ORNSNAL PAGE 13 ap. M-407-/3 ca- ¥
Promcomme  Nek- 007

GEMESCEOTICN 4D REACTIONS O CLUSTZRS OF NICKEL ATOMS®.
by
J. T. Waber, H. Aachi!, and T. (Ron) Tu
Materizls Science Departmeat

Xorttwestera Universicy
Evanstoa, I1. 60201

e ABSTRACT

Recent uor;:\ ‘12 ) ith collaberators Frask Averill, Don

I

Elljs, 2ad Bon Zu .25 indiczcted thac several thirgs occur as am atom

lor s colecule zpprocaches a surfazce. First, scbstemtial shiﬁts

v
o

occer in tha elzctronic levels of the molecule aad are deperdent

on the height az=d orieatation of the —olecule above the surface
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clu=szer. Saconé, related shifts also occur when the basis set

—— = 2 alent ov—— s
iaziuces oToizals from fovl vl enao Lithkel atoms ples ks MNle

of the oolecules. 7Thircd, as indicated by our populatisn analysis,

chavgze transfer froz the metal occurs in the several cases studied

-

to da:e.(l) 3 Fourth, when charge transfer occurs, 211 of the

CsClL 20H

energy levels of the cluster are shifred but the individual shifcs
are not unifom.(l)(3)
In order to make reasoaable comparisons with experimental

results suca 2s froz photo-emission spectra aad ESCA dats, the

22 p HC AQ2/MEF AQY

effect of recoving a fraction of &n elecircn from various parts of
Ne)

CHEMISOEPTION AND

the cluster has been investigate since such & chaenge in the eiec-

tron population influences all of the energy levels of the cluster.
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Tuis is the so-called relaxation effect. Im Slater's theory of

<he transition stat:e,@ )

the removal of omnly half an electron does
give yield ionization po:en:i:als for atoms. Several prescriptions
have bemn used vhich differ in the aﬁnf.c portions of the cluster
from which the electron is removed.

In order to provide additional insight into the behavior of
sm2ll wetal particles, several clusters of different symmetry
containisg five to nine nickel atwas have been studijed. To put
it briefly, it was fomd that ;:he e .rgy raage of primarily d-like
states is not significantly different from the-width of the d-band
in nickel metal, as long as the interatomic distance was comparable

tc¢ that in the buik ceral.

INTRO0DUCTION

It is appropriate to discuss two separate issues in this
lecture [2s well as the interaction between th;,m]. The firs:c is
the nucleation and growth of metallic clusters on a substantially
anorphous substrate; this will be confined to geoczetrical and
electronic structure of the clusters. The second is the approach
of one or more molecules to the clusier; this will be exeplified
by either the hydrogenation of acetylene, or the reverse reaction,
namcly the dchydrogenation of ethylene. The one-electron energy
.levels in both the approaching species and :hq cluster are affected
by the distance separating the cluster and molccule. They are also
affected by the relative orientation of the molecule even when the

overall symmetry is unaffected. This arises from the fact that for
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the total cluster (consisting of the metallic atoms plus those
in che molecule) possescing a sy=zetry such 8&s sz, very few
degeneracies are required.

Aa acalysis of cardon —ceoxide apgproaching a tickel cluster
was reported fecentlygl)(z) _ Strong evidence was obtained that
electron traasfer did occur froa the nickel when a lewel, vhich
was empty in the free molecule, was brought down into the vicinity
of the Fermf level by the proximity of the molecule and metallic
cluster. This process has been studied in greater detail for the
adsorption of oxyzea acd suiphur on a (100) aickel s.rface and the
conclusion coacerniug electron transfer shpported by those self-
cousisteant charge calculations.(z)(3) Space does not permii us
to discuss the wethod of msking these calculatiecns. The interested’
reajer is refarred to several recent papers.(z) (3)) Tne results
are ia reasonable agree—eat with experimental data, ailthough sone
cautioa zust be exercised siace the physical changes necessary to
bring about the photon-exission in UPS and a fortiori im INS have
not been incorporated into this model, or in any model of zhich
the authors arc aware. These results lead credibility to the con-
clusions dravn froa the information on ethylene and acctylenme which
will be presented below even though the latter are not self-con-
sistent since the conclusioas “predicted" from siwmilar non-self-
consistent results with O, S and CO were borne out. These should
be regarded as plausible results assembled for this lecture before

the full story is known.
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METAL CIUSTERS
The loug-standing problems of nucleation and growth have
beea studied ex.tensively but priacipally in tecms of thermodynamics
and veaction kinetics of the phenomena. There are several excellent

reviews of this copic.(6)

