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Structure and magnetism of small rhodium clusters
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We report a systematic study of the structural and magnetic properties of free-standing rhodium clusters
(RhN , 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 aspd tight-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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I. INTRODUCTION

The tailoring of new magnetic materials with novel pro
erties is one of the cornerstones of materials science.
Stoner criterion for the existence of spontaneous ferrom
netism is only fulfilled in a few of the 3d bulk transition
metals ~TM!—Fe, Co, and Ni.1,2 None of the 4d and 5d
solids are magnetic spontaneously.2 However, since the
1980’s, the experimental growth and characterization of lo
dimensional systems~surfaces, films, and small clusters!3–14

with reduced coordination and symmetry, and relaxed in
atomic distances, opens the possibility of stabilizing m
netic phases in certaina priori nonmagnetic 4d and 5d tran-
sition metals systems.5 Examples of experimental evidenc
for the 4d ferro-magnetism in two-dimensional Ru and R
structures supported on substrates can be found in Refs.
14.

The study of magnetism in clusters is a two step proble
~i! the identification of the lowest energy geometrical stru
tures and~ii ! the determination of the respective electron
properties. These steps are not independent, although it
common approximation to separate them due to the com
tational costs involved in fully self-consistent calculation
even in the case of very small clusters.15–18 The ab initio
methods are limited to very small cluster sizes19 so that
for the cluster sizes in the range involved in experime
there is little alternative but to perform semiempiric
calculations.15,16

In the particular case of 4d magnetism, rhodium has bee
the most studied, and at the same time, the most contro
sial of this series. Many investigations in Rh clusters w
motivated by the pioneering theoretical works by Galicia20

Reddy et al.,21 and the experimental results by Cox a
co-workers.5 However, most of the electronic calculation
for Rh clusters available in the literature have been p
formed assuming fixed geometries,22–24 or optimizing just
the bond lengths.25–32 Recently, Reddyet al.33 have com-
bined the techniques of molecular-dynamics~MD! for the
geometrical part and density-functional theory~DFT! for the
0163-1829/2002/66~22!/224410~10!/$20.00 66 2244
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electronic part. With this approach, they could study sm
Rh clusters only up to 13 atoms.

The available theoretical studies of free-standing rhodi
clusters, most of these performed within the DFT-LDA a
proximation, demonstrate a wide dispersion in the magn
properties.20,22,25,26,28,31This suggests a strong sensitivity o
the calculated magnetic properties of Rh to the approxim
tions of the method and to the presumed underlying geom
ric structure. The geometrical structure of free-standing cl
ters is an elusive property since experimental information
indirect and not sufficient to determine the structure p
cisely. In another context,ab initio calculations for the Rh
dimer supported on Ag~001! have also shown that this meta
does not always follow the general trends of magnetism w
respect to the coordination number and interatom
distances.34 The local magnetic moment in the support
dimer decreases while increasing the interatomic distance
contrast to the general behavior of the 3d elements. There-
fore, we believe that a systematic study of both the geome
cal structure and magnetic properties is required for fr
standing RhN clusters in a size range similar to that studi
experimentally. This is the objective of the present work.

We have performed a systematic search for the glo
minimum and the three lowest energy isomers of RhN clus-
ters in the range of 4<N<26 atoms. The geometries hav
been obtained using a global search method on the en
surface of a many-body Gupta potential.35 The spin-
polarized electronic properties were then calculated for th
geometries using a Hubbard type Hamiltonian for the 4d,5s,
and 5p valence electrons within the unrestricted Hartre
Fock approximation. The magnetic moments of the differ
isomers were weighted according to their relative normaliz
populations~RP’s! calculated using the free energies and
suming an equilibrium distribution at room temperature. T
allowed comparison of the magnetic moments obtained
the global minimum geometries with that obtained by inclu
ing the coexistence of the lowest energy isomers. The m
netic behavior of the Rh13 cluster as a function of interatomi
distance is investigated. In the next section we briefly
©2002 The American Physical Society10-1



o
ro

w

s
iza
of
on
er

e
o
rid
to
o

lo
ha
m
e

ar

l i
en
e
er

lk
ts

R

ry
-
p

tro
a
m
a

n
a

tia

f
ia
l

with

l-
at

ks
For
lts

ree-
by
t

d by
ot
r to
, at

ve
the

A
-
rgy
lso

est
ep-

e in
n-

nc-
-
po-
that

cal-

ed
ta

l
has
eing
any

as
g

tion

ith

AGUILERA-GRANJA et al. PHYSICAL REVIEW B 66, 224410 ~2002!
scribe the methods and approximations used. The results
tained for the geometrical structures and the magnetic p
erties are presented and discussed in Sec. III. In Sec. IV
summarize the main conclusions of this work.

