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A semi-empirica | potentia | for simulation s of transitio n metal clusters:
Minim a and isomer s of Ni, (n=2-13) and their hydrides

E. Curotto, Alexander Matro,® and David L. Freeman
Departmei of Chemistry University of Rhoce Island Kingston Rhoce Island 02881

J. D. Doll

Departmei of Chemistry Brown University, Providence Rhoc Island 02912

(Receival 28 July 1997 acceptd 30 Septembe1997)

A potentid enery surfa@ (PES for bare mono ard di-hydrogenate nickd clustes is constructed
using the extended-Hakd approximation The parametes are optimized and goad agreemenwith
theoretich and experimenth resuls is obtainal without including a posterioi coordination
dependenterms The globd minimum and the first few low-lying isomes of severanickd clusters
are investigaté using a variety of minimization techniques The differene in enery between
isomes is much smalle than the Ni-Ni dissociatiom energy Both geometr¢ and opticd isomes are
found for mary cluste sizes In sone cass symmetrc nuclea configuratiors give rise to orbital
degeneracie in the adiabatt surfae@ which lead to distortions The hydrogen atam is most
frequenty found on the surface All isomes of Ni,H, contah adissociatd hydrogen molecule The
resuls are in goad agreemenwith quantitative and qualitative experimenthfindings on this system.
© 1998 American Institute of Physics [S0021-960808)00702-9

I. INTRODUCTION

If ab initio potentid energy surfacs could be evaluated
with sufficiert spea for many-partick systemsthe determi-
nation of static dynamtc and thermodynamd properties
would be possibé within statisticd uncertaintis and the
Born-OppenheimeapproximationWhile much progres has
been mack in recen yeass to enabk the determinatia of the
potentid enery during numerica simulations: the cog in
compute time can range from high to prohibitive For the
cag of transitim metd clustes of interes to the current
study, ab initio simulatiors represeh a future god rather
than a curren reality. As an alternative quantum chemical
approach semi-empirick method$ are a usefu approxima-
tion to full ab initio calculationd* when usal to obtain po-
tentid surface for transition metd clusters Semi-empirical
method provide afag and simple way to reprodue approxi-
mately the quantun mechanich forces tha determire the
physicd properties of the interactirg system Thes forces
require a quantum descriptiam owing to the strorg directional
characte of the d and p orbitals The d band can play a
determiniry role in the bondirg betwea transitim metd at-
oms In the semi-empirichkmethal the computationheffort
is diminishel by a parameterizatio of the interaction matrix
betwea the s, p and d atomt basis With these modekiit is
possibe to carly out dynamicd and statistich simulations
with reasonald amouns of computationbk resources For
transitin metd clusters mog simulations™’ to dae have
usal less expensie potentid functions Examples include
the embeddd aton modd (EAM)°~7 and the correctel ef-
fective medium theoy (CEM).2° In the embeddd atom
modef the overal potentid enery is constructd from
sphericaly symmetrc charg distributiors abou ead atom.

dpresehaddress302 Ospre Ln, Voorhees NJ 08043.

J. Chem. Phys. 108 (2), 8 January 1998

0021-9606/98/108(2)/729/14/$15.00

The correctel effective medium theor is base& on an ap-
proat similar in spirit to EAM. Previots studies of nickel
clustes hawe usal both thee methods:® While semi-
empiricd method provide potentiaé tha are by no means
exact physica effect characterist of a class of systens are
observal# tha canna be sea with alternae representations
of the interatomt potential Examples of thes effects are
discussd in the currernt work.

A popula se& of semi-empirich approache tha have
been usal for transition metak are the tight binding methods.
An exampe is the extended-Hokd approximatiot® (EH)
tha has been applied to a range of systens including cova-
lent organt molecules ard transitin metd compoundg?
The EH approab has been successfull applied to transition
metd clustes by Andersont? who studiel severasmal sys-
terrs of up to six atoms of Ti, Cr, Fe and Ni. Anothe variant
of the Huckd approximatim has been developée by van
Schilfgaar@ ard Harrisot*™*® and the resultirg methodol-
ogy has bee appliad to study of semiconductoclustes as
well as bulk semiconductarand transition metak by a num-
ber of authors This semi-empirica techniqe differs from
the EH approximatim mainly in the way the off diagonal
elemens of the Hamiltonian are approximatedWe refer to
this technige as modified tight binding schene (MTB). A
smal sampek of recenty publisha applicatiors of MTB to
semiconductar is found in Refs 16—-20. MTB potentials
hawe also been applial to transitian metd clustes by a num-
be of authors In a series of publicatiors Lathiotakis
et al.?*%* descrite a MTB potentid enery surfa@ model
for nickd clusters The resulting potentid surfae has been
usal to obtan structurd information for a large numbe of
Ni clusters.

As has been understod for sone time, semi-empirical
method often underestimad the totd binding energy of the
globd minimum of a semiconductoor transition metd clus-

© 1998 American Institute of Physics 729

Copyright ©2001. All Rights Reserved.



730

ter. This underestimag has bee attributed to the method’s
negled of free to hybrid atom promotiona energies? and to
the incorred assumptia mace that the bass sd overlgp in-
tegrak are tho at the bulk atom-aten separatiort’ In fact,
the avera@ bord lengt for a metd or semiconductocluster
can be quite different from the bulk value To corred the
binding energ deficieny in the MTB schene Tomarek and
Schlutef® hawe propose the addition of a simple bond-
dependenterm U ,,q to the totd binding energy of a series
of minimized structures This methd is still used in many
applicatiors of semi-empirich theories to semiconductors
and transitilm metals This bond-countig tem is awkward
to use directly in dynamicé simulatiors even if a smooth
cutoff function is usel for the determinatio of the number
of bonds!®181922.23 0 practie Uy, has not been usel to
derive forces and has only been addel to the minimized ge-
ometries after dynamicé simulatiors havwe been completed.
A god of the currert work is to construt a semi-empirical
potentid function where all the energett contributiors can
be included everywhee on the potentia surface.

In this pape we descrile an improved semi-empirical
methal basa& on the EH approximatio for Ni clusters Our
main improvemen is away to eliminaie U,,,q altogether.
We are encouragé in this proces by the succes of Ordejm,
Lebedenko and Menort” who have been able to eliminate
Upong in semiconducto clustes by re-introducirg the full
dependeneof the overlg betwea adjaceh atoms.

In the current work we devel@ a semi-empiricapoten-
tial energ function for nickd clustes tha as closel as pos-
sible satisi/ the goak tha follow:

(1) Obtan a potentid eneryy modd which efficiently repro-
duces the strorg directiona natue of the p ard d orbit-
als in transition metd bondirg and hene the quantum
natue of the electronc Born-Oppenheimesurface.

