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The size and structural dependence of the magnetic properties\ptiRsters (3<N=<55) are studied by
using ad-electron tight-binding Hamiltonian including Coulomb interactions in the unrestricted Hartree-Fock
approximation. Three main different types of cluster geometries are consigéedcc, bcc, and icosahedjal
In each case the equilibrium bond lendthis optimized by maximizing the cohesive energy,(N). The
geometries yielding the larget,(N) alternate as a function &f. These structural changes, together with the
variation of R, play a crucial role in the determination of the average magnetic momgrdaf Rhy. The
calculated size dependence o, corresponding to the most stable geometries presents oscillations which are
in good qualitative agreement with experiment. The magnetic properties pfcRisters show a remarkable
structural dependence which is characteristic of waaksaturateditinerant ferromagnetism. The relation
between the observedy and the cluster geometry is analyzed. The role of nonuniform geometry relaxation,
sp electrons, andp-d hybridization effects are quantified for representative examples. Perspectives of exten-
sions of this study are also discussgsl0163-1827)08617-1

[. INTRODUCTION +0.1)ug]. Moreover, uy oscillates as a function oN,
showing maxima and minima at certain cluster sizes. For
It is well known that atoms having an open shell, andexample,uy is particularly large folN=15-16 and 19 and
transition metalTM) atoms in particular, are all magnetic. drops forN=13-14, 17-18, and 2t}. This behavior is dif-
This is a consequence of the Coulomb repulsion among thferent from what is observed in ferromagnetic TM’s such as
electrons which tends to maximize the total sBiras stated Fe,, Coy, and Niy, where the variations ofy are rela-
by Hund’s rules. In the corresponding solids, however, the tively less important and extend over a much wider range of
kinetic energy associated withelectron delocalization and c|yster size<:® It would be therefore of considerable interest
band formation plays a major role. It favors a nonmagnetigo ynderstand the electronic origin of the size dependence of
ground state and in the end the elements being magnetic e magnetic moments of Rhclusters and, if possible to
the macroscopic limit are rather feWin fact, none of the  corelate it with the changes in the local environment of the

#g and ‘rddTMtﬁO“dS alr_;e ;naggi;tlcm equnkl)brt'lum contd|t|qns. at]oms which occur as a function ®f, for example, the
ese and other quaiitative drirérences between atomic an anges in the symmetry and interatomic bond lengths.

solid-state magnetism have motivated in past years numerous The large majority of the available theoretical results on

studies of the magnetic properties of finite-size clustersRh clusters are mainly based on the local spin-density ap-
which behavior should interpolate somehow between these N Y P Y ap

. 15-19 ; i
two limits 32 In this context, one of the questions which proximation(LSDA). In these studies the electronic and

attracted considerable attention is the possibility of the onsdf'@gnetic properties of Rhhave been determined for a few
of magnetism as the dimensions of the system are reduce@lUSter sizes assumingexcept for the very small OTES
i.e., in clusters of elements which are nonmagnetic in thdghly symmetric cluster structures. Gali¢rReddyet al,
bulk 11-20 and Piveteatet al? considered Rl and obtained that it is
Recently, Coxet al. have observed experimentally that magnetic. Jinlonget al'"*® studied several R clusters
Rhy clusters have a permanent magnetic moment fofN=2-8, 10, 12, 13, and 19) and Ekt al'® calculated the
N=<60-90, whereas Ryand Pd, appear to be nonmagnetic magnetic properties of Rhfor N=6, 9, 13, 19, and 43. In
at least forN>131* The case of Rh is the first one where qualitative agreement with experiment one has found that
magnetism is observed in clusters of a nonmagnetic solicsmall Rhy clusters have a nonvanishing magnetization at
The average magnetic moment per afagof Rhy derived ~ T=0.°"2*However, the actual results fafy are dispersed
from experiment shows in addition a remarkable size deperquantitatively. For instanceu;;=1.00ug after Ref. 15,
dence. Within a reduced size rangl<t60-90, uy de-  w13=1.62up after Ref. 16, ui3=1.15up after Ref. 17,
creases from rather large values for the smallest clusterg,;=0.69ug after Ref. 19, andv;3=1.69up after Ref. 20. It
[e.g., ug=(0.8=0.2)ug] to very small (if not vanishing has been pointed oifit*®that these differences might be due
values [e.g., um30=(0.13+0.14)ug and ueg=(0.05 to the existence of different self-consistent solutions to the
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Kohn-Sham equations. One may further notice that in the Il. THEORETICAL MODEL
case of Rh clusters we are dealing with a system showing The tight-binding method has been shown to provide an