A central prece,t of the conventional

~ treatoent of heterogeneous nucleation is that one can use the co-
hesive energy per aton (Eclat.ou) obtained for the bulk metal to
calculate the "ckexzical™ or voluxze contribution to the free energy

of an N atom cluster and can treat the surface energy(n a

s a
quantity to be obtained principally from-an analysis of extersive
experizeatal werk on kinctics of nucleation and growth. The ex-
perize=tal value oi the suriace ezerzy, Es, so obtzcined from data
~n he—.cenecus mucinfseian hae ham Qo e 1-..-.:...11:2: ta ha
0.45 Ec for most metals and as- low as approximately 0.32 Ec for

couplex systeas. This result is scriking. ] In the bond-brea‘aing
models, a surface atom has only lost four of ;.ts 12 nearest neigh-
bors fon a high syzmetry plune of a FCC structure: a comparable
figure applies to BCC structures). By losing only about 25 per
cent. of its nearest neighbors, an atom loses more than 55 per ceat.
of its binding or cohesive energy. This suggested to the authors
that the equilibrjum spacing in szall clusters should be investigated.
What follows is « pirtial accouat of this lead.

There are four or f{ive approaches to interaromic potentials

with which to cvaluate the geome:rical structure of a cluster, The

first is the Morse potential. Its two coafficients are chosen to
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give good fic with experimeatal daca on i.n:e:faces(g). The

second is the genersl algedraic approach (in general, a sixth
degree polymial)(w)
increased nurber of coefficients peraits one to obtain a much

such as Johnson and Wilson used., Here the

better fit by usiag various kinds of experimental data such as
phonon spectra, neutron diffraction, corpressibility, etc. A
third versica is the quantun mechanical approach adopted by Bo(u)
and by Raouz) vho used the pseudopoteantial method vhich was sub-
sgquently modified by a dynanic dielectric response of the medium.
Although this approach is straightforward, in practice .:nany approx-
imations and correction factors had to be appiied to obcain good
agreezent with data. ost of the tactics are reviewed in an
earlier Battelle Colloquium on Interatcmic Potentials and Simulation
or Lacrice vefecrs., As 2 general statement, tne aToMiC posirions
and the rela':ive energy of a variety of lactice defects are found
fairiy well for three or four metals but fail.m lead to good
results for others, such as transition metals. Thus, great re-
liability cannot be claiced for the predictive power when one or
two pieces of experimental data may cot be available, i.e. the
coefficients do not lead themselves to an independent evaluation.
Ideally zhe fourth approach, i.e. the use of the Hellman-
Feynman theoren, 3 should be the best quantum mrechanical method
for calculating the interatomic forces since it takes all of the

interactions, inter-electronic, clectronic-ionic and inter-icaic, into

account, Slatcr(u') has shown that thc multiple scattering-scaled
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exchange method (MSX:) of making oolecular calculation developed

by K. Johasoa and Slater together wirth their col.laborauotsas)can be
vigorously-spplied i{f a single vslue of o 1is used as the scaling
paraneter throughout the regicn of interest. Application of the

‘ Eellnsn-Feynman theory to molecules has not led to good results as
Deb(m) noted in a recent review, At this stage, the difficulty
appears to be in the quzlity of the wave functiouns available for
wmolecules which involve even a swall 1 mber of electrons. While
the use of MSXy orbitals in evaluzting the Hellman-Feynman theorem
is being actively purstued in several labo.ral:ori.es,(u) it is pre-

natcre to decide that it is sufficiently reliable for the present

purpoSes.

