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A minimal parameter tight-binding molecular-dynamics scheme incorporating a Hubbard Hamiltonian for
the treatment of magnetic effects is detailed. The computational efficiency of the scheme allows applications to
cluster sizes well beyond the rangeatf initio techniques. The method is used to obtain magnetic moments of
Ni, Fe, and Co clusters in excellent agreement with experini&t163-18208)01416-7

[. INTRODUCTION sis of the existing experimental findings for the variation of
(ny with the cluster size shows sharp dips superimposed on
Stern-Gerlach experiments performed on clusters ofthe monotonic decrease Oft,,) with n for cluster sizes for
transition-metal atonts® (CTMA's) are usually analyzed which closed icosahedral geometries are possibée, for
under the assumption that the CTMA’s are single-domaim=13,33,55, etd® Furthermore, a comparison among the
magnetic particles. Depending on the conditions of each exreported experimental data reveals a noticeable spread
periment, the profiles of the CTMA's being deflected by thewithin relatively large error bars for the measured values
Stern-Gerlach magnet exhibit either superparamagnetic @f (u,), especially in the case of small Ni Fe,, and Cq
anisotropy-induced relaxatidnThe latter case occurs when clusters>® Such a spread may be partially attributed to the
the thermal relaxation timey, of the clusters is much larger different experimental temperatures at which the reported
than their observation time, i.e., the time required by the data were obtained.
clusters to pass through the poles of the Stern-Gerlach mag- Although a lot of experimental data have been reported
net. On the other hand, superparamagnetic behavior is exhilthat confirm the superparamagnetic behavior of the
ited if the experimental setup allows the conditigp< 7, to CTMA'’s,? % detailed analysis of experimental data about the
be satisfied. According to the theory of dependence ofu,) on the cluster size and/or the cluster
superparamagnetisti, the magnetic moments within a geometry is limited. This dependence is formally expressed
CTMA move coherently, and thus the magnetic monmdnt by the relationship
of a CTMA consisting ofn atoms can be represented by a
single vector of magnitude equal to (o) =pn(n{Ry}), (2

Mo=n{un), (1)  where{R,} denotes the geometric configuration of the clus-
ter or, alternatively, the set of position vectors of the atoms
where(u,) is the average value of the magnetic moment pewf the cluster. To the best of our knowledge, the existing
atom of the cluster. experimental information about the relationship described by
Recent experimental resuit§ have confirmed the super- Eq. (2) is limited, and refers only to the detailed dependence
paramagnetic behavior of CTMA’s in suitably chosen ex-of (u,) on the cluster siz&® and no experimental data have
perimental setups. The basic quantity that is measured fromeen found reporting the dependence gf,) on the cluster
these experiments is the average value of the magnetic meonfiguration{R,,}, a case for which only theoretical data are
ment per atom{u,), and its variation with temperature, available!®~3?
magnetic field, and size of the cluster. Such data have been The ground state geometry of the CTMA'’s is usually ob-
recently reported for the clusters Ni Feg,, and Cq with  tained from a different class of experiments, namely, those
n<70027° The variation of{x,,) with the cluster sizdi.e.,  utilizing either photoelectron spectroscdpy*® or chemical
the number of atoms of the cluster) has been experimen- probe method3®3’ The chemical probe experiments indicate
tally obtained at temperaturds=78 K (Ref. 5 and 73<T  strong evidence for icosahedral packings of small CTMA's,
<198 K (Ref. 6 for Ni,,, T=120 K (Ref. 5 for Fe,, and and this geometry is assigned to the geometry of the free
T=78 K (Ref. § for Cq, clusters. From these results one clusters by assuming that the probings do not affect the ge-
observes that, for small clustekg,) exhibits values much ometry of the clusters. The icosahedral geometries of the
larger than those corresponding to the bulk materials andmall CTMA's, as well as a growth mechanism which is well
that, asn increases{u,) decreases, although not always explained by the umbrella model of cluster growth, have
monotonically, toward its corresponding bulk value, the lat-gained strong support from experimental results using the
ter being practically attained far~500—700. Further analy- photoionization spectroscopy>*
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The theoretical studies of CTMA’s need to explain notvery often the accuracy of the CI calculation achieved is
only the experimental findings but also a host of other intercrucial in the ground-state determination of a transition
esting features. They include the study of how an atomianetal-atom and/or a dimer. In Ref. 29, we give a summary of
property evolves into its corresponding bulk feature. An ex-various methods used and results obtained from applications
ample of this property would be, say, the atortiaral) mag-  on Ni, clusters. On the other hand, due to the formidable
netism. Another interesting feature is the possibility of con-computational requirements, the LSDA-bas#alinitio cal-
structing new materials, relying on a cluster-type building-culations, which include a global symmetry unconstrained
block, that has recently attracted much technological interesieometry-relaxation and an unrestricted total spin value for
and, in turn, generated theoretical interest as well. the cluster, are very rare and are usually restricted to cluster

The main challenge to the theoretical study is summarizedizes withn<10. For larger clusters, the common practice is
by Eqg.(2), which shows the dependency{gf,) on{R,} for  to allow the variation of only a limited number of the inde-

a given value of the number of atomsof the cluster. The pendent parameters of the system while performing a re-
important issue that needs to be addressed is how the gestricted(constraineglminimization of the total energy of the
metric ordering of the cluster affects its magnetic orderingcluster in order to determine its ground state. The most com-
and vice versa. From early investigatiddg®3=%t became monly employed calculational restrictions include one or
clear that the magnetic behavior of the cluster is the result ofnore of the following approximations(i) A global-

a very delicate interplay among various factors, such as theymmetry-constrained geometry relaxation, which allows
symmetry of the cluster, the bond lengths, the coordinatioronly a variation in the bond length while keeping the sym-
numbers, the size of the cluster, and, finally, the chemistry ofmetry of the cluster fixed(ii) A limited symmetry variation

its constituent atoms. Any one of these factors could play &eeping the bond lengths fixéthe latter usually kept at their
dominant role in the magnetic behavior of the cluster. Asbulk value$. (iii) Suppression of some Hamiltonian interac-
noted by Castro and Salahtfhthe types of chemical bonds tions[e.g., neglect of the-d interactions in a tight-binding
and patterns of charge distribution influencing the,) val- (TB) description. (iv) Restriction of the total spin valu@r

ues in CTMA’s depend on the total spin states. A strikingequivalently the value d¥1,) during geometry optimization.
example is the result of Dunldg,who showed that for fcc- [In such an approximatioryl,, is not allowed to take any
Fe3, an increase in the bond length from 4.4 to 4.81 a.u. islependence on the cluster configurat{ét),} during a mo-
accompanied by an increaseNh, from 32 to 44 Bohr mag- lecular dynamicdMD) relaxation process. Instead, several
netons,ug. Other examples illustrating this delicate inter- MD processes are repeated, keeping a different valué pf
play between geometric and magnetic ordering were giverach time. Unless many such processes of various fikgd

by Mlynarski and Salahubwho observed that, for ijiand  value are carried out, the spin-restricted results will not be
Nig clusters, a significant decrease in the coordination numaccurate considering the large number of closely spaced
ber increases the splitting between the spin-up and spirfecal-energy minima resulting from thgR,} dependence
down electrons, thereby enhancing the valu¢af). On the  (v) Electron correlations are usually treated within the LSDA
other hand, they also noticed that a contraction in the Ni-Niand/or Hubbard model approximation.

