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PARAMETER SELECTION IN CNDO CALCULATIONS
FOR SMALL NICKEL CLUSTERS

By

George BLYHOLDER™
(Received June 30, 1973)

Abstract

A method of doing CNDO calculations for a cluster of transition metal atoms is
presented. The calculations include all s, p and d orbitals in the valence shell. Parameter
selection and the effect of individual parameters on calculated properties are discussed.
Initial input parameters include the initial electron configuration of the atoms, resonance
integral for s and d electons, orbital exponential coefficients for s and d Slater type
orbitals, and ionization potentials and electron affinities for s, p and d orbitals. Calcula-
tions for an octahedral Nig cluster gave an equilibrium bond length of 2.5 A, 946 d
electrons per atom, a binding energy of 3.7 eV per atom, the Fermi level at —7.7 eV, and a
d-band width of 3.3 eV. These results are in approximate agreement with bulk properties.
The s and p electrons were primarily responsible for producing the Ni-Ni bonds so the
parameters for these electrons had the greatest effect on calculated properties.

Introduction

The properties of small clusters of metal atoms are important to con-
siderations of vapor phase nucleation, thin film properties and dispursed
metal catalysts. All of these areas involve working with high surface area
materials. Because the surface to volume ratio in metal clusters is large
their properties are expected to differ from those of bulk metals. However,
just how the properties of small clusters and bulk metals differ is not well
understood. More experimental and theoretical guidelines are needed the
help define the relationship between these two classes of materials. It is
the purpose of this paper to contribute to the understanding of metal clusters
by presenting a semi-empirical quantum mechanical method of calculating
the properties of small clusters. In addition to leading to a better under-
standing of metal clusters it is hoped that the method developed will also
serve as a basis for calculations on the interaction of adsorbed molecules

*  Visiting Professor, Research Institute for Catalysis, Hokkaido University, Sapporo,
Japan; Present address, Department of Chemistry, University of Arkansas, Fayetteville,
Arkansas 72701, U.S. A.
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with a metal cluster. In tnis paper the emphasis will be on presenting the
method and the selection of the empirical parameters.

Relatively few quantum mechanical calculations for metal clusters have
been made. Because of the large number of electrons involved ab-initio
calculations for transition metals are not yet feasible. Extended Huckel
calculations have been made for a few diatomic metal molecules"?, small
clusters and strings of atoms® and clusters of up to 13 nickel atoms®.
Calculations using a CNDO procedure have appeared for only very small
clusters of Ag and Pd atoms®. The widespread use of semi-empirical mo-
lecular orbital methods to treat a wide variety of chemical structures has
lead to some general guidelines for their use. The exact values of quantities
such as ionization potentials, spectral transition energies, and dipole moments
are usually not accurate; close agreement between calculation and experi-
ment being regarded as merely a happy accident. However, trends in
values for similar compounds are often well reproduced by the calculations.
Equilibrium bond angles and charge distributions are usually given more
accurately than energies. The extended Huckel method has not usually
been successful in giving equilibrium -internuclear distances whereas the
CNDO methods have?. For this reason a CNDO procedure has been chosen
for this work.

Some properties of metal clusters have been calculated” using pair-wise
additive potentials of the Lennard-Jones type for the atom interactions.
These calculations showed a strong dependence on the number of atoms
included. Calculations of equilibrium forms of clusters have been made”
assuming that the contribution to the total binding enegy by each atom
is directly proportional to its coordination number. The validty of this
rather common assumption has received very little consideration. It is
hoped that the type of calculation presented here can be used to check this
assumption.