II. GEOMETRIC AND ELECTRONIC STRUCTURE
CALCULATIONS

A. Geometrical structure

The global minimum geometrical structures of the clu
ters have been obtained by making 80 000 global optim
tions starting from distinct random initial configurations
the atoms within a sphere large enough to include all c
ceivable low energy geometries. The optimizations w
done with an evolutive, symbiotic algorithm,36 an efficient
variant of the genetic algorithm,37 that takes advantage of th
tight coupling of nearest neighbor atoms through the sh
range of the interaction. The algorithm employs a hyb
approach consisting of the global genetic algorithm with s
chastic moves on the potential energy surface which av
entrapment in high-energy local minima, combined with
cal conjugate gradient relaxation once the global part
reached the attraction basins of the lowest-energy mini
Details of the application of the symbiotic algorithm to th
optimization of metal clusters using the Gupta potential
given in Ref. 38.

The attractive, many-body part of the Gupta potentia
formulated in the second moment approximation of the d
sity of electronic states within the tight-binding schem
while a Born-Mayer term describes the repulsive pair int
actions. This potential is expressed as

V5(
i 51

n FA (
j (Þ i )51

n

expF2pS r i j

r 0n
21D G

2S j2 (
j (Þ i )51

n

expF22qS r i j

r 0n
21D G D 1/2G . ~1!

The parametersp518.45, q51.867, j51.66 eV, andA
50.0629 eV for rhodium are obtained by fitting to the bu
cohesive energy, lattice parameters, and elastic constan35

The radii are expressed in reduced units wherer 0n51.
The use of a potential to model the structure of the

nanoclusters was necessary in this work sinceab initio and
truly global optimizations can only be performed on ve
small clusters (<8 atoms) with existing computational re
sources. The Gupta potential is considered to be semiem
ical since it is based on the second moment of the elec
density of states in the tight-binding scheme, while its p
rameters are fit to empirical data. The tight-binding sche
takes into account the electronic structure of the system
the quantum-mechanical nature of the bonding. In additio
this physical reason, our choice of the Gupta potential w
based on our very successful application of this poten
combined with the parametrizations of Cleri and Rosato,35 to
various metals from the periodic table: Au, Ag, and Ni;38 Zn
and Cd;39 Na;40 Pt and Pd41!. Results for the geometries o
Rh nanoclusters obtained with other many-body potent
~for example, the Sutton-Chen potential!, at least at the smal
22441
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sizes presented in this paper, are in basic agreement
those of our calculations~see below and Ref. 42!. Further,
we have shown43 that most metals of the periodic table fo
low the icosaheral growth pattern, which we found for Rh,
sizes greater than about 10 atoms~see below!. The only ex-
ceptions ~up to 98 atoms! are encountered atN538 and
aroundN575 for which the truncated octahedron and Mar
decahedral structures, respectively, are of lower energy.
N538 atoms, although not reported in this work, our resu
predicting the truncated octahedral geometry are in ag
ment with other, more complex Gupta parametrizations
Chienet al.44 For N524 and 26, our global minima and firs
isomers results are inverted with respect to those reporte
Chien et al. The only metals we have found which do n
follow this trend are Au, Cd, and Zn. These metals appea
have disordered global minimum structures for all sizes
least up to 100 atoms.38,39

For the metals Au, Cd, Zn, Na, Pt, and Pd, we ha
checked the results of the Gupta potential, incorporating
parametrizations of Cleri and Rosato,35 with density func-
tional calculations carried out at both the LDA and the GG
levels.39,41,45 The validation of the potential from this per
spective is based on three findings. First, all low-ene
minima we have found for the Gupta potential are a
minima with density functional theory~both at the LDA and
GGA levels!. Second, the order in energy of the three low
energy isomers is basically the same except for a few exc
tional cases in which two isomers are almost degenerat
energy.45 Finally, we have plotted the distances from the ce
ter of mass of all of the atoms of Au101 obtained with the
Gupta potential, and the same obtained with density fu
tional theory at the GGA level.46 The almost exact corre
spondences are very convincing in validating the Gupta
tential for these metals. This result gives us confidence
the Gupta potential also models Rh well.

From still another perspective, we have compared the
culated structure factors for the global minima of Au38 and
Au75 obtained with the Gupta potential with those obtain
from x-ray diffraction experiments. The results of the Gup
potential show very good agreement with experiment.38

The reliability of the algorithm in locating the globa
minimum of metal nanoclusters of sizes up to 75 atoms
been reviewed in Ref. 38 and can be considered as b
good, because the lowest-energy minima are found m
times.

