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Size and structural dependence of the magnetic properties of rhodium clusters
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The size and structural dependence of the magnetic properties of RhN clusters (9<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 considered~viz., fcc, bcc, and icosahedral!.
In each case the equilibrium bond lengthR is optimized by maximizing the cohesive energyEcoh(N). The
geometries yielding the largestEcoh(N) alternate as a function ofN. These structural changes, together with the
variation ofR, play a crucial role in the determination of the average magnetic momentm̄N of RhN . The
calculated size dependence ofm̄N corresponding to the most stable geometries presents oscillations which are
in good qualitative agreement with experiment. The magnetic properties of RhN clusters show a remarkable
structural dependence which is characteristic of weak~unsaturated! itinerant ferromagnetism. The relation
between the observedm̄N and the cluster geometry is analyzed. The role of nonuniform geometry relaxation,
sp electrons, andsp-d hybridization effects are quantified for representative examples. Perspectives of exten-
sions of this study are also discussed.@S0163-1829~97!08617-7#
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I. INTRODUCTION

It is well known that atoms having an open shell, a
transition metal~TM! atoms in particular, are all magneti
This is a consequence of the Coulomb repulsion among
electrons which tends to maximize the total spinS, as stated
by Hund’s rules.1 In the corresponding solids, however, th
kinetic energy associated withd-electron delocalization and
band formation plays a major role. It favors a nonmagne
ground state and in the end the elements being magnet
the macroscopic limit are rather few.2 In fact, none of the
4d and 5d TM solids are magnetic in equilibrium condition
These and other qualitative differences between atomic
solid-state magnetism have motivated in past years nume
studies of the magnetic properties of finite-size cluste
which behavior should interpolate somehow between th
two limits.3–20 In this context, one of the questions whic
attracted considerable attention is the possibility of the on
of magnetism as the dimensions of the system are redu
i.e., in clusters of elements which are nonmagnetic in
bulk.11–20

Recently, Coxet al. have observed experimentally th
RhN clusters have a permanent magnetic moment
N<60–90, whereas RuN and PdN appear to be nonmagnet
at least forN.13.14 The case of Rh is the first one whe
magnetism is observed in clusters of a nonmagnetic so
The average magnetic moment per atommN of RhN derived
from experiment shows in addition a remarkable size dep
dence. Within a reduced size range (N<60–90!, mN de-
creases from rather large values for the smallest clus
@e.g., m95(0.860.2)mB# to very small ~if not vanishing!
values @e.g., m305(0.1360.14)mB and m605(0.05
550163-1829/97/55~22!/15084~8!/$10.00
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60.1)mB#. Moreover, mN oscillates as a function ofN,
showing maxima and minima at certain cluster sizes.
example,mN is particularly large forN515–16 and 19 and
drops forN513–14, 17–18, and 20.14 This behavior is dif-
ferent from what is observed in ferromagnetic TM’s such
FeN , CoN , and NiN , where the variations ofmN are rela-
tively less important and extend over a much wider range
cluster sizes.7,8 It would be therefore of considerable intere
to understand the electronic origin of the size dependenc
the magnetic moments of RhN clusters and, if possible to
correlate it with the changes in the local environment of
atoms which occur as a function ofN, for example, the
changes in the symmetry and interatomic bond lengths.

The large majority of the available theoretical results
RhN clusters are mainly based on the local spin-density
proximation~LSDA!.15–19In these studies the electronic an
magnetic properties of RhN have been determined for a fe
cluster sizes assuming~except for the very small ones!
highly symmetric cluster structures. Galicia,15 Reddyet al.,16