weak, nonsaturated, itinerant magnetism. In this case it iﬁppropriate scheme for studying the environment depen-
knowrP** that the magnetic behavior is very sensitive to theyanca of TM magnetism in low-dimensional arrange-

details of the local atomic environment and of the electroniy,ant€22 and in particular the size and structural dependence
density distribution which are somewhat different in theseys ihe magnetic properties of TM clustér&:23In the fol-

various studies®*° Besides these quantitative aspects, th@gwing we consider al-band model Hamiltoniamd which
values ofN considered in the calculations available so far argncjudes intra-atomic Coulomb interactions self-consistently
rather few. This precludes to address the problem of the sizgithin the unrestricted Hartree-Fock approximatfoifror
dependence gky and in particular the possible origin of the simplicity only the 4 electrons are considered explicitly in
oscillations observed experimentally. It is one of the pur-the calculations, since they are expected to dominate the
poses of this paper to investigate this problem by performingnagnetic behavior, as it is the case far 8ectrons in the Fe
calculations for a larger number of cluster sizes and strucseries(see, for instance, Ref. 23Some of the possible con-
tures, particularly in the experimentally most interestingsequences of this approximation will be discussed in Sec. IV.
range 9=<N=23. In the usual notation,

One of the main difficulties in the theoretical study of free
clusters is the determination of the geometrical arrangement

. . . . . = N+ afot o )
of the atoms, especially since direct experimental informa- H % iaoNiar Q%U ti"CiaoCipo » (2.9
tion is extremely difficult to obtain. This general problem is 17

particularly delicate in the case of itinerant magnetism due tQNheretffB refers to the hopping integral between therbit-
the strong sensitivity electronic structure and magnetic beyg, ar{dﬁ (@, B=xy,xz,yz,x2—y?2,322—r?) at sitesi and

havior to the lattice structuf¥’* Moreover, the localized j anqg

character of thel-electron states and the complicated depen-

dence of the magnetic moments and magnetic order on the ,

cluster structure have made the application of first-principles Eiao=Eqt D) Uos Aviger 2.2
geometry optimization procedures impracticable except for po’

very small clusters. For not too small clusters, the only alterstands for the site-dependetitenergy levels. In Eq(2.2),
native left is to consider several cluster structures based ogf indicates thed energy level of the solidparamagnetic
different local arrangement of the atortfer example, fcc-  solution and the second term takes into account the shifts
like, bce-like, or icosahedral-likeand to perform then a re- due to the redistribution of the spin-polarized electronic den-
stricted optimization or relaxation preserving the proposedity which occurs in the clusteA Vigo=Vigo— V?BU, where
cluster symmetry. This is the procedure followed in this pa-ViBa:<ﬁiﬁg> is the average occupation of the spin orbital

per. However, the limitations of this approach should be kep;lga and Y, is the corresponding average occupation in the
in mind. Even if in some limiting cases the structure is 4 The /|3'1(rumber ofl electrons at sité

known (e.g., the fcc structure of bulk Rhhe possiblea

priori choices for the atomic arrangements are almost unlim- R R

ited, and many cases are known where “reasonable” struc- v(i)=2 ((Niar) +{Nia))), 2.3

tures are outruled by distorted or “unexpected” geometrical “

arrangements. As stated above, we are not able to attempt §q the local magnetic moments

solve this problem here. A rigorous, though model limited

study of this matter may be found in Ref. 21. Nevertheless, . .

considering several different structures allows us to quantify m(i)=2 ((Mig) = (Nig))) (2.9

the structural dependence of the magnetic properties and to “

get a rough idea of the magnetic and energetic surfaces i@re determined Se]f-consistenﬂy by requiring

configuration space. Moreover, the result can be compared to

experiment from two different points of views: first, by using - ep

the values ofuy corresponding to the structure yielding the (Nigo) = j_xpiw(s)ds- (2.9

largest calculated cohesive energy and, second, by analyzing

the size dependence gfy corresponding to different sym- The local density of states (LDOS)  pi..(&)

metries. In this way the experimental information on the size= (- 1/7)Im{G; ., i.-(¢)} is obtained from the local

dependence ofy can be used to discriminate between dif- Green’s functions G;,,.i.s(¢) by using the recursion

ferent geometrical arrangements. method?* The number of level$! of the continued fraction
The remainder of the paper is organized as follows. Theexpansion ofG;,, ., iS such thatp;,,(g) corresponds to

theoretical framework used for the calculations is summathe exact solution of the single-particle problem. The size-