B. Electronic structure

The spin-polarized electronic structure of Rh clusters w
determined by solving self-consistently a tight-bindin
Hamiltonian for the 4d, 5s, and 5p valence electrons in a
mean-field approximation. In the usual second quantiza
notation, this Hamiltonian can be expressed as follows:

H5(
ias

« iasn̂ias1 (
abs
iÞ j

t i j
abĉias

† ĉ j bs , ~2!

whereĉias
† is the operator for the creation of an electron w

spin s and orbital statea at the atomic sitei, ĉ j bs is the
0-2
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annihilation operator, andn̂ias is the number operator. Th
hopping integralst i j

ab between orbitalsa andb at sitesi and
j describe the electronic delocalization within the syste
which is relevant for itinerant magnetism. In this work, w
considered hopping integrals up to third nearest-neigh
distances. These integrals are assumed to be spin inde
dent and have been fitted to reproduce the band structu
bulk Rh.47 However, since interatomic distances in the clu
ters differ slightly from the bulk, the variation of hoppin
integrals with the interatomic distancer i j has been explicitly
considered using the typical power law (r 0 /r i j )

l 1 l 811,
where r 0 is the bulk equilibrium distance andl, l 8 are the
orbital angular momenta of the (ias) and (j bs) states in-
volved in the hopping process. The spin-dependent diag
terms account for the electron-electron interaction throug
correction shift of the energy levels

« ias5« ia
0 1zs(

b

Jab

2
m ib1V ia . ~3!

Here,« ia
0 are the bare orbital energies of paramagnetic b

Rh. The second term is the correction shift due to the s
polarization of the electrons at sitei (m ib5^nib↑&
2^nib↓&). Jab are the exchange integrals andzs is the sign
function (z↑51, z↓521). As usual, the exchange integra
involving s and p electrons were neglected taking into a
count only the integral corresponding tod electrons (Jdd).
Note that although thesp exchange integrals are neglecte
spin polarization of the delocalizedsp states will exist as a
consequence of hybridization with thed states. UsuallyJdd
is obtained by fitting to the bulk magnetic moment. Howev
since rhodium bulk metal is paramagnetic, we have ta
Jdd50.40 eV so that it gives simultaneously the best fit
the magnetic moments of the Rh13 and Rh19 clusters as cal-
culated by Jinlonget al.25 through the DFT-LSDA method
~see Fig. 1!. For Rh13 we have the same value as Jinlo

FIG. 1. Magnetic moment per atom as a function of the
change parameterJdd for the icosahedral (N513) and double-
icosahedral (N519) clusters. We used the nearest neighbor d
tances reported by Jinlong~Ref. 25!. The horizontal lines
correspond to the solutions of Jinlong~Ref. 25! for N513 ~solid
line! andN519 atoms~dashed line!, respectively. The vertical line
is our best simultaneous fit to both values of the magnetic mom
22441
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whereas for Rh19 we slightly understimate the magnetic m
ment, this value ofJdd corresponds to the best simultaneo
fitting considering the dependence shown in the Fig.
Those cluster sizes have been selected because the ico
dral and double icosahedral geometries are typical in alm
all calculations. Finally, the site- and orbital-dependent s
consistent potentialV ia assures the local electronic occup
tion, fixed in our model by interpolating between the isolat
atom and the bulk according to the actual local number
neighbors at sitei.

The spin-dependent local electronic occupations are s
consistently determined from the local densities of states

^n̂ias&5E
2`

«F Dias~«!d«, ~4!

which are calculated at each iteration by using the recurs
method.48 In this way, the distribution of the local magnet
moments (m i5(am ia) and the average magnetic mome
per atom (m̄51/N( im i) of the RhN clusters are obtained a
the end of the self-consistent cycle.

The description of the magnetic properties of low
dimensional 4d transition metal systems requires the sa
ingredients as for the 3d series, in particular, the explici
consideration of the electronic delocalization in order to
count for the itinerant character of the magnetism of th
materials and also the symmetry of each system which p
an important role due to the directional bonding. The fa
that this tight-binding model has been successfully applied
the study of 3d TM clusters in both the free-standin
configuration15 and supported on a substrate18 give us confi-
dence in its utilization for the investigations presented he

III. RESULTS AND DISCUSSION

There are no experimental works concerning the g
metrical structures of RhN clusters. The reactions of ammo
nia and water molecules on hydrogen saturated clusters
photo-ionization experiments are used to obtain clues to
geometrical structures of Fe, Co, and Ni clusters.49,50 These
works give evidence of polyicosahedral structure in amm
niated and bare Ni and Co clusters.

