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We report a systematic study of the structural and magnetic properties of free-standing rhodium clusters
(Rhy, 4=<N=26). The geometrical structures of the global minima and lowest energy isomers were obtained
with a semiempirical Gupta potential and employing a global evolutive search algorithm. The spin-polarized
electronic structure and related magnetic properties of these geometries were calculated by solving self-
consistently & pdtight-binding Hamiltonian. We determined the possible coexistence of different isomers and
found that inclusion does not, in general, change significantly the magnetic moments obtained for the global
minima structures. Results are compared with the experiment and with other theoretical calculations available
in the literature.
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[. INTRODUCTION electronic part. With this approach, they could study small
Rh clusters only up to 13 atoms.

The tailoring of new magnetic materials with novel prop-  The available theoretical studies of free-standing rhodium
erties is one of the cornerstones of materials science. Thgusters, most of these performed within the DFT-LDA ap-
Stoner criterion for the existence of spontaneous ferromaggroximation, demonstrate a wide dispersion in the magnetic
netism is only fulfilled in a few of the @ bulk transition  properties®?22>26283}Thjs suggests a strong sensitivity of
metals (TM)—Fe, Co, and Ni? None of the 4/ and & the calculated magnetic properties of Rh to the approxima-
solids are magnetic spontaneousljHowever, since the tions of the method and to the presumed underlying geomet-
1980’s, the experimental growth and characterization of low+ic structure. The geometrical structure of free-standing clus-
dimensional system&urfaces, films, and small clustgfs*  ters is an elusive property since experimental information is
with reduced coordination and symmetry, and relaxed interindirect and not sufficient to determine the structure pre-
atomic distances, opens the possibility of stabilizing mag<isely. In another contexgb initio calculations for the Rh
netic phases in certai priori nonmagnetic 4 and 5 tran-  dimer supported on A§01) have also shown that this metal
sition metals systensExamples of experimental evidence does not always follow the general trends of magnetism with
for the 4d ferro-magnetism in two-dimensional Ru and Rhrespect to the coordination number and interatomic
structures supported on substrates can be found in Refs. 1Zlistances? The local magnetic moment in the supported
14. dimer decreases while increasing the interatomic distance, in

The study of magnetism in clusters is a two step problemgontrast to the general behavior of thd 8lements. There-

(i) the identification of the lowest energy geometrical struc-fore, we believe that a systematic study of both the geometri-
tures and(ii) the determination of the respective electroniccal structure and magnetic properties is required for free-
properties. These steps are not independent, although it isséanding RR clusters in a size range similar to that studied
common approximation to separate them due to the compwexperimentally. This is the objective of the present work.
tational costs involved in fully self-consistent calculations, We have performed a systematic search for the global
even in the case of very small clusté?si® The ab inito ~ minimum and the three lowest energy isomers of; Rtus-
methods are limited to very small cluster siZeso that ters in the range of 4 N<26 atoms. The geometries have
for the cluster sizes in the range involved in experimentbeen obtained using a global search method on the energy
there is little alternative but to perform semiempirical surface of a many-body Gupta potentlal. The spin-
calculations->1® polarized electronic properties were then calculated for these

In the particular case ofdtmagnetism, rhodium has been geometries using a Hubbard type Hamiltonian for tie56,
the most studied, and at the same time, the most controveand 5 valence electrons within the unrestricted Hartree-
sial of this series. Many investigations in Rh clusters wereFock approximation. The magnetic moments of the different
motivated by the pioneering theoretical works by Galffia, isomers were weighted according to their relative normalized
Reddy et al.?! and the experimental results by Cox and populations(RP’9) calculated using the free energies and as-
co-workers> However, most of the electronic calculations suming an equilibrium distribution at room temperature. This
for Rh clusters available in the literature have been perallowed comparison of the magnetic moments obtained for
formed assuming fixed geometri&s?2* or optimizing just the global minimum geometries with that obtained by includ-
the bond length® 2 Recently, Reddyet al>® have com- ing the coexistence of the lowest energy isomers. The mag-
bined the techniques of molecular-dynami®dD) for the  netic behavior of the RR cluster as a function of interatomic
geometrical part and density-functional thedBFT) for the  distance is investigated. In the next section we briefly de-
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scribe the methods and approximations used. The results obizes presented in this paper, are in basic agreement with
tained for the geometrical structures and the magnetic propghose of our calculationésee below and Ref. 42Further,

