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Py meons of a sovien of cluster calculasions uslng both the
multinle scattaring Yo aml & v ~~m~-“"'1on~- zionnlgue (deoip-
notod LI0) shich avolids whie wwclineoin appromimation, we nave

investizated the energy levels in clusters of niclkel atoms and
compared the results, The point group symmetry of the cluster

has significant effecc on the energy of levels nominally not
occupied. 7This will influence the electron treonsfer process

during chemisorption. The SSO technique permits us to treat, as

a cluster, the approaching atom or molecule plus a small number ‘of
nickel atoms. Specifically, we have calculazed that moleculay
levels become more negative in the O atom, as well as in a CC
molecule, as the metal atoms are approached. Thus, electron traans-
fer from the nickel and bond formation will be facilitated. This

new type of result is of importance in understanding chemisorp-
tion and catalytic processes,

*Research supported by a grant from the National Acronautics and Space Adminis=-
tration and ¢ contract with the U, S, Atomic Energy Commission,

-

(NASA-CR-169013) ELECTRONIC LEVELS AND NEZ=27156

CHARGE DISTRIBUTION NEAR THE INTEBRFACE OF

NICKEL (Northwestern Univ.) 27 p

BC AO3/MF AO1 CsCl 20L Unclas
G3/76 22706



' ' ORIGINAL PAGE IS
' ' OF POOR QUALITY,

P

The subject of chamisorption has long been a subject of scientific interest

since the distinction between it and physical adsorption was made before 1930,

Since this paper will be gkvotcd to caleulation of a chemical physical nature, it

is vell to cite sowue of the criteria by which chemisorption is recognized}).

Quoting from Trnpncllz), "aj, aAdsorption is localized and takes place through

collisioé of gas riolecules with vacant sites of the subscfa:e. b). each site can
’

accomodaté one and only one adsorbed particle molecule and ¢). the energy of an

adsorbed particle is [substantially] ghé same anywvhere on the surface, and is

indepcndeont of thie presence or absence of pearby adsorbed molecules."

The experimental developments have been very'significant and the migration

of species has becen demonstrated by Ehrlicha), a number of measurements cn the

4) 3)

kinetics of activated adsorption have been made / and Goger and his Colleagues

have observed surface structures directly, The disruption of suvface layers as

obscrved by Germer and MacRacG) for the clemisorption of hydrogen on nickel is

particularly significant since it stimulated many studies which showed that

reconstitution apparencly occurs in many surface systems,

’
¥

In contrast, the theoretical analysis has not kept pace in this author's
opinlon, .

»

Various hypotheses have been advanced to explain the relatively strong bond

-

which {s formed between the adsorbate and the substrate. These have perforce
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v "laggely dealt with phenomenological aspects of the adsorption process. It is

worthvhile to sumumarize the various approaches taken before turning to the

present mothod, Eluy7) calculated adsorption bond encrgies by taking the

diffcrence of the bund energy of D, (for metal-hydrogen bond) and Dun (the

M
dissociation enexgy of a ll, molecule,) He also included the difference in the
electroncgativitias y proposcd by Paulinga). Eley included a dipole energy,

again obtuained fronm Q&Mﬂiﬁ.) Even with a variety of approximaticns and improvemencs,
the energies are not in good ogreement with experiment, The difficul:’point is

to adequately estimate the’' D, term vhen oaly & fow "bonds" are broken,

Trapne119> has observed that the heats of adsorption for a varicty of gases
A

such as %2; 02, Nz, co, coz, ete, generally docreasa for the series of transition
metals as.one goes from Ti to Ni and Cu, This trend corresponds to a decrease
in the nunber of available unoccupied d-levels. So, the d electrons participate

) O] -
in some significant way and many o

rn

the thevszetical approaches to ba discussed
below have their greatest difiiculties in dealing with such electroms. Further, .
the misleading statements exist in the literature which suggests that these
electrons are very localized in transition metals.and ch;y cannoé‘participa:e in
bonding. Waber10> has presented the rudial distribution of d-like crystal
orbitals (obtained by the Augmented Plane Wave Method) and it is clear.that the
d=electrons have appreciable probabil;:y ;f being found at the surface of a
Wigner-Seitz sphere. , . .