(18)

A Fifth morhad hac haon cn::oev-nd by Waber. T 3c o

wodification of the wmethod developed by Fz"&hlich(w) for calculating

the cohesive energy cf alkali wmetals and extended by Raimes(zo) @n

to polyvaleat metais. ’.'aber(ls)

recently reported an’evaluation of
the Frohlich-Raices znethod for a relatively large number of metals
. subject to the limization that there is only one adjustable parameter

and this was to be independently found from the nth

ionization
rFotential where n is integral number of free or conduction electrons
assumed for each metal. Bolsaitis et al.(zz) 23 have used a rmuch
more parameterized version of this basic theory which they have
labelled the Electron Cell Theory. They have obtained very good

agreement with thermodynacic data of solid solutions of the noble

metals Cu, Ag and Au as vell as for these three unalloyed metals.



ORIGINAL PAGE 3

OF POOR QUALITY
J. T. Waber, H. adachf, T. Yu Page 7

It vas noted in the article by Johnson aad wilson (2% thae

gold was a particularly interesting test case since the previous
interatonic potentials could not discrininate bdetween the stability
of various types of lattice devects in gold oa the basis of their
energy. The agreemeat of the shock-vave data on gold with that
calculated by means of the Frohlich-Raimes (FR) model was not par-
ticularly good as noted some years ago in a preliminary report by

(25 Howvever, substantially improved agreement

Larson ani RWaber,
could be cbtained by including a Boru-Mayers type of repulsive teinm,
nazely b exp(-s, /:), to take account of the interaction b;tneen
neighboring ioa-cores;(zs) :hé origincl FR theory assumed that they
are ncglicgibliy s=rll.
necently Yu ana E,bc;(ze‘ ave IAvVesLijalwca wie dLuliiiey wa
two direncionzl arrays of aluminum and gold. The (100) arraagex.at
of 49 atoms coe atoa thick wes very sensitive to the poteatial used
and in scre casas involving the potential for Al was dynamically un-
stable, vhereas the hexagonal arrangement characteristic of the (1ll)
plane was stable. Similar studies have been carried out for gold
as well as studies of a variety of lattice defects such as crowdions
and split interstitials; these results will be reported elseuhere.(ZG)
The computer program used in this work is similar to those

@n in the Battelle Colloquun and

discussad by Beeler et al.
identified as GLOB. The lattice spaciaz of 49 gold atoms ou a (100)
plane shrinxs significantly if the unnodifled FR potentizl is used

but expands if the cocfficient p in the denominator of the exponential
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ter= {s too small. The oore elaborate Bolsajitis energy expression
leads to al=ost no chiage in the interatomic distances in gold.
By a judi fous choice of the coefficient g, namely 0.28 Bobr units,
in the YW expression, we can obtain very good agzeement with the
interatonic force law calculated from the Bolsaitis expression.
Better agreement could undoubtedly be obtained by further adjust-
ment of the two paraceters T, aad g, or Slater exchange coefficieat o,
4 similar study(26) has been carried out oo nickel. We can
obtain good azzreerent with shock-wave equation of state, i.e. com-
pressibilities, by assux=ing that the effective-number of electrcns
n is three and that nickel is too coopressible if the valence is
assumed to be tvo. If the FR energy expression is basedonn = 3,
a (1w) sheet of 49 nicker actoos coirlapses. ic 1s nveresang
that beth a two dimensional hexagonal array {characteristic of the
(111) plane} and a FCC unit cell are dynamically stable, though
their equilibriun interplaanar spacings arxe szaller than the bulk
lactice paranecer, Such difficulties can be avoided by adding the
exponeutial term as Yu and Waber did for gold. A stable (100)
array of 49 atoms shows only slight comer bulging of 1 or 2 per
cent, if we use n = 2 and g = 0.28 Bohr., The results on small
clusters which night be heterogeneously nucleated will be discussed
in the lecturc but there is not sufficient space to go into
details here. The purpose of this discussion in which we have
invoked an appruximate energy expression to cbtaim an in*eratomic