erties are presented and discussed in Sec. IIl. In Sec. IV wee have showft? that most metals of the periodic table fol-
summarize the main conclusions of this work. low the icosaheral growth pattern, which we found for Rh, at
sizes greater than about 10 atofese below. The only ex-
Il. GEOMETRIC AND ELECTRONIC STRUCTURE ceptions(up to 98 atomp are encountered =38 and
CALCULATIONS aroundN =75 for which the truncated octahedron and Marks

decahedral structures, respectively, are of lower energy. For
N =238 atoms, although not reported in this work, our results
The global minimum geometrical structures of the clus-predicting the truncated octahedral geometry are in agree-
ters have been obtained by making 80 000 global optimizament with other, more complex Gupta parametrizations by
tions starting from distinct random initial configurations of Chienet al** For N=24 and 26, our global minima and first
the atoms within a sphere large enough to include all conisomers results are inverted with respect to those reported by
ceivable low energy geometries. The optimizations wereChienet al. The only metals we have found which do not
done with an evolutive, symbiotic algorithth,an efficient  follow this trend are Au, Cd, and Zn. These metals appear to
variant of the genetic algorithiff that takes advantage of the have disordered global minimum structures for all sizes, at
tight coupling of nearest neighbor atoms through the shorteast up to 100 atom®:%
range of the interaction. The algorithm employs a hybrid For the metals Au, Cd, Zn, Na, Pt, and Pd, we have
approach consisting of the global genetic algorithm with stochecked the results of the Gupta potential, incorporating the
chastic moves on the potential energy surface which avoigarametrizations of Cleri and Rosafowith density func-
entrapment in high-energy local minima, combined with lo-tional calculations carried out at both the LDA and the GGA
cal conjugate gradient relaxation once the global part hatevels®*#%°The validation of the potential from this per-
reached the attraction basins of the lowest-energy minimaspective is based on three findings. First, all low-energy
Details of the application of the symbiotic algorithm to the minima we have found for the Gupta potential are also
optimization of metal clusters using the Gupta potential areninima with density functional theorgpboth at the LDA and
given in Ref. 38. GGA levels. Second, the order in energy of the three lowest
The attractive, many-body part of the Gupta potential isenergy isomers is basically the same except for a few excep-
formulated in the second moment approximation of the dentional cases in which two isomers are almost degenerate in
sity of electronic states within the tight-binding scheme,energy® Finally, we have plotted the distances from the cen-
while a Born-Mayer term describes the repulsive pair interter of mass of all of the atoms of Ag; obtained with the
actions. This potential is expressed as Gupta potential, and the same obtained with density func-
tional theory at the GGA levéf The almost exact corre-
! rij spondences are very convincing in validating the Gupta po-
A > exp- p(ﬁ_ ) tential for these metals. This result gives us confidence that
the Gupta potential also models Rh well.
n [ vz From still another perspective, we have compared the cal-
e 3 el
i(#)=1 lon

(1) culated structure factors for the global minima of;aand
Au-5 obtained with the Gupta potential with those obtained

The parameterp=18.45, q=1.867, £&=1.66 eV, andA  from x-ray diffraction experiments. The results of the Gupta
=0.0629 eV for rhodium are obtained by fitting to the bulk Potential show very good agreement with experintént.
cohesive energy, lattice parameters, and elastic consfants. The reliability of the algorithm in locating the global
The radii are expressed in reduced units wheye= 1. minimum of metal nanoclusters of sizes up to 75 atoms has

The use of a potential to model the structure of the RHPeen reviewed in Ref. 38 and can be considered as being
nanoclusters was necessary in this work siabenitio and ~ 900d, because the lowest-energy minima are found many
truly global optimizations can only be performed on verytimes.
small clusters €8 atoms) with existing computational re-
sources. The Gupta potential is considered to be semiempir- B. Electronic structure
ical since it is based on the second moment of the electron
density of states in the tight-binding scheme, while its Paye
rameters are fit to empirical data. The tight-binding schem
takes into account th_e electronic structure qf the system angqan-field approximation. In the usual second quantization
th_e quant_um-mechamcal nature of the bonding. In add_|t|0n t(?1otation, this Hamiltonian can be expressed as follows:
this physical reason, our choice of the Gupta potential was
based on our very successful application of this potential,
combined with the parametrizations of Cleri and Rosato, H=2 inoNiaet 2 t7PC0Cigo 2
various metals from the periodic table: Au, Ag, and*RiZn tao apo
and Cd*® Na#° Pt and P#). Results for the geometries of A
Rh nanoclusters obtained with other many-body potentialsvherec!,, is the operator for the creation of an electron with
(for example, the Sutton-Chen potenfjalt least at the small spin ¢ and orbital statex at the atomic site, E:jﬁ,, is the