rized in Sec. Il. In Sec. lll the results for Rh clusters aredependent Fermi energyg. is obtained from the global

presented and discussed in particular by comparison withharge neutrality conditioR; »(i) =Nny, whereny refers to

experiment and other calculations. We conclude in Sec. IMhe number ofd electrons per atom. Notice that spin-

by discussing some of the limitations of the present approacholarized charge transfers between atoms and orbitals having

together with relevant extensions. different local environments will generally occur.
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In order to determine the optimum interatomic bond TABLE I. Size and structural dependence of the electronic and
lengths and the relative stability between different structuregnagnetic properties of Rhclusters. Results are given for the co-

we consider the cohesive energy per atom which is given byiesive energy per atonk,, (in €V), the equilibrium bond length
R/R, (Ro= bulk NN distancg the average magnetic moment per

Ecof N)=E,(1) —En(N)—Eg. (2.6 atom uy (in units of ug), and the local magnetic momenigi) at
the different symmetry atomisas labeled in Fig. 1. We consider
bcce-like (bco), fee-like (fee), and icosahedral-likéco) structures as
1 N . well as the twisted double squaf®v) for N=9. For the fcc-like
NE 2 £pino(e)de—Epe, 2.7) cluster WIthN =11,a andb correspond to d|ﬁer§nt arrangements of
i=1 a0 J=» the atoms in the outer open shell. Ror= 20, w(i) at shelli refers

. . . . to the average within thigh NN shell of atom 1(see Fig. L
represents the sum of the single-particle eigenvalues minus

theo Eiouble c_ountlng term EI-DC:-(]-/ZN)EimT(Siao Cluster Epn R/Rg E\‘ w(l) w(2) wB3) w(@) w)
—sa)(niw>.9 Ey includes the contributions resulting from
the distance dependence of the hopping™e
integralst}¥ and from the changes in the local magnetic 1o
moments w(i) in particular. The repulsive interactions becg

The electroniad-band energy per atom,

Ep(N)=

238 095 066 -0.13 0.71 0.79
234 093 022 -003 0.24
229 088 134 034 144

Er are approximated by a Born-Mayer pair potential ico,, 243 098 0.73 -0.13 0.83
A fccd, 243 095 0.18 -0.04 0.18 0.16 0.18
ERZEE e~ «(Rij=Ro)/Ro. (2.8 fcch, 241 095 018 007 015 022 014 0.15
1#] bceyq, 236 091 0.73 -0.10 0.80 0.57

where R =|R;—Rj| refers to the interatomic distance and bcc;; 241 093 062 016 056 0.83

Ry to the nearest-neighb@NN) distance in the soli@® The  ico,, 2.38 093 092 009 0.97

parameterdA and « are obtained from the bulk equilibrium fcc,;, 2.38 096 0.77 0.26 0.81

condition and compressibility modulus. Notice, however,

that a much better transferability of the repulsive interactiondc¢is 244 0.96 080 078 099 092 -0.27

is obtained when nonorthogonality effects are treatedccs 236 095 133 005 1.24 1.58
[ 32,33
explicitly. fcc,,; 246 098 071 1.21 084 097 003

IIl. RESULTS fCClg 252 0.97 095 1.16 1.07 0.64

] ] ] iCO1g 248 0.89 0.11 0.20 0.124 0.00 -0.07
In this section we present and discuss our results for magsec,, 248 093 021 001 019 005 0.33 0.49