bond in Nj, may result in a reduction of the local magnetic  The above list of approximations also includes various
moments due to an increase in tiéband-width. We have model approximations,. They include, for example, the popu-
also showf' that the energies of the various spin states of dar spherical jellium-drop model and its modificatichs;®
CTMA of given size lie very close to each other, and corre-which have been found to be successful in describing various
spond to almost identical geometric configurations. properties of clusters of simple metals. In the case of

All these results indicate that, in order for one to properlyCTMA’s, however, the models based on the jellium approxi-
describe the magnetic behavior of the CTMA's, it is necesimation are inadequate to describe the cluster magnetism
sary to obtain an accurate estimation of the ground state afnd/or its effect on the cluster geometry. Even the reintro-
the CTMA as a function of the independent parameters merduction of lattice effects within a pseudopotential
tioned above. This means that accurate total-energy calculéermalism®#* in a fashion similar to that proposed by
tions need to be performed for each cluster in order to locat&ndriotis*’ for the semi-infinite metals, cannot overcome the
its minimum-energy configuration with respect to a simulta-inherent limitations of the jellium approximation. Further-
neous variation in all the independent parameterswhich  more, the conducting spherical jellium-drop mddéf has
the total energy dependsAdditionally, it must be kept in  also been found to be inadequate in describing nonmagnetic
mind that a profound understanding of the cluster magnetisrproperties of CTMA's, namely, their ionization energiég?
requires that electron correlation effects be approximated sat- Faced with these difficulties, the theoretical efforts have
isfactorily. been led to a search for workable simpler computational

It is thus clear that the determination of the ground stateschemes in order to describe both small and large CTMA's
of magnetic clusters is a very difficult computational task,at the same level of accuracy. Among the models proposed,
which, at theab initio level, becomes formidable, even for those which combine MD schemes with the embedded-atom
clusters of intermediate sizes, i.e., for<d0<100. So far, many-body potential methotfs*®>°were found to be rea-
most of the calculations on CTMA’s have been performedsonably successful in determining the structural properties of
within  the local-electron-spin-density — approximation, nonmagnetic CTMA’s. Similarly, methods based on empiri-
(LSDA), because the size and the complexity of thecal model potential>? have been used for analyzing the
transition-metal atoms do not allow a configuration- structural, dynamical, meltinglike, and evaporation behaviors
interaction(Cl) approach to CTMA’s. The ClI calculations of transition- and noble-metal clustefsee Ref. 51 and ref-
are usually restricted only to monomers and/or dimers, anérences there)n However, by their nature, these methods
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cannot be used for a description of cluster magnetism, excepin the proper description of the electron correlations within
for the embedded potential methods which can be used fahe Hubbard model. This, in turn, is reflected in the choice of
an approximate description of the cluster magnetism prothe Hubbard parameters for the intrasite and intersite Cou-
vided that additional approximate corrections be incorpolomb and exchange interactions, and also on the degree of
rated into the original scheme of these theoffeA. better self-cpnsstgr;g)z/l % 3"1\,?9;9?1 sass required  for  their
way to describe the cluster magnetism is provided by thélescription:* e T _ _
tight-binding method, which has been used successfully in a Our method is very general, and can be applied at various
description of the bufi®>* and surface magnetist->’ For  levels of approximations depending on the accuracy desired
this reason, and motivated by the success of the tight-bindingnd the availability of computer resources. The results pre-
mo|ecu|ar-dynamiCqTBMD) method in the treatment of sented in this work have been performed within the Slmplest
semiconductor systeni&,we have recently introduced the POSSible approximation. In particular, we have retained the
TBMD calculational approach in the studies of CTMA's. In universal TB description of the electronic interactions as pro-
a series of recent worké;?we have demonstrated that the Posed by Harrisofi? using the Slater-Kostet’ scheme, and
TBMD method can be used to successfully describe thdave included electron correlations within the Hubbard
structural and dynamica' properties of nonmagneti{cdﬂjs_ model appI’OXImatIO_n. F|na”y, OU_I’ tOta|-e_neI’gy eXpreSSIOI’I
ters of small and intermediate sizé=., for n<55). Using for the cluster also includes a pair repulsive potential term,
the TBMD scheme we were able to show that, in agreemeriuitably fitted to experimentabr ab initio) data. These ap-
fer” the icosahedral structure over the fcc ones when thdresent an efficient methodology based on a minimal set of
cluster size permits the cluster to form a closed icosahedrofdjustable parametet& our case there are only five such
(i.e., forn=13,33,55, etg. For all other cluster sizes, how- Parameters and flexible enough to accurately reproduce
ever, the fcc-based structures were found to be energeticall§own properties when applied to both covalent and metallic
more favorable than the icosahedral of&€° Subsequently, Systems. On the other hand, tHeTBMD method can easily

by including electron correlations within the Hubbard modelincorporate more accurate TB scaling schemes, as for ex-
approximation in our TBMD approach, we were able to ex-8mple the one proposed by Mehl and Papaqo_n_stantop?ﬁ.llos,
tend our applications to the magnetic,NiFe,, and Cq (n which will allow our method to take a firmab initio charac-
<55) clusters®3'We also showed in earlier repofis'that  ter

our extended TBMD approach—to be referred to as the

H-TBMD method—Ileads to a description for the variation of Il. METHOD

the average magnetic mome{mn} per atom With the ClL.JSter Our TBMD method was described in detail in Ref. 29. In
size in very good agreement with the existing experlmenta{he present work, we focus on the generalization of the

data>® ,
TBMD method, namely, théd-TBMD method, which was

In our H-TBMD approach, as in our original TBMD, . d : .
much emphasis is focused on the flexibility and efficiency Ofrecently 3(:r31t1roduced In thg stud|e§. Of. thg magnetic
CTMA's.”>>* A number of minor modifications in the pa-

the method to allow for spin and symmetry unrestricted tOtal'rameters including the scaling. have been deemed necessar
energy optimizations for CTMA’s of small and intermediate ' 9 9 y

sizes within the LSDAH-TBMD imposes no symmetry and for better transfgrablllty_ of the TB parameters. Wheqe_ver
. ! ) . . " necessary, a brief review of the aspects of the original
spin constraints, while at the same time including all

electron-electron interactions within the TB picture and theTB'vID theory will be given for reasons of completeness. As