(2) Eliminate the neead for ary artificial term dependenon
coordinatian to achieve agreemenbetwea the EH ap-
proximatian and ab initio calculations experimenthco-
hesive energis and empiricd structurd information.

(3) Parameteriz the modé potentiad for nickd clustes and
use this to obtain structurd ard energett information
abou the globd minima of severaisomes for a range
of sizes.

(4) Generag amodé potentia tha is usefu for future clas-
sical quantum and statistich simulatiors from which
importart dynamt and thermd properties of the clusters
can be obtained.

The contens of the remainde of this pape are orga-
nized as follows: Sectio Il contairs a brief outline of the
extended-Hokd method a descriptio of the methal used
to obtain the beg s of parametes for the EH matrix, ard a
descriptim of the method we use to find minima and iso-
mers of the potentid energy surface In Sectio Il we dis-
cuss the resuls of searchs for the minima of clustes from
Ni, to Niys, NiyH ard NiH,. Finally, in Section IV we
summariz and discus our results.

Curotto et al.: Minima and isomers of Ni,

Il. METHOD
A. Basic theory

It is known tha the standad EH approximatim requires
an additiona repulsiwe termm in orde to reprodue arealistic
potential The overal potentid energy is calculatel by asum
of two terms,

U= U rept Uen, 1

whee U, is a sun of pair-wise repulsion terms betweeé N
atoms

N
u rep— EI

Severd approachs hawe bee proposeé to representhe re-
pulsive potentialy; ; . Among thes we note the Andersa -
Hoffmam approach® basel on charg densiy functionals,
and the square overlg metha of Lee?® We hawe chosa a
simplea exponentih scalirg function with respet to the
atom-aton distane r; ; which is commony usel in MTB
calculations,

ri;—d
Xij=Xo €XQ —a| —4 : (3

Following Lathiotaks et al.?! we hawe se d to the Ni-Ni
bulk value separationd=2.48 A.

The electront energy is asum over occupial EH elec-
tronic enery levels

N
~ Xij- 2

J

Ueh:; brEn, (4)

where b, is the occupang numbe for a given molecular
orbitd ard the se {E,} is the solution to the generalized
eigenvale problem

Cl(H-E,SC,=0. (5

First-principk classicaor Brownian simulations used in
this work, are carried out by integrating Newton’s equations
of motion

Px Uy ax+F T 5

where x is a vecta containirg the Cartesia coordinats of
the nuclei, y is the coefficient of friction and-(T,t) is a
randam force® with correlation function given by the stan-
dad expressia for white noise at temperatue T. The deriva-
tive with respetto x of the repulsive partt of U,y is trivially
obtaina from Eq. (3). The derivatiwe of the electronc patt is
obtaina@ by using the Hellmann-Feynma theorem From
Eq. (5) we obtain®

aEn_CT(aH as) )

= ——E,—
IX; Moax; " ax;

)

The generalizd eigenvale problem of Eqg. (5) is solved by
applyirg the standad Cholesk decompositia of the overlap
matrix S

J. Chem. Phys., Vol. 108, No. 2, 8 January 1998
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S=LLT, (8)

where L is alower triangula matrix.

B. Parameterizatio n of the EH matrix

In standad EH theory, a dired proportionaliy between
the overlgp elemen S; ; and the coupling Hamiltonian ele-
mert H; ; is assumed

Hi,i+Hj,j
2

wherea the diagon& element H; ; is sé to the experimental
ionization energy of the atomc orbitd i, H; ;=€ . Consis-
tent with the orderirg of the ionization energia of this par-
ticular paramete set the grourd stae of Ni is 4s23d8. This
grourd stak configuratia is the same tha has bee usal by
Andersont? For nickel, the atomic basé se consiss of a 4s,
three 4p ard five 3d Slater-Kostet’ orbitals for ead atom.
We use double-zed representatio for the d orbitals This
gives asd of 12 parametes to be determiné empirically;
the three on-site ionization energis (€45, €4y, €34), the four
orbitd exponert ({ss, {ap, {3d1, {342), the double-zed nor-
malizing coefficiens (¢, ard ¢,), the two parametes for the
repulsive enery (« and y,), and the Huckd parameteK.
The atomic parameters,,; usel by Andersort? are ob-
tained by fitting to accura¢ atomic Hartree-Fok calcula-
tions We hawe carried out a preliminay seart for the clus-
ter minima usirg Andersof? parameters We have
discovered however tha the resultig potentid modd un-
derestimate the binding energy of clustes by severé eV.
Furthermore the binding energy difference betwea global
minima of adjaceh sizes do nat follow the experimental
trend?® Thee experimenth findings were naot availabke at
the time that Andersm carried out his investigation In light
of thes preliminay minimization resuls we optimize the
scalirg with distane of all the overlafs (i.e., the parameters
of the atomc bass set{,,)). This achieve bette agreement
betwea EH, ab initio and experimenth binding energies
without making use of arny bord countirg term The main
criteria usel to optimize the parametes are the following:

Hi,j:K

S,j ’ (9)

(1) The potentid shoubl accurate} reprodue binding ener-
gies obtainal from ab initio calculatiors performel on
structures of mary differert sizes.

(2) The modé shoutl reprodue the experimenthtrend in
the cohesie energis of minimized structure in the en-
tire range unde study.

(3) The modd shoull predid structurs for the global
minima tha are in qualitative agreemenwith the nitro-
gen adsorptim experimers of Parls et al.?°

The on-sie ionization energies usal by Andersod? are
experimenthvalues excep for e34. He notel that it is nec-
essay to increae this energy from —100to —7.7 eV and
raise {45 by 0.2 bohr ! in orde to obtan binding for the
dimer. We use the sarre on-sike energis tha Andersam used.
The optimizatian of the remainirg parametes is carried out
in two stagesFirst we perfom an initial adjustmenof these
by fitting to ab initio calculatiors on Ni, performel by Mly-
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narsk and SalahuB® and Nig, Nig, Nijg by Rosch and
Ackermanr’! In thes ab initio studies ead cluste is mini-
mized by imposirg symmety constraintsThe authos report
the binding energis of the geometris at two differert atom-
atam separationsin addition the experimenta¥ binding en-
ergy —2.068 eV, the bord lengh 2.20 A ard the frequency
330 cm ! of the dimer! are included in the data pool. The
fitting is achieva by minimizing the sum of the squars of
the percet deviation betwea EH and ab initio binding en-
ergies The four Slate exponentg,,, and the two double-zeta
coefficients ¢, and c, are obtainal by a randan walk. For
ead se of £, ard ¢; obtaine randomly,« and y, and the
Hucke parameteK are systematicai} varied until the dimer
properties are accuratef reproducedThis procedue is nec-
essay to eliminaie mud of the correlatian that exiss among
the nine parameters® The only notabk chang in parameters
isarelatively large increag in ¢, to three and half times the
value usal by Andersont? A further smal adjustmenof all
the parametes is carried out to assue tha clustes larger
than Ni; favor structures with high coordination Global
minima geometris of clustes large tha Ni; are quite sen-
sitive to the values chose for the parametersespecially
those describimg the d basis.