force law is to be a caveat, that the interatemic spacings and
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conformatioa of small metal clusters consisting of oaly a few
atoms may not be identical witl those in the bulk metal. <Charac~
teristically Johusoa and colleagues(za) have used standard inter-
astomic distances and éetived a considerable smount of useful
infornation sbout energy levels therefrom. While there is merit
in finding out how few atoms, separated by the normal equilibrium
distance, would lead to a good representation (assesscd by the
energy range of a d-band in & transition metal) of the bulk metal,
it is not clear that answering this questiom is relevant to small
clusters on a supported catalyst. Although Johnsop(zg) has reported
that a free icosahedron of atoms is more stable than a simple cube,
the authors are unaware cf an; detailed attempts to settle this

hrnad questin- nf cnarinne and chane of smaller clusters,

LEVEL SHIFTS IN ACETYLENE AND ETHYIEMNE

The variety of reactions of olefias on catalytic surfaces
is of great ind:strial and techrological importance. It is well
known that the dehydrogenation of ethylene to form acetylene occurs

readily on a nickel surface at moderate tempera:ures.(30)

Also
the hydcogenation of acetylene can proceed on the same catalyst if
the pressur> is high and the equilibrium is shifted in éhac direc-
tion. The directioan from which the hydrogen approaches is an
interesting question not readily answered by experiment. However,

quantum-mcchanical calculations offer some hope of answering this

question.
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It is arsued32) thac the hydrogeas are adsorbed into the
petal. & claster of nine nickel atons has been usad to reptcnnc
the first two layers of a (100) surface of & FCC wetsl, For our
preseat purposes, we har: used the interatomic spacings character-
istic of the bulk metal. We have used the same nickel cluster so

as to msintaia so=e coatinuicty wich the results on oxygen and sul-

fllt(3) and carboa uonoxide(.z) Both acetylene and ethylene can be

oriented over the cluster to maiantain the czv symmetry. For
exazole, the four hydrogens of ng_,‘ can either be in a vertical
plane cortaizing the perpeadicular to the.(OOI) plane as in Fig. 1
or lie in a hcrizontal plane coatainirg the two carbon atoms. In
trezting the 2pproach Of hydrogen atoms to the acetylene, they can
eirhay tig in a plane conrainine rhe (100) diverrion as well a<
the two cardens (arrangement A of Fig. 2) or lie in the plane which
is perpeadicular to tiie internuclear C-C line and bisects this
bond (arrangement B). These arniaagenents would be compatiblo with
the hydrogen atoms coning from the interior of the metal (where it
had been absorbed) and passing betwean two equidistant Ni atoms in
the (001) surface, as shown in arrantecent B. The symmetry is not
altered if both of the hvdrogen atoms of the pair ere either of
the heights indicated by a, b, ¢ or d. It is hoped that these additional
results can be reported duringz the course of tais conlerence.

The shift‘ in eigenvalues of acetylene (without extra hydrogens)
vhen this wolecule approaches the nickel surface is presented in
Fig. 3. All of the levels except the 4a1 shift downward when height

h becomes small. The lul state which shifts more slowly than the
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1b2 azd crossas ic at about 2 Bohr u.its. Tais state characterizes
th2 =~ doacding scate of the e carben atems aud the orbital is de-
tived aainly from carbon 2pc orbitals states., As h becomes saaller,
the a=cuat of the carbon 2s function in this stale orbital increases
and polarization of 2p- orbitals becoces stronger. Electrostatic
repulsioa cavses the latter charge to beco=2 localized irto Lthe region
halfsay betwecr carbon atons. In such a case, this state has &
teadancy to steduce the influenmce vhich the potencial of the nickel
ato=s exer:s,

Tae resuits of population 2nalysis preseated in Tabie 1 for
free C,H, 2re cc=pared with values chtaired in earlier calculat] ws
acd a2 chatzes with h are showm ia Fig. 4. The met charzge on
cardon 2tc=s cecrezses uhile that on hydrogen increases rapidly
vhen he rrlecule 2pproarhes ra wirhin abour 1 3ohr unitre nf rhe
nickels. Tae population in the C-3 bond slightly increases.