Paulingll) has

“introduced the idea'of resonating covalent bonds (such as dsp)
and this has brought the thinking of many scientists--despite the fact that they
may not agree with all the details) to the point that che d-cﬁarac:er of possible
bonds are included in their thinking and explanations. )

| o/
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Another type of treatment assumes considerable clectron transfer and the

formation of M+A' bonds. Then the problem of chemisorption /s reduced to making

calculations of the Born-Mayer type, While such an approach has the merits of

L ASASEALLe

simplicity, it teunds to oversimplify, to ignore image potentials (due to charge
accurulation on the surface of a continuum,) In these attempts, the metal is
12

not carefully included in the system. Bennectt and Falicov™™ attempt a more

careful analysis but in the end, resorted to treating tungsten as a free-clectron

metal, ’ : d

o

A variety of quantum=mechanical approaches have been used, These started
with Wnﬁ113)and were nore carcfully studied by Higuchi and Eyringlh). They
treat the surface complex as a diatomic molecule, %he diagonal element of the
Hamiltonian (which will be discussed below in terms of the present method)

they write . .
ORICINAL PAGE 1S
OF POOR QUALITY.
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K, = Ab-le + 8/9 (e”/x¥)
where @D is the electron affinity and I is the ionization potential. Here r¥ is
the radius giving the minimum. Again, they resort to substantial approximations
and the interpretation in terms of partially ionic character of the bond formed
in the complex, does not significantly modify the valuable ad hoc approach taken

by Eley and Pauling.

Another papdlgr type of trcatment is to use the Valence Bond approach
particularly in terms of the angular parts of atomic orbitals, Note that the
potential field of the metal does not give rise to spherically symmetric
potentials, ‘Thus, the dcgenéracy of certain atomic levels is lifted as it is in
crystal ficld thecory and lizand éield theory. Classical trecatments of that type

15) 2]

_ ; \
. are by Goodenough ?’ and frgel ”, These authors deal with primarily atoms
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(o; fons) surrounded by a uniform or symmetrical arrangement of ions, Btlkhaulcu)7)

treats the more complex problem of elcctron clouds surrounding “Y4e¢ ligands

rather than point charges., A more detailed attempt to take . .o account is

the lower symmetry of the arrangement of substrate atoms (on various planes)

which was recently published by Rao and Wnbcrls). Their ;pecific assumption was

that as far as an approaching atom was conccrned, it experienced a non-uniform

potcntiai from the nearby substrate atoms as though they had a net unsatisfied

charge in the vicinity of 0.1 of an electron. ORIGINAL PAGE IS
OF POOR QUALITY

To this collection of quasi-chemical approaches, the important review

by Schrﬂcferlw, should be added. to put the more physical aspects into proper

n
perspective, This contains discussions to the work'of Grimleyzq, Wchiechowski”lz,
Ny
Gadzukzzz Nowns"a)and Plummer and Rhodinza{ Unfortunately the excellent recent

2 ¢ )
“5’26)15 not refarcenced, Space limitations cause us to

work by Lanze and Kohn
Lypaos the dutanils of wulli civuidwies buw wue intorested reader 1s airected to
these primary sources to amplify his understanding of recent quantum mechanical
approaches, Schriefer's review puts the various treatments into a framework

where they can be judged against one another, ,
Several rccent attempts have been made to elucidate the mechanism in quanti-
tative form using molecular orbital approaches. Of this genre, the work by