and Piveteauet al.20 considered Rh13 and obtained that it is
magnetic. Jinlonget al.17,18 studied several RhN clusters
(N52–8, 10, 12, 13, and 19) and Liet al.19 calculated the
magnetic properties of RhN for N56, 9, 13, 19, and 43. In
qualitative agreement with experiment one has found t
small RhN clusters have a nonvanishing magnetization
T50.15–20However, the actual results formN are dispersed
quantitatively. For instance,m1351.00mB after Ref. 15,
m1351.62mB after Ref. 16,m1351.15mB after Ref. 17,
m1350.69mB after Ref. 19, andm1351.69mB after Ref. 20. It
has been pointed out18,19 that these differences might be du
to the existence of different self-consistent solutions to
15 084 © 1997 The American Physical Society
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55 15 085SIZE AND STRUCTURAL DEPENDENCE OF THE . . .
Kohn-Sham equations. One may further notice that in
case of Rh clusters we are dealing with a system show
weak, nonsaturated, itinerant magnetism. In this case
known9,21 that the magnetic behavior is very sensitive to t
details of the local atomic environment and of the electro
density distribution which are somewhat different in the
various studies.15–20 Besides these quantitative aspects,
values ofN considered in the calculations available so far
rather few. This precludes to address the problem of the
dependence ofmN and in particular the possible origin of th
oscillations observed experimentally. It is one of the p
poses of this paper to investigate this problem by perform
calculations for a larger number of cluster sizes and str
tures, particularly in the experimentally most interesti
range 9<N<23.

One of the main difficulties in the theoretical study of fr
clusters is the determination of the geometrical arrangem
of the atoms, especially since direct experimental inform
tion is extremely difficult to obtain. This general problem
particularly delicate in the case of itinerant magnetism due
the strong sensitivity electronic structure and magnetic
havior to the lattice structure.9,21 Moreover, the localized
character of thed-electron states and the complicated dep
dence of the magnetic moments and magnetic order on
cluster structure have made the application of first-princip
geometry optimization procedures impracticable except
very small clusters. For not too small clusters, the only al
native left is to consider several cluster structures based
different local arrangement of the atoms~for example, fcc-
like, bcc-like, or icosahedral-like! and to perform then a re
stricted optimization or relaxation preserving the propos
cluster symmetry. This is the procedure followed in this p
per. However, the limitations of this approach should be k
in mind. Even if in some limiting cases the structure
known ~e.g., the fcc structure of bulk Rh! the possiblea
priori choices for the atomic arrangements are almost un
ited, and many cases are known where ‘‘reasonable’’ str
tures are outruled by distorted or ‘‘unexpected’’ geometri
arrangements. As stated above, we are not able to attem
solve this problem here. A rigorous, though model limit
study of this matter may be found in Ref. 21. Neverthele
considering several different structures allows us to quan
the structural dependence of the magnetic properties an
get a rough idea of the magnetic and energetic surface
configuration space. Moreover, the result can be compare
experiment from two different points of views: first, by usin
the values ofm̄N corresponding to the structure yielding th
largest calculated cohesive energy and, second, by analy
the size dependence ofm̄N corresponding to different sym
metries. In this way the experimental information on the s
dependence ofm̄N can be used to discriminate between d
ferent geometrical arrangements.

The remainder of the paper is organized as follows. T
theoretical framework used for the calculations is summ
rized in Sec. II. In Sec. III the results for Rh clusters a
presented and discussed in particular by comparison
experiment and other calculations. We conclude in Sec.
by discussing some of the limitations of the present appro
together with relevant extensions.
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II. THEORETICAL MODEL

The tight-binding method has been shown to provide
appropriate scheme for studying the environment dep
dence of TM magnetism in low-dimensional arrang
ments9,22 and in particular the size and structural depende
of the magnetic properties of TM clusters.9,11,13 In the fol-
lowing we consider ad-band model HamiltonianH which
includes intra-atomic Coulomb interactions self-consisten
within the unrestricted Hartree-Fock approximation.9 For
simplicity only the 4d electrons are considered explicitly i
the calculations, since they are expected to dominate
magnetic behavior, as it is the case for 3d electrons in the Fe
series~see, for instance, Ref. 23!. Some of the possible con
sequences of this approximation will be discussed in Sec.
In the usual notation,

H5(
ias

« iasn̂ias1 (
a,b,s
iÞ j

t i j
abĉias

† ĉ jbs , ~2.1!

wheret i j
ab refers to the hopping integral between thed orbit-

alsa andb (a,b[xy,xz,yz,x22y2,3z22r 2) at sitesi and
j and

« ias5«a
01(

bs8
Uab

ss8Dn ibs8 ~2.2!