On the theoretical side, recently the Gupta potential
been used for NiN clusters and for noble metal clusters lik
AuN and AgN by Michaelian and co-workers38 using the
symbiotic algorithm applied in the present work. In the ca
of AuN clusters, they have found evidence of disordered g
bal minima forN519, 38, and 55 atoms.38,45 Polyicosahe-
dral atomic growth is revealed for Ni and Ag clusters, at le
for the global minima and up to sizes ofN555 atoms. Such
an icosahedral growth pattern is also obtained here for
global minima structures for RhN up to N526 atoms~see
structures denoted as@1# in Fig. 2!. In general, this pattern is
followed by incorporating atoms~one by one! to a stable
closed shell structure, reaching in this way the main a
intermediate icosahedral sizes, i.e., Rh13, Rh19, Rh23, and
Rh26. For the second isomers~denoted as@2# in Fig. 2! there
is not a well defined sequence of structures, although isom
with N57, 11, 15, and 16 seem to follow a growth patte

-

-

t.
0-3
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FIG. 2. Optimized geometrica
structures for RhN clusters (4<N
<26 atoms). The global minima
are denoted as@1# and the second
isomers as@2#. The number below
the structure is the average bon
distance in Å.
re
is
se

-

tri-
. 2;
rest-
with a square pyramid (C4v) as a base unit. In general the
are threefold, fourfold, and fivefold local symmetries in th
isomeric sequence; also distorted icosahedrals are pre
particularly at large sizes, except for Rh26 which has an hcp
symmetry. For the third and fourth isomeric sequences~not
22441
nt,

shown in the figure! there is no well defined family of struc
tures.

In Fig. 3 we plot two of the most representative geome
cal properties for the free-standing clusters shown in Fig
the average atomic coordination and the average nea
0-4
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neighbor distance. Notice that the average coordination
the three different series of isomers is generally the sa
regardless of the different geometries. For the near
neighbor distances, small variations from the bulk are
served although the convergence to the bulk value is alre
reached at small sizes, around Rh13.

For N<7 our global minima are the same as those
ported by Reddyet al.33 ~except atN55), who used the
Gupta potential form proposed by Llois and Weissman51 in a
MD search combined with bond optimization using DFT33

The Gupta potential they used has a (2/3) exponent in
many-body band term, instead of the usual (1/2)—see
~1!. The only structure that changes after DFT relaxation
the hexahedron Rh5 (D3h), which stabilizes in a square pyra
mid structure (C4v), whereas our calculation predicted
hexahedron as the global minimum and a planar triple tri
gular structure as the second isomer. For 9<N<13 our clus-
ters are decahedral~pentagonal bipyramid! plus additional
adjacent atoms around the main symmetry axis until
icosahedral is reached. In this size range, all our geome
agree with those obtained by Reddyet al.33 and those by
Doye and Wales42 using a Monte Carlo approach and th

FIG. 3. Structural properties for the three lowest-energy isom
of RhN clusters. The upper panel shows the average atomic coo
nation and the average nearest-neighbor distance is shown in
lower panel. The rhombus symbols correspond to the global m
mum geometries, the empty circles to the second isomer and
cross to the third isomer. The bond distance of the fcc Rh bul
r 052.69 Å.
22441
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Sutton-Chen potential. Although our geometries and thos
Reddyet al. are similar~the only difference is atN55), the
cluster size is different. Our clusters are systematically lar
than those of Reddyet al.33 Our average bond length goe
from 2.62 Å- in the tetrahedral to 2.69 Å- in the icosahedr
whereas Reddyet al.’s bond length goes from 2.5 to 2.68 Å
for the same size range. We believe that these discrepan
come from the different versions of the Gupta potential us
due to the energy band term. This term incorporates a ma
body summation, which is proportional to the hopping in
grals through the second moment of the density of states,
the exponent (2/3)—or (1/2) in our case—affects indirec
the bond distances.35,51

Results for 14<N<19 show an icosahedral growth pa
tern for the lowest-energy structure until a double icosa
dron is reached atN519, with an average nearest-neighb
distance similar to that of the bulk. ForN523 andN526
atoms we find a polyicosahedral structure formed by th
and six interpenetrated double-icosahedral sections, res
tively. The only theoretical study of the geometrical structu
of free-standing RhN clusters with sizes larger thanN513
atoms is that of Ref. 42 using Monte Carlo minimization a
the family of Sutton-Chen potentials for clusters withN
<80 atoms. The agreement with these results is good,
only differences are atN523 andN526 atoms. ForN526
our second isomer corresponds to the global minimum
tained by Doye and Wales, a hexagonal closed packed s
ture.