Messmer et 5127)

on the adsorption of vay£0us gases on layers of graphite could

be cited as an eéample of one molecula? orbital approach to surfaces. To avoid

the calculation of certain integrals, he resorted to an approximation known as
Complete xeglcc: of Differential Overlap (CNDO.) Another important recént develop~
ment was the adaptation of the multipie scattering ¥y (MSXx) method of molecular
calculation dcveiopcd by Keith Johnson, John Slater and their collaboracors28-3o).
For clusters, this method characceristicnlly relics on treating the potential

around cacl atom site in a special. way -~ that is, inside cach sphere of radius

5



of ¥ the potential is substancially atomic (central ficld approximation.)
However, in the regicn outside T the potential is spherically nvcrugod ot a

constant valuc, Ihts can be described as a "muffin-tin" potential ltncc the

radial regions centercd at each of the rJl and Jﬁh nuclei- in a cluster may be

in contact but do not overlay, i.e., ry + ry < dIJ,‘whctc dIJ is the interatomic
distance, The values of ¥ and r, are generally chosen to be similar to the

atomic (or ifonic) radii given either by Slateralz Waber and Cromcrsz) or

Paulingsa): A very recent development by Johnson et gl?a) and independently by
’ ” 4 ’

Liberman”s) is to pemic Tthe spherically averaged coxternal regions to overlap

so that dIJ will be less than the sum of r_. and r.. Danese and Conklin36)

I J

have bepn investigating this method, ORIGINAL PAGE IS
A OF POOR QUALITY

The bresent method retnins most of the very dcsir&ble features of the (MSXx)

‘ method of molecular calculation but further relaxes this condition of spherically

smoothed potentials., It has evolvard fram a number of chudine vivdnh rinwn anppicd
out by Ellis and Pain:er37) using the Dig rete Variational llethod (DVM) to calcu=-

late observable quantities of molecular clusters,

In DV one presumes that they can obtain a very good representation of the
values of the collection of important interatomic integrals by evaluating their
integrands at a discrete sct of points, For this purpose, Ellis and his coworkerss7'3
used a basis set of Caussians and Slater-type orbitals in the regions outside

T and Ty but solved the atomic Hamiltonian inside the individual spherical
regions surrounding the rJl and J't-:-ll ion cores. To emphasize this difference in
the two npproachcs, one notes that Johnson and coworkers used spherical waves
(similar to those used in the Korringa-Kohn-Roscackcr(39)(KKR) method for band
structure caiculacions) in the extraspherical (or intcratomic) region, Painterao)

{nvestigated. the use of a linzar.combination of KKR orbitals in connection with
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At essentially the same time, Averill and Ellia“l) and Painter and M, SCock42>
recently proposed using a lincar combination of atomic orbitals., Because the
orbitals for cxcitod states tend to be diffuse, they imposed a high potential
bar;icr at a rcasonably large distance so0 as to locaiizc the Rydberg orbitals

but not disturb the minimal basis set of hound atomic orbitals., For this reason
they labelled their method Single Site Orbital 45S0). Because of Close collabora-

o
tion over the yecars, these two treatments are very similar,

It fhould be pointed out that the (MSXy) method the cluster of atoms is

confined by a larger sphere. Thus it does not readjly lend itself to treatment
of an atom or molecule approaching a cluster. In contrast, restriction is lifted
since the S350 was specifically designed to treat the angular variation of the mole-

Elulaur pubeacial In the soglud Dewveen and outside the spheres, wniie keeping

the excited orbitzls in the basis set "well behaved.!
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athod of Computation

The basic problem in all such atomic and molecular structure problems is to
obtain eigen-values and cigenfunctions for a one=-electron Hamiltonian IC where
V(_g‘) represents some approximation to the potential an electron experiences in

the molecule, Such an eigenfunction may be written as

% (D) "SX: Cx) Cyy

2

(1)

.

where the functions y, (¥) are symmetrized iinecar combinations of single site

orbitals

%y () = 5o wé}i u, <rU>Y2ﬁ“1('%\J) (2)
vhere the Unz(r) and YLm are the radial and angular functions centered at the
ush' ion core and n, £ amd m are the appropriate quantum “numbers.’ There is not
sufficient space to show how the symmetrization coefiicients can be obtained by
group theory--it is sufficient to indicate that , identifies a particular basis
function for the irreducible representation. The radius. T, is the distance

‘between the US}}. nucleus and the radius vector e

.