CNDO Method

The starting point for CNDO (complete neglect of differential overlap)
methods is RooTHaaNs’s® LCAO SCF equations, which are simplified by
ignoring and approximating large numbers of integrals so that the computa-
tions for large molecule can be carried out on a computer in a reasonable
length of time, 7.e, from a few minutes to one hour. In the CNDO
method of PoPLE et al>*'® the matrix equation

(F—E)C =0 (1)
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is solved with the matrix elements
Fo= Uyt [Paa—(U2)P, [Taat 2 (Pra—Za)T an (2)

F,m = ﬁglb’S/w 1/,_, ol an (##W ( 3 )

with the symbols as defined in reference 5. These equations were not
designed to handle transition metal atoms so a few modifications are in
order. These principly consist in recognizing d orbitals as being sufficiently
different from s and p orbitals to require special treatment in calculations
for transition metals®*™®. The energy of an electron in ¢, on atom A is
given by the term

U= (o[ —(/27 = ZJ7] ¢, (4)

is replaced in the semi-empirical expression for the case where ¢, is an s
orbital by

U, = —(1)2)(,+ A)—(N—1/2)1,,— M7, (5)

Here I, is the ionization potential from orbital ¢,, A, the electron affinity,
N the number of s and P electrons, and A the number of d electrons for
a base configurative (sp)Y (d)”. This equation is obtained by averaging the
value of U,, in the two equations

U,=—I,—(N—1)T,,—Mr,, (6)
Uss=—Aa-‘Nrss_Mr3rl (7)

which are for the processes of loosing and gaining an electron from the
base configuration (sp)*(d)”. In a similar manner the expression for U,
is obtained as

U = —(1)2)I,+ Ap)— NI yy—(M—1/2)7,, . (8)
The core attraction integrals, V“#, which are given by

VAR = (65 (Zulrs) .l (9)
are then replaced by electron repulsion integrals so that

Via? = Nl if + Myri? (10)
and

Vil = N il + Myrir. (11)

The two center electron repulsion integrals are given by
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rar = [[2 1) g (1)(1/7,)94(2)8, (2) dr s (12)

Electron repulsion integrals involving only s orbitals are readily calculated
so all d orbitals in electron repulsion integrals were replaced by s orbitals
with the same orbital coefficient. Thus, the following expression were used
T(lll = rs’s’ (13)
Tsrl = Tss’, (14)
where orbital s has the same orbital coefficicient as orbital 4 All 4

orbirals of an atom are treated as being equivalent. The degree of approxi-
mation introduced this way is shown in the comparisons in Table 1.

TapLE 1 Electron Repulsion Integrals
The orbital exponent is 1.8 in all cases

One center Two center integrals
Integrals . (electron 1 on center A,
integrals electron 2 on center B)
(3s(1) 3s(1) / 3s(2) 3s(2)) 0.4689 0.2107
(322 (1)(3dzz(1)/ 3dz2(2) 3z (2)) 0.5023 0.2200
(8d»2(1) 3d*(1)/ 3d.2(2) 3d* (2)) 0.5524 0.2663
(8da?(1) 3da?(1)/ 3d?(2) 322 (2)) 0.5524 0.1941

In the off diagonal terms the constant 8% in F,, is given by
Bln = (1/2)(8%+ B%); (15)

where £ is given by £%(s) or f%(d) depending on whether g is an s or d
orbital and likewise f% is replaced by £%(s) or S%(d).

For both diagonal and off diagonal elements s and p orbitals are treated
as equivalent. The basic equations produced by these approximations are

Fils) = —(U2)(1 + AS) — (N = 1/2)15 — M5

~(U2) P+ LRl = NI + M,T i) (16)
2 B+Ad
Fald)= —(1)2) I3 + AH—(M*—=1/2)18,, — N5,
(U2, b+ D~ DINTE M) (7)
2 BxA4
Fir = (1/2)(8%+ %) S, —(1/2) P10 18)

Slater type orbital were used. All valence shell electrons in the 3d, 4s,
and 4p orbitals were included while all inner shell electrons were treated
as part of a non-polarizable core.
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The computer program used in these calculations was producd by
modifying the program given in reference 5. The integrals involving 4s
and 4p orbitals were calculated by the method used in that program.