A. Geometrical structure

The spin-polarized electronic structure of Rh clusters was
termined by solving self-consistently a tight-binding
amiltonian for the 4l, 5s, and 5 valence electrons in a

i #]
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2 ‘ ‘ ‘ whereas for Rhy we slightly understimate the magnetic mo-
ment, this value ofly4 corresponds to the best simultaneous
fitting considering the dependence shown in the Fig. 1.
Those cluster sizes have been selected because the icosahe-
dral and double icosahedral geometries are typical in almost
all calculations. Finally, the site- and orbital-dependent self-
consistent potentigl);,, assures the local electronic occupa-
tion, fixed in our model by interpolating between the isolated
atom and the bulk according to the actual local number of
‘‘‘‘‘ ol 1 neighbors at site.

The spin-dependent local electronic occupations are self-
’* consistently determined from the local densities of states

Magnetic moment per atom (J1,,)

IS e
o o
|
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Exchange parameter J/2 (eV) (Nigo)= j Dio(&)de, 4

FIG. 1. Magnetic moment per atom as a function of the ex-
change parametedyy for the icosahedral N=13) and double- which are calculated at each iteration by using the recursion
icosahedral Kl=19) clusters. We used the nearest neighbor dis-method*® In this way, the distribution of the local magnetic
tances reported by JinlondRef. 25. The horizontal lines moments ;== ,ui,) and the average magnetic moment
gorrespond to the solutions of_JinIomaef. _25 for N:13_(soli_d per atom EZl/NEiMi) of the Ri clusters are obtained at
line) andN =19 atoms(dashed ling respectively. The vertical line the end of the self-consistent cycle.

is our best simultaneous fit to both values of the magnetic moment. The description of the magnetic properties of low-

o " dimensional 4 transition metal systems requires the same
annihilation operator, and,, is the number operator. The jngredients as for the @ series, in particular, the explicit
hopping integrals* between orbitalsr and at sitesi and  ¢onsideration of the electronic delocalization in order to ac-
j describe the electronic delocalization within the systemcount for the itinerant character of the magnetism of these
which is relevant for itinerant magnetism. In this Work, W€ materials and also the Symmetry of each System which p|ayS
considered hopping integrals up to third nearest-neighbogn important role due to the directional bonding. The fact
distances. These integrals are assumed to be spin indepefat this tight-binding model has been successfully applied to
dent and have been fitted to reproduce the band structure gie study of @& TM clusters in both the free-standing
bulk Rh47 HOWeVer, since interatomic distances in the CIUS'Configuratioﬁs and Supported on a Substrjé[give us Conﬁ_

ters differ slightly from the bulk, the variation of hopping dence in its utilization for the investigations presented here.
integrals with the interatomic distancg has been explicitly

considered using the typical power lawro(r;;)" """ ", Ill. RESULTS AND DISCUSSION

wherer is the bulk equilibrium distance and |’ are the . .

orbital angular momenta of thé 4o) and (jB8o) states in- There are no experimental works concerning the geo-
volved in the hopping process. The spin-dependent diagon&netrical structures of Rhclusters. The reactions of ammo-

terms account for the electron-electron interaction through &ia and water molecules on hydrogen saturated clusters and
correction shift of the energy levels photo-ionization experiments are used to obtain clues to the

geometrical structures of Fe, Co, and Ni clusf@r€ These
0 Jap works give evidence of polyicosahedral structure in ammo-
sia(rzsia—’_zo'% TMiBJFQia- (3 niated and bare Ni and Co clusters.
On the theoretical side, recently the Gupta potential has
Here, e, are the bare orbital energies of paramagnetic bulkoeen used for Nj clusters and for noble metal clusters like
Rh. The second term is the correction shift due to the spimuy and Ag, by Michaelian and co-worke?s using the
polarization of the electrons at sité (uig=(nig) symbiotic algorithm applied in the present work. In the case
—(nig|)). J.p are the exchange integrals angis the sign  of Auy, clusters, they have found evidence of disordered glo-
function (z,=1, z;=—1). As usual, the exchange integrals bal minima forN=19, 38, and 55 atom&:* Polyicosahe-
involving s and p electrons were neglected taking into ac- dral atomic growth is revealed for Ni and Ag clusters, at least
count only the integral corresponding tbelectrons {4). for the global minima and up to sizes Nf=55 atoms. Such
Note that although thep exchange integrals are neglected, an icosahedral growth pattern is also obtained here for the
spin polarization of the delocalizesp states will exist as a global minima structures for Rhup to N=26 atoms(see
consequence of hybridization with thiestates. Usuallylyq  structures denoted &&] in Fig. 2). In general, this pattern is
is obtained by fitting to the bulk magnetic moment. However followed by incorporating atomgone by ong to a stable
since rhodium bulk metal is paramagnetic, we have takemlosed shell structure, reaching in this way the main and
Jag=0.40 eV so that it gives simultaneously the best fit tointermediate icosahedral sizes, i.e.,;RhRhg, Rhy3, and
the magnetic moments of the Rrand Rhq clusters as cal- Rh,g. For the second isome(denoted a$2] in Fig. 2) there
culated by Jinlonget al?® through the DFT-LSDA method is not a well defined sequence of structures, although isomers
(see Fig. 1 For Rh; we have the same value as Jinlongwith N=7, 11, 15, and 16 seem to follow a growth pattern