The matrix elements which need to be calculated are
Ky = <x x> 3)

S, '<XilXJ> ‘ (4)

'3
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The distinguishing featurc of the Discrete Variational Method in contrast

to the Rayleigh=-Ritz method, is that such matrix clements arc ovaluated as

N .
Ky =2 W) 0 i) [-v2 * ugg,g] % (g,

where the three components °ﬁ.£k (in recal space) arc deteymined randomly.

Here wggk) 1s an appropriate weighting factor applied at each of the N points,

The spacial density of points need not be uniform, In fact, Averill and

Ellls uge a distribution which is similar to the two parameter Fermi distri=

bution of protons in a nucleus, that is '
: Au |
d (r) == - .
v v2 D) . - $ l
4 v, {1 + eup [ Bu(ru Ruf]{ (6)

where Ab is a normalization constant., The probability of a point occuring in a
spherical shell of radius ¥, is Ab/2 when runR;. The di%tribu:iéq is essentially
uniform at the value AU until 5, is close to RG and then approaches zero rapidly

with a "decay" constant or "e-folding' distance of 5;1.

Since these distributions of sample points are centered about each fon core,

Averill and Ellis use a linear combinaticn of these

D(r) - & €, du(s) N

vhere £, is an adjustable sampling factcr for the USE atom. They chose

eu-l and R; equal to the atomic radius, The total number N of points at which

»

9




the intcgrands are sampled influence the accuracy of finding eigenvalues,

~ To obtain the Single Set Orbitals, they chosu

Vv(r) -V r <R®

v a 8 v

vsso(r) = s
0 r >R (8)

and solved the equation *

y oV v e Vly Vv
172YI;mn B [Vsso(r) I::'mz] Y aum$®) 9

for the akomic 1like eigenfunctions,
Tha haeis can of bound aromiz :.lliill Lo mindmal, bab ol saaliocw lucliude

interatomic interactions., However, reasonable Rydberg states can be found by a
judicious choice of the well depth V) and the well radius Rj without affecting

the bound orbitals appreciably.

" ORIGINAL PAGE IS
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The re¢sults cbtained to-date arc of two types: (a) the cnergy levels in small
clusters of nickel atoms were found by a variety of different methods and for two
spastial conformations l)‘(‘h and T -=these results arve compared below==and (b) the
shift in the electronic levels of an oxygen atom and of a CO molecule as it
approaches such a cluster of Ni atoms, The latter resuit is of significance for
chemisorption andlfor the ,reactions between an atom and an intevface, '
In Fig. 1, the eigenvalues obtained after the first iteration are compared

for two ldifferent arranpements of fiva nickel atoms. The free atom values arve for

3d and 4s, assuning an initial configuration of Bds&g . Because of the higher
symaetry in the Td cluster, thers are fewer (but more degenerate) molecular

levels than for Dt This is rcadily seen for the hybrid excited lecvels., The

same Suoad Iz obman for kho Lol Jeepl, Luessild feoil' Lowilo wr hewn i T8 2.

A very important varxiation of the valeénce eigcnvalggs with pe:hod of calcula-
tion is shown in Fig., 3. In the first group, are the results for the MSX¥
"Muscatel" program developed by Johnson et al. The,secpnd group is ;or a
modi{fication of the present method (UVM=-SSO) in which spherical averaging of the
‘1nteratomic potential has been imposed to facilitate comparison with the MSXx

y results, The effect of relaxing this arbitrar§ condition in SSO calculations {8 also
shown, The shifts in the levels near =-0,7 Ry are interesting. These levels were
obtained with N=500 sampling points. In the first three panels of Fig. 3b, the
molecular levels obtained for 1000, 2000 and 4000 sampling points in the
Diophantine inteyration scheme of DVM. .t is surprising that the principal
shifts occur in B1GC level at the top of the drawing as well as for the four
hydridized lcve{s below -0.7 Ry.. An additional set of results obtained for an

increasesd interatomic separation in the Déh conformation are shown in the last

' 11 + *
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pancl of Fig. 3b, The low lying lavels were not plotted for valence electrons,