stands for the site-dependentd energy levels. In Eq.~2.2!,
«a
0 indicates thed energy level of the solid~paramagnetic
solution! and the second term takes into account the sh
due to the redistribution of the spin-polarized electronic d
sity which occurs in the cluster.Dn ibs5n ibs2n ibs

0 , where

n ibs5^n̂ibs& is the average occupation of the spin orbi
ibs andn ibs

0 is the corresponding average occupation in
solid. The number ofd electrons at sitei ,

n~ i !5(
a

~^n̂ia↑&1^n̂ia↓&!, ~2.3!

and the local magnetic moments

m~ i !5(
a

~^n̂ia↑&2^n̂ia↓&! ~2.4!

are determined self-consistently by requiring

^n̂ias&5E
2`

«F
r ias~«!d«. ~2.5!

The local density of states ~LDOS! r ias(«)
5(21/p)Im$Gias,ias(«)% is obtained from the loca
Green’s functionsGias,ias(«) by using the recursion
method.24 The number of levelsM of the continued fraction
expansion ofGias,ias is such thatr ias(«) corresponds to
the exact solution of the single-particle problem. The si
dependent Fermi energy«F is obtained from the globa
charge neutrality condition( in( i )5Nnd , wherend refers to
the number ofd electrons per atom. Notice that spin
polarized charge transfers between atoms and orbitals ha
different local environments will generally occur.
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In order to determine the optimum interatomic bo
lengths and the relative stability between different structu
we consider the cohesive energy per atom which is given

Ecoh~N!5Eb~1!2Eb~N!2ER . ~2.6!

The electronicd-band energy per atom,

Eb~N!5
1

N(
i51

N

(
as

ÈeF
«r ias~«!d«2EDC, ~2.7!

represents the sum of the single-particle eigenvalues m
the double counting term EDC5(1/2N)( ias(« ias

2«a
0)^n̂ias&.9 Eb includes the contributions resulting from

the distance dependence of the hopp
integrals t i j

ab and from the changes in the local magne
moments m( i ) in particular. The repulsive interaction
ER are approximated by a Born-Mayer pair potential

ER5
A

2(iÞ j
e2k~Ri j2R0!/R0, ~2.8!

whereRi j5uRW j2RW i u refers to the interatomic distance an
R0 to the nearest-neighbor~NN! distance in the solid.9,31The
parametersA andk are obtained from the bulk equilibrium
condition and compressibility modulus. Notice, howev
that a much better transferability of the repulsive interactio
is obtained when nonorthogonality effects are trea
explicitly.32,33

III. RESULTS

In this section we present and discuss our results for m
netic properties of RhN clusters (N<55) as obtained using
the model described in the previous section. The parame
involved in the calculations are determined as follows. T
hopping integralst i j

ab are given by the canonical expressio
in terms of the two-center integralst i j (s,p,d)
5(26,4,21)(Wb /W0)(R0 /Ri j )

5 where Wb57.4 eV is
the bulkd-band width andW0 is a dimensionless constant.

26

The direct Coulomb integralU and the exchange integra
J, being intra-atomic parameters, are taken to be indepen
of interatomic distances. The value ofU57.8 eV is esti-
mated from the difference between the ionization poten
and electron affinity of the Rh atom. Note that the magne
properties are not affected by reasonable variations ofU,
since local charge neutrality is approximately satisfied.9 The
exchange integralJ50.48 is obtained from LSDA Stone
theory27,28 by taking into account a reduction of 20% due
correlation effects beyond the LSDA.29 Applying this proce-
dure to Fe one obtainsJFe50.71 eV, which is very close to
the value JFe50.69 eV yielding the proper Fe-bul
magnetization.9 The sensitivity of the magnetic moments
J shall be discussed later on. The number ofd electrons
nd58.0 corresponds approximately to Rh bulk30 as well as to
Rh clusters.17,18 Finally, the Born-Mayer parameter
A50.136 eV andk514.4 are obtained by fitting the equ
librium condition atR5R0 and the compressibility modulu
of the solid.2