o

o
(=]
= —
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FIG. 2. Optimized geometrical
structures for Rf clusters (4N
<26 atoms). The global minima
are denoted afl] and the second
isomers a$2]. The number below

the structure is the average bond
distance in A.
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with a square pyramidQ,,) as a base unit. In general there shown in the figurgthere is no well defined family of struc-
are threefold, fourfold, and fivefold local symmetries in thistures.

isomeric sequence; also distorted icosahedrals are present,In Fig. 3 we plot two of the most representative geometri-
particularly at large sizes, except for Blwhich has an hcp cal properties for the free-standing clusters shown in Fig. 2;
symmetry. For the third and fourth isomeric sequence®  the average atomic coordination and the average nearest-
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8.50 Sutton-Chen potential. Although our geometries and those of
Reddyet al. are similar(the only difference is aN=5), the
cluster size is different. Our clusters are systematically larger
than those of Reddgt al® Our average bond length goes
from 2.62 A- in the tetrahedral to 2.69 A- in the icosahedral,
whereas Reddgt al’s bond length goes from 2.5 to 2.68 A
for the same size range. We believe that these discrepancies
come from the different versions of the Gupta potential used,
due to the energy band term. This term incorporates a many-
body summation, which is proportional to the hopping inte-
grals through the second moment of the density of states, and
the exponent (2/3)—or (1/2) in our case—affects indirectly
the bond distances:>!

Results for 14&N=<19 show an icosahedral growth pat-
tern for the lowest-energy structure until a double icosahe-
dron is reached atl=19, with an average nearest-neighbor
distance similar to that of the bulk. Fd&=23 andN=26
atoms we find a polyicosahedral structure formed by three
and six interpenetrated double-icosahedral sections, respec-
tively. The only theoretical study of the geometrical structure
of free-standing R{ clusters with sizes larger thad=13
atoms is that of Ref. 42 using Monte Carlo minimization and
the family of Sutton-Chen potentials for clusters with
<80 atoms. The agreement with these results is good, the
only differences are dtl=23 andN=26 atoms. FON=26
our second isomer corresponds to the global minimum ob-
. . . . tained by Doye and Wales, a hexagonal closed packed struc-
0 5 10 15 20 25 ture.

Cluster Size (N) Table | summarizes the results we obtained for our global
_ ) minima compared with other published calculations. In the
FIG. 3. Structural properties for the three lowest-energy isomerg.5qe of Rh, there is general agreement that the lowest-

of Rhy clusters. The upper panel shows the average atomic coord'l::,nergy structure is a tetrahedrofigf using bothab initio

nation and the average nearest-neighbor distance is shown in t%d semiempirical methods with small dispersion in the cal-

lower panel. T.he rhombus Sym.bms correspond to the global rninl'c:ulated binding energies per atom. This structure is nonmag-
mum geometries, the empty circles to the second isomer and thﬁzetic (see Table ). Some of these calculations have led to
cross to the third isomer. The bond distance of the fcc Rh bulk is -
ro=2.69 A. magnetically open structures such Bs;, (square (Refs.
25,29,31,33and Dy, (rhombus (Refs. 25,29 as our result
neighbor distance. Notice that the average coordination ifior the second isomdisee Fig. 2 fof2] Rh, and discussion
the three different series of isomers is generally the sambelow). These magnetically open structures are energetically
regardless of the different geometries. For the nearestlose to the global minimum, although not close enough to
neighbor distances, small variations from the bulk are oballow transitions through thermal excitations from one struc-
served although the convergence to the bulk value is alreadyire to another at room temperature. However, this kind of
reached at small sizes, around;Rh structural transition may be possible under strain fofees.,