The only notabk quantitatie discrepancis which we
are unabk to resole are the cohesie energis of Ni; and
Ni, which we overestimat by approximatel 2 €V and the
vibrationd frequeny of Ni, (see Tablke Il ard Fig. 6). Curi-
ously, mary othe potentid modek applied to this system
seen to shawv the trerd for Ni; and Ni, reportel here rather
than the experimenthtrerd (see Fig. 6 and the associated
discussion We hawe made mary attemps to find a se of
parametes tha reproduce the sequentibcohesie energies
of the clusters while at the samre time gives a smalle vibra-
tiond frequeng of the dimer and a value for {,s close to
previousy reportel exponentsWe also hawe tried to vary
the on-sike energis togethe with all the othe parameters.
We hawe been however unabk to find a se of parameters
that simultaneousl satisfies all thes criteria The reproduc-
tion of all thes properties simultaneousl may be beyord the
capabiliyy of the simple electronc modd we are implement-
ing. Furthermore the values of the orbitd parametes opti-
mized in the manne describé abow neal not be in agree-
ment with values obtainel from accura¢ variational
calculatiors using first principle repulsive forces As such,
thes parametes may not be transferabd to othe applica-
tions of extended-Huokd theory.

In Table | we repot the bask set and repulsive param-
eters Where possibé the optimized values are compared
with thoe usel by Andersont? The repulsin parameters
ani—ni and yni—ni reportel in the columm labela Ref. 12,
are the values optimized when the {,,/’s and the €’ s of Ref.
12 are used.

C. The geneti c algorithm

We minimize the structure in avariety of ways but we
preferentialy use Brownian dynamic simulatel annealing
[see Eq. (6)].5 We use alternatie method such as Monte

J. Chem. Phys., Vol. 108, No. 2, 8 January 1998
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TABLE |. Optimized EH and repulsicn parameters.

Parameter Ref. 12 Opt.
€15 ~13.606 ~13.606
€45 —7.635 —7.635
€ap -3.99 —3.99
€34 -7.70 -7.70
lis 1.20 1.991
Las 1.70 5.982
Lap 0.86 0.987
Laan 5.70 5.580
Lz 1.95 2519
(o 0.5705 0.3974
Cy 0.6317 0.7147

Knioni 1.4368 2.407
NN 20.047 21.084
X Ni—Ni 0.0154 0.047
Kni—n - 3.035
QANj—H 9521
XNi—H 0.582
K_n 2.603
ay—y 1.750
XHn 7.858

Carlo simulatel annealiy (MCSA), the Newton-Rapson,
and the conjugae gradiert method® to doubk ched the va-
lidity of our results In particula MCSA requires no gradient
evaluation and we use this technigwe extensivey to teg our
programs.

To find the loweg enery structue for eat cluste size
and composition simulatel annealig method require many
trajectories begwn from randam configurations The number
of trajectories requirad can be reducel using genetc algorith-
mic methods®#° We find the genett algorithm to be indis-
pensab# for structure with more than six atoms The first
generatio of parens is obtainel by minimizing asd of ran-
domly generatd structures The starting Cartesia coordi-
nates for thes trajectories are uniformly drawn from a box
of sufficientl large size Like Zeiri*® we use the Cartesian
coordinats of the nuclé as our contrd variables The start-
ing coordinate for the next generatio of children is ob-
tained by a single operatim from two paren configurations.
Both parens are cut by arandomy placel plare ard rejoined
to form the children Our genetc operato is very similar to
tha employel by Deaven and Ho® for Lennard-Jongclus-
ters The parens with lower energy are selecte with higher
probability accordirg to the following normalizel distribu-
tion,

exp(—Vi)
i:E.NpOp exp(—V) ’ (10)
i=1 [

where N, is the totd numbe of parens and V; is the bind-
ing energy of isome i. We find tha N,,,=64 works quite
well for our purposesN,,, structure are generatd at each
pass We use Brownian dynamic simulatel annealing to
quend the resulting children Configuratios are cooleal to
zew Kelvin abrupty in orde to arrive at the closes local
minimum.

Curotto et al.: Minima and isomers of Ni,

After equivalet structure are removel in the manner
we descrile below, the remainirg children are addel to the
parens and the resut is sorted by energy the lowed Ny,
configuratiors becone the new parens for the following
generation Our seart appeas to be comprehensig up to
Ni; for bare clusters up to NisH and up to NiyH, for the
hydrogenaté systemsFor large systens we updat the par-
ent configuratios and keep the lowes 64 structures The
genetc algorithm is terminatel when for two consecutive
generatioB no new paren structue is found This yields the
lowed discoverd candida¢ isomes for a given system We
find tha betwea 1000 to 2000 trajectories (18—30 genera-
tions) are sufficiert to achiew this terminatian criteria for
clustes in the size range considerd here.

After the loweg 64 candidats are found, thes are fur-
ther quenchd so tha the fractiond chang in energy be-
tween subsequensteys is less than one patt in 10° ard in
sone ca to one pat in 102 This procedue gives us con-
fidence that the loweg minimum reportal for ead systen is
mog probaby the globd minimum ard that the loweg few
isomes for eat systen are found.

To confim tha the Brownian algorithm yields distinct
minima, ead minimum obtainel for Ni; to Ni;, Ni,H to
NisH and NiH, to Ni4H, is quenche to one pat in 10*? in
the enery and then submittel to a Monte Carlo simulated
annealilg program Moves are mace uniformly with a start-
ing step of 10 ° a.u to assue tha the algorithm does not
accidentaly hop out of a locd well. After 100 consecutive
passs are rejected the step size is cut in half. A step smaller
than 10°8 a.u is usel as convergene criterion The Monte
Carlo algorithm convergs very quickly for ead minimum
found by the Brownian annealig methal for all testel sys-
tems An inspectia of the eigenvalus of the Hessia matrix,

Ut

&Xi&Xj ’ (11)

determine numerically for eacy minimum is also carried
out We find tha all the isomes hawe 3N—6 positive eigen-
frequencie ard therefoe are not transition states or other
highe orde saddles.

D. The structura | compariso n algorithm

To maintan diversily in the gere pool, identicd children
areremoved Becaus the enery differene betwea isomers
issmall it is difficult to resohe differences betwea isomers
using energ criteria alone without having to minimize to
very smal tolerancesWhen the parert se has evolved for
severa generatios toward the loweg s of structuressev-
erd additiond passe may creat as few as one new paren at
atime, ard the proces can becone quite wasteful We find it
more efficient therefore to redue the tolerane and com-
pare the minima both topologically ard energetically by at-
temptirg to superimpos ead child-child and child-parent
pair with a set of translation-rotatin operations.