netic properties of RR clusters N<55) as obtained using
the model described in the previous section. The parameteféz0  2.52 097 0.70 095 082 050 -0.30
involved in the calculations are determined as follows. ThePcC;z 252 093 0.35 023 025 0.06 025 0.62
hopping integralsfjﬁ are given by the_ canonical expression fcc,, 253 097 067 042 049 059 0.98
in terms of the two-center mtegralstij(a,w,&) bcc,, 250 094 059 026 041 006 0.98
=(—6,4-1)(Wp/Wg)(Ro/R;;)°> where Wy=7.4 eV is
the bulkd-band width andV, is a dimensionless constait. fccss 2.63 098 028 051 026 002 0.39
The _dire_ct Coulomb integral and the exchangg integral becs,; 260 095 043 005 010 014 043 061
J, being intra-atomic parameters, are taken to be independent
of interatomic distances. The value bf=7.8 eV is esti- icoss 275 096 0.00 0.00 0.00 0.00 0.00
mated from the difference between the ionization potentiafccss 2.68 098 0.44 -0.31 0.19 0.15 0.57 0.60
and electron affinity of the Rh atom. Note that the magneti%ulk
properties are not affected by reasonable variationd) pf
since local charge neutrality is approximately satisfiddhe
exchange integral=0.48 is obtained from LSDA Stoner
theory?"?8 by taking into account a reduction of 20% due to E¢,{N), the equilibrium NN bond lengtR/R,, the average
correlation effects beyond the LSDR Applying this proce- magnetic moment per atopay, and the local magnetic mo-
dure to Fe one obtaink-.=0.71 eV, which is very close to mentsu(i) at the different symmetry atonisas labeled in
the value Je.=0.69 eV vyielding the proper Fe-bulk Fig. 1. Three main different types of clusters structures are
magnetizatior. The sensitivity of the magnetic moments to considered in the calculations: fcc-like, icosahedral-like, and
J shall be discussed later on. The numberdotlectrons bcc-like. For Riy we shall also consider the twisted double-
ng=8.0 corresponds approximately to Rh blllas well asto  square pyramid. These structures are illustrated in Fig. 1 for
Rh clusters”*® Finally, the Born-Mayer parameters some representative sizes. For each structure the NN bond
A=0.136 eV andk=14.4 are obtained by fitting the equi- length R is optimized by maximizing the cohesive energy,
librium condition atR=R, and the compressibility modulus EQq. (2.6), with respect to the uniform relaxation. As in the
of the solid? case of 8 TM clusters[e.g., Fg and Niy (Ref. 9] impor-

In Table | results are given for the size and structuraltant bond-length contractions are obtaing®/R,=0.91—
dependence of various electronic and magnetic properties &.98 which are quantitatively comparable to previous results
Rhy clusters, namely, the cohesive energy per atonon Rhy.**~*°The bond-length relaxation plays an important

3.07 1.00 0.00
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FIG. 2. Average magnetic momenty of Rhy clusters as a
function of N. The open squares refer to calculations for the most
stable uniformly relaxed structure. The experimental results from
Ref. 14 are indicated by dots and error bars. The dashed line is just
a guide to the eye.

N and tends to decrease for increasiNg For N=9 the
twisted double-square pyramidtw) yields the largest
E.oi(N). The corresponding average magnetic moment is in
good agreement with experimeiis™®'= (0.8+0.2)ug and
Juo(tw)=0.66ug]. For N=11 the icosahedral-like structure
is more stable than the bcc- and fcc-like. However, the co-
hesive energy of one of the fcc-like clusteBs(fccdy), is
very close toE ,(icoq1) and the approximations involved in
our model do not allow us to discern safely between these
two structures. However, the magnetic moments are much
more structure sensitive in this case. Whije,(ico)
=0.73ug is in good agreement with the experimental result
[153P=(0.8+0.2)ug], the result for the fcc structure differs
significantly[ u,,(fcc)=0.18ug]. For N=13 the most stable
FIG. 1. lllustration of representative cluster structures considgeometrical configuration is the bcc-like structure which has
ered in the calculations(a) twisted double square faN=9, (b) @ rather low symmetry and which was not considered in pre-
bee-like for N=13, (c) icosahedron foN=13, (d) fcc-like for  yjous studies®2°The corresponding average magnetic mo-
N=15, () double icosahedron foN=19, and (f) fec-like for  ment, 1 .(bc)=0.62up, agrees with the experimental re-
N=20. The numbers indicate the different nonequivalent sites sult ﬁ%pt:(o_élgio_l?,)MB_ For large values of N
the cluster. (15=<N=43) the fcc-like clusters are the most stable ones.
However, for these larger clusters there are humerous pos-
role on the relative stability of different structures and on thesible configurations of the atoms in the outer shells and our
magnetic behavior of the cluster. Indeed, using the bulk NNgeometry explorations are far from being extensive, even if
distance R=R,) results in large overestimation of the local the local environment is restricted to be fcc-, bcc-, or
magnetic moments. For example, for an fcc-like 13-atomicosahedral-like. Notice that in this size range, the calculated
cluster we obtainu,s(R=R,)=1.56ug while the equilib- uy for fcc clusters are systematically larger than the experi-
rium value isu,3(R/R;=0.97)=0.73ug. One may already mental findings. Nevertheless, several trends concerning the
conclude that the magnetic properties of \Rblusters are size dependence @iy are in qualitative agreement with ex-
very sensitive to the local atomic environment. An interest-periment, in particular the local minima &=13, 17, and
ing size and structural dependence can be expected, as it wlD and maxima afN=15, 19, and 27(see Fig. 3 For
be discussed below. N=55, the icosahedral structure, which is nonmagnetic
In Fig. 2 results are given for the size dependence of th¢uss(ico)=0ug] is more stable than the fcc structure
average magnetic momepiy of Rhy corresponding to the [ uss(fcc)=0.43ug].
most stable of the considered structures. The experimental It is interesting to attempt to relate the size dependence of
results for uy of Ref. 14 are also given for the sake of uy and, in particular, its oscillations with the size depen-
comparison. The calculatedy oscillates as a function of dence of the cluster structure and equilibrium bond length.
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1.4 TP when a shell of NN is closede.g., atN=13 and 19 for
[ ¢ 9 00000 b ] icosahedral or fcc clusters or Bit=15 for bce clusters In
T 42 Vo ooooo f(f: ] these cases, larger degeneracies are present in the single-
[ <t .o A g . .
£ C - 00000 ico 1 particle spectrum which favor the development of a larger
g —~10F ‘ 't ] magnetization. Adding or removing an atom from a closed-
g [ o “‘ ] shell cluster reduces the symmetry. Thus, some degeneracies
2 ® 08| "l Vi ] are removed and often a reduction g@f; results. This ex-
e > C ,’,"‘ I m ] plains qualitatively the maxima iy obtained atN=13
5= g6l ) 87 SR ] (icosahedral at N=19 (icosahedral or fcc-like and at
N R ~a . .
=t C i AN ] N=15 (bcc-like). However, more complicated energy-level
%é 04k 3 / N TTelR ] shifts associated with redistributions of the spin density, to
o r SR o ] bond-length changes, etc., may mask or reduce this simple
2 g2l ut.i 0 ] symmetry effect. Such a situation occurs for fcc\Riround
< r } M N=13-15. The importance of bond-length relaxation to the
0.0 bt R M ihrrrre i g magnetic properties, which of course depends on the cluster
0 10 20 30 40 50 60 structure, should be also emphasized. For instance, the par-
Number of Atoms ticularly small w obtained for icosahedral Rhand Rhg