Table I summarizes the results we obtained for our glo
minima compared with other published calculations. In t
case of Rh4, there is general agreement that the lowe
energy structure is a tetrahedron (Td) using bothab initio
and semiempirical methods with small dispersion in the c
culated binding energies per atom. This structure is nonm
netic ~see Table I!. Some of these calculations have led
magnetically open structures such asD4h ~square! ~Refs.
25,29,31,33! andD2h ~rhombus! ~Refs. 25,29! as our result
for the second isomer~see Fig. 2 for@2# Rh4 and discussion
below!. These magnetically open structures are energetic
close to the global minimum, although not close enough
allow transitions through thermal excitations from one stru
ture to another at room temperature. However, this kind
structural transition may be possible under strain forces~e.g.,
supported clusters! or pressure conditions~e.g., inside a ma-
trix!. This has been studied by Wildbergeret al.52 for Rh
ad-atoms on Ag~001! with the KKR-Green’s function
method. Interestingly, they have found that compact str
tures such as the square have significant magnetic mom

For Rh5, all the calculations predict a magnetic mome
We obtain a triangular bipyramid~hexahedron! as the global
minimum, as found by Jinlonget al.25 through the LSDA
approximation, with the same magnetic moment althou
with different cluster size. Both Refs. 31 and 33 have o
tained a square pyramidC4v as the most stable structure
with similar equilibrium bond length and magnetic mome
For Rh6 we find a geometry that is widely obtained as t
lowest-energy structure by different methods a
approximations,25,26,28,31although with different cluster size
Our magnetic moment is in agreement with the results
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TABLE I. Symmetry, average bond distancedn ~Å!, binding
energyEb ~eV/atom!, and magnetic momentsm̄ (mB /atom) for the
global minima structures fromN54 to 26 atoms, compared with
other results. The method of calculation used by Galicia~Ref. 20! is
SCF-Xa-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. 31!,
and Reddyet al. ~Ref. 33!, GGA-DFT. Finally Piveteau~Ref. 27!,
Villaseñor et al. ~Ref. 30!, and Guirado-Lo´pezet al. ~Ref. 32! have
used the TB-HFA method. Experimental results are as given
Ref. 5.

N Symmetry dn Eb m̄ Reference

4 Td 2.48 2.95 0.00 25
Td 2.49 2.41 0.00 29
Td 2.50 2.42 0.00 31
Td 2.50 2.91 0.00 33
Td 2.62 2.71 0.06 Present work

5 D3h 2.52 3.06 0.60 25
C4v 2.54 2.70 1.00 31
C4v 2.55 3.13 1.40 33
D3h 2.63 2.95 0.22 Present work

6 Oh 2.54 3.45 0.00 25
Oh 2.63 3.32 0.00 26
Oh 2.60 4.03 0.99 28
Oh 2.60 2.88 1.00 31
D4h 2.58 3.28 0.00 33
Oh 2.63 3.17 1.48 Present work

7 D5h 2.58 3.43 1.28 25
D5h 2.61 3.33 1.28 33
D5h 2.65 3.31 0.05 Present work

8 Td 2.58 3.46 1.25 25
D2d 2.61 3.40 0.75 33
D2d 2.64 3.39 0.89 Present work

9 Oh 2.64 3.33 0.56 26
D4d 2.55 2.38 0.66 30
C2v 2.63 3.40 1.00 33
C2v 2.66 3.50 1.62 Present work

0.8060.20 Experiment
10 D4d 2.58 3.77 0.60 25

C3v 2.63 3.50 0.20 33
C3v 2.66 3.59 0.41 Present work

0.8060.20 Experiment
11 C2v 2.64 2.43 0.73 30

C2v 2.63 3.55 0.29 33
C2v 2.66 3.66 1.53 Present work

0.8060.20 Experiment
12 C5v 2.56 3.86 0.67 25

C5v 2.65 3.58 0.63 33
C5v 2.67 3.76 0.24 Present work

0.5960.12 Experiment
13 Oh 2.69a 1.00 20

I h 2.66 3.27 1.61 21
I h 2.66 4.01 1.15 25
I h 2.66 3.45 0.43 26
I h 2.64 2.17 1.69 27
22441
tained by Zhanget al.28 and Chienet al.31 Rh13 is one of the
most studied clusters because it is considered as the see
different cluster growth patterns, i.e.,Oh

fcc , I h
ico , D3h

hcp, and
even Oh

bcc ~Ref. 30! symmetries. A wide dispersion in th
calculated magnetic moments is present in the literature
almost all works, differences in the interatomic distance
small ('2%) compared to that of the bulk. We found goo
agreement with results presented in Refs. 33 and 53 conc
ing the magnetic moment and cluster symmetryI h . The re-
lationship between bond length relaxations, symmetry a
magnetism has been studied for this size in the case ofd
~Refs. 19,54! and 4d ~Ref. 53! systems. This point will be
discussed in more detail below. Finally,N519 atoms is an-
other extensively studied geometry in TM clusters beca
the icosahedral growth pattern give rise to a double icosa
dron. Again, the agreement in size, binding energy and m
netic moment withab initio results from Jinlonget al. is
remarkable, although this time they used a constrained st
ture. Other works using a fcc geometry differ significan
from experiment. Our result compares well with the expe
mental behavior, both in magnitude, and as being a m

in

TABLE I. ~Continued!.