To understad the structurd comparisa algoritrm we
conside two clustes A and B. We choo® a single atom
from ead of A and B as the comman origin. We defire aset
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TABLE II. Dimer properties calculatel vs experiment.
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TABLE Ill. Potentid energy avera@ nearest-neighbalistane and number
of bonds [see Egs (12) and (13) in the text] for bare nickd clusters.

D? (eVv)? ro (bohp® we (cm™1H)©

Dimer cal. exp. cal. exp. cal. exp. N.m V(eV) (re) (bohnp N, Nm V (eV) (re (bohp Ny
Ni-Ni 21416  2.042 41939 407 545 280 2.1 —21416 41939 1 7.5 -—17.3064 4.4362 14
Ni-H 27464 270 27840  2.788 1994 2003 3.1 —52553 43042 3 7.6 -—17.2870 4.4451 13
H-H 44330 44781 14080 14010 4561 4401 41 -8.9862 43688 6 7.7 —17.2837 4.5654 15
51 -11.9723 44018 9 7.8 -17.2619 45045 15

“Potentia well depth. 5.2 —11.7449 44027 8 7.9 -17.2233 44722 15
Equilibrium bond length. 53 —10.8726 4.3432 7 7.0 -17.1913 4.4753 15
‘Harmont frequency. 6.1 —14.8420 4.4606 12 7.11 -17.1886 4.4971 16
6.2 —14.8401 44560 12 7.12 -17.1398 45218 16

6.3 —14.4742 44408 12 7.3 -16.9249 4.4668 15

of translatios which has at mog N elementswhere N isthe 64 -14.4169 4.4214 11 7.4 -16.7782 4.4109 13
numbe of atorrs in B. The secom ard third atom determine 6.5 —14.3826 4.4038 11 7.15 -16.4594 4.3653 12
acomma z axis ard acomma x— z plane respectivelyfor ~ 66 —14.1826 44335 9 81 -202390 44852 17
A ard B. From thesg a sé of (N—1)(N—2) pair of Euler 07 138972 43806 10 91 232081 4483 21
and t ; ] par of 6.8 —13.3070 4.3408 9 10.1 -26.0546 4.5062 24
anglesis obtaina and with thee we rotake B. Thisyieldsat 71  _-174335 44637 15 11.1 -28.8222 45021 27
mog N(N—1)(N—2) combinal operatiors to compae the 7.2 —-17.3851 45238 15 121 —31.6743 4.4937 29
two structures|f the two structure are equal then at least 7.3 —-17.3472 45520 15 13.1 -—34.5353 4.5175 33
7.4 -17.3250 4.4361 14 141 -37.4416 45159 37

one of thes operatiors rendes the coordinaé s of A equal
to tha of B. If, however the two are differert then there is
no operatia in this sd tha rendes this equality For ead of
the N(N—1)(N—2) attemps$ at superimposig structue A
and B in apair, the distane betwea atan i in structue A
ard atam i in structue B is measurd for all atoms If a
translation and rotation is found for which all sudh distances

are less than 0=0.8 bohr then the structures are assume

identical The parameteir=0.8 bohr is sufficiently small to
distinguis the first three isomes of Ni;, which, as we dis-
cuss in the next section hawe very similar geometriesWe
teg the same compariso procedue in the genetc algorithm
with asmalle value of o for Ni; but we find no additional
minima The o parameter must be adjusted carefullyolfs
too small then the paren se is not sufficiently diversified on
ead pass and upan further minimization too few isomers

experimenth investigatior’’?> The properties of the ground
stak of the hydrogen molecuk are obtainel from Ref. 43. As
can be seen in Table I, the agreemenof mod calculated

CProperties with experimehn is quite good.

B. Nij - Nig,

The structure in Table Il are labelal (following Stave
and DePristd) with two indices N.m, where N is the num-
ber of atons and m refers to a particula isomer The isomers
are sorted in ascendig enery orde so tha m=1 refers to
the lowed minimum found Table Il contairs the binding
enery for all the isomes found for Ni; to Ni; ard for the

are obtained If o is too large then isomers that are geometri-globd minima of Nig to Nij4. We al list the numbe of

cally similar can be mistaken as equa and thrown away.
With this compariso technique we hawe discovere the ex-
isten@ of numerows pairs of degenerat structures of Ni,
which are non-superimposablmirror images i.e., optical
isomers This feature however is nat restrictel to transition
metd clusters The highes enery isome of a 7-atom
Lennard-Jongcluster for exampleis optically active a fact
that seens to hawe escapd previows notice In fact we find
tha three of the distind minima of Ni; resembg the struc-
ture of the highes energy isome of a 7-atan Lennard-Jones
cluste (see Fig. 3) ard hawe degenera enantiomers.

Ill. RESULTS
A. Ni,, NiH and H,

In Table I, the values of the experimenthbinding en-
ergy, bord lengh and vibrationd frequeng of Ni, are taken
from Refs 33 and 34, respectively During the seart of the
beg se of parametes we include experimenthdata for the
additionad two dimers tha are relevart to the currert study,
namey NiH and H,. Numeros investigatiors of nickd hy-
dride hawe been published We make use of experimental
values cited in a recen theoretica study*! ard in an earlier

bonds and the avera@ nea neighba bond lengh for each
isomer The numbe of bonds in a given cluste Ny, is calcu-
lated with a smooh cutoff functiorf*

N
ex —ri’j_rc
1)

No= >

i,j>i
wherre r.=5.679678 bohr and §=0.1839 bohr are chosen
so tha the coordination arourd an atam in the bulk fcc struc-
ture is 12.00 to four significart figures The resuls reported
in Table Il are roundel to the nearesinteger The smooth
distribution in Eq. (12) is usel to calculae the avera@ near-
ed neighba bord lengh (r)

N rii—r
2 M exy{ "'5 C)+1

ij>i

It can be clearly seen in Table Il that (r) is a slowly
increasig function of cluste size and approache anumber
close to the experimenthbulk Ni-Ni distane (4.72 bohp.
We also see from Tabke Il tha the energy of differert iso-
mers of the sarre size does not depem strongly on the num-
ber of bonds althoudh in general structure with highe co-
ordinatian are favored.

-1

+1| , (12

1 -1
(re)= N_b

(13
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31

-
o
hR

FIG. 1. All of theisomes found for Ni; to Nis. Niz has D3, symmetry Ni,
has D,q symmety as s slightly distorted from the tetrahedrhconfiguration.
For the correspondig binding energis see Table III.