ETHVIZNT OX Xi

—

We have calculated for arrangezents A an; B of eti:ylene
as it zpproaches the (0J1) Ni plane. The varicus symmetrized
orbitals used in these Perturted olecular Calculatious com-
patible with the two arrangements are presented in Table 2.

A free molecule of C.Jia would have CZ\'
yleane can be described as Dah. However, the perturbing potential

syrmetry whereas acet-

from the nickel atoms in the overall cluster fcduce the pertinent
gyrmetry to CZ\' vhen h is small. For convenieace both labels are

givean in Table 2.
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Tabdla 1.

Eigeavalues and Populatioas of Acetyiene
For the Free Molecule

S

BF (1) HE(Q @ mrs Q)
Eigenvalue (HR) ' ;

‘ z -1.061 ~1.004 -0.820
o, -0.764 -0.751 ~0.599
g -0.682 -0.656 <0.567
lo, -0.413 -0.405 -0.386
Mg 40.176 40.305 -0.116
30a 40.236 40.475° 40.047

Popclatim
H s 0.751 0.812 0.509
Cls 1.999 1.997 1.999

2s 1.208 1.105 1.196
2, . 1.0%0 1.000, 1.000
2, 1.051 1.086 1.296
(c-#)o 0.382 0.357
oy 0.370 0.319
totsz 0.752 0.676

(1) Hartree-Fock: L. C. Sanyder and . 3asch, "Holccular Wave Functions and
Properties,” John Wilcy & Sons, 1972, .

(2) Hartrce-Fock: W. E. Palke and W, N. Lipscomb, J. Am, Chem. Soc.
2384 (1966).

58,

(3) Non-sclf-consistent Hartree-Fock-Slatcr: this work.
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Tablo 2.

Symmetrizod Ovbitals for Eti'ylene with llydrogeun Arrangoments

Povallel I'erpendicular v Orbicul
Coy L orbital Combination B Combination | D’ Shapa
e, au ¢a(l) + ¢n(2) B : sama L —
a, | by, 2Ny + 6P suma bow |  9—R
8y a, 8 Vpy - p (D (p) ) samo So—O0
a a () 4 g (4) 4y (5) 4y CO) ‘(M g )] a
1 8 ?, ¢, C Dq :>”—<: by . Pa n A\ ?
¢!(4) + ”0(6) l’2u
I T ¢(l)("y) -0 ) ——— sama ban J’__:'{J/#_
a, | ‘HIL__--m8(3) - T“(“) - “u(jj +~bu(6) :;:r--: «:<: not applicable -
b | v | 6wy - 6P soma oo | F—1 1=z
by i | 2P0 Py o co—0
; . R E I U B O R IR I —_
1 Ju [ ) n 8 ::\ L cf n(“)or .<6) u (;) ,Lﬁ)
I Vg =8y bip | & (¢)
by P au '”m.(_"y) ! "'(2>_("y) nama Pay d?—?)” /! k4
b, ba., ¢n(3) - ¢”(“) 1~¢“(5) - %,(6) ::“"—-:--<;?, not applicabla -

*ilise differ by o & rotation of ¢hd' % a<ls of Lha

rce melaculae,

mre for the Z axis of the woleculed parallel to i Y axis of the cluster,

aldo of the Lable are for (ts Z axls paczollul to '(01], as shown in Pig. 1.
are, thorefore, intcrchanged,

Thosa ovbitnls markad "parnllel"
Those in tho right hand
Cortain symmctry labels
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Shifts of lavels wich h for the parallzl orientation are
shoun in Fig. 5. The lal level begins to drift downwvard at
relatively large k and it crosses the laz level at about 5 Bohr,
The laccer is coastructed mainly of carbon 2pz orbitals assuming
 that the z axis is perpendicular to the nickel surface.

