest states 
ji/-, = 1,2, . . . , 100} corresponding qualitatively to a d9 con
figuration on each of the two Ni atoms. The eigenvalues {Zs,0, 
1= '., 2, . . . , 100) illustrated in Figure 1 correspond to di-
agonalizing the usual nonrelativistic Hamiltonian over these 
100 states. Considering the simplified spin-orbital Hamilto-
nians 

-* (T4S* singlet-triplet transition which must, by Hund's rule, 
occur at lower energies than the allowed singlet-singlet tran
sition. Ignoring all but the 4s electrons, this leads to an ex
cited-state wave function of 

04s* = !̂(C4S8(T4S11 - a-4Sufl-4Sg)(aa)} = A \(£r - r^)(aa)| 

where the equivalent valence bond wave function is also shown. 
Evaluating the energy for this wave function using the ap
proach shown in Appendix I leads to an expression 

2ST 1 
E*s* = Ea — 

\-S2 

which is very similar (the reason for choosing the triplet state) 
in form to that given in the Appendix for the ground state, 

'g.s. = Ec£ + 
2STX 

1 + S2 

For bond lengths near the minimum 5* « 0.7 leading to 

£4s* = Ea - 2.75r, 

£g.s. = Ece + 0.94T1 

For all values of/?, T\ is negative and dominates EC£. Thus, 
near the minimum where the ground state is bound by 2.9 eV, 
the excited triplet state should be almost 8 eV higher by this 
simple approach (assuming IT1I » EQe)- Using this value as 
a lower bound for the allowed singlet-singlet transition 
suggests that the 2.9 eV observed band must have a different 
source. The most reasonable transition still consistent with the 
changes implied by the spectra is a o-4s -»• ir4p. Analogous 
atomic transitions occur in the region of 3.5-3.7 eV,4 which 
is more consistent with the observed band position. Clearly 
these bands require further study, and a more quantitative 
analysis will be presented from this laboratory at a later 
date. 

E. Bond Energies. Beyond these spectroscopic studies, there 
is little detailed experimental information regarding Ni2. Bond 
energies have been estimated by Kant1 using mass spectro
scopic data. Assuming values for bond length, vibrational 
frequency, and degeneracy, he obtains Z>e(Ni2) = 2.4 ± 0.2 eV 
and Z)6(Ni2

+) = 3.8 ± 0.2 eV. This compares with Z)6(Ni2) = 
2.9 eV and Z)6(Ni2

+) = 4.1 eV from our calculations. The ex-

# s o = L SArj)tjSj 

we evaluated the 100 X 100 matrix 

<4,| ( # 0 + # s o ) I ^ ) = £ / % • + <iM#so|*;> 

and diagonalized this matrix to allow opponent spin-orbital 
eigenstates. In the process of evaluating (̂ 1-1 Ji so I ̂ j) w e 

made the additional simplifications of (1) ignoring the very 
slight contamination of px character into the dir orbitals, (2) 
the slight mixing of pa and s character with the da orbitals, (3) 
including only the one center contributions to Jiso, and (4) 
ignoring the overlap of d orbital on different centers (the actual 
overlaps ranged from 0.006 au for d5 to 0.04 and 0.06 for dir 
and da, respectively). In addition we set the radial integrals 
(^dlftOl^d) t 0 -0.0756 eV, obtained from a fit to the spin-
orbit splittings observed for the 3D state of the Ni atom.4 

The resulting ordering of the eigenstates including spin-orbit 
coupling differs very little from the scheme presented in Figure 
1. Table V shows the energies with and without spin-orbital 
coupling for the lower states. The preference for 5 holes rather 
than 7T or a in the lowest states is not disturbed. Since the £"(/•) 
prefactor in each of the one-electron matrix elements is neg
ative, the greatest stabilization due to spin-orbit effects occurs 
for spin orbitals of maximum total angular momentum about 
the axis, Q. Thus the 3rU5 state which appears, using complex 
orbitals, as 

3Tu5 = A\8e
2+82+aa\ 

shows the strongest stabilization. Similarly, the 3TU3 state 
3rU3 = A\8e

2+82+m 

experiences the strongest destabilization. The lowest state, 
including spin-orbit coupling, is 

'2+(55) + 32J(55) 

with the state 
1S" (55) + 3S+(SS) 

only 0.007 eV higher. The 3rU5 state lies 0.012 eV above the 
ground state. Such small splittings among the lowest states 
could be perturbed by other weak interactions. 
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Appendix I 

Through the use of valence bond wave functions it is possible 
to make a direct comparison between the energy expressions 
arising from one- and two-electron bonds. For the one-electron 
bond, a simple wave function may be assumed, 

n={(£ + r)a] (A-I) 

and for the two-electron bond, 

to = A\(£r + ri){a0 - pa)) (A-2) 

These give rise to the energy expressions 

_(<fii\ft\n) _hee + hiT , 1 
1 (n\<fii) 1 + 5 R 

„ _{iP2\»\<fi2) _2hee + 2ShtI + JeI + KeT , 1 , . , . 
(<P2\<P2> 1 +S2 R 

where the terms have their usual meaning. 
Partitioning the energy expression into classical terms20 

[arising from £ in (A-1) or £r in (A-2)] and the exchange terms 
[arising from the superposition of terms in (A-I) or (A-2)] 
leads to 

E1 = Efe + Ex* E2 = E2
a + E2 (A-4) 

where 

E^=y2(h£e + hTr) + \/R 

E2
ci = hu + hrT + Jer+ l/R 

€, - SEf* _ T1 
Ef = • 

1 +S 1 +S 

and 

£2
X = «2 - S2E2C* 25T , + T2 

1 + S2 I+S2 

where 

T\ = her — Shee and T2 = Kex — S2Jex 

and where the exchange terms dominate the bonding. The term 

T2 is positive but dominated by T\ which is negative. Neglecting 
T2 we can write 

£,* = • T\ 

and 

£2
X = 

1 +S 

2ST 1 

1 +S2 

Thus the relative strengths of the one- and two-electron bonds 
depend upon the overlap. The exchange terms are equal for S 
= 0.42. Thus for this value of the atomic orbital overlap, the 
one- and two-electron bonds will be almost equal in strength. 
For smaller overlap (longer bond length), the one-electron bond 
will be stronger. 
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