LSDA without restricting them only among ttek electrons i?ol(\)/grs (t)r?gIpoallllo-vrv?nl\g?:oangg[}ct)zggﬁ;:]z;BsMD method in-
(as is the case sometm’f@)s As a result, within our (i) Construction of the spin unrestricted TB Hamiltonian,
H-TBMD method, one avoids all the drawbacks associated, o==+1, for electrons with spin-upg=+1) and spin-
with any neglect O.f thes-d interactions(which seem to re- dgv(/n (o_= ,—1) respectively, from which the electronic
duce(p,) by 10% in small iron c!uster%", and could PossI- eigenstates,|c; ) and eigen’values,e- are calculated
bly affect the geometry of the nickel clust&s Addition- ithin the LSIE()TA) by solving the Sch'nld;'rr;ger equation

ally, one can study changes in the electron populations tha&N

take place among the electron subbands as the total spin and H,/Ciy) = €10]Cis) &)
the geometry of the cluster change during the MD simula- giztel Sletar
tions. (i) Calculation of the total-energy of the system by sum-

Itis worth emphasizing that the TB method meets a morgying over occupied levels and adding a sum over pair po-
general acceptance in studies of CTMA's, and many applitentials. The total-energy expression is then used in the cal-
cations have been reported at various levels Ofyjation of forces acting on each atom of the system.

apPrOXimatio”1'6'20'21'28_31’59_%9”95p°ndi”g mostly to the (i) Full geometry optimization of the system by follow-
various ways that one can achieve the optimum transferab||-ng its time evolution starting from specific initial geom-

ity of the TB parameters. The transferability of the TB giyjes.
Hamiltonian depends on, among other factors, the scaling of
the matrix elements with the interatomic distar(see, for
example, Ref. 62 and references thereis well as the scal-
ing factors that take into account the effects of the local In constructing the TB Hamiltonian, we assume an or-
environment of each atofit:®® In the case of thé1-TBMD  thogonal atomic basis set. For the case of nonmagnetic
method, the accuracy of the TB approximation also depend€TMA'’s the diagonal Hamiltoniafii.e., the intrasitematrix

A. Construction of the spin-unrestricted TB Hamiltonian
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e|ement£g1) ,m=s,d, associated with the atom at the lattice =~ TABLE I. Universal constantévalues taken from the solid state
siteR;, are taken to be configuration independent and equdpble of Ref. 66 used in Eq.(7) for obtaining the interaction pa-
to the values given by HarrisdfiNote thatp orbitals are not ~ fameters in the present work.

used here, and we tale!’ =E{’ . For the latter approxima-

tion, Harrison readjusted the value of the intersite matrix Parameter Value
elementV,; in order to fit the bulk band structure. It is clear Nspo 1.84
that Harrison’s diagonal elements cannot be directly used for Nope 3.24
studying cluster properties which depend explicitly on the Mopn —0.81
relative strength and position of the atomic orbital energies. Nedo —3.16

In the case of the magnetic CTMA's, the necessary spin oo —2095
dependence of the diagonal matrix elements is introduced 7] 1.36
using the Hubbard approximation according to whictne P 16.20
intra-atomic Coulomb and exchange interactions re€alt ddo 8'75
the case of atoms with band degenejany an effective "ddn 0.00
intra-atomic Coulomb repulsiougf)f and a corresponding ef- 7dd '
fective intra-atomic exchange interactiddy}, in terms of
which the correctionsAE() ,m=s,d, to the diagonal ele-  While our assumption that the intra-atontitiagona) TB
mentsEfTi]) .m=s,d take the form matrix elements are configuration independent can be justi-

. . ' o . , fied from the fact that for large CTMA'§.e., for the systems

AE(Q, =USANG) —oul) I+ AEG L+ AEY i, m=s,d  for which the presenti-TBMD method is being formulated

(4)  the cluster stability is mainly an interplay between two mu-
tually competing close-packed structures. However, it should
be emphasized that in CTMA's of small size, charge transfer
and anisotropy effects may induce significant corrections in
the diagonal TB matrix elements, making a self-consistent
An® = ) (5) apprgach necessary in their determination. Furthermqre, self
mo— imo T0ma consistency may also be necessary for an accurate incorpo-
wherent) are the corresponding orbital occupancies for theration of the electron correlation effects in order to obtain a

Omo

bulk material. The termaE{),,andA Ego)nfig contained inthe reliable description of the cluster magnetism. In the Hubbard

right-hand side of Eq(4) denote the Madelung-type interac- model approximation of the electron correlations, this re-
tions (resulting from the charge transfer among the atoms ofluirement translates into a boundary condition that imposes

the cluster and the coordination dependence of the matrixSelf consistency on the occupation numbers of the electron
elements, respectivef§:39-61.64 orbitals. The exponential scaling of the interatontaff-

The off-diagonal(i.e., the intersite matrix elements are diagonal TB matrix elements, on the other hand, employed
taken within the two-center approximation of Slater and" the present work, can be justified from our experience on

H 2
Kostef” and scaled exponentially with respect to the inter-S! clusters’ _ _
atomic distance, In our H-TBMD approach, we make the simplest possible

approximation to the correction termsE() . and take

whereo denotes the spin 1 for spin-up and-1 for spin-
down), n)_ denotes the occupation number of {ines) or-
bital at the lattice sitdR; and

pl ==l

Vi uw(N=Vy(d)exd —a(r—d)], (6)
whered is the equilibrium bond length in the corresponding

We use a smooth Fermi-type function to cutoff interactionsreproduce the correct spacing of the higher-spin states of
between atoms separated by large distances, ensuring that §)g5| clustergfor cluster sizen<5), whose values are avail-

average cutoff distance, (~3.00 A) is between the near- apje from results of accurateb initio calculations. From
est and next-nearest neighbors in the bulk solid. For th%qs'@) and (8), it is apparent that the parametesd, cor-

resent calculations we follow our previ Iculational . . .
present, Lascuiations We oTow Our Previous calcliational,qq,qng to effective exchange interacti#fy terms accord-

schemé&’~?° and assume that the values of the parameters ;
) . ing to the relation
Vv ,(d) can be expressed in terms of the universal con-

stantsz, -, of Ref. 66, (i)