For N<7 our global minima are the same as those resupported clusteyor pressure condition®.g., inside a ma-
ported by Reddyet al®® (except atN=5), who used the trix). This has been studied by Wildbergetal>? for Rh
Gupta potential form proposed by Llois and Weissflama  ad-atoms on A@01) with the KKR-Green's function
MD search combined with bond optimization using DET. method. Interestingly, they have found that compact struc-
The Gupta potential they used has a (2/3) exponent in thures such as the square have significant magnetic moment.
many-body band term, instead of the usual (1/2)—see Eq. For Rh;, all the calculations predict a magnetic moment.
(1). The only structure that changes after DFT relaxation isVe obtain a triangular bipyramithexahedropas the global
the hexahedron RHD3p,), Which stabilizes in a square pyra- minimum, as found by Jinlongt al® through the LSDA
mid structure C,,), whereas our calculation predicted a approximation, with the same magnetic moment although
hexahedron as the global minimum and a planar triple trianwith different cluster size. Both Refs. 31 and 33 have ob-
gular structure as the second isomer. FerM<13 our clus- tained a square pyrami@,, as the most stable structure,
ters are decahedrdpentagonal bipyramidplus additional  with similar equilibrium bond length and magnetic moment.
adjacent atoms around the main symmetry axis until arfFor Rhy we find a geometry that is widely obtained as the
icosahedral is reached. In this size range, all our geometridswest-energy structure by different methods and
agree with those obtained by Redeyal3 and those by approximationg>2*2831although with different cluster size.
Doye and Wale¥ using a Monte Carlo approach and the Our magnetic moment is in agreement with the results ob-

6.50 -

Average coordination (Z)

270 1

265

Average nearest—neighbor distance (Angstroms)
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TABLE I. Symmetry, average bond distandg (A), binding
energyE, (eV/atom), and magnetic momenjs (ug/atom) for the

global minima structures frofN=4 to 26 atoms, compared with N

other results. The method of calculation used by Galigief. 20 is
SCFXa-SW, by Lee(Ref. 22 LCGO-DFT, by Jinlonget al. (Ref.
25) and Li (Ref. 26 DV-LSDA, by Reddy (Ref. 21 and Zhang
(Ref. 28 LCAO-MO-DFT, by Nayak(Ref. 29, Chien (Ref. 32,
and Reddyet al. (Ref. 33, GGA-DFT. Finally PiveteayRef. 27,
Villaseror et al. (Ref. 30, and Guirado-Lpezet al. (Ref. 32 have

used the TB-HFA method. Experimental results are as given in

Ref. 5.
N Symmetry  d, E, w Reference
4 Ty 248 295 0.00 25
Ty 249 241 0.00 29
Ty 250 242 0.00 31
Ty 250 291 0.00 33
Tq 262 271 0.06 Present work
5 D3 252 3.06 0.60 25
Cu 254 270 1.00 31
Cup 255 313 1.40 33
Djp 263 295 0.22 Present work
6 Oy, 254  3.45 0.00 25
Oy, 263 332 0.00 26
Oy, 2.60 4.03 0.99 28
Oy, 260 2.88 1.00 31
D 258 3.28 0.00 33
Oy 263 3.17 1.48 Present work
7 Dsp 258 343 1.28 25
Dsp, 261 333 1.28 33
Dsy, 265 331 0.05 Present work
8 Ty 258 3.46 1.25 25
Dogq 261 3.40 0.75 33
D,y 264  3.39 0.89 Present work
9 Oy, 2.64 333 0.56 26
D.gq 255 238 0.66 30
C,, 2.63 3.40 1.00 33
C,, 2.66  3.50 1.62 Present work
0.80=0.20 Experiment
10 D g 258 3.77 0.60 25
Cs, 2,63 3.50 0.20 33
Cs, 2.66  3.59 0.41 Present work
0.80=0.20 Experiment
11 C,, 264 243 0.73 30
C,, 263 355 0.29 33
Co, 266 3.66 1.53 Present work
0.80=0.20 Experiment
12 Cs, 256 3.86 0.67 25
Cs, 2.65 3.58 0.63 33
Cs, 267 3.76 0.24 Present work
0.59+0.12 Experiment
13 Oy, 2.692 1.00 20
Ih 266 3.27 1.61 21
Ih 266 4.01 1.15 25
Ih 266 3.45 0.43 26
Ih 264 217 1.69 27

PHYSICAL REVIEW B 66, 224410 (2002

TABLE I. (Continued.