N Symmetry dn Eb m̄ Reference

bcc 2.50 2.41 0.62 30
Oh 2.69a 0.69 22
Oh 2.66 0.77 32
I h 2.69 3.65 1.15 33
I h 2.68 3.89 1.26 Present wor

0.4860.13 Experiment
14 C3v 2.68 3.88 0.39 Present wor

0.5060.12 Experiment
15 Oh 2.58 2.44 0.80 30

C3v 2.68 3.92 0.31 Present wor
0.7160.09 Experiment

16 Cs 2.68 3.95 0.39 Present wor
0.6460.10 Experiment

18 2.69 4.01 0.31 Present wor
0.3560.12 Experiment

19 D5h 2.69a 4.45 0.89 25
Oh 2.65 3.85 0.43 26
Oh 2.61 2.52 0.95 30
Oh 1.17 32
D5h 2.69 4.08 0.61 Present wor

0.6160.08 Experiment
20 2.7 4.09 0.08 Present wor

0.1660.16 Experiment
22 2.69 4.13 0.02 Present wor

0.2760.14 Experiment
23 bcc 2.50 2.52 0.35 30

D3h 2.71 4.17 0.03 Present wor
0.1360.13 Experiment

26 D6d 2.72 4.22 0.03 Present wor
0.2560.12 Experiment

aNonoptimized bond, bulk distance used.
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mum at this size. The magnetic behavior obtained from R15
to Rh26 follows the experimental trend qualitatively well as
function of cluster size, describing the experimentally o
served minima and maxima.

In Fig. 4 we have plotted the relative stability of ea
global minimum RhN cluster with respect to its adjacent clu
ters RhN21 and RhN11. Maxima correlate to the main an
intermediate icosahedral sizes (N513, 19, 23, and 26 at
oms!, structures which have been recognized as having h
stability in previous theoretical works.42

The usual experimental technique for cluster generat
laser vaporization in a flow system, involves many cont
variables~gas transport pressure, cluster concentration, in
nal and source temperatures, etc.!. Therefore, cluster growth
is a very complex process where coexistence of differ
isomers is possible, as has been shown in structural50 and
magnetic5 experimental works with Ni and Co clusters. A
though the growth process is far from equilibrium, on
formed, the clusters are in a thermal bath which allows th
to evolve to an equilibrium distribution of the isomers, b
fore the measurement of the magnetic moment is obtain
In this context, the relative populations of the four lowe
energy isomers of each size have been calculated assu
an equilibrium distribution at 300 K. Room temperatu
seems to be a reasonable value for the internal cluster
perature as has been discussed by several authors.5,55 The
free energyF was calculated according to56

F5V1(
i

\v i

2
1kBT(

i
lnF12expS 2\v i

kBT D G , ~5!

where the first term represents the potential energy, the
ond term is the zero point energy, and the third, the vib
tional contribution to the entropy. The frequencies of t
normal modesv i were obtained in the harmonic approxim
tion from the eigenvalues of the Hessian evaluated at
minima in the potential energy surface. In Table II the re
tive isomer populations up to the fourth isomer are tabula
It is note worthy that there is not an appreciable coexiste
of isomers over most of the size range studied here, the
exceptions being at the sizes ofN517, 18, 21, 24, and 25

FIG. 4. Relative stability of the global minima RhN clusters with
respect to their neighbors.DE2 is defined asDE25E(N11)
1E(N21)22E(N). Peaks correlate to main and intermedia
sizes atN513, 19, 23, and 26 atoms.
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atoms. This is due to the influence of the enthropic contri
tion of the low-frequency normal modes of the isomers to
free energy at these sizes where the potential energies o
global minimum and next isomer are almost degenerate.
did not find a significant contribution of the fourth isomer
the populations, the exceptional case being atN517 atoms
with '2.7%. Thus, the fourth and higher-energy isome
were not considered. Our results indicate that at most si
there should be few isomers other than the global minim
at the temperature of experiment.