A E%L= - O'Sgrz1 ' ®

Som= i ot - 9
firg ) .
Vi (d)= Uyt (7) TABLE Il. Adjustable parameters used in the present scheme
md-"7 for Ni, Fe, and Co.
where ry is a characteristic length associated with eacr]E
.. 6 . lement 7y, fe b0 So a b
transition-metal atorfi® The parameter=0 for s-s interac- (AY)  ev
tions, =2 for s-d interactions, and-=3 for d-d interac-
tions. In Table | we list the values of the universal constants\i —-0.47 104 0264 0.50 0.5674-1.2637
7w« With the exception ofpgg,, which is now an adjust- Fe —-0.78 075 0.349 1.05 0.1748-4.6613
able parameter, and in Table Il we list various elements usegg —051 080 0773 055 0.6880—2.1694

in the present calculations.
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_TABLE IIl. A priori parameters used in the present scheme forg,, js taken to scale exponentially with the interatomic dis-
Ni, Fe, and CoE; andE, are diagonal Hamiltoniafi.e., intrasite

. . tancer;; :

matrix elements, and are taken from the solid-state table of Ref. 66.

d is the equilibrium bond length in the corresponding bulk material. ¢ij (rij )= poexd —4a(rij —-d)]. (14

Element E.=E, d The value of¢g is chosen so as to reproduce the correct
eV A experimental bond length of the dimer at its correct magnetic

state® In Table Il we list our adjusted values for bath and

Ni —18.96 25 ¢, for Ni, Fe, and Co clusters. The cutoff distancg, used

Fe —16.54 2.48 for the repulsive potential, is taken to be the same as that for

Co -17.77 2.48 the electronic term.

The third termU 04 iS a coordination-dependent correc-
tion term to the total energy, originally introduced by To-

In order to simplify our model further, we assume the manek and Schiutétin their studies of Si clusters. Although
effective exchange interaction to depend only(gn) (@and  in our earlier works we used a quadratic polynomial for fit-
not on the individualu,’ valug and be independent of the ting U, we find that a linear polynomial is adequate in

types of the orbitals and lattice sites; i.e., we take our improved scheme. This term does not participate in the
0 ) calculation of the forces and, therefore, does not affect the
Som=S0, Vm,i. (10 MD procedure for geometry optimization. It is, however,

Thus the presenii-TBMD method includes just one extra V'Y crucial in distinguishing various isomers for a given
adjustable parametes,, when compared with our original cluster size. Assuming no appreciable dependence on bond
TBMD method?® length, theU,,,qterm is given by the following expression:

The approximations made in E(LO) are consistent with n
the inherent approximations of the method and, to a large Upon=N| @ Llip , (15)
extent, can be justified based on the resultafinitio cal- n

-1

: (16)

culations. In particular, from the early calculations of Yangwheren, /n is the average number of bonds per atom of the

et al,* it was observed that for the bands, the effective cluster, andn is the number of atoms in the cluster. The

exchange splitting between corresponding majority- anajue ofn, is determined by a Fermi-type function, i.e.,

minority-spin levels in a cluster is of the same order of mag-

nitude as those obtained from band the@we also Ref. 30 n, 1 rij—rec

The exchange splitting was foufidto be a very localized N 2n& exp —x—|+1

property, not very sensitive to cluster size. Equati®®@) is ’

also consistent with Harrison’s approximation used here, acvhere the sum is over all bonds of the cluster ani taken

cording to whichE{)=E{" 6 These, along with the bond €qual to 0.01 A. The parametessand b are obtained by

length in the bulk solict, are seta priori, and are listed in  fitting Upong, given by Eq.(15), to eitherab initio results for

Table 111 the total energyl ,p, iniio, Of SMall clusters of different sizes
in their ground statdif available, or experimental results
according to the equation

B. Calculation of total energy and atomic forces

The total-energy calculation proceeds along the original Upond= Yab initio~ Yer~ Urep- (17)
TBMD method?® Briefly, the procedure is as follows.

The total energy is written as a sum of three terms: Thus there are a total of five adjustable parameters in our

schemea andb from Eq. (15), ¢, for the repulsive poten-
U=Ug+ Urept Upona: (11  tial, So for the average eX(_:hange_ spli_tting, andfor the _
scaling of both the electronic Hamiltonian and the repulsive
The electronic part) is obtained by performing a sum potential with the interatomic distance according to EG$.
over the eigenvalues;,, of the occupied one-electron states and (14). These parameters, once adjusted to reproduce
of the TB Hamiltonian, given by Eq3), i.e., known resultgtheoretical or experimentalor small clusters
(with number of atoms less than or equal o &e then kept

= fixed in subsequent calculations for clusters of arbitrary

UeI:% €igbiq (12 sizes. In Table Il we give our fitted values for these param-
eters.
where 6,, is the occupation number of theo) state. The forcef; acting on theith atom due to the interatomic

The second term in Eq11), U, is a pair repulsive term  interactions are obtained from the equation
that includes contributions from the ion-ion interactions and
a correction to the double-counting terms includedUig, fi==Vi(Ugt Urep). (18)
coming either from Coulomb and exchange interactions oo simple analytic form ot/
the (Hubbard correlation terms. This term is given by a sum
of repulsive pair potentialsp;; ,

rep[EQ. (14)] makes the evalu-
ation of the corresponding force term rather straightforward.
The contribution to the forcg from U is obtained by using
the Hellmann-Feynman theorem, according to which

UrEPZEi J2>I i (1ij) (13 Vi€ko=(Ckol ViH,|Cio)- (19
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The spatial derivative of the Hamiltonian appearing in Eq. It is also desirable to choose a simple analytical expres-
(19) is obtained by taking the spatial derivative of the Hamil- sion for the scaling in order to be efficiently used in large-
tonian matrix elements parametrized according to @&  scale computations. This is just the case when Harri§dn’s
The advantages of the exponential scaling scheme over othgnhiversal TB parameters for the intersite interactions are
schemes in facilitating the evaluation of analytic derivativesscaled with the interatomic distance according to .