and as well as for bcc Rl are a consequence of significant
FIG. 3. Average magnetic momepty of Rhy clusters as a contractiongsee Table)l
function of N. The open circles correspond to bec-like clusters, the  Concerning the distribution of the local magnetic mo-
squares to fcc-like clusters, and the diamonds to icosahedral-likenents w(i) and the magnetic order within the cluster, we
clusters. The experimental results from Ref. 14 are indicated b)may observe that the bcc clusters order ferromagnetically
dots and error bars. The lines are just a guide to the eye. [i.e., all theu(i) have the same signThe only exception
among the considered cluster sizes is the 11-atom cluster

According to our calculations, the size dependence.gfn which shows a small antiparallel local moment at the central
the range 15N=20 indicates that the underlying cluster N
9 ying atom (see Table )l The w(i) in bcc Rh clusters tend to

structure is fcc-like. Two arguments support this statemen ncrease as we 4o from the center to the surface of the clus-
First, the largestE.,(N) is obtained for the fcc clusters 9

(15=N=20) and, second, the other considered structureger' As discussed in Ref. 9 this can b_e qualitatively under-.

(bec and icosahédﬁalfail t’o reproduce all the observed Stood as a consequence of the reduction of the local coordi-

oscillation* (see Fig. 3 The interpretation of the minimum nation number and the resulting reduction of the effective

in 2, at N=13 appéars t0 be more subtle. Assuming thaIocaI bandwidth. A similar behavior has been observed in
N = .

. tbcc Fe clusterS.The compact structures, such as fcc and
small Rhy clusters have compact structures, it seems reason-

able that Rh; should be a highly symmetric cluster with a icosahedral, present a more complle>.< magnetic behgwor. In
o these cases the magnetic order withinyRhl often antifer-
central atom and the complete shell of its first KiNg., fcc,

. . . o romagneticlike, i.e.u(i) changes sign for different (see,
hcp, or icosahedralln this case, the single-particle spectrL.Jmf r example, the fcc clusters havibg=9, 11, 15, 20, and 55
presents many degeneracies which tend to favor a relativel " the icosahedral clusters wim=lgll and 19). A similar
large ;3. Moreover, adding or removing an atom from the - .o ¢ peen found in fec Rh surfaces and thin fims
outer shell would necessarily reduce the cluster symmetry. . 0 ; .
Thus, a maximum aN=13 should be obtained rather than 2 well as in fcc Fe clustersMoreover, notice that in fcc
the minimum observed in the experiment. According to ou@nd icosahedral R (e.g., for N=19) the magnetic mo-
results, the minimum iy at N=13 is associated with a ments at the central atom(1) are often larger than at the