In using the program for clusters of metal atoms it was found that
the results usually diverged rather than converging to a constant charge
density and energy. When a small variation from a uniform charge dis-
tribution occured on one side of the cluster it was over-corrected for in
the next iteration so that a larger variation appeared on the other side of
the cluster. This quickly developed into a large permanent oscillation. To
prevent this the program was modified to store the density matrix P after
each iteration as PO. On the next iteration if the new total energy in-
creased or changed in absolute magnitude by more than 2 atomic units,
the new density matrix was discarded and density matrix elements given by

P,,=PO,,+0.1(P,(new)—PO,,) (19)

were used. This procedure eliminated the divergence problem. The cri-
terion used for convergence was that the energy not change by more than
10~* atomic units.

The calculations were performed on the FACOM 230-60 computer at
Hokkaido University Computing Center.

Parameter Selection

The parameters for which values must be selected are the orbital ex-
ponential coefficients &, and &, for 4s and 3d electrons, (1/2)(1,+ A,), (1/2)(,
+A,), 1/2)I,+ A,), B, 8. and the values of M and N in the initial con-
figuration. The orbital exponential coefficients, & occur in the radial part
of the Slater orbital in the form

R, (r) = (282 [2m)!] " " T exp (—67) (20)

The basic philosophy used in selecting parameters for this semi-empirical
method was to choose values in a physically reasonable range to best fit
known bulk properties of nickel. An octahedral cluster of 6 nickel atoms
was chosen as a basis for fitting parameters for several reasons. This is
about as large a cluster as can be conveniently worked with. It takes the
program about 5 minutes to reach convergence with Nis whereas larger
clusters take much longer. The atoms in the octahedral Nis cluster have
the same geometric arrangement as in the bulk metal and have an average
coordination number of 4 nearest neighbours. This is considerably lower
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than the coordination number of 12 in the bulk metal but even a cluster
of 13 atoms where a central atom has all 12 of its nearest neighbours
only has an average coordination number of 5.5. Linear strings and planer
arrangements of atoms have much lower coordination numbers than 4 as
well as lacking any elements of a three dimensional structure. The proper-
ties considered included the number of d electrons (9.4 in the bulk metal),
equilibrium internuclear distance (2.5 A in the bulk), Fermi level, binding
energy, and d band width.

Various schemes for determining orbital exponential coefficients have
been proposed by SLATER', BUrNs'™, CLEMENTI'™® and GOUTERMAN'. The
values suggested by these authors are listed in Table 2. It may be noted
that the values of &, go from 1.1 to 1.8 and the values of & from 2.5 to
4.2. Any value within these ranges was regarded as reasonable to try for
these calculations.

TaABLE 2 Values of orbital exponential coefficients
for s and d orbitals for the configuration
3d®4s® for Ni

Author s §a
Slater 1.1 25
Burns 1.8 35
Clementi 1.43 4.2
Gouterman 1.47 3.0

In estimating values for (1/2)(I+ A) the ionization potential, I, is re-
garded as a valence state value, and is an average over spectroscopic states.
There is enough data to make reasonable estimates for I but there is very
little data for electron afhnities and so few observations of suitable spectro-

TaABLE 3 Values estimated for (1/2)(/+ A) in eV from
Crack, HusiH and YANDLE and values in
parenthisis estimated from [ values in BALL-
HAUSEN and GrRAY with the assumption A=0

Configuration

Orbital type

et |
3d 6.2 (5.0)
4s 4.3 (4.5) (3.8)

4p 1.3 (2.5) | (2.0)
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scopic states that values for A are very approximate. Estimated values for
(1/2)(I+ A) obtained from CLack, HusH, and YANDLE'™ and estimated values
using I given by BALLHAUSEN and GRAY™ with the assumption that A=0
are given in Table 3. These latter values are lower limits to values that
would be obtained using the I values in BALLHAUSEN and GraY. Clearly
they give values somewhat higher than the others.

Values of 8, from —1 to —30 have been used®® and values of §,
from —0.5 to —35 for transition metals have been used”®. Calculations
for nickel clusters with initial configurations ®?® and d***® are reported
herein.