should be obvious. Bulk properties are found to be well described by this simple
Molecular dynamics can subsequently be performed bycajing®? Additionally, the scaling of the intrasit@iagonal
numerically solving Newton's equation TB matrix elements requires, in general, a more careful treat-
ment as discussed earlier, and with consideration of terms in
dr, _ b  EC(@.
mﬁ T (20 The parametes, is chosen from a range of values that do

not alter the fitting result ofx and ¢, and, in addition, re-
to obtain the atomic coordinates as a function of time. Aproduces the higher-spin states of small clusters. As ex-
small damping force is added to simulate energy loss fopected, we find that, depends on; the larger the value of
reaching the equilibrium configuration for the cluster. Many o, the larger the value o, that is needed to reproduce the
widely differing initial geometric configurations are consid- magnetic states of small clusters. Under a constant value of
ered in the simulations. The final equilibrium configurations, small changes i, do not alter the results appreciabfy.
thus obtained correspond to local minima of the total energyysually,s, is chosen within a range of values that satisfy our

Our aim is to identify the cluster configuration corresponding,.os it found by fittinga and é,. We find that changing the

to the absolute minimum of the total energy. For small clus-,
C . . values ofsy by up to 5-10 % do not change results appre-
ters this is readily achieved. For large clusters, however, w o DY UP > 9 PP

L ; . : ?:iably. This is shown in Table IV, where we present our
construct initial geometries using clues from experimental or

other theoretical works and perform a full symmetry- results for small Ni clusters for two fitted values %, (and

unrestricted optimization. Although such an approach is con§Im|larly in Table 1 of Ref. 30 for Fg. From these results

siderably efficient, it can still leave out some cluster configu-On€ OPserves that the geometries of the various spin states of

rations containing the most stable geometry. the Ni (gnq Fe clusters are quite stablg within fairly large
uncertainties of theg, value, the latter being very close to the
average value of the exchange splitting as obtained from
band-structure calculatio&7?%5%(see also Table V! It is

The TB parameters are usually obtained by fitting to bulkalso worth noting that small changessin (while keeping all
band-structure results obtained by accugdidnitio calcula-  the other parameters constadé not result in any changes in
tions. As shown by Harrisoff, the bulk properties are well the vibrational frequencies.
described by the universal ConStaﬁiﬁ)\r# . Therefore, the The other two parameterS, name'y, the coefficientsd
only remaining problem with the choice of the TB param- \which are used to express, g in Eq. (15), are obtained

eters is the_ir transferability, i.e., their applicab_ility in envi- by fitting Upeng values, defined by Eq17), to a linear poly-
ronments different from the ones used to obtain the TB Pa%omial in the number of bonds per atom,(n) according to

rameters. This is not always the case, and the TB parameteé%. (15). The major problem encountered in the evaluation

pbtamed by fitting to the bulk band strgcture cannot descnbeof the coefficientsa andb is the lack of sufficiengb initio
in general, surfaces and/or clusters in an accurate way. |

data for fully optimized(symmetry unrestrictedstructures.

such cases, transferability can be significantly improved With]_ A T
. : : he situation is exacerbated by the fact thhtinitio results

a judicious choice of the adjustable parametggsand « that : : . .
J ) P ol « For cluster geometries, frequencies, and magnetic states fail

enter the force calculations. These are fitted to a dimer fo . .
experimental bond length and frequency. This fittingto agree among themselves and also with experiment, even

uniquely determines and ¢, for a given range of, values for small clusters. Since the coefficieraanb require only
(see below Although a small dependence on the cutoff dis-\Wo sets of data, we chose to use experimental data for the
tancer, is observed, no appreciable change in results is dehinding energies of the dimer and bulk solid for their deter-
tected ifr is taken within the range determined by first- and mination. As will be shown in Sec. lll, this choice leads to
second-nearest-neighbor distances. Largevalues are not good agreement wittab initio results when data for fully
consistent with the implicit assumption that the universal TBoptimized structures are available. In some cases when ex-
parameters are obtained by keeping only first-nearesperimental results are available for some “magic number”
neighbor interactions. It is worth emphasizing that the pro<lusters, the results obtained using the present scheme seem
cedure followed here is different from the one followed in to give better agreement with experiment thaninitio val-

our earlier calculation$/ ! in which the value ofa was ues reported, suggesting that symmetry unconstrained opti-
taken equal to 2, whered is the equilibrium bond length of mization might be more relevant than other factors consid-
the bulk material. The current approach is an improvemengred for these clusters.

over the previous one, as it allows for better transferability

by an accurate description of the two extreme structures,

namely,_ the bulk and thg dimer, and, therefore, a better in- IIl. RESULTS

terpolation for structures in between. It must be remembered

that distance dependence of the TB parameters implicitly In this section we present our results for,NiFe,, and
contains the effect of the local environmé&#it. Ca, clusters obtained using th¢-TBMD scheme.

C. Accuracy of the model
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TABLE IV. Results for N}, clusters obtained for two different values of the paramgje(*) Relative to
the energy of the lowest energy stét¢herwise thew =0 state has the same energy for differgntalues)
(**) The calculations of Ref. 11 for Nirefer to theT, geometry.

Total energy/atonieV) re (A)
Cluster Symmetry u Present work Ref. 11 Present work Ref. 11
$,=0.45 s,=0.50 LDA NL LDA NL
0 0.450 0.500 2.20

Ni, 2 0.000 0.000 0.000 0.000 2.20 2.20 2.03

Cs, 0 0.156 0.189 2.28
Nis C,, 2 0.000 0.000 2.3¥2,2.29

C,, 4 0.071 0.038 2.4%2,2.28

square 0 0.468*) 0.518%) 0.165**) 0.083 2.2%K4,3.16<2 2.49

Ty 2 0032 0057 0.068  0.020  2.832,2.41x4 2.49
Ni, Ty 4 0.000 0.000 0.000  0.000 2.88,2.46<3 249 2.36
Ty 6 0.066 0.041 0.163  0.156  2.31,2:48,2.49 2.49
Trig-Pyr 0 0.249*) 0.29¢*) 2.27-2.84
Cay 0.375  0.423 0.260 2284227277  2.49
Trig-Pyr 2 0241  0.269 2.326
Ca, 0.166  0.195 2.31-2.35
Trig-Pyr 4 0.000  0.009 2.36-2.91
Nis Csy 0.054  0.063 0.044 2.49
Trig-Pyr 6  0.055  0.043 2.40-2.52
Cyy 0.080  0.101 0.000 2.49
Trig-Pyr 8  0.031 0.000 2.444,2 47 4,2.56
Ca, 0.135 0.164 0.088 2.49
Nig Dan 6 0.000  0.000 2.33-2.51
(distory 8 0.083 0.067 2.38-2.50
10 0.074  0.041 2.41-2.59
12 0.097  0.047 25812
A. Ni clusters We have considered Niclusters of arbitrary sizes. Al-

The parameters and ¢, were chosen to reproduce the though several of our results for the magnetic Ni clusters
experimental bond lengtf2.20 A) (Ref. 23 and vibrational have been published recentfy* we recalculate many of the
frequency (330 cm?) (Refs. 23 and 71of the dimer. The Structures using the currrent parametrization scheme. In par-
bulk bond length obtained using the same parameters is 2.6®ular, we focus on cluster sizes most studied using other
A, which compares favorably with the experimental value oftheoretical methods for purposes of comparison.