The structure of the isomes of Ni; to Nig are repro-
ducdl in Fig. 1. Ni3 has Dg;, symmetry Ni, is distorted from
the tetrahedrlisymmety by a slight amount Inspectio of
the molecula orbitd energies for T4 Ni, reveab the reason
for its distortion The highes occupial molecula orbitd in
T4 Niy istriply degeneraand the shel isnat fully occupied.
The adiabatt surfa@ is consequenyl also degenerateBy the
Jahn-Telle theorer* one of thee degenerat surface can-
not have a minimum at the T4 configuration of Ni,. These
distortiors are observe in highe clustes as well. In these
the Jahn-Telle effed greaty complicate the potentid en-
ergy surfa@ by increasiig the numbe of lower symmetry
isomes abou a structue with degeneracein the adiabatic
surface The first systen tha displays more than one dis-
torted isome is Nig for which we find eight different stable
structure (see Fig. 2). The first two are very similar having
the slight distortiors of the octahedrhconfiguration as rec-
ognizel previousy by Yu and Almof.*® Isomes 6.5 ard 6.7
contan a plare of symmety definal by the coordinats of
four atoms For 6.5 the atom cappirg the trigond bipyramid
is in the sane plare with the nearet equatorid atom and
with the two vertices In 6.7 the two atorrs cappirg the tet-
rahedram are in the sane plare with the two atorns that they
coordinate Thes planes divide the reg of the molecule
equally The atorrs of 6.8 are nat all in the plare of the page
but the plare perpendiculato the page is asymmety ele-

> &

FIG. 2. All of the isomes found for Nig. The two lowes minima are
distortad octahedra The highes isome is slightly bert from the planar
arrangemen(plare of the page but has aplare of symmety perpendicular
to the page All isome found for Nig are not chiral.

6.8

ment Parks et al.? find experimenthevidene of rearrange-
mens of the Nig substrag at relatively high N, pressures.
The lowed minimum for Nig propose by the authos of this

study is the octahedra in agreemenwith the resuls of both

previols CEM® ard EAM models® The existene of the

cappel squae pyramd has bean hypothesizd by Parks
et al.?® as a possibe rearrangd structue when one addi-

tiond N, molecuk is accommodat at elevatel N, pres-

sures.

The topology of Ni- is even more intriguing. The lowest
minimum is the cappe octahedronThis is identicd to the
structue inferred from N, uptale experimentg® This close
agreemenwith the experimenthfinding, however may be
fortuitous All the isomes are very close in enery even
when their geometris are quite different We also find iso-
mers which differ energeticall but are quite close topologi-
cally. A clea exampeis given by isomes 7.2 ard 7.3 which
are shown in Fig. 3. Of the 15 minima found, 5 resemble
transitin states that hawe been reportel for Lennard-Jones
7-partick systens by Tsa ard Jordan'® Thes are 7.2, 7.3,
7.5 7.7, 7.12 while isome 7.6 resemble a secom order
sadde in Ar-.

Recently two additiond ab initio calculatiors have been
carried out on Ni, by Nayak et al.*’ The authos of this work
repot two structuresa cappel octahedra and a pentagonal
bipyramid obtainel by ab initi o calculatiors minimized with
symmety constraintsThe cappel octahedra is reportal by
these authos to be 0.35 eV lower in enery then the pen-
tagona bipyramid In the presen study, the differene be-
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7.1
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7.8
7.9
7.11
713

7.2
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19
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54

52y
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FIG. 3. All geometrichisomes of Ni;. Isomes 7.2, 7.3, 7.7, 7.11 and 7.12
are very similar geometricaly but are distind distortiors of the pentagonal
bipyramid Isomes 7.9, 7.10 ard 7.8 resembé the highes isome of Ar;
and are distinad from ead other Isome 7.3, 7.8, 7.9, 7.1Q 7.13 are chiral.

0.20
0.16 —_—
-~ 0121 = —
Z — —_ — — =
s | = = = |=
o 0.08 — — — ——
0.04 | o —_— _ B —_
0.00 b=— _— _— J— = —
Ni, Ni, Nij, Ni,, Ni,, Ni,,

FIG. 4. Plat of the first few isomert energis as afunction of cluste size.
Binding energis are rescalé so that the lowed minimum for ead systen is
zerq ard divided by the binding energ of the dimer D°(Ni,).

tween the mog symmetrc pentagonk bipyramd (7.11 in
Fig. 3) ard the cappea octahedra is found to be 0.24 eV in
goad agreemenwith the recernt findings.

The structures 7.8, 7.9, 7.1Q, can be though of as missed
pentagonkbipyramids where one of the equatorih atons is
on a face of the structue or as cappe trigond bipyramids.
The structue of thee minimaresembé the highes isome of
a 7-partice Lennard-Jone cluster Isomes 7.3, 7.8 7.9,
7.10 7.13 are chiral. The respectie enantiomes hawe been
found for ead of these.

Beginnirg with Nig, the numbe of minima becomes
quite large Rathe than tabulat the energia for all the low-
eg structures we repot a plot of the locd minima in the
potentid surfae found as afunction of cluste size N. This
gragh is displayel in Fig. 4. In Fig. 4 we hawe nat included
more than 1 line for structure tha hawe opticd isomes of
equivalen energy To emphasie the smal differencesin en-
ergy betwea isomes we shift the energia so tha the lowest
minimum found for ead system is zer and we divide the
resultirg binding enery for ead structue by the binding
energ of the dimer D°(Ni,). All the minima considerd are
within 0.2D%(Ni,) and are distributed quite irregularly. This
picture demonstrate one of the difference tha exig be-
tween the minima of transiticn metd clustes ard Lennard-
Jones clusters In the latter systen the ggp betwea the low-
ed isome and the next one is typically on the orde of one
bord in the size range considerd in the presen study. (The
17 atam Lennard-Jong cluste is an exception where the
three distind loweg enery isomes hawe been found that
hawe the sane coordinatio and are very close in energy*®)
Figure 4 also demonstratetha the densiy of isomert states
increass with size as is expected The isomes in this size
range revea the presene of the sane features found in Nig
ard Ni;, namely a numbe of minima are very similar geo-
metricaly and differ from one anothe from distortions
which lower the symmety of one or more unstabé configu-
rations.
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FIG. 5. The loweg geometrichisome found for Nig to Niy,. Nijg, isa
cappel squae antiprism Niy, is a cappel trigond prism Nij,, Nijz, Nigy
are built from a squae antiprism interpenetratig a trigond prisms One of
the bask of the squae antiprian share the same 4 atons of the 4-atan face
of the trigond prisms Nig is afragmen of a hp crystal.