The preseat sopulation ourchers computed éot the free ethylene
molecule are compared in Table 3 with those found in earlier cal-
culatioas. Fig. 6 illustraztes the related changes in popalation
nunbers as h decreases. The charge on carbon atoms decreases
slightly to a mini=:m ar h = 3 Boar sad then igcrezases. 1t is

-

interesting to mytice that the change in C-H bound, namely { (C-H),

total
increases initiazily and decreases at small ii. Tt beczes smaller

thaa that {oT the Iree molecule when distance of approaching

swaller than abcut 3 Boar.

In this arraagezenz, wiere the two lower hydrogen atoms (HL)
approach collinearly and parallel to the (00l1) directicn, there can be
very little separacion, sij' between these two hydrogens and two of the
cickel atoms. The carbon atoms and the other aydrogen stoms are farther
away from the surface. We now see quite different behavior from the
parallel case. Fig. 7 illustrates the rather cozplicated shifts in
the eipenvalues. The orbital functions of the 331, 3b1, Sal, and
4b1 levels include relztively large amounts of the lower hydrogen
atozs 1s as well as of carbon 2p functions. Thus these levels start

to fall rapidly at the rather large height h of about 6 Bohr while

remainirng levels only begin to shift at about 5 Bohr.
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Eigeavalues a=d Populactivas of Zthylene
For the Iree Molecule

HE Q) 8F (2) ERT (3) HES (&) HES (5)

Eigeavalue (ER)
2z, -1.038 -1.014 -0.992 -0.659 -y .82)
2b,, -0.791 -0.782 -0.758 -0.486 =-0.647
1b,y, -0.646 -0.643 -0.596 -0.376 -0.526
3a.8 -0.585 -0.561 -0.531 -0.307 -0.520
lbls -0.3%4% -0.506 -0.506 -0.26% -0.447
Ib;, -0.375 -0.370 -0.486 -0.188 -6.382
lbzg +0.145 +0.242 -0.185

Population

R 1s 0.525 0.560 0.881 0.781 0.5%40
C 1z 1.99¢ 1,096 2,002
2s 1.269 1.197 1.183 1.285 1.451
22, 1.097 1,072 1.106 1.072 1.066
Zpy 1.000 1,330 0.962 1.000 1.000
2p, 0.983 1.013 i.100 1.013 1,403
(C-H) total 0.719 0.813 0.792 1,147

(1) Hartree-Tock: L. C. Snyder aad H, Basch, "Molecular Wave Fuactions and
Properties,” John Wiley & Soms, 1972,

(2) Rartree-Fock: W, E. Palke and W. X, Lipscozr, J. Am. Chem. Soc, 88,
2384 (1969). .

(3) Extended tickel model: R, Hoffmamn, J. Chem. Phys. 39, 1397 (1963).

(4) Self-consistent Hartree-Fock-Slater: E. J. Baerends and P. Ros, Chenm.
Phys. 2, 52 {1973).

(5) Non-self-consistent liartree~Fock-Slater: this work.
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Dra=z2tic chaages in pcpulation mucbers begin to accur when
h becozes about 6 Bohr, as shown in Fig. 8. The charge on :h-e
lower two hvdrogen atoas (Hz) increases rapidly, ~ad while the
population of the carbon atoms and in the carbon-lower hydrogen
bonds decreases. It is reasonable that population mumber of the
upper two hydrogens (nh) and in carbon-higher hydrogen bonds do
not change very much; the former decreases and the latter increases

sligitly.

1 DISCUSSION

So far we have not calculated traasitidn probabilities. There
are sufficiext problems associated with performing accurate self-
consistent charge calculzticns 2nd we are not coaviaced of the
wA¥EaNITdey o€ oD I3l liceo, wvavvawiiCus. The estiumacviuva o
transition probabilities will not be undertaken until these other
questions are explored and the best procedure settled on.