2.49 A. The value fois, was chosen so as to reproduce the As will be shown below, the current parametrization does
energy spacing of the lower-spin states of small clusters agot introduce qualitative differences in our results when
found by ab initio methodst! The best fit was obtained by these are compared with those obtained with our earlier
choosings,=0.5 eV, although small variations in the value parametrizatiod/ 3! Only small quantitative differences are
of sy do not change the results apprecia@dg apparent from introduced by the current parametrization, and these pertain
the results in Table 1Y Finally, the values fom andb were  mainly to the energetics of the various cluster structures.
obtained by fittingJ ,,nqin EQ. (15) to the experimental val- Thus, within the current parametrization, we find that, in
ues of the cohesive energy of the blik44 eV/atom(Ref. ~ agreement with our previous parametrizatithe magnetic
72)] and the experimental binding energy of the dirf®B833  Nij3 cluster does not exhibit a stable icosahedral ground
eV/atom, the value quoted in Ref. 23; a more recent réport state; instead, initial icosahedral geometries relax to a very
gives the value of 1.04 eV/atgmwe used the cohesive en- distorted geometry of a prismlike structure, which is only
ergy of a relaxed 147-atom cluster to obtain an approximat®.020 eV/atom less stable than the one obtained by relaxing
figure for the bulk value. This fit reproduces fairly well the fcc structures. For N, we find that the nonmagnetic icosa-
ab initio results of Ref. 32, which, as it is worth pointing out, hedral cluster is less stable than the corresponding fcc one by
indicate a noticeable dependence on the bond length. TH&135 eV/atom. For the magnetic {#§lj the fcc structure
adjustable parameters used for Ni are listed in Table Il. Alsqwith {u,)=0.842.z) is found to be more stable than the
listed in the same table are the adjustable parameters used fopsahedral onéwith (w,)=1.1584g) by 0.013 eV/atom.

Fe and Co. Similarly, we find that the magneti;monmagnetigfcc Niyg
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icosahedrop (b) 43 (fcc), and(c) 147 (icosahedron

04,0 20 8.0 120 160  tion for this structure. Our results are much closer to experi-

Number of atoms ment than those reported in Ref. 14.
. . On the other hand, the current parametrization does affect,
FIG. 1. Theoretical results using the present methad &nd 55 expected, the calculated vibrational frequencies of the
experimental result¢Ref. 6 (@) for the average magnetic mo- ¢ sters. For Nj we find the eigenfrequencies to be equal to
ments (per atom of Ni clusters. Results of density-functional- 98 183. and 327 cit. which are in good agreement with
theory c.alc.ulatlons in the local-density approximatiiDA ) (Rgf. the experimental values of 198, 300, and 405-&ras mea-
13) are indicated byA. Also shown are results of a self-consistent sured by Nouret al’*
tight-binding methodwithout full symmetry unconstrained relax- The gresent méthod can easily be extended to the treat
ation) reported in Ref. 14Q). y . 3
) rep © ment of larger Ni clusters. For comparison, we have used our

. _ method to study Niclusters fom= 33 (twin closed icosahe-
is more stable than the corresponding icosahedral geometa/ron)’ 43 (fcc), and 147(icosahedropshown in Fig. 2. The

by 0.131 eV/atorr(O.l30 e.\”atc”?‘ It is thus clear fchat OUT " magnetic moments for these clusters, along with experimen-
results for both Nig and Nz (being more or less indepen- ;| (g its for these clusters reported by Apselal, are

dent_ of the parametrization usedo not aF%tr)ee W'th_ those jisted in Table V. As seen in the table, there is excellent
obtained using the embedded-atom methbdgcording to agreement with experiment for the magnetic moment per

which Niyg and Niz exhibit ground states of icosahedral 41om The discrepancies, when they arise, have to do with
structure. . the fact that the experimental results have been obtained at
From these results it is apparent that the current parammheratyres high enough to account for thermal energies
etrization does not substantially affect the galculated MaGyhich are comparable with the energy differences among the
netic moments of the clustetas compared with our results 4oy jsomers of a given cluster. It is also possible that the
based on our ea_rller parametrizatiom Fig. 1 we plot th_e adsorption of various atoms on the cluster surface tends to
average magnetic moment per atom for Ni clusters with ,romote equilibrium cluster geometries which are different

=2-20 atoms. We also include in the same figure the eXfrom those exhibited by the adsorption-free magnetic clus-
perimental results of Apsedt al.,” the theoretical results of ;oo

Reuse and Khannd,and the recent theoretical results by
Bouarabet al'* Reuse and Khanna used density-functional _ _
theory in the local-density approximatiofLDA), while _ TABLE V. Magnetic moment per atomug) for Ni, clusters
Bouarabet al. used a self-consistent tight-binding method With =20

(applied to geometries obtained by MD and therefore not
fully relaxed within the self-consistent approac¢h calculate

Magnetic moment per atomu(g)

the average magnetic moments. Our values are in perfeft Structure Present work Expt.
agreement with the LDA results reported in Ref. 13 for 33 twin icosahedron 0.970 0.94
=2, 3, 5, and 6. Full optimization can readily be done for 43 fec 1.070-1.160 1.05
clusters of these sizes. As seen in Fig. 1, however, results qf;, icosahedron 0.925 0.85

Ref. 13 predict a much lower value for the magnetic moment
when compared with experiment for Ni This may be due 2Reference 6; experimental data have been reexpressed using the
to lack of full symmetry and spin unconstrained minimiza- gyromagnetic constamg=2.0.
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B. Fe clusters 2%.0 1.0 20 3.0 4.0

. . A ber of bonds per atom
As in the case of Ni, the parametersand ¢ for the Feg Verage number ot bonds p

clusters are obtained by fitting to the ground-state properties FiG. 4. Average magnetic momex,) for Fe plotted as a

of the dimer. In particular, our parameters were fitted so as t@unction of the average number of bonds per afmiven by Eq.
reproduce the experimental bond length of 2.0%And the  (16)]. As seen in the figure, the average magnetic moment tends to
experimental vibrational frequency=300 cni' !, (Refs. 71  stabilize at the corresponding bulk value as the ratio of surface to
and 75-77 of the dimer. The parametes,, on the other bulk atoms becomes smaller.