In Fig. 5 we display the lowed minima of Nig to Niq,.
The loweg minimum for Nig is a 44 cappé trigonal
prism?® For Nig we also find the bisdisphenal D,q4 (Which
is highe in energy only by 0.01 eV), the squae antiprism
ard the cappel pentagonkbipyramid It is noted tha both
the bisdisphenal ard the squae antiprism are mentionel as
plausibk candidats by Parls et al.2° who, however indicate
tha the cappel pentagonk bipyramd may be the global
minimum for Nig. Stawve ard DePrist8 repot the bisdisphe-
noid as the loweg minimum of Nig. The lowed minimum of
Nig is a twin trigond antiprian reproducd in Fig. 5. This
particula structue is a fragmen of a hep crystd and can
also be though of as two fused octahedraClose to the glo-
bd minima we also find the 4,44 cappel trigond prism and
the 4 cappa@ squae antiprism We also find the cappel pen-
tagona bipyramid 0.09 eV abowe the lowed minimum and
at lower energis cappel octaheda and fcc or hep fragments.
The lowed minimum for Ni,q is a 4,4 cappel squae anti-
prism Niq; globd minimum is a distorted cappel trigonal
prism, Niy, is like Nijg a cappe squae antiprism.

Ni;3 is a cappel squae antiprian interpenetratig a
cappel trigond prism The tetrahedra cappel by an equilat-
erd triangle (hcp fragmenj minimizes 0.1 eV abo\e the low-
ed minimum The icosahedro minimizes 0.26 eV abow and
the cuboctahedno0.52 eV aboe the loweg minimum From
Fig. 5it is evidert tha the growth patten is nontrivial. We

445

345 1

245 |,

O—0 E—H (Andersons)
=== Experimental
&—e E-H (current)
»—a EAM

D' (Ni,_, - Ni) (eV)

145

0.45

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Number of Ni atoms

FIG. 6. Gragh of D°(Ni,_;)—D°(Ni,) as afunction of n. The dashe line
with openel diamond is the experimenthdata of Ref. 28, the dak circles
with a solid line are our results the open circles with a solid line are our
resuls using Andersons (Ref. 12) parametersThe dak squars are previ-
ous EAM resuls (Ref. 5).

find tha icosahedriagrowth is not favored in this size range.
The globd minima we find bette resembé the growth of
closo B,H2™ inorgant anions° but there are obviols ex-
ceptions While icosahedrastructure are found amorg the
isomers the preseh modd does nat predid that the global
minimum is obtaine by maximizing the numbe of Ni-Ni
near-neighbointeractiors as is the ca® for Lennard-Jones
clusters’! Rather a preferene to coordinaé more uniformly
ever atom in the cluste is observedThis observatia is the
sane tha Stawe and DePristd malke in their study.

In Fig. 6 we plot the enery difference betwea lowest
minima of clustes of adjacen size Sinae the referene en-
ergy of the single Ni atam is zerq the quantily plotted is the
enery differences associatd with the gas pha® reaction

TABLE IV. Potentid energ of the lowes minima found for nickd clusters
with one hydrogen.

Structure Isomer V (eV)
Ni,H 1 —-5.3733
Ni,H 2 —5.3732
Ni,H 3 —5.3324
Ni,H 4 —5.0253
NizH 1 —8.6277
Ni,H 1 —-12.1315
Ni H 2 -11.9105
NigH 1 —14.9679
NigH 2 —14.8478
NigH 3 —14.7867
NigH 4 —14.7686
NigH 5 —14.7522
NigH 6 —14.9491
NigH 1 —17.8187
Ni;H 1 —20.5256
NigH 1 —23.3720
NigH 1 —26.2703
Ni;H 1 —29.0961
Niy;H 1 —31.7802
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TABLE V. Geomety of Ni,H Isome 1.

737

TABLE VII. Geomety of Ni,H Isome 3.

Bond lengtts (A) Bond lengh (A)
Ni(1) - Ni(2) 2.26487 Ni(1) - Ni(2) 2.19581
Ni(1) - H 1.74371 Ni(1) - H 1.88531
Ni(2) - H 1.50610 Ni(2) - H 1.88539
Bond angles (degrees Bond angles (degrees
Ni(1) - Ni(2) - H 50.3 Ni(1) - Ni(2) - H 54.4
Ni(1) - H - Ni(2) 88.0 Ni(1) - H - Ni(2) 71.2
Ni(2) - Ni(1) - H 41.6 Ni(2) - Ni(1) - H 54.4

Nip— Ni,_;+ Ni  AE,=D° Ni,_;)—D° Ni,).

(14
Included in Fig. 6 are experimenthresuls derived from the
scatteriny of nickd clustes ions with Xe atoms?® Thes ex-
perimenta resuls are depictel as the dashd line with open
diamond in Fig. 6. The table in this Ref. 28 is recalculated
using only the first atomization enery before comparimg this
to our results We compae our calculation (filled circles,
dark solid line) to the experimenthresults It is noted that
with the exceptio of Ni; and Ni, our estimatian of AE,, is
nearly within the experimentherra bars As mentionel pre-
viously, this is nat the cas if we use the orbitd parameters
of Ref. 12 (open circles daik solid line). The lack of struc-
ture in Fig. 6 when Andersons parametes are usel has led
us to the re-parameterizatiodiscussd in this work.

C. Ni,H to NiH

In Table IV we list the binding energ of all discovered
isomes of singly hydrogenate nickd cluste up to NigH (for
which the seart appeas to be comprehensiveand the low-
eg minimum found for all the remainirg clustes examined
in this work. As can be sea in Tablke IV, Ni,H has four
minima The first three are rings the fourth is anonlinear
chain The differences betwee the lowed three isomes are
small The loweg minimum of Ni,H is distorted from C,,
symmetry The two Ni-H bonds are 3.298 and 2.848) bohr,
respectivel and the Ni-Ni bord is 2% longe than in Ni,
alone The next two structures are alo distorted from C,,
symmetry but by a smalle amount Becaus the isomes are
so close geometrically we characterie fully their geometries
in Table V=VIII. Each minimum is verified by Brownian
dynamies and Monte-Carb simulatel annealing to one part
in 10*2 All 3N—6 eigenvalus of the Hessia matrix are
positive for ead structure indicating tha thee are not

TABLE VI. Geomety of Ni,H Isome 2.

saddles To interpre the distortiors we inspe¢ the energy
levels of a perfe¢ C,, Ni,H. This structue is constructed
with the Ni-Ni and Ni-H bord lengtts equa to the respective
dimers The highes occupial shel is a doubly degenerate
electronc orbitd ard is partially filled. The C,, point group
has no degenerat irreducibke representationdn this case,
however the degenerag of the molecula orbitals comes
from two pairs (one filled and one partially filled) of molecu-
lar orbitals (MO) tha consis entirely of p and d functiors of
the Ni atoms The 1s orbitd of hydroge is centerd exactly
in a nodd plare ard yields no contributian to the bondirg in
thee degenera pairs of MOs. As the hydrogen atam is
moveal away from the nodd plare one of the orbitals of the
degenerat pairs of MOs acquires significart contribution
from the 1s orbitd resulting in alowering of its energy This
observe degeneragin the C,, configuration and its result-
ing distortion is the resut of restrictirg the atomic bask set
on the hydrogen atom This artifad may explan the unusu-
ally large numbe of isomes tha we find for this cluster We
are unabk to predid the numbe of isomes expectd if a
more complee bass se were usel breakirg the degeneracy.
In contras to Ni,H we find only one isome of NizH; a
distorted trigond pyramid Plana NizH is not stable The
distortion of NizH is agan interpretel by inspectio of the
enery levels of C;, NizH. The highes occupiel orbitd shell
is doubly degeneratard only partially filled.