structural change. In fact, we obtain that the Iow-symmetryCIUSter surface. In other words, although the reduction of

bee-like geometrywith an incomplete second NN shels coordination numbez with respect to the bulk is responsible
more stable than the higher-symmetry fcc or icosahedraflOr tf|1|e ?Zn;’et Oft magn(;:lsrln n R‘th the at?ms Showlngltht?]_
structures. The stability of the bcc structure is thus respon§rn":1 €stz 0o not carry the largest magnetc moments. In this
sible for the drop ofuy, at N=13. context, it is worth remarking that the self—con3|_stent numeri-
In Fig. 3 results are given fquy of Rhy for the different cal solution of Eqs{(2.39—(2.5 can be quite delicate in the
considered structures. A remarkable size and structural d&—slse;.g:] RE lhlan grgoe,:;(é;\ég'dfgfg:ngt{ﬁgpsetd dl'r:a c;iglvr(s)tr:a?s
pendence is revealed which is characteristic of material§°'Hon W Ve consic ' . ua U ’
showing weak{unsaturateyitinerant magnetism. Let us re- Several different distributions of the spin-polarized density as
call that the microscopic origin of this behavior is the avail- starting points of the iterative self-cons!stent procediime
ability of holes to be polarizedup to two per atom, for some cases up to 10-)1%urthermore, reliable stable results
ny=8.0) together with the strong sensitivity of the eIectronicfor the local -magnetlc moments rquwe high accuracy, 1.,
structure around; to the cluster size and geometry. It seemsVery small dlfferencess between the input and outnyt,,)
very difficult to derive simple rules or trends concerning the(typically at least 10” electrons per atom This is particu-
changes inuy as a function of cluster size and structure. larly important when one or more peaks in the DOS are close
Nonetheless, the role of cluster symmetry should be undef® the Fermi energy., for example, when a spin flip occurs
lined. Notice that the structures consideredeher a central  (See Ref. 11 In these cases we find density distributions
atom with an increasing number of its first, second, etc.{n;,,» which seem to be self-consistent within an error of
NN — are such that highly symmetric clusters are obtainedl0 2 electrons per atom, but which are unstable if a higher
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accuracy is imposed. For instance, in the case of the twistedmetries representative of different local atomic environ-
double-square Rf1 (twg) such an unstable solution may ments (viz., fcc-, bcec-, and icosahedral-likehave been
yield ug=0.4ug in contrast to the fully converged result considered. The interatomic NN bond length were optimized
mo=0.66ug. However, if the accuracy is sufficiently high, by maximizing the cluster cohesive energy including in par-
we have not encountered multiple solutions to E@s3)~ ticular the magnetic contributions due to the environment
(2.5), at least for the relevant geometries and bond lengthsdependence of the local magnetic moments. The calculated
Concerning the sensitivity of our results to the value ofsjze and structural dependence of the magnetic properties of
the exchange integral, the most delicate of the model pa- Rh clusters is remarkably rich and rather complex. Depend-
rameters, the following may be observed. For magnetic 3 jng on the interatomic bond length and on the cluster struc-
TM's, J is usually set to reproduce the correct value of they,re e find important variations of spin density within the

bulk magnetization al =0. In the case of elements which ¢ster, leading to both ferromagneticlike and antiferromag-
are paramagnetic in the bulk, the magnetic properties of low:

dimensional systems are often analyzed as a function c]?neticlike order. This results in oscillations of the average
: : agnetic moment per atomy as a function ofN. Simple
J.22 In this work we have used=0.48 eV as derived from g P N P

LSDA calculations on Rh bul-2 In order to assess the trends, for example, relating the local magnetic moments to

effect of varyingd on the magnetic properties of Rh we the local environment of the atomsseem very difficult to