Symmetry d, Ey “ Reference
bcc 2.50 241 0.62 30
Op 2.692 0.69 22
Op 2.66 0.77 32
Ih 2.69 3.65 1.15 33
Ih 2.68 3.89 1.26 Present work
0.48+0.13 Experiment
14 Cs, 2.68 3.88 0.39 Present work
0.50+0.12 Experiment
15 Oy 2.58 2.44 0.80 30
(OF% 2.68 3.92 0.31 Present work
0.71+0.09 Experiment
16 Cs 2.68 3.95 0.39 Present work
0.64+0.10 Experiment
18 2.69 4.01 0.31 Present work
0.35£0.12 Experiment
19 Dsp, 2.69% 4.45 0.89 25
Oy 2.65 3.85 0.43 26
Oy 2.61 2.52 0.95 30
Oy, 1.17 32
Dsp 2.69 4.08 0.61 Present work
0.61+0.08 Experiment
20 2.7 4.09 0.08 Present work
0.16+0.16 Experiment
22 2.69 4.13 0.02 Present work
0.27£0.14 Experiment
23 bce 2.50 2.52 0.35 30
Dy, 2.71 4.17 0.03 Present work
0.13+0.13 Experiment
26 Dgq 2.72 4.22 0.03 Present work
0.25+0.12 Experiment

¥Nonoptimized bond, bulk distance used.

|28 |3l

tained by Zhanget al=° and Chieret al>* Rh,5 is one of the
most studied clusters because it is considered as the seed for
different cluster growth patterns, i.€0/°°, 11°, D}, and
even OECC (Ref. 30 symmetries. A wide dispersion in the
calculated magnetic moments is present in the literature. In
almost all works, differences in the interatomic distance are
small (=2%) compared to that of the bulk. We found good
agreement with results presented in Refs. 33 and 53 concern-
ing the magnetic moment and cluster symmaetyy The re-
lationship between bond length relaxations, symmetry and
magnetism has been studied for this size in the casedof 3
(Refs. 19,54 and 4 (Ref. 53 systems. This point will be
discussed in more detail below. FinalN~=19 atoms is an-
other extensively studied geometry in TM clusters because
the icosahedral growth pattern give rise to a double icosahe-
dron. Again, the agreement in size, binding energy and mag-
netic moment withab initio results from Jinlonget al. is
remarkable, although this time they used a constrained struc-
ture. Other works using a fcc geometry differ significantly
from experiment. Our result compares well with the experi-
mental behavior, both in magnitude, and as being a maxi-
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TABLE Il. Magnetic moment per atom (ug) and their respec-
tive relative normalized coexistence population RP at room tem-
perature for the global minimum structuresecond and third col-
umng and for the second isoméiourth and fifth column For the
third and fourth isomergsixth and seventh columhsve present
just the normalized coexistence population. Note that there are sig-
nificant contributions of the third isomer justih=17, N=21, and
N=25 atoms. The magnetic moment per atom for the third isomers
that have contributions different than zero 6@37]:0.83 M,
w¥1=0.02 pug, and uf=0.45 ug, respectively. Within the
present scheme, fourth isomer does not contribute with isomeriza-

AE, (eV)

5 10 15 20 25

Cluster size (N) tion.

FIG. 4. Relative stability of the global minima Rlelusters with N plt] RA ul?] RFZ! RF! RAY
respect to their neighborAE, is defined asAE,=E(N+1)
+E(N—1)—-2E(N). Peaks correlate to main and intermediate4 0.00 1.0 05 0.0 0.0 0.0
sizes atN=13, 19, 23, and 26 atoms. 5 0.59 1.0 0.57 0.0 0.0 0.0

6 0.99 1.0 0.33 0.0 0.0 0.0

mum at this size. The magnetic behavior obtained fromRh ! 1.04 1.0 0.43 0.0 0.0 0.0
to Rhyg follows the experimental trend qualitatively well as a 115 0.99 0.46 0.01 0.0 0.0
function of cluster size, describing the experimentally ob-? 0.30 1.0 0.76 0.0 0.0 0.0
served minima and maxima. 1 0.57 10 0.13 0.0 0.0 0.0

In Fig. 4 we have plotted the relative stability of each 11 048 1.0 061 00 0.0 0.0
global minimum R cluster with respect to its adjacent clus- 12 1.04 1.0 0.66 0.0 0.0 0.0
ters RRy_; and RR, ;. Maxima correlate to the main and 13 1.15 1.0 1.00 0.0 0.0 0.0
intermediate icosahedral sizebl€13, 19, 23, and 26 at- 14 114 10 0.86 0.0 0.0 0.0
oms, structures which have been recognized as having highS 0.92 1.0 0.73 0.0 0.0 0.0
stability in previous theoretical workg. 16 0.69 1.0 0.48 0.0 0.0 0.0