In Table I results are given for the size and structu
dependence of various electronic and magnetic propertie
RhN clusters, namely, the cohesive energy per at
s,
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Ecoh(N), the equilibrium NN bond lengthR/R0, the average
magnetic moment per atomm̄N , and the local magnetic mo
mentsm( i ) at the different symmetry atomsi as labeled in
Fig. 1. Three main different types of clusters structures
considered in the calculations: fcc-like, icosahedral-like, a
bcc-like. For Rh9 we shall also consider the twisted doubl
square pyramid. These structures are illustrated in Fig. 1
some representative sizes. For each structure the NN b
lengthR is optimized by maximizing the cohesive energ
Eq. ~2.6!, with respect to the uniform relaxation. As in th
case of 3d TM clusters@e.g., FeN and NiN ~Ref. 9!# impor-
tant bond-length contractions are obtained (R/R050.91–
0.98! which are quantitatively comparable to previous resu
on RhN .

16–19The bond-length relaxation plays an importa

TABLE I. Size and structural dependence of the electronic a
magnetic properties of RhN clusters. Results are given for the co
hesive energy per atom,Ecoh ~in eV!, the equilibrium bond length
R/R0 (R05 bulk NN distance!, the average magnetic moment p
atomm̄N ~in units ofmB), and the local magnetic momentsm( i ) at
the different symmetry atomsi as labeled in Fig. 1. We conside
bcc-like ~bcc!, fcc-like ~fcc!, and icosahedral-like~ico! structures as
well as the twisted double square~tw! for N59. For the fcc-like
cluster withN511,a andb correspond to different arrangements
the atoms in the outer open shell. ForN520,m( i ) at shelli refers
to the average within thei th NN shell of atom 1~see Fig. 1!.

Cluster Ecoh R/R0 m̄N m(1) m(2) m(3) m(4) m(5)

tw9 2.38 0.95 0.66 -0.13 0.71 0.79
fcc9 2.34 0.93 0.22 -0.03 0.24
bcc9 2.29 0.88 1.34 0.34 1.44

ico11 2.43 0.98 0.73 -0.13 0.83
fcc11

a 2.43 0.95 0.18 -0.04 0.18 0.16 0.18
fcc11

b 2.41 0.95 0.18 0.07 0.15 0.22 0.14 0.1
bcc11 2.36 0.91 0.73 -0.10 0.80 0.57

bcc13 2.41 0.93 0.62 0.16 0.56 0.83
ico13 2.38 0.93 0.92 0.09 0.97
fcc13 2.38 0.96 0.77 0.26 0.81

fcc15 2.44 0.96 0.80 0.78 0.99 0.92 -0.27
bcc15 2.36 0.95 1.33 0.05 1.24 1.58

fcc17 2.46 0.98 0.71 1.21 0.84 0.97 0.03

fcc19 2.52 0.97 0.95 1.16 1.07 0.64
ico19 2.48 0.89 0.11 0.20 0.14 0.00 -0.07
bcc19 2.48 0.93 0.21 0.01 0.19 0.05 0.33 0.4

fcc20 2.52 0.97 0.70 0.95 0.82 0.50 -0.30
bcc23 2.52 0.93 0.35 0.23 0.25 0.06 0.25 0.6

fcc27 2.53 0.97 0.67 0.42 0.49 0.59 0.98
bcc27 2.50 0.94 0.59 0.26 0.41 0.06 0.98

fcc43 2.63 0.98 0.28 0.51 0.26 0.02 0.39

bcc51 2.60 0.95 0.43 0.05 0.10 0.14 0.43 0.6

ico55 2.75 0.96 0.00 0.00 0.00 0.00 0.00
fcc55 2.68 0.98 0.44 -0.31 0.19 0.15 0.57 0.6

bulk 3.07 1.00 0.00
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role on the relative stability of different structures and on th
magnetic behavior of the cluster. Indeed, using the bulk N
distance (R5R0) results in large overestimation of the loca
magnetic moments. For example, for an fcc-like 13-ato
cluster we obtainm̄13(R5R0)51.56mB while the equilib-
rium value ism̄13(R/R050.97)50.73mB . One may already
conclude that the magnetic properties of RhN clusters are
very sensitive to the local atomic environment. An interes
ing size and structural dependence can be expected, as it
be discussed below.