have performed calculations for icosahedral clusters ng(_enve. O”T result.s fop N arein good qu allt.a'uve a.gre_emer?t
N=13 andN=55 atoms by setting=0.60 eV. In this case with experiment in particular concerning its oscillations in
Wwe obtain z;5=1.0845 and zes=0.04ug Which should be the size range €N=<20. ForN>20 our calculations over-
compared to theJ=0.48 eV results,u;5=0.92u5 and €Stimate b}‘/ about(0.2-0.3up the wy derived from
wss=0.0ug. In contrast to similar calculations on Rh experlm.eml. .
films3* the average magnetic moments of these Rh clusters In spite of these results, several important aspects of the
are not strongly modified even by rather large changes in Problem still remain to be addressed. First, it would be inter-
(about 25%. This indicates that reasonable variationsJof ©€Sting to investigate to what extent our results could be
should not alter the calculated trends in size dependence §fodified by certain desirable improvements on the model
7, in particular concerning the oscillations. Hamiltonian. For instance, including thep valence elec-
Finally, we would like to compare our results fpr, of trons explicitly in the calculations could affect the relative
Rhy with previous calculations. For bcc-like Rhwe find stability of structures which are close in energy and could
7o(bcO=1.34ug, which is considerably larger than the thus modify indirectly the magnetic behavior, even if the
value obtained by Li etal. using the LSDA latter is dominated by thé electrons. In order to investigate
(e=0.56ug).X® According to our calculation, the most this problem we have determined the electronic and mag-
stable structure is the twisted double-square pyramid witRi€lic properties of Rh clusters by solving self-consistently a
119=0.66u which has not been studied yet kap inio ~ More realisticspd-band model Hamiltoniaf®*® The hop-
methods. For Rf several independent calculations havePing integralst{;” used in these calculations are obtained by
been reported. In this case we obtain that the most stabléting the band structure of Rh solffl. For simplicity we

structure is a bec-like arrangement yieldipgs=0.62u5 . qeglect the differences betwesrand p Coulomb intggrals
To our knowledge, this structure has not been considerefl-€-» Uss=Usp=Upp andUgq=Upq) and take the ratios be-
before. For fcc-like Rhy we find mya(fcc)=0.73ug,  tween the direct Coulomb integraldlss:Usq:Uqgq from
whereas Galici® reported zq4(fcc)=1.00ug, Reddy atomic Hartree-Fock caI%JIatlor?lEExchang_e integrals other
etall® uy(fcc)=1.46ug, and Jinlong etall thanJgq are neglecte®* As representative examples we

w1a(fcc)=1.46ug . For the icosahedral configuration, our re- consider the fcc, bee, and icosahedral,Rblusters. These
sult is u,4(ic0)=0.92us whereas Reddyet all® found are particularly interesting in order to verify two main con-
115(ic0)=1.62up, Jinlong et al® 11 5(ico)=1.1545, and clusions derived fronal-band-only calculations, namely, that
Li etall® u,4ic0)=0.69up. It has been argued that the the low-symmetry bcc-like Rfyis more stable than the fcc
discrepancies in the previow initio calculations for the ~@and icosahedral Rfy and that the average magnetic moment
icosahedral 13-atom cluster might be related to the presend®®" atom corresponding to the bcc structure is particularly
of multiple solutions to the Kohn-Sham equatidfi<? For small. In relation to experiment, this could explain the mini-
. — _ 14 .
N=19 and 43 we find similarly dispersed results. While ourMuUm in uy vs N observed aN=13." While the spd cal-
self-consistent tight-binding ~calculations yielgi,g(fcc) ~ culations — summarized in Table Il — confirm in fact the
=0.95u5 and m4sfcc)=0.28ug, LSDA studies yield conclusions inferred in the framework of the simpler
119(fc)=0.43ug and p,fcc)=0.016ug (Ref. 19 or d-band model, comparison between Tables | and Il also re-
1gfcc)=1.42ug .28 In general, our results fouy overesti- veals interesting differences which allow us to quantify

mate the experimental results fdf = 19 and 43, whereas SP-electron effects. First of all, we observe that the
those of Liet al® underestimate them. sp-electron contribution to the cohesive energy is very im-
portant ESPY-EJ =3.2 eV/atom. However, in spite of
this, sp binding does not modify significantly either the
bond-length contractiolR/R, or the relative stability be-
The magnetism of small Rhclusters has been investi- tween the different considered structures. This is consistent
gated in the framework of al-band tight-binding model with the belief thatd-electron states should play the domi-
Hamiltonian including Coulomb interactions in the unre- nant role on the structural stability of TM clusters, since the

stricted Hartree-Fock approximation. Three main cluster gedistance and angular dependencedeédlectron interactions

IV. DISCUSSION
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TABLE II. Electronic and magnetic properties of Rfclusters  form relaxation yields a larger contraction at the cluster sur-
as obtained by including, p, andd electrons self-consistently in  face. This improved geometry optimization does not modify
the calculations. As in Table I, results are given for the cohesivethe relative stability between fcc, bcc, and icosahedral struc-
energy per atomE, (in €V), the equilibrium bond lengtiR/Ry  tures, sinceE ., is increased by only 0.01 e¥.Concerning
(Ro= bulk NN distancg, the average magnetic moment per atomthe magnetic properties, we obtain the same value for the
wn (in units of ug), and the local magnetic momenii) at the  ayerage magnetic moment per atom and only small changes
different symmetry atoms (see Fig. 1 in the local magnetic moments: for the nonuniformly relaxed
Rhlg, /.L(l): 13,LLB y /.L(Z): 105(1,5 y and ,LL(3)2062/.LB .
Therefore, performing these more demanding calculations