NizH only has two isomers The lowed has C,, symme-
try and is reproducd in Fig. 7. Inspectio of the electronic
enery levek indicates tha this structue shoutl nat be dis-
torted as no degeneraciein the adiabatt surfa@ exist In
contras to Niz;H we do nat find aface cappirg configuration,
even when distorted The potentid enery surfa® of Ni,H at
the C;, configuration (when the H atons caps ary one of the
tetrahedrhfaces mog symmetrically is doubly degenerate.

TABLE VIII . Geomety of Ni,H Isome 4.

Bond lengtts (A) Bond lengh (A)
Ni(1) - Ni(2) 2.27734 Ni(1) - Ni(2) 2.21532
Ni(1) - H 1.57045 Ni(1) - H 3.18447
Ni(2) - H 1.57041 Ni(2) - H 1.51123
Bond angles (degrees Bond angles (degrees
Ni(1) - Ni(2) - H 435 Ni(1) - Ni(2) - H 116.1
Ni(1) - H - Ni(2) 92.9 Ni(1) - H - Ni(2) 38.6
Ni(2) - Ni(1) - H 435 Ni(2) - Ni(1) - H 25.2
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—-8.6277 eV

~

-12.1315 eV

-14.9679 eV

-17.8187 eV

—20.5256 eV

FIG. 7. Lowed minimum found for NisH to Ni;H. The hydrogen atam is
depictal with a lighter shading.

The secoml isome of NiyH isadistorted tetrahedrbNi, with
a hydroge sitting on top. This structue resembls the third
isome of Nis in Fig. 1. Unlike recen findings with the
embeddd atom mode| we do nat find ary H atons in the
tetrahedrhsite The tetrahedrhconfiguratian of Ni,H should
distott as consequereof an orbitd degeneracyThe Ni-H
distancs in the D,y structue with H in the cente of mass
(which derives from the distortion of T4 Ni,H), are all
slightly large than the Ni-H equilibrium distane of the
dimer. Neverthelessthe repulsive patt of the potentid has a
maximum at this configuration and the electront pat of the
energy is naot sufficiently dee to stabilize the configuration.

The loweg minimum of NigH is reproducd in Fig. 7.
The structue has a plare of symmety containirg the H
atom the atorrs at the two vertices of the trigond bipyramid,
and the equatoria atom bondel to hydrogen For NigH we
find all the isomes for the correspondig bare clustg with
the sarre energett rank In each the bridging site (H atom
bondirg symmetricaly two Ni atoms is preferral energeti-
cally to the threefol site ard this is in tumn preferral to the
single Ni-H interaction The only exceptim is in the third
isome of Nis, wher only a cappel face is found.

As with the bare clusters beginnirg with NigH we do
not tabulae the potentid energy for evey isome found.
Rather we repot the energy of the lowed minimum for each
in Table IV ard a graph of the enery of the isomes as
function of numbe of Ni atons in Fig. 9. The addition of a
hydrogen atam effects the isome orderirg of the nickd sub-

—23.3720 eV

-31.7802 eV

—29.0961 eV

FIG. 8. Loweg minimum found for NigH to NijH.

strak in this size range This is mog evidert in NigH in Fig.
8. The nickd substrag of NigH ranks highe energeticalf in
the bare system NigH and NigH are hydrogenate capped
trigond prisms Niq;H is a cappe squae antiprism In Fig.

10 we plot the energy of the reaction
Ni,+ H— Ni, H, (15

at zem Kelvin as function of n. The first drop from n=1 to
n=2 can be easily understod in ternms of the difference that
exists betwea the energie of top binding (which is the only

0.20

0.16

0.12

D/D,(Ni,)

0.04

[
SEm i

[ HEE T

Rl

0.00 E

NiH Ni

=

NiH NiH Ni

=

7 10

FIG. 9. Plot of the first few isomert energy levels of Ni,H as afunction of
n. Isome energis are rescalé so that the globd minimum for ead cluster
size is zerg ard divided by the size of the binding energ of Ni,.
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FIG. 10. Gragh of the energy of hydrogenatia of nickd clustes as function
of cluste size.

possibility in NiH) and a bridge binding site which is favored
over the top configuratian (bert isome) in Ni,H. The graph
in Fig. 10 and the structurs in Fig. 8 suggestha the differ-
ence betwea the two- and the threefol site decreasgwith
n. This differene is mudch smalle than tha which exists
betwea the top site and the twofold site The trerd we ob-
senein Fig. 7 and 8 istha large clustes favor the threefold
site to the twofold one Ab initio calculations? for the (111)
Ni surfa@ confim tha the threefol site is favored in the
bulk. A slow downwad trerd is eviden in the binding en-
ergy in Fig. 10 from n=3. For n=11 ther is alreaq favor-
able agreemenbetweea the calculatel energy for reaction
(15) and the correspondig experimentaf value for fcc Ni
(111, (100 ard (110 of 2.7 eV.

D. NiH, to NijgH,

In all the isomes tha we find for the di-hydrogenated

nickd clusters the H, molecuk is dissociatd on the nickel
substrateHere too the hydrogers are predominantt on the
surface The preferra arrangemenof the two H atons on
the surfa@ is in two neighborirg (twofold - twofold or two-
fold - threefold sites so tha one Ni atam coordinats to
both hydrogensThe only exceptim is found in Ni,H, whose
four isomes are displayel in Fig. 13. NiH, has one stable
configuration with D,,;, symmetry In Fig. 11 we display the
structue ard the energis in eV of the 7 isomes of Ni,H,.
The first four structure in this figure are planar The high
numbe of minima for this systen is a consequere of the
addel complexiy due to the distortiors from C,, symmetry
just as is observe in Ni,H. The secom isome of NizH, in
Fig. 12 is optically active This brings the court of stable
minima for NizH, to six. This number howeveris smalle if
compare with Ni,H, but also parallek what is found for
Ni,H, NisH and NisH. The numbe of isomes becomes
large for NisH,. The binding energie of the lowegs minima
for all the di-hydrogenate systen we conside are given in
Table IX and the structura are reproducd in Fig. 14. The
globd minima for Ni;H,, NigH, and NijgH, are hydroge-

L

N

I -8.55174
k/

-8.53578

C

—-8.51825

~8.48780 Q

-8.17991

-

-8.15516

-7.87152

FIG. 11. All the geometrt isomes found for Ni,H,. Energies are in eV.

nateld isomes of nickd which rark highe in enery in the
bare clusters The energy of the loweg isomes found for the
dehydrogenatksysten with 5to 10 nickd atons are repro-
ducal graphicaly in Fig. 15.