Magnetism in low-dimensional systems is influenced b
number of factors such as the symmetry, local coordinat
and interatomic distances. For 3d systems there are two
widely accepted semiempirical rules that correlate the m
netic moment with the structure: decreasing coordination
increasing interatomic distance enhances the magnetic
ments because both factors tend to reduce electron delo
ization. Our results indicate that these rules do not seem
hold in general for RhN clusters. This has also been notice

TABLE II. Magnetic moment per atomm̄ (mB) and their respec-
tive relative normalized coexistence population RP at room te
perature for the global minimum structures~second and third col-
umns! and for the second isomer~fourth and fifth columns!. For the
third and fourth isomers~sixth and seventh columns! we present
just the normalized coexistence population. Note that there are
nificant contributions of the third isomer just inN517, N521, and
N525 atoms. The magnetic moment per atom for the third isom
that have contributions different than zero arem̄17

[3]50.83 mB ,
m̄21

[3]50.02 mB , and m̄25
[3]50.45 mB , respectively. Within the

present scheme, fourth isomer does not contribute with isomer
tion.

N m̄ [1] RP[1]
m̄ [2] RP[2] RP[3] RP[4]

4 0.00 1.0 0.5 0.0 0.0 0.0
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
7 1.04 1.0 0.43 0.0 0.0 0.0
8 1.15 0.99 0.46 0.01 0.0 0.0
9 0.30 1.0 0.76 0.0 0.0 0.0
10 0.57 1.0 0.13 0.0 0.0 0.0
11 0.48 1.0 0.61 0.0 0.0 0.0
12 1.04 1.0 0.66 0.0 0.0 0.0
13 1.15 1.0 1.00 0.0 0.0 0.0
14 1.14 1.0 0.86 0.0 0.0 0.0
15 0.92 1.0 0.73 0.0 0.0 0.0
16 0.69 1.0 0.48 0.0 0.0 0.0
17 0.45 0.75 0.59 0.14 0.07 0.03
18 0.68 0.86 0.23 0.14 0.0 0.0
19 0.76 1.0 0.59 0.0 0.0 0.0
20 0.74 1.0 0.56 0.0 0.0 0.0
21 0.40 0.8 0.56 0.10 0.1 0.0
22 0.51 0.93 0.35 0.07 0.0 0.0
23 0.25 1.0 0.80 0.0 0.0 0.0
24 0.08 0.64 0.04 0.36 0.0 0.0
25 0.42 0.0 0.41 0.33 0.66 0.01
26 0.34 1.0 0.08 0.0 0.0 0.0
0-7
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by Stepanyuket al.34 for Rh nanoclusters supported o
Ag~001!. In contrast to 3d clusters such as Ni, where w
have obtained in a previous work a linear decreasing dep
dence ofm̄ with Z ~see Ref. 15!, here we obtain a large
dispersion of the results, accompanied sometimes with o
lations.

As we have already pointed out, there is a wide dispers
in the available theoretical results for the magnetic mome
We now further analyze this aspect with respect to the c
of Rh13 for which the icosahedral structure is obtained
most of the theoretical approaches. The structural symm
of the cluster is thus excluded as the possible source of
discrepancy among the different theoretical calculations. D
ferent calculations, however, give slightly different inte
atomic distances for icosahedral Rh13. In order to test how
sensitive the magnetic properties are to changes in the in
atomic distance and if these slight changes may be the o
of the discrepancies, we have performed uniform comp
sions and expansions of up to 10% of the global minim
icosahedral structure. Figure 5 shows the resulting magn
behavior. An expansion factor of 1 corresponds to the glo
minimum. We have also included the results available in
literature for this cluster at the corresponding interatom
distances. Our results indicate that the differences in
magnetic moments obtained with the different methods
not associated with the different interatomic distances sin
over a wide range of compression factors~which includes all
the interatomic distances reported in previous works!, the
magnetic moment does not change appreciably. There
we conclude that the magnetic moment is not very sensi
to changes in the interatomic distance around the repo
values and thus, the origin of the dispersion of the result
still unclear.

In Fig. 6 we show the results of the average magne
moment per atom as a function of the cluster size for o
mized global minima~upper panel! and for the second iso
mer ~lower panel!, compared with the experimental data u