The usual experimental technique for cluster generation}? 0.45 0.75 0.59 0.14 0.07 0.03
laser vaporization in a flow system, involves many control18 0.68 0.86 0.23 0.14 0.0 0.0
variables(gas transport pressure, cluster concentration, intert9 0.76 1.0 0.59 0.0 0.0 0.0
nal and source temperatures, et€herefore, cluster growth 20 0.74 1.0 0.56 0.0 0.0 0.0
is a very complex process where coexistence of differenpi 0.40 0.8 0.56 0.10 0.1 0.0
isomers is possible, as has been shown in strucfuamd 22 051 093 035 007 0.0 0.0
magneti¢ experimental works with Ni and Co clusters. Al- 23 0.25 1.0 0.80 0.0 0.0 0.0
though the growth process is far from equilibrium, oncepq 0.08 0.64 0.04 0.36 0.0 0.0
formed, the clusters are in a thermal bath which allows thenyg 0.42 0.0 0.41 0.33 0.66 0.01
to evolve to an equilibrium distribution of the isomers, be- 5¢ 0.34 1.0 0.08 0.0 0.0 0.0

fore the measurement of the magnetic moment is obtained

hw:
F=v+> %—i—kBTE In
I I

In this context, the relative populations of the four lowest-
energy isomers of each size have been calculated assumigébms. This is due to the influence of the enthropic contribu-
an equilibrium distribution at 300 K. Room temperaturetjon of the low-frequency normal modes of the isomers to the
seems to be a I’eaSOI’lab|e Value f0r the internal Cluster terﬂ'ee energy at these Sizes Where the potentia' energies Of the
perature as has been discussed by several atfiofhe  gjobal minimum and next isomer are almost degenerate. We
free energyF was calculated accordingo did not find a significant contribution of the fourth isomer to
the populations, the exceptional case beingNat17 atoms
l—ex%_ﬁwi) ) with ~2.7%. Thus, the fourth and higher-energy isomers
keT /|’ were not considered. Our results indicate that at most sizes,
there should be few isomers other than the global minimum
where the first term represents the potential energy, the seet the temperature of experiment.
ond term is the zero point energy, and the third, the vibra- Magnetism in low-dimensional systems is influenced by a
tional contribution to the entropy. The frequencies of thenumber of factors such as the symmetry, local coordination,
normal modesy; were obtained in the harmonic approxima- and interatomic distances. Ford3systems there are two
tion from the eigenvalues of the Hessian evaluated at thwidely accepted semiempirical rules that correlate the mag-
minima in the potential energy surface. In Table Il the rela-netic moment with the structure: decreasing coordination and
tive isomer populations up to the fourth isomer are tabulatedncreasing interatomic distance enhances the magnetic mo-
It is note worthy that there is not an appreciable coexistencenents because both factors tend to reduce electron delocal-
of isomers over most of the size range studied here, the onlization. Our results indicate that these rules do not seem to
exceptions being at the sizes Nf=17, 18, 21, 24, and 25 hold in general for Rf clusters. This has also been noticed
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FIG. 5. Behavior of theu for the Rh; icosahedron cluster as a
function of the interatomic distanceX(). Expansion factor equals
one corresponds to our solution at the present work. For compari-
son, we include solutions by Reday al. (Ref. 21 (*), Jinlong 0.0 L A AT &N .
et al. (Ref. 25 (@), Li et al. (Ref. 26 (0J), Piveteauet al. (Ref. 0 5 10 15 20 25 30
27 (A), and Jenat al. (Ref. 33 (X). Cluster size (N)

by Stepanyuket al3* for Rh nanoclusters supported on  FIG. 6. The average magnetic moment per atom for the global
Ag(001). In contrast to 8 clusters such as Ni, where we minimum (upper panglstructures of R clusters (>) compared
have obtained in a previous work a linear decreasing depenvith the experimentRef. 5 (@®). In the lower panel, the same is