hand, was fitted to reproduce the theoretical spin states of the

small clusters?2%3! The values of the parameteasand b

smaller, the average magnetic moment tends to stabilize at
were obtained by fittingJ,nq [given by Eq.(15)] to the g g

: . the corresponding bulk value. For small clusters, however,
experimental value of the cohesive energy of the dlR8 P g

eV/atom (Ref. 72] and the experimental binding energy of for which the surface to bulk atoms ratio is larger, a strong

: dependence dfu,) onn,/n is found, although in this figure
the dimer[0.65 eV/atom(Ref. 75]. The values ofv, ¢y, and " n
S (Iistedr[in Table 1), thus obt;ined, are slightly¢8ifferent it is difficult to separate the effects due to the bond lengths

from our previous one¥3! However, the current parametri- from those due to the average coordination number of the

zation does not introduce any quantitative differences in th&luSter-atoms. _ _
calculated values of the average magnetic momgmts for The calculated values ofu,), in agreement with
n<10, while for larger clusters (¥n=55) the current pa- ©€XPerimertt and other theoretical reports;*1%2% are
rameters result in magnetic moments which are at most 6¢fund to be much larger than those for the bulk (2% (see,
greater than our previous|y reported Va|a%§]’- indicating for example, Ref. 7B It is worth nOting that clusters consist-
only a minimal sensitivity of our results to the adjustableing of hollow structures are found to be stable, in agreement
parameters. Also, we find no qualitative differences in thewith Christensen and Cohél.These hollow cluster geom-
ground-state geometries of the clusters studied using the negiries exhibit excessively high magnetic moments. Striking
parametrization. In Table VI, we present our results for someases appear to be the distortéd, structure of Fg, the
selected Fg clusters for comparison. The geometries of cubic Fg and the hollowm(no central atombcc structure of
some of the relaxed Reclusters are shown in Fig. 3. Fe,. (The hollow icosahedral structure of e(being an

As in our previous calculation;*! our results for Fg¢  icosahedron with no central atondoes not exhibit such
clusters are in very good agreement with both experimentgbroperty; it is found to be unstable.
data and theoretical results when the latter pertain to fully Another observation concerning [Felusters is that our
relaxed cluster geometries. Thus, we see from our previousesults for the magnetic moments of the relaxed cluster ge-
results®® and from those included in Table VI, that the aver- ometries are in very good agreement with the results reported
age magnetic momentu,) per cluster atom exhibits a by Ballone and Jonésand by Pastor, Dorantes-Davila, and
strong dependence on the cluster size and/or geometry, esggennemantf for relaxed cluster geometries. This indicates
cially in the case of very small clusters. In Fig. 4 we showthat the neglect of the-d interactions, as noticed in Ref. 16,
the calculated relationship betweédp,) and the average does not appreciably affect the results, in contrast to the re-
number of bonds per atofgiven by Eq.(16)]. From thisitis  sults for Nj, clusters. At the same time, a comparison be-
clear that, as the ratio of surface to bulk atoms becomeveen our results and those obtained in Ref. 16 indicates that
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TABLE VI. Results for Fe; experimental results have been reexpressed gisi@d.

n Symmetry Bonds (A)  (umn) (us) o (cm™1) 2s, (eV) Ref.
2 2.02 3.00 300 21 Present
1.96(2.00 3.00 1.7-2.5 26
1.98 3.00 461 10
2.04(2.01 @ 3.00 12
3.3+0.5 expt.(1)
3 Cs, 2.12 2.67 180, 180, 318 2.1 Present
Cs, 2.10 2.67 270, 274, 433 26
Cs, 2.04 2.67 10
Cs, 2.18(2.14 @ 2.67 12
2.7+0.3 expt.(1)
180, 220 expt.(71,75,76
4 Trig. Bip. 2.1%3 3.00 134, 134, 176 2.1
2.30x3 184, 184, 308 Present
Dist. Ty 2.22 3.00 103, 112, 222
223, 227, 412 26
Dist. Ty 2.17,2.43 3.00 12
Dist. Ty 2.25 3.00 10
5 Sqg. Pyram 2.1%4,2.29< 4 2.80 68, 100, 117, 144 2.1
183, 200, 214, 219, 296 Present
Trig. Bipyr 2.20x6,2.41x3 2.80 37, 127, 188, 198 2.1
213, 296 Present
Trig. Bipyr 2.22-2.32 2.8-3.2 102, 121, 141, 191
205, 256, 270, 323, 401 26
Trig. Bipyr 2.20xX6,2.31x3 2.80 12
Trig. Bipyr 241 3.00 1.46 16
2.8+0.2 expt.(26)
6 Tetr. Bipyr 2.3X12 3.33 2.1 Present
Tetr. Bipyr 2.46 3.00 1.46 16
Capped Trig. Bipyr 2.16-2.34 3.33 12
7 Ds, 2.23x5,2.33x 10 2.86 Present
Ds, 2.21xX5,2.11x 10 3.14 12
Ds, 2.46 3.00 1.46 16
8 Dist. Cube 2.16-2.26 3.00 2.1 Present
9 bcc 2.14 2.89 2.1 Present
bcc 2.26 2.33 1.46 16
bcc 2.54 2.89 2.3 17
13 icos 2.23-2.69 2.77 2.1 Present
fcc 2.54 2.77 2.0 17
bcc 241 2.54 1.46 16
14 bcc(hollow) 2.24 2.86 2.1 Present
15 bcc 2.28 2.80 2.1 Present
bcc 2.41 2.60 1.46 16
bcc 2.54 2.93 2.4 17
43 fcc 2.32 2.65 2.1 Present
55 icos 2.3-2.4 2.62 2.1 Present
169 bcc 2.59 2.1 Present

a/alue obtained by employing a modified spin-polarization function.

significant differences can arise when comparing results obdistribution of the magnetic moments and their relationship
tained for relaxed structures with those obtained for unreto the electronic charge transfer among the atoms of the Fe

laxed structures. This clearly shows the necessity of performcjysters. Our calculational results lead to the following con-
ing spin- and symmetry-unconstrained calculations forg|ysions.

determining the ground state properties of the CTMA’s ac-

curately.