The graphs showiny similar ¢ffects on levels derived from Jp and s states

®

have bcen plotted but they are not included.
Since no efforrs have been made to carry out the DVM=8SO results towards
sclf-consistency, it is {mportant to investigate the cffect of the successive
iteration on chie lluscatel eigenvalues, This is presented in Fig. 4., While some
shifts do occur ulth the approach towards self-consistency, the excited levels
secm insensitive, 7The major changes occur in the ordering of the strongly
interacking levels doerived from the 3d atomic state., Large shifts are also appar-
ent, But after 15 cyclas, the levels do not vary grestly from those obtained
after the first {teration, This dota is oE.in:erost te both a practitioner
in the f£ield and to experimontalists wishing to interpret spectra, but has little
influance an the penecal ivlormarion o he olagpnad by ramnaving rhe fiprremacs
Td and~D&h calculations presented in earlier figures,

These results on sinall clusters may be compared with the results soon to

43)

be reported by Diamond, Messmer, Knudson and Johnson whon studied clusters

containing 13 or more atoms of nickel and copper. There, more states will be
found Lecause of the difference in coordination numbers for atoms in the

guboctahedral and icosiisedral clusters, . '

The two portions of Fig., 5 are composite drawings, Ona the left =hand

side, the density of curve for fLac. centered cubic nickel which was computed

/ v
by Saow and Wubcr'&)assuming a Dirac-Slater SCI atomic caleulation with 349451

configuration as input, The other parameter was Slater's exchange coefficient
s which‘Qna used as unity in accord with Slater's original X dcrivation“s.

ORIGINAL PAGE IS
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Had a lower value approaching two-ihirds boen used, the d-bznds would have appearcd
at more positive galueu on this cnergy scale, It 1is impozcanﬁ to point out that
the vacuum level is a natural one for comparing a variety of calsulations, That
is, the potentials for cither a cluster caleulation or a band calculation

depénd on superimposition SCF atomic potentials, For thess, the zero corrcsponds
to an eleciron removed to infinily. Following superposition, this level is not
modificd, The Xa procodure of summing the individual SCF charge densitics

before taking the cube root does not alter this potential scale since the nat

P

charge deneity vanishes at +« for a semi-infinite solid, Snow and Waber 44)
based all their band calculations on this scale rather than comparing the E(k)
values with the muffin~-tin potential (taken as zero,)

In thi right-hand side of Fig.'Sa, the variation of the molecular orbitals
in a cluster of oxyzen approaching a 04V cluster of nine nickel ac;msw are
shorm  The eanavarion ravraennnde o the diztance £rom the oxygeu atom to the
ttatet of the plane passing through nickel nuclei., Both the doubly degenerate
E and non-degenerate Al level falls rapidly as the poteqﬁials frgm the nickel
atoms increuse the potential secen at the oxygen ndcleus; This leads to more
negative eigenvalues, Transfer of an electron from the nickel towards the oxygen
and boud formation would be anticipated, So far, the perturbation of the nickel
atoms in the cluster caused by the oxygen have not been extracted from the

calculated data,

* [

Comparing thé levels with only five nickel atoms in Fig, 1 with the -

right-hand side of Fig. 5a, the possibility of transfer is even stronger since

*Averil), Adachi & E111s°®)

assumed free atom configuration of 3d8452 for
nickel in these clusters,

| . | ORIGINAL PAGE (S
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these Ni-only values lie at more positive values, The value of o, that Averill

s
et g_.46) used was 0,70843 and the separation between Ni atoms was 4,709 Bohr,

The work function for pure nickel varies between 4,07 and 5,1 eV according to
Hagﬁtromay) but one has to take into account the transition state effects associ-
ated with promotion of an electron into the continuum and cyeation of a hole in
the d-bands, It would seem not worthwhile in the preliminary stage before achiev-
ing self-cénsistency in these 5SSO calculations to argue about exact locations,

If indeed the Fermi level in nickel metasl is more positive, the importance of
this work to chemisorption remains true a fortiori.