RESULTS

The most successful set of parameters is listed in Table 4. Hereafter
this will be referred to as the standard set and any parameter may be
assumed to have the standard value unless otherwise specified. A com-

TABLE 4 Most successful parameter set, used
as the standard set

Initial configuration 3d® 452 4p0

Ps — 6
Ba —10
s 18
§ua 2.5
(1/2) (Is+ As) 43
(1/2) (Ip+Ap) 1.3
(1/2) (la+ Aa) 10.0

TaBLe 5 Comparison of calculated values for octahedral
Nis using the standard parameter set with bulk
nickel properties

Nig by CNDO Bulk Ni
Teq 25 A 25 A
d electrons per atom 9.46 9.4
binding energy (normalized) 3.7 eV 4.4
HOMO (Fermi level) — 77 €V — 522, —4.75 eV
d band width 3.3 27, 5 4V
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parison between calculated properties for an octahedral 6 atom nickel cluster
and experimental or calculated bulk nickel properties is shown in Table 5.
The number of d electrons for atom %, N¢ is defined as

Ni= 2 n (21)
d-orbitals
where
nt= 3, nch, (22)
MO’s

where 7, is the number of electrons in molecular orbital ;. The total differ-
ence between the energy for the Ni; cluster and 6 separated Ni atoms is
0.271 atomic units. In order to get a meaningful number to compare to
the experimental cohesive energy of the metal (4.4 eV)® it was assumed,
as has been done previously”, that the bindingy energy of an atom is
directly proportional to the number of nearest neighbors. Thus, the calcu-
lated normalized binding energy per atom is obtained by multiplying 0.271
a.u. by 12/4 and dividing by the number of atoms in the cluster.

For a discrete set of molecular orbitals there is no unequivocal definition
of a Fermi level. The Fermi level here is taken as the energy of the
highest occupied molecular orbital (HOMO). Experimental values of the
Fermi level have been given as —5.22 eV® and —4.75 eV™,

In Table 5 the calculated d band width has been taken as the difference
in energy between the lowest orbital with strong d character and the HOMO
since this energy range contains over 90% of the d electron density. There
is a small amount of d character in lower energy occupied orbitals and
higher energy unoccupied orbitals which are largely s and p in character.
The CNDO calculation gives a d band width within the range of values
calculated by FLETCHER® (2.7 V), HaNUs™ (5 eV) and YAMASHITA ef al.®
4 eV).

In general the values in Table 5 indicate that the CNDO method can
give quite reasonable values for properties of metal clusters. A curve
showing the variation of total energy with interatomic distance for the
Ni, cluster is shown in Figure 1. The values of the standard parameters
were selected so as to have the calculated 7., close to the bulk distance
of 25 A.

In the course of selecting the best parameters calculations were made
over a wide range of parameter values. In Table 6 some of the these runs
which illustrate the effect of particular parameters on the properties of a
Ni; cluster are listed. In lines 2 to 5 of Table 6 the value of £, is in-
creased from 1.5 to 1.8 while all other parameters are held constant. As
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Figure 1. Energy vs. bond length for octahedral Nig
and for Ni, with standard parameters.

£, increases the total energy of the cluster becomes more negative since the
energy holding an s electron is becoming larger. At the same time the
Fermi level as measured by the HOMO decreases in energy a little, the
lowest occupied molecular orbital, which is largely of s and p character
increases in energy. This last effect indicates that the spread of the sp
band is decreasing, presumably due to less overlap of the s and p orbitals
as the orbital exponential coefficient is increased. Finally the d band filling
increases as &, increases. This last effect of &, however, depends on the
values of the other parameters as lines 8 to 10 show. Here the 4 band
filling decreases as &, increases. The trends in the other properties are
the same as in lines 2 to 5. This difference may be due to the fact that
for the parameters in the second case (lines 8 to 10) the d band is higher
in energy with respect to the s band so that contraction of the spread of
the s band has a different effect. This does however illustrate that the
qualitative effect of a parameter on some properties does depend on the
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TaBLE 6 Calculated properties of Nig for various parameter selections.
All have an initial configuration of d®?