FIG. 5. Behavior of them̄ for the Rh13 icosahedron cluster as
function of the interatomic distance (L). Expansion factor equals
one corresponds to our solution at the present work. For comp
son, we include solutions by Reddyet al. ~Ref. 21! (*), Jinlong
et al. ~Ref. 25! (d), Li et al. ~Ref. 26! (h), Piveteauet al. ~Ref.
27! (m), and Jenaet al. ~Ref. 33! (3).
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to N526 atoms. In both cases, we obtain the general tren
decreasing magnetic moment, in a nonmonotonic fash
while increasing the cluster size, the moment nearly van
ing as we approachN'25, in good agreement with the ex
perimental findings. As for other transition metal clusters,
obtain an oscillatory behavior. For the global minima stru
tures ~upper panel of Fig. 6! the maxima are located atN
58, 10, 13, 19, 22, and 25 atoms, and the minima atN
59, 11, 17, 21, and 24 atoms. ForN,13 our results do not
correlate well with the experiment which display a flat d
pendence in the magnetic moment fromN59 to N511 at-
oms with the minimum located atN513. It is worth noticing
that the first-principles calculations by Jinlonget al.25 and
Reddyet al.33 for N513 also lead to a maximum, as in ou
case. For larger clusters (N.14) we have a very good quali
tative agreement with the experiment. The experimental
served maxima atN519 and N521 atoms are well de-
scribed and the experimental minima atN518, 20, and 24
atoms are fairly well described by our results atN517, 21,
and 24, atoms respectively. In general, our absolute va
slightly overestimate the experimental ones, except
smaller sizes.

Concerning the second isomer~lower panel in the Fig. 6!,
we have also an oscillatory behavior of the average magn
moment per atom as a function of the cluster size with v
sharp maxima and minima. It is interesting to analyze
cases ofN513 andN519. The geometrical structures of th
second isomers are icosahedral clusters with one of the
oms misplaced. When this atom is not misplaced and co
pletes the closed shell of the perfect icosahedral struc
~global minima structure! the magnetic moment increase
~compare both panels of Fig. 6!. These type of geometrica

ri-

FIG. 6. The average magnetic moment per atom for the glo
minimum ~upper panel! structures of RhN clusters (L) compared
with the experiment~Ref. 5! (d). In the lower panel, the same i
shown for the corresponding second isomers (s).
0-8



ee
r
re
er
be

o
in
th
si
m
av
b
I

a
ba
th
F
tte
rte
Fo

in
s
a

s
nt
g
c

n
b-

a
on

at
lib-
ld
ns

al
ag-
rs.
as-

nd
an

f 17
mer

he
ex-

trib-
t be

m
nd

de
l-
gh
up-
F-
ac-
as
at

for

STRUCTURE AND MAGNETISM OF SMALL RHODIUM CLUSTERS PHYSICAL REVIEW B66, 224410 ~2002!
effects in conection with the magnetic behavior have b
also observed and theoretically calculated in Ni cluste
However, in the case of Ni clusters, symmetrical structu
lead to a lower magnetic moments, in contrast to Rh clust
This result gives further support to the unique magnetic
havior of low-dimensional rhodium systems.

As discussed previously, our results indicate that at m
sizes, there should be few isomers other than the global m
mum at the temperature of the experiment. Therefore,
consideration of the different isomers does not change
nificantly the magnetic trends obtained for the global mini
and the comparison with the experimental results. We h
checked this point by weighting the magnetic moments
their corresponding calculated populations shown in Table

IV. SUMMARY AND CONCLUSIONS

We have determined the geometrical structures of sm
Rh clusters with a many-body Gupta potential using a glo
search method. For the global minimum we found that
icosahedral growth pattern dominates for small clusters.
the second isomeric sequence there is no well defined pa
although, in most cases, the clusters are slightly disto
icosahedral structures, particularly for the larger sizes.
the third isomeric sequence, it is not possible to identify
well defined family of structures.

Using a tight-binding Hamiltonian, we calculated the sp
polarized electronic structure of the lowest-energy isomer
the clusters. We obtained the general tendency of the m
netic moment to vanish as the cluster size approacheN
'25 and good qualitative agreement with the experime
findings forN>14 atoms. However, the results for the ma
netic moment as a function of the cluster size show an os
latory behavior around the experimental data as a functio
the size forN<13 atoms. The wide dispersion in the pu
lished theoretical results for the magnetic moments
smaller sizes clearly indicates that more work has to be d
.
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in refining the calculations. However, it may be true th
experimental conditions are a poor approximation to equi
rium. Contamination with neighboring cluster sizes cou
also have a significant effect on damping the oscillatio
found in the calculations.

The empirical rules relating geometrical factors like loc
coordination and nearest-neighbor distances with the m
netic moment do not hold in general for rhodium cluste
We have investigated the degree of isomer coexistence
suming an equilibrium distribution at room temperature, a
studied its effect on the magnetic behavior. We only find
appreciable coexistence of isomers for the sizes ofN517,
18, 21, 24, and 25 atoms. Of these sizes, only the sizes o
and 21 atoms the magnetic moment of the second iso
~and atN525 for the third isomer! differ significantly from
that of the global minimum. We therefore conclude that t
discrepancy between the magnetic moments obtained in
periment and our calculations at small sizes cannot be at
uted to the effect of the coexistence of isomers and mus
found elsewhere.

ACKNOWLEDGMENTS

The authors acknowledge the financial support fro
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