Cluster  Econ R/Ry sy w(1)  w(2)  wu(3)

bee, s 568 094 038 -005 037 0.51  should not modify our conclusions on the magnetic behavior
iCOqs 561 093 115  1.42 1.13 of small Rk for the considered types of cluster geometries.
fecys 5.64 0.97 1.00 1.39 0.97 Nevertheless, an improved accuracy of the electronic struc-

ture, the cohesive energy, and the interatomic forces, to-
gether with the application of fully relaxed geometry optimi-
are much stronger than fap electrons’® Concerning the  zation method$molecular dynamics or Monte Cajlavould
magnetic behavior, we obtain that bcc-like Brshows a  be certainly worthwhile. Taking into account the results dis-
particularly small average magnetic moment per atontussed in the previous section, a remarkable interplay be-
1359=0.38u5, which is consistent with the experimental tween magnetism and structure may be expected ig,Rh
result[ u$5”'=(0.48+ 0.13)ug (Ref. 14] and with the pres- which should reveal very interesting, though quite complex,
ence of a minimum inuy at N=13. In contrast, for fcc and potential energy surfaces. At the same time, the possibility of
icosahedral Riy, ﬁfgd: 1ug. These trends are in agree- noncollinear spin arrangements should be investigated. This
ment with thed-band-only results|u$5%— 19 =0.2ug; see May lead to substantial improvements in the ground-state
Tables | and II. The local magnetic moments are in general€nergy, if antlfgrromagnetlc frustrations are present in com-
more sensitive to the details of the electronic structure an@act structure$? However, notice that many of the Rh clus-
thus tosp-d hybridization effects. This is particularly notice- ters studied in this paper show ferromagneticlike order and
able in the magnetic moment at the central ajofd) (com- tha.t in such cases noncollinear spin arrangements are very
pare Table | foN=13 and Table Ii. In the case of fcc and unI|ker: Last, bl_Jt not least, remains the role of eIeg:t_romc
icosahedral Riy, (i) andj,s are enhanced whesp elec- correlat!ons3 which are expected to affect th(_a stgblllty of
trons are taken into account. This is in a sense remarkabf@agnetism in g,enefal' and the onset of magnetismdi ¥
since in first approximation thep-d hybridizations should clgsters in particulaf! Besides the fundamental interest of
increase the broadening of tidestates and thus tend to re- this question, small Rg clusters are an excellent system to
duce the local magnetic moments. For the considered cluddvestigate the problem of correlations in finite systems,
ters we do not find significantsp-d charge transfer Since the obse'rved size dependence gfis fgr _from tr|v_|al.
[ng(i)=7.8-8.0. We woulq like to conclude by emp.hasmng the impor-
For small clusterge.g., fec-like withN =13, bee-like with tance of the |r!terpl_ay between geometrical structure and_mn-
N=9, etc) we expect that the bond-length relaxation shoulg€rant magnetism in small clusters. Our model calculations
be the same or nearly the same for all bonds. However, fopave allowed us to study several low-symmetry structures
larger clusters, different relaxations should be allowed for2nd revealed that they are crucial for the size dependence of
inner and outer atoms. In order to quantify the importance of1€ magnetic properties.
nonuniform relaxation to the magnetic behavior, we have
performed calculations on the fcc-like Ry allowing differ-
ent relaxations on atoms having different local environments. This work was supported in part by CONACyWexico)
We obtain that the distance between the central atom and ittnd by a CONACYT-CNRS grant. The Institut de Physique
first NN shell isR/Ry=0.975, while the distance between et Chimie des Matgaux de Strasbourg and the Laboratoire
the atoms in the first and second NN shelRi&R,=0.955. If  de Physique Quantiqud@oulousé are Unifes Mixtes de Re-
only uniform relaxation is allowed, we ha¥e/Ry=0.97. cherche associated with the CNRS. The computer resources
The interatomic distance at the surface and in the interior oprovided by CENCAR(University of Guadalajara, Mexig¢o
Rh,q differ by about 2%. As physically expected, nonuni- are gratefully acknowledged.
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