\

“

-11.8537

-11.8328

-11.7026

¢ !
W 118319

-11.4726

FIG. 12. All the geometrt isomes found for NisH,. Energies arein eV.
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FIG. 13. All the geometrt isomes found for Ni,H,. Energies arein eV.

IV. DISCUSSION

In this pape we hawe developé a semi-empirichpoten-
tial eneryy modd basel on the extended-Hokd theowy for
transition metd clusters The potentid can be usel in dy-
namic simulatiors since it is constructd without ary bond
countirg terms To eliminake thes terms optimizatian of the
parametes is necessaryThis optimizatian consiss of two
steps The first adjustmenhof the parametesis aleast-square
fitting of binding energis betwea calculatel and ab initio
results The seconl step involves fitting with empiricd data.
Adjustmen of the parametes is not automatd in this step.
The optimizatio in this manne is computationalf more in-
volved becaus at eat st of the procedue the lowest
minima of ead systen are required Find geometrig are
sensitie to the values of the parameters.

TABLE IX. Potentid enery of the lowes minima of nickd clustes with
two hydrogen atoms.

Cluster V (eV)

NiH, —5.5471
Ni,H, —-8.5517
NizH, —11.8537
Ni,H, —15.2849
NisH, —18.2260
NigH, —21.1350
Ni;H, —23.7246
NigH, —26.5779
NigH, —29.4494
NiyoH, —32.2195
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FIG. 14. Loweg minima found for NigH, to Ni;gH,. Ni;H, is adistorted
pentagonbbipyramd (isome 7.2 in the bare system. NigH, is acapped
trigond prism.

An extensie seart for the minima for severadifferent
sizes of bare moro ard dehydrogenatinickd clustes has
bee then carried out We find tha for transition metd clus-
ters the binding enery differene betwea isomes is much
smalle than the dissociatim energyy of Ni,, and the ggp de-
creass furthe in moro ard dehydrogenaté systems Fur-
ther, this differene is smallg than tha found with EAM

0.20

0.16

Il

0.12 . : . :

Dy/D,(Ni,)
[

0.04

0.00 b —
NiH,

Z
I
Z
fan]

NiH,  NiH, Ni,H, i H,

FIG. 15. Plat of the first few isomert energ levels of Ni,H, as afunction
of n. Isome energis are rescalé so tha the globd minimum for each
cluste size is zerq and divided by the size of the binding energy of Ni,.
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potentials The numbe of minima found is large even in

relatively smal clustesin contras to what isfound for other
models Severa structure tha are stabk minima with the
presen modé resembd transition states or highe order
saddle in Lennard-JongsystemsWe speculat tha the in-

clusion of the angula dependeneabou ead nuclea center
in the potentia mode is responsite for this observe behav-
ior. Opticd isomerisn is a frequen occurrene in transition
metd clusters This phenomenno is more easilyy observe in

the hydrogenate systems but opticd isomerisn occuss in

the bare transiticn metd clustes as well as in rare gas sys-
tems.

The growth patten of the bare Ni clustes is nontrivial.
The presen study suggest tha limiting the geomety opti-
mization by assumig a beg initial configuratia is nat rec-
ommendd for transition metd clustes in this range Like
the EAM ard the CEM mode| a more uniform coordination
of all the atorrs in the cluste is observe in contras to the
noble gas systemsTher are however difference between
the lowed enery structure predictel by the preset model
and thes alternative methods For exampe for Niq; we find
the icosahedro stabk but not the lowed minimum Isomers
reportel by Stawe ard DePristd and found in the recent
work with EAM potential$ are also found in the present
study thoudh with differernt energett ordering.

We find the Jahn-Telle effed to be important Many
instancs are found, where degenerackin the adiabatt po-
tentid surfa® distott the systens to lower symmety con-
figurations In sorre case the effed increase the topological
complexity of the potentid surfae by addirg severadistinct
stabk distortiors of the sane symmetr¢ structure This is
easily observe in Ni; where severa distind distortiors of
the pentagonkbipyramd can be sea in Fig. 3. EAM and
CEM method do not appea to reprodue sud distortions.
In sud studies in fact, structure with high symmety are
usually reported.

Locating transitian states with the presehmodd is prob-
lematic The crossimg tha takes place (accidenthor by sym-
metry) betwea differernt adiabatt surface leaves cusps in
the grourd stae PES The popula method4®* use for lo-
cating transition states rely on the use of the Hessia matrix.
The Hessia is numericaly ill-behaved in the neighborhood
of a PES orbitd degeneracyVibronic coupling corrections
neel to be includeal in the preseh modd if future searches
for transitin states are to be undertaken.

With the preseh mode| hydroge is found predomi-
nanty on the surface ard here a preferene (by a small
amounj of the bridging site (side capping is observe over
the threefol (face capping site for the smalle clusters The
only exceptiors are NizH and NizH,. The threefol site is
favored for clustes with more than eight nickd atoms The
tetrahedrhsite in NiyH ard the octahedrhsite in NigH are
not stable Inspectio of the electront enery levels suggest
tha only distorted versiors of thes clustes shout exist We
do nat find the hydrogen inside the distortal tetrahedra or
octahedra site in contras to EAM results> While the Ni-H
distane in thes sites is large than the NiH dimer equilib-
rium distance the electronc energ is not sufficiently deep
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to stabilize the configuration Inclusion of hydrogen inside
thes sites is observe in large clustes but thes constitute
high energy isomers.

The H, molecuk is in all cass dissociatd by the Ni
cluster The mod favorabk arrangemetnof the two H atoms
on the Ni cluste is in two neighboriry sites with a Ni atom
bondel to both hydrogens The addition of one or two hy-
drogers on the transiticn metd cluste frequenty modifies
the geomety of the Ni arrangementThis is to be expected
from the smal enery differences tha exig betwea isomers
of Ni,.

With the preseh model we plan to explore further the
thermodynand properties of the systens we studial in this
paper It is also possibé to study the quantum effects on the
classich minima we found in this study especial in the
cass wher one or two hydroges (or its isotopes are
present Anothe interestimg isste which will be studia in
the nea future is the effed tha hydrogenatio has on the
“mobility’ * of the nickd substrag at finite temperatures.
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