. normal-
fine 3o fa | &8s &g | Uatds) | Uptdy)| etAa) | Er | po | OVERT LOWEST! oMol Lumo ised
number 2 2 2 ORBITAL| d energy

(eV) (eV) (eV) A (au) (au) (au) (au) (au) (eV)
1 —6 —10|18 25 43 1.3 10.0 25 | —190.136 | 9.46 —0.54 —040 | —028 | —0.07 3.7
2 —5—10|15 25 43 13 10.0 25 | —18222 | 868 —0.71 —055 | —0.21| +0.00 05
3 —5-10]16 25 43 13 10.0 25 |—18491 | 9.19 —0.60 045 | —021 | +0.01 1.2
4 -5 —10 |17 25 43 13 10.0 25 | —18751 | 928 | —0.54 —044 | —025| —0.02 1.8
5 -5 10|18 25 43 13 10.0 25 |—189.92 | 951 —0.46 —046 | —027 | —0.06 0.7
6 —6 —10 18 30 4.3 1.3 10.0 25 |—21544 | 840 | —0.67 —067 | —023| 4002 16.7
7 -6 —-10]18 35 43 13 10.0 25 | —23957 | 865 —0.73 —073 | —028| 000 21.4
8 -5 10|11 25 3.0 1.0 7.0 25 |—161.09 | 8.62 —0.83 —036 | —018 | —0.02 —
9 -5 -10{13 25 3.0 10 7.0 25 | —169.255 | 8.60 —0.77 ~040 | —023| —0.07 —
10 —5—-10 15 25 3.0 1.0 70 | 25 |—17642 | 82 —0.74 —056 | —022| 000 11.6
11 -5 —10 |18 25 43 13 10.0 28 |—189.934 | 9.55 —0.38 —038 | —025| —0.07 0.9
12 -5 1018 25 43 13 '10.0 30 |—189.934 | 970 | —035 —035 | —028 | 4001 0.9
13 -5 -10|18 25 43 1.3 10.0 35 | —189.870 |10.0 —0.26 —026 | —026 | 40.08 0.1
14 —4-10]18 25 43 13 10.0 25 | —189.751 | 950 | —0.42 —042 | —025| —0.04 —
15 -5 —10118 25 43 13 6.2 25 |—18212 | 897 | —051 —038 | —024| —0.03 8.7
16 -5 —-15|18 25 43 13 6.2 25 |—18233 | 915 —0.50 —038 | —022| 0.00 11.6
17 —5 —15 | 1.825 2.5 43 13 6.2 25 |—18291 | 904 | —0.49 —039 | —023| —o0.01 11.2
18 —5 —25 | 1.825 25 43 1.3 6.2 25 | —183.46 | 900 | —053 —053 | —023| 4002 186
19 -6 —6|18 25 43 1.3 10.0 25 | —190.00 | 9.52 —053 —037 | —027| —007 18
20 -6 — 6|18 25 43 13 10.0 2.8 | —190.005 | 9.53 —0.40 —040 | —025| —0.07 1.9
21 —6— 6|18 25 4.3 13 100 3.0 | —189.968 | 9.56 —0.39 —0.39 | —028 | —0.01 14
22 -6 —1|18 25 43 13 10.0 25 |—189.86 | 960 | —051 —035 | —026| —0.06 0.0
23 -6 — 1|18 25 43 13 10.0 28 | —189.92 | 9.65 —0.37 —037 | —025| —0.08 0.7
24 -6 —-1]18 25 43 1.4 10.0 3.0 |—189.94 | 953 —0.38 —038 | —028 | —0.01 1.0

D
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specific value of the other parameters.

Lines 1, 6 and 7 of Table 6 show the effect of changing &,. As the
d orbitals are contracted by increasing &, the total energy, energy of the
lowest orbital, and the energy of the lowest d M. O. all decrease. While
the HOMO shows no consistent change the average number of d electrons
shows a large decrease.