|
A similar situation obtained Fig, 5b--the right-nand side pertains to the

shift in the moleccular orbitals of carbon monouide as iE approaches a 04

cluster of 5 nickel atoms, This graph has been shifted upward by 0.2 Ry to show
the lower lving states in CO; however, the vacuum level is no longer directl
indicated. As &bove, the presence of the nickel atoms gives rise to an increas-
ingly negative potential experienced more by the C atom than the Q atom. Levels

- .

shift sufficienily to facilitate electron transfer and bond formation,
§

These results appear to be the first time that it has been shown that the
metal is directly influencing ecither atomic oxr molecular levels as species
‘approach a surface. Gadzuk?2)and Schriefﬁe:lgkiscuss such transfer processes and
resonance broadening in terms of the frce atom levels (plus ionization potentials
and electron affinities) in the approaching species., The present results show

that the situation is more complicated than indicated in previous treatments.

The use of the density of states is pertinent for chemisorption since
relatively large specimens and particles have been used experimentally. The

work on small clusters is pertiueat to gencral problems in catalysis since

14
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 shall aggregates of dimensions of 10 to 5V } are dispersed on a support such as
amorphous siliéa or alumina, The'Fermi level) below which the states are not
occupied in the nickel clusters, is E, for Déh and T, for Td’ namely, in the
range of 0.3 to 0.4 Ry. Note that this level is reasonably consistent with the
experimental value of 5eV for the work function, The work by Johnson and Messmeraa)
on a single nickei cation surrounded by six oxygen anion O is related to the

results in Fig, 5a. They obtain a similar "Fernmi level."

¢
~

The results in Fig. Wb should be compared with the results which Messmer,
/
Yong and Johnsou“g) are currently obtaining for CO and ethylene on small metallic
clusterﬁ. Doubtless simllar trends will be found.
Note' that the surface field analysis by Rao and Waber47) has indicated some
of the trends found in the present more detailed molecular analysis. In Fig.

4

“ 5 ] 0 - . f
or & P cunilmivAarian eunnt 45 Log tnn ouyoon fteom, Al px

ta

32 of their paper,
and py levels ware degenerate and are energetically above Pye The relative

shifts of the two levels was small (ca, 0.07,ev) but their positions "flipped"
as the atoms approached nearer the plane of nickel atom;: than h/a of 0,6. 1In

reference to their Fig. 10, the barycenter Eav of these two levels was strongly

4
shifted and depends on the evaluation of the YO spherical hammonic which is not

0
usually tabulated in crystal field calculations. The present Fig. 5a clearly
shows the predicted shifts., The doubly degenerate E levels lie above Al when
the oxygen atom is sufficiently far away but occurs below their barycenter ‘when

the oxygen separation is less than three Bohr units. The shift in the barycenter

is an order of magnitude larger than the E»Al separation,

. ORIGINAL PAGE 1S
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The comparison of the molecular eigenvalues for clusters of five '
nickel atoms arranged with Td and D4h symmotry, Result of the first
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Similar Comparison of the Hybrid States dorived from more tightly bound

*

electrons, ’

Comparisen of the results for states associated with 3d electrons
obtained with different computing techniques. The second colymn is for
DV}-850 calculations with a spherically averaged interatomic potential
;o that they can be compared with the Muscatel values., The third

column illustrated the effect of relaxing this smoothing procedure.

Pothk DWN-5S0 caleculations were done with N=300,

The gradual shifts in the levels for the th cluster of five nickel
atoms with incrcased number N of sampling point. The last column
{1lustrates the effcct of increasing the interatomic distance from 4.709

to 6.5 Bohr units,
Illustration of the shift in individual energies of molecular states

with successive iterations towards self-consistency.

Composite.graph showing on the left, the density of states curve derived
by Waber and Snow“7), assuming face center cubic nickel and a Slater's
exchange coefficient of as=1. The Fermi level appears to be lower

than the observed work function of about 0.35 Ry, On the right, the

siift in the molecular cigenvalues of an oxysen atom as it approaches a
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Fig. 5b.
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A similar comparison showing the downward drift of molecular states
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This has been shifted upward by 0.2 Ry,compared to Fig. Sa, to show

additional CO states,
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