There are several broad peaks which are found in UPS and INS

€

data for oxygen and for carbon monoxide adsorbed on nickel.
They differ in intensity from one adsorbate to another eveu though
they are located in approximatcly the saze energy region several
volts below the Fermi level. It is reasonable to expect that the
probability for photoionization and the transition probability be-

tween clectron levels will vary from level to level and from ad-

sorbate to adsorlate.
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The preseat parturied soizzilar calcoulations as well aeg those
vhere ve have done to attain a self-consistent charge yield only
discrete E values. They are discrete singe only a small number of
atoms are involved. However, the UPS and INS data are collected
using essentially bulk metallic specimens which are covered with
the adsorbate, Even if the changes in electronic charge density
vccur in only the first few layers of metal [that this number is
large is ™ore likely if the trui. iting plane is a high index (hkl)
plane], the substrate-absorbate complex will have a two dimensional
veriodicity. Since the MO states unear the Fermi level are derived
principallr fro.» ztemic s and p states, and these corresvond to
zZeTo romantun {5 = 0, or [ states in the band picture. The con-
sequence oI including & w0 vi.cuseva2l lattice (peinaps Laree ue
four atozmic layers thick) will be that there will be a spread and
an upward trend of the EQE) in the two dimensional Brillouin zore.
Thus the fact that on our self-consistent calculations for O on a
Ni cluster aad S on a Ni cluster now lead to energy values which
are lower than the average position of thé UP3 and INS experinencal
bands, should not be viewed as evidence that ther: is a real defect
of the present mathod.

We are currently working to remedy this f;JL. . but no results
are 2vailable., Had the UPS and INS results bé,a obtained for adsorp-

tion on a supported catalyst, then some questions might legitimately

be asked about the reliability of the present method.
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As coted above, the photoicnization process must be carefully
baadled., If the z=etalliic clustars are eleccrically isolated whea
supported on the Alzﬂ3 Jud amorphous Sioz, then the electron
ejected by the photon must ccze from the niEkel atoms in the
proximity of the idsorbate. This io itself would sligatly modify
the energy izvels iu the zdsorbatc even if the nickel atom were
not contiguous te the adsorbed molecule.

At the zomernt, in orcder tc obtain reasonzble agreement

letueen these UPS and INS bwmds we find that either O or S atoms must

My
th

have aa excess charze ¢f Iro2 0.3 to 0.5 slectrons, to yield

energy levels (calculated in accordonce h;th Slater's transition
staze theory) which are in tae rizht cnergy range, i.e. positive
enough. The scurcae of this excess charce is not specified. It is
tacitly assuzmzZ thot ic @28 initislly ootained rrom the bulk
ni_zel. The formiarion of negative ¢:fygenr &ad suiphur is un-
reasonadle since considerable chiarge transier amst occur to make
crystalline NiO or NiS reaction layers. The present calculations
only relate to the ‘''mecessary" precursor, 2 chemisorbed laver.

The UPS and INS experiments have been done using a complete i r
centered (100)Ni-c (2x2) ; - this arrangement is verified by LEED

(32

measurezent. In crder for the photoenission to be more

strongly influenced by the aasorbate than the bulk substrate, it
appears very likely to the avthors that the electrons involved in
the ionization ;rocess orbituls are locali ed in the uickel-

adsorbate bonds.
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. : ce s . 33)
Cze prodlez, thoaz, of =:2kinz & Zetniled ceozgparisca with Ezsman' s( ’

chotcicnization data is how to dacide just where to rexove one-half
of an electron froo distributed orbitals in a molecular cluster.

tasoa D) sed seg . .
Jokason has used such tramsiticn state calculativas for his
(USC-Xy) study of —olecvlar clusters with rather good success in
treating the euncitztion spectra of c—olectles. So the problem may
not be serious but merits sozme Iurther atteation.