dence of with Z (see Ref. 15 here we obtain a large SPoWn for the corresponding second isomers (
dispersion of the results, accompanied sometimes with oscil-
lations. to N=26 atoms. In both cases, we obtain the general trend of
As we have already pointed out, there is a wide dispersioflecreasing magnetic moment, in a nonmonotonic fashion,
in the available theoretical results for the magnetic momentwhile increasing the cluster size, the moment nearly vanish-
We now further analyze this aspect with respect to the caség as we approacN~25, in good agreement with the ex-
of Rhy; for which the icosahedral structure is obtained inperimental findings. As for other transition metal clusters, we
most of the theoretical approaches. The structural symmetrgbtain an oscillatory behavior. For the global minima struc-
of the cluster is thus excluded as the possible source of théires (upper panel of Fig. fthe maxima are located &
discrepancy among the different theoretical calculations. Dif=8, 10, 13, 19, 22, and 25 atoms, and the minimaNat
ferent calculations, however, give slightly different inter- =9, 11, 17, 21, and 24 atoms. AN 13 our results do not
atomic distances for icosahedral RhIn order to test how correlate well with the experiment which display a flat de-
sensitive the magnetic properties are to changes in the intependence in the magnetic moment frod=9 to N=11 at-
atomic distance and if these slight changes may be the origiams with the minimum located &t=13. It is worth noticing
of the discrepancies, we have performed uniform compresthat the first-principles calculations by Jinlorg al?® and
sions and expansions of up to 10% of the global minimunReddyet al* for N=13 also lead to a maximum, as in our
icosahedral structure. Figure 5 shows the resulting magnetiease. For larger clusterdi>14) we have a very good quali-
behavior. An expansion factor of 1 corresponds to the globalative agreement with the experiment. The experimental ob-
minimum. We have also included the results available in theserved maxima aN=19 and N=21 atoms are well de-
literature for this cluster at the corresponding interatomicscribed and the experimental minimaN¢= 18, 20, and 24
distances. Our results indicate that the differences in thatoms are fairly well described by our resultsNat 17, 21,
magnetic moments obtained with the different methods ar@nd 24, atoms respectively. In general, our absolute values
not associated with the different interatomic distances sinceslightly overestimate the experimental ones, except at
over a wide range of compression factonich includes all  smaller sizes.
the interatomic distances reported in previous wprlise Concerning the second isomé@ower panel in the Fig. 6
magnetic moment does not change appreciably. Therefor&e have also an oscillatory behavior of the average magnetic
we conclude that the magnetic moment is not very sensitivénoment per atom as a function of the cluster size with very
to changes in the interatomic distance around the reportesharp maxima and minima. It is interesting to analyze the
values and thus, the origin of the dispersion of the results isases oN=13 andN=19. The geometrical structures of the
still unclear. second isomers are icosahedral clusters with one of the at-
In Fig. 6 we show the results of the average magnetioms misplaced. When this atom is not misplaced and com-
moment per atom as a function of the cluster size for optipletes the closed shell of the perfect icosahedral structure
mized global minima(upper pangland for the second iso- (global minima structunethe magnetic moment increases
mer (lower pane), compared with the experimental data up (compare both panels of Fig).6These type of geometrical
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effects in conection with the magnetic behavior have beein refining the calculations. However, it may be true that
also observed and theoretically calculated in Ni clustersexperimental conditions are a poor approximation to equilib-
However, in the case of Ni clusters, symmetrical structuresium. Contamination with neighboring cluster sizes could
lead to a lower magnetic moments, in contrast to Rh clustersalso have a significant effect on damping the oscillations
This result gives further support to the unique magnetic befound in the calculations.
havior of low-dimensional rhodium systems. The empirical rules relating geometrical factors like local
As discussed previously, our results indicate that at mostoordination and nearest-neighbor distances with the mag-
sizes, there should be few isomers other than the global mininetic moment do not hold in general for rhodium clusters.
mum at the temperature of the experiment. Therefore, th&/e have investigated the degree of isomer coexistence as-
consideration of the different isomers does not change sigsuming an equilibrium distribution at room temperature, and
nificantly the magnetic trends obtained for the global minimastudied its effect on the magnetic behavior. We only find an
and the comparison with the experimental results. We havappreciable coexistence of isomers for the sizedlefl?,
checked this point by weighting the magnetic moments byl8, 21, 24, and 25 atoms. Of these sizes, only the sizes of 17
their corresponding calculated populations shown in Table lland 21 atoms the magnetic moment of the second isomer
(and atN =25 for the third isomerdiffer significantly from
IV. SUMMARY AND CONCLUSIONS that of the global minimum. We therefore conclude that the
) ) discrepancy between the magnetic moments obtained in ex-
We have determined the geometrical structures of smalberiment and our calculations at small sizes cannot be attrib-

Rh clusters with a many-body Gupta potential using a globaj;ieq tg the effect of the coexistence of isomers and must be
search method. For the global minimum we found that thggnd elsewhere.

icosahedral growth pattern dominates for small clusters. For

the second isomeric sequence there is no well defined pattern
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