(i) The actual value of the magnetic momexff’ of the

In addition to obtaining the average magnetic moment!th atom of a Fg cluster is the result of a very delicate

our scheme can also provide us with information about théhterplay of three main factor¢1) the (local) coordination
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TABLE VII. Results for Co ; experimental results have been reexpressed gsirzg

n Symmetry BondgA) (pn) (us) o (cm™ ) Ref.
2 2.473 2.00 236 Present
3 C,, 2.55,2.69,2.69 2.33 130 132 227 Present
4 Ty 2.61-2.80 2.50 43,78,109,121,132,222 Present
2.202 25
5 Tetr. Pyr. 2.6%4,2.79< 4 2.20 32,81,92,122, Present
139, 141, 201
6 Ty 2.76 2.33 58,100,113,135,212 Present
2.332 25
13 hcp 2.71-2.75 2.08 Present
hcp 2.105 25
fcc 2.08 80
icos 2.259 1.77,2.23 81
fcc 2.3012 2.08 81
icos 2.329 25
19 icos 2.54-2.94 2.16 Present
fcc 2.3282 1.95 81
fcc 2.508 2.147 25
29 hcp 2.69-2.72 1.90 Present
39 hcp 1.87 Present
43 fcc 1.79 Present
fcc 2.116 80
43 2.01 expt(5)
55 1.92 expt(5)
141 1.82 Present

#0ptimized bond length only.

number,(2) the bond lengthgbetween a given atom and its surface and subsurface cluster atoms, respectively, indicating

neighbor$, and(3) the excess electronic chargeqﬁ]') of the the effect of the interplay of the various factddiscussed

given cluster-atom. above in the development of the magnetic moment of each
(i) The cluster atoms on the surface exhibit greater mageluster atom. This picture is in agreement with the findings

netic moments than the inner cluster atoms, provided that thef Refs. 16 and 38 in the case ofge

corresponding bond lengths and excess electronic charges of Furthermore, we see from Table VI that our calculations

the corresponding atoms do not differ appreciably. also reproduce the experimental vibrational frequencies of
(i) A correlation betweem\q{’ and (" cannot be es- the trimer, Fg. In particular, we find »=179.5 and

tablished, as this is strongly affected by the local coordina318.0 ¢mi !, which are in good agreement with the experi-
tion number and the bond lengths of the atom with its neighmental values of 180 and 220 crhfound from far-infrared

bors. and resonance Raman spectr& "®For larger Fg clusters,
Thus, for example, in the case of the fcc,fewe find  the frequencies we calculate are included in Table VI along

that the value of magnetic moment for the central atom is thavith the results reported by Castro and Saldfidor com-
smallest, while it exhibits a large excess electronic charge aparison.
+0.346 electrons. The values of the magnetic moments of Finally, it should be noted that our results are in agree-
the rest of the atoms are found to increase as the atoms moent with the general trends found by Ballone and Jtnes
away from the central atoms. Atoms be|onging to the Sam@r small clusters. In particular, we have found that Compact
shell exhibit the same value of the magnetic moments, an@lusters are more stable than open structures, and that non-
atoms with the highest magnetic moment are found to residgagnetic clusters exhibit shorter bond lengths than the cor-
on the outexsurface shell of the cluster. On the other hand, responding magnetic clusters. Additionally, it is worth noting
the excess chargesql exhibit a variation with the shell that, while the applicability of the method of Ballone and
number, the former taking values ef0.256, +0.035, and Jones to Feclusters is limited to cluster sizes<10, our
+0.105 electrons on the first, second, and thiratej shells, ~Method is easily applicable to much larger clusters, and,
respectively. therefore, offers a significant advantage for studying more
In the case of Rg we find the excess valence charge COMPIeX systems.
Aq\) to increase gradually from-0.268 electrons on the
central atom to the value 6f0.066 electrons on the surface
atoms. At the same time, the magnetic moments increase Unlike in the case of Ni and Fe, the limited availability of
from a value of,uﬂ):2.105uB (very close to the bulk valje the experimental data arab initio results do not permit an
at the central atom to the values 268and 2.7& on the  accurate evaluation of the adjustable parameters for cobalt at

C. Co clusters
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present. We relied on the data for the bond length and the
vibrational frequency of the dimer suggested by Shim and
GingericH® (on the basis of their Cl calculationso deter-
mine the parameters and ¢,. According to these, the vi-
brational frequency of Gois approximately 240 cmt, and
the expected bond length is 2.43 A. To the best of our
knowledge, data for small Galusters are very limited. We
relied on the existing experimentdl and theoretical
date>7°-81as well as on our observatigfollowing the stud-
ies of Fe and Ni clusteyghat the average value of the ex-
change splitting takes, to a good approximation, the corre-
sponding bulk value, for the determination of the parameter
So- The parametera andb were obtained by fitting to the
experimental cohesive energy of the bUyk.39 eV/atom
(Ref. 72] and the experimental binding energy of the dimer
[0.5 eV/atom as quoted in Ref. 79. This is very close to the
reported theoretical value of 0.482 eV/atdRef. 71]. The
adjusted parametef$isted in Table I) reproduce the mag- FIG. 5. Relaxed geometry of magnetic 141-atom Co cluster
netic ground state of Go This choice of the parameters, (fcc).
however, introduces a small charge transfer between the two
Co atoms due to an oscillation in the ground state configu-
ration. Due to the fact that no accurab initio results are We have detailed a minimal parameter tight-binding
available for Cg which can be used for better fitting, we molecular-dynamics scheme incorporating a Hubbard Hamil-
used the parameters listéd Table Il) in our calculations for  tonian for the treatment of magnetic effects. The method is
the larger Cq clusters in order to demonstrate the applica-computationally fast, and can be easily used to treat clusters
bility of our method. of a few hundred atomsn&300). These cluster sizes are
Our results for the larger Goclusters are included in well beyond the range adb initio techniques. The present
Table VII along with other reported results for comparison.method allows full symmetry and spin-unconstrained mini-
From this table it is apparent that our results reproduce remization for magnetic clusters of sire>100. We have com-
ported results for Gp(Ref. 25 and for CqZ>°while they pared our results with experiment .and othgr theoretical
decline from the theoretical and experimental results foCo Schemes. The excellent agreement with experiment for large
by 10-15%. On the other hand, our calculations on,Co c!usyers shp\{vs that full geometry qptlmlzatl_on is more cru-
(Fig. 5 resulting in an average magnetic moment ofcial in obtglnlng good agreement with experiment than other
1.823ug, are in very good agreement with the experimentalcons'deratIons for magnetic clusters.
findings of Douglaset al* [who found that for cluster sizes
of 56—215 atoms the average magnetic moment per atom is
1.96up*0.12up (re-expressed using gyromagnetic ratio We are grateful for useful discussions with J. W. Con-
g=2.0)] and the experimental results of Billasal.,” which  nolly. The present work was supported by NATO Grant No.
indicate a value of 1.7bg for cluster sizes of approximately CRG 970018, by NSF Grant No. OSR 94-52895, and by the
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