Scce years £go in ccnnectica with a study of the binding

G4)

eaergy of zn electzona it 3 Lree afzm, Libermen and Waber

showed that Xocrucn's theory is anet valid except in the sudden ap-

proxiz=ztion. This is certalaly aot truve in a2 Hartree~fock-Slater
approxizaticn tut Is also aot exactly tre in a Hacrtree-Fock

case, he messtresd dinding ensryy is odtained for the ediadatic
spprexizstion, l.2. voITrum,.=enl of Loacr electron occurs., After
detailed comparison of roun-relativiscic Harcree-reck total EI for

Z electroas 2nd for Z-1 elecirons, the remdval enarny was fovad

(39

by Wo tc be very close to half way betueen the eigenvalue

(for a2 certa:in n; level) caiculated for q.. and recaliculated self-
L

[/
- - - - . -+
coasisteatly Icr ¢_,-1 electrons. Carelul cnalysis by Slater( )

showsl that no sevicus difficulzy arises if one éssumes Ifractional

[4]

occupation wursers Zor ¢_ . in deriviag the set of coupled dii-

e
ferenzial using the Rayleigh-Ritz Variational principle. He
proposed a hypothetic.. traansition state with one-half of the

clectrons in the initizl state and cne-half in the final s:tate.

This has btecn subjected to  rther tests and found to yield very
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good agTee=ent Iar azo=s. it i{s the suthors' orizion that the

details af usin: it Zor zolecules are not as well studied,
CONCLUSICN

Cal:ulation for azetylene and ethylene molecules perturbed
by tze potextial Iroa nine atozs of a (100) nickel surface have
been carried out o study the shifts ia the eigenvalue and popula-
tion auther of these molecules vhen they approach che surface.
Froz zhe present copulation analrsis it is found that populations
i C-3 benmds and in carden Ip_ crditals increase sligrtly vhen

Accoriingly, we can expect that

]
(2]
o

2
p—r
~
2]
[r]
(1)

~J

"
"
[+}
t
0N
o
v
(7]
rn
o2
)
"
(5
e
re,
[0
(4]
(]
.

these chonces in fact szreazthen the C-H beads and provide elecrron
to mixe C-Ii bonds. it Is also reascnadble to speculate thet the
"hound" molecule is sizalar to 2 {ree radical afte- such alectyon
fransfer and Teaciions wiil 1T may occur more veodi'y.

In comtrast, dJuringz the &ppreaca of ethylenme, C-H bends tend
to lose chazge at small values of h. This loss is stronger when

the cthylene approaches with its molecular plane perpendicular to

—

ation rnuzber in bonds between

the surface. In this case, the popu
carbon ond the lower two hydrogens (Hi) decreases rapidly while
that of the upper carton-hydroen bonds slightlv inercases. This
means that a disscciative adsorption into an acetylecae plus two

hydrogea atoms can be eoxpocted,
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CAPTINNS

Fig. 1. 1llustraziion of o arrangerzants ¢f the hrdrozea atoms in
an ethylene =olecule as it approaches a nine atom cluster
of nickel z2tems. The anis of queztization is Z axis vhich
is parallel to 7001, d:irection of the cluster.

Fig. 2. Possible locations of two hydrozen utoms as they approach
an acecyleae :ale:ule oricnated along the X axis. Im a-range-

ment A, the E-3 line is also par:cillel to the X axis whereas
in arrangezeat B, this line is parallel to Y.

Fig. 3. ShiZt in eigenvalues of acetylene as it approaches the Xi
cluster. The sy——etry labels of the free molecule are
preseated on the rijat side at h ==,

Fig. %. Caaczzes in the population ri=3ers Zor acctylene as it
asproaches tae Xi cluscer,

Fig. 5., Shift in 3 eizenvalues for ethvlene vith its hydrogen atom
on diflereat Xi parallel to the Y direction of the cluster,
i.e. dotted lines in riz. l.

ztion mimbers for ethylene with the four

“eamnig

0n ky

h}" C‘s:.; GLuUad . Aeatl -t vl
Fig. 7. Ethylene D eige=mvaliues for irc hidzcjsn atezs being per-
pencdicuiar to tae Ui (Gui, plinz, s350.id circles ia Figz. 1.

fdrO“EQ ato=s per-

Fiz. 8. Population chanzas in ethyleane with
sraliel to the (001] directica.

pendicuiar to i suriace, i.e

~
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