The effect of 8, with all clusters having their atoms 2.5 A apart is
shown in lines 1, 5 and 14. As B, increases, the total energy, energy of
the lowest orbital, and energy of the HOMO all decrease. The energy of
the lowest d MO and the average number of d electrons show small changes
with no consistent trend. Lines 5 and 11 to 13 give a value of 2.9 A for
7, indicating that as §, decreases from 6 to 5 the value of 7, increases by
16%.

The effect of changing 8, with other parameters constant may be seen
in the results on the pairs of lines 15, 16 and 17, 18 and the set in lines
1, 19 and 22. Increasing B, increases the total energy and the binding
energy but has relatively little effect on the other parameters. Lines 19
to 21 indicate a 7., of 2.8 A with all parameters standard except for B,
which is —6 instead of the standard —10. Lines 22 to 24 give 7,,2>3.0 A
with 8,=—1 while the standard f,=—10 gives 7,,=2.5 A. Thus, 7, in-
creases as (8, decreases.

The effect of changing (1/2)(I,+ A, may be seen in lines 5 and 15.
Increasing (1/2)(I,+ A,) decreases the total energy, increases the number of
d electrons, decreases the level of the lowest d MO, and changes other
properties relatively little. Changes in (1/2)(/,+ A,) and (1/2)(I,+A,) had
relatively little effect on the calculated properties. This occurs because these
terms contribute only a very small percentage to the F matrix terms.

Most of the parameter sets in Table 6 use a value of &, around 1.8.
It is also possible to get reasonable, but not quite as good, results with &,
at 1.3 or 1.4. A variety of runs based on this value of &, are given in
Table 7. With &, about 1.3 or 1.4 it is necessary to increase the value of
(1/2)(I,+ A,) to about 14 eV to get an average number of d electrons close
to that in bulk nickel. This is somewhat higher than the values that
would be estimated from Table 3. In general, the trends produced by para-
meter variation in Table 7 are like those outlined above for Table 6. The
effect of the parameters in Table 7 or r,, is shown in Figure 2. It is seen
that these parameters give r,, values of 3 A and greater, which are some-
what greater than the bulk metal value of 2.5 A. From the curves in
Figure 2 it is evident that increasing B, decreases r.,, increasing B, has
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TaBLE 7 Calculated properties of Nig for various parameter selections

1-
line Initial LOWEST |LOWEST norma
Configu- | 8s Bu | & &a ot As) | Tyt Ap) | Uat An) r Er Py HOMO| LUMO biﬁfﬁ
number{ ration 2 2 2 ORBITAL d ener, e
gy
(ev) (eV) (ev) A (au) (au) (au) (au) | (au) | (eV)
25 dé 2 | -5 —10| 13 25 43 1.3 14.0 2.3 | —181.50 —
26 ds 2 | —5 —10|1325 43 1.3 14.0 25 | —18358 | 9.10 —74 —.50 —23 | —04 —
27 dé 2 | —5 —10]|13 25 43 1.3 140 2.7 | —184.79 —
28 ds s2 | -5 —10|13 25 43 1.3 14.0 3.0 | —185.62 —
29 ds 2 | —5 —10] 1.3 25 43 1.3 14.0 32 | —185.80 v —
30 dé 2 | —5 —10| 13 25 43 1.3 14.0 35 | —185.81 3.9
31 dé 2 | —5 —15{1.3 25 43 1.3 14.0 2.3 | —181.68 —
32 ds 2 | —5 —15|13 25 43 1.3 14.0 25 | —183.73 | 917 —.74 —.44 —24 | —.03 —
33 d® 52 | -5 —15|13 25 43 1.3 14.0 2.7 | —184.90 —
34 ds 2 —5 —15 ] 1.3 25 4.3 1.3 14.0 3.0 | —185.69 -
35 d8 2 | —5 —15|13 25 43 1.3 14.0 32 | —185.80 — @
36 dé 2 | =5 —15|13 25 43 1.3 140 35 | —185.84 44 9
37 dé 2 | —7 —10}13 25 43 1.3 14.0 23 | —182.71 — w4
38 ds8 s2 | —7 —10 |13 25 43 1.3 14.0 25 | —18464 | 87 —1.07 — .65 —27 | —12 — £
39 d® s2 | —7 —10 13 25 43 1.3 14.0 27 | —185.70 | 88 — &
40 dé 2 | —7 —10| 13 25 43 1.3 14.0 30 | —186.36 | 88 — g
41 ds 2 | -7 —10| 1.3 25 43 1.3 14.0 32 | —186.42 122 =
42 dé8 s2 | —7 —10]13 25 43 1.3 14.0 35 | —186.26 —
43 ds s | —5 —10] 1.3 25 3.0 1.0 7.0 25 | —169.26 | 86 —77 —.40 —-23 | —.07 —
44 ds 2 | -5 —-10| 1325 3.0 1.0 7.0 30 | —172.18 12
45 d8 2 | =5 =10 |13 25 3.0 1.0 7.0 35 | —171.25 —
46 dd 52 | —5 —10| 1.4 25 43 1.3 14.0 25 | —187.10 | 942 —.66 — 42 —26 | —.04 —
47 dé 2 | -5 —10| 14 25 43 1.3 14.0 2.7 | —187.94 —
48 ds s2 | —5 —10| 14 25 43 1.3 14.0 3.0 | —18842 | 9.53 —
49 ds 2 | -5 —10| 1.4 25 43 1.3 14.0 3.2 | —188.44 2.0
50 ds sz | —5 —10| 1.4 25 43 1.3 14.0 35 | —188.42 —
51 d8 2 | —7 —10| 1.4 25 43 1.3 14.0 2.7 | —18860 | 9.2 — .87 —51 —30 | —.11 —
52 a8 2 | —7 —10| 1425 43 1.3 14.0 3.0 | —188.92 86
53 ds sz | —7 —10 |14 25 43 1.3 14.0 3.2 | —188.88 —
54 d94 06| -5 —10113 3.0 3.3 1.0 4.4 25 | —226.14 -
55 d9¢ 5061 —5 —10 | 1.3 3.0 3.3 10 44 2.7 | —226.30 ) -
56 do4 06| —5 —10 | 1.3 3.0 3.3 1.0 44 28 | —226.33 | 9.44 —.74 —.55 —-36 | —.18 74
57 d94 506 —5 —10 | 1.3 3.0 3.3 1.0 44 3.0 | —226.28 -
58 ! dot 06 —5 —10 | 1.3 3.0 3.3 1.0 4.4 35 | —226.09 —

9071
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Figure 2. Energy vs. bond length for octahedral
Nig for various parameters.

little effect on r,,, increasing (1/2)(I,+ A,) increase r.,, and increasing S,
decreases 7v,.

The results of using an initial configuration with d%*s
54 to 58 of Table 7. The reason for trying this configuration is that it
matches that for bulk nickel. The results are not unreasonable in that r,
is 2.8 A and the average number of d electrons is 9.44 but the lowest d
M.O. and the HOMO are somewhat too low. The normalized binding
energy is also about 50% too high.

-6 are on lines

Conclusion

In summary the CNDO method presented has shown itself to be capable
of producing reasonable values for the equilibrium interatomic distance,
average number of d electrons, d band width, FErMI level, and binding
energy. Since the s and p orbitals are primarily responsible for producing
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the Ni-Ni bond, the values of 8, and &, are most important in determining
the internuclear distance. The width of the sp band is strongly dependent
on B, as is also the binding energy. The d band width had fairly reasonable
values for most parameter sets; becoming much too large only when &, was
increased to 3.0 and 3.5 from the standard value of 2.5. The value of 10
eV used for (1/2)(I,+A,) in order to get an average number of d electrons
of about 9.4 is larger than the value of 6.2 estimated in Reference 13 but
in view of the almost complete lack of electron affinity data this number
is very approximate and the data in Reference 18 would lead to a higher
estimate. The FErRMI level as measured by the HOMO was surprisingly
constant for a wide range of parameter selections.
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