In Fig. 2 results are given for the size dependence of t
average magnetic momentm̄N of RhN corresponding to the
most stable of the considered structures. The experimen
results for m̄N of Ref. 14 are also given for the sake o
comparison. The calculatedm̄N oscillates as a function of

FIG. 1. Illustration of representative cluster structures cons
ered in the calculations:~a! twisted double square forN59, ~b!
bcc-like for N513, ~c! icosahedron forN513, ~d! fcc-like for
N515, ~e! double icosahedron forN519, and ~f! fcc-like for
N520. The numbers indicate the different nonequivalent sitesi in
the cluster.
e

-
ill

e

tal

N and tends to decrease for increasingN. For N59 the
twisted double-square pyramid~tw! yields the largest
Ecoh(N). The corresponding average magnetic moment is
good agreement with experiment@m̄9

expt5(0.860.2)mB and
m̄9~tw!50.66mB#. For N511 the icosahedral-like structur
is more stable than the bcc- and fcc-like. However, the
hesive energy of one of the fcc-like clusters,Ecoh~fcc11

a ), is
very close toEcoh~ico11) and the approximations involved i
our model do not allow us to discern safely between th
two structures. However, the magnetic moments are m
more structure sensitive in this case. Whilem̄11~ico!
50.73mB is in good agreement with the experimental res
@m̄11

expt5(0.860.2)mB#, the result for the fcc structure differ
significantly@m̄11~fcc!50.18mB#. ForN513 the most stable
geometrical configuration is the bcc-like structure which h
a rather low symmetry and which was not considered in p
vious studies.15–20The corresponding average magnetic m
ment, m̄13~bcc!50.62mB , agrees with the experimental re
sult m̄13

expt5(0.4860.13)mB . For large values of N
(15<N<43) the fcc-like clusters are the most stable on
However, for these larger clusters there are numerous
sible configurations of the atoms in the outer shells and
geometry explorations are far from being extensive, eve
the local environment is restricted to be fcc-, bcc-,
icosahedral-like. Notice that in this size range, the calcula
m̄N for fcc clusters are systematically larger than the exp
mental findings. Nevertheless, several trends concerning
size dependence ofm̄N are in qualitative agreement with ex
periment, in particular the local minima atN513, 17, and
20 and maxima atN515, 19, and 27~see Fig. 3!. For
N555, the icosahedral structure, which is nonmagne
@m̄55~ico!50mB# is more stable than the fcc structu
@m̄55~fcc!50.43mB#.

It is interesting to attempt to relate the size dependenc
m̄N and, in particular, its oscillations with the size depe
dence of the cluster structure and equilibrium bond leng

-

FIG. 2. Average magnetic momentm̄N of RhN clusters as a
function ofN. The open squares refer to calculations for the m
stable uniformly relaxed structure. The experimental results fr
Ref. 14 are indicated by dots and error bars. The dashed line is
a guide to the eye.
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According to our calculations, the size dependence ofm̄N in
the range 15<N<20 indicates that the underlying clust
structure is fcc-like. Two arguments support this statem
First, the largestEcoh(N) is obtained for the fcc cluster
(15<N<20) and, second, the other considered structu
~bcc and icosahedral! fail to reproduce all the observe
oscillations14 ~see Fig. 3!. The interpretation of the minimum
in m̄N at N513 appears to be more subtle. Assuming t
small RhN clusters have compact structures, it seems rea
able that Rh13 should be a highly symmetric cluster with
central atom and the complete shell of its first NN~e.g., fcc,
hcp, or icosahedral!. In this case, the single-particle spectru
presents many degeneracies which tend to favor a relati
large m̄13. Moreover, adding or removing an atom from th
outer shell would necessarily reduce the cluster symme
Thus, a maximum atN513 should be obtained rather tha
the minimum observed in the experiment. According to o
results, the minimum inm̄N at N513 is associated with a
structural change. In fact, we obtain that the low-symme
bcc-like geometry~with an incomplete second NN shell! is
more stable than the higher-symmetry fcc or icosahe
structures. The stability of the bcc structure is thus resp
sible for the drop ofm̄N at N513.

In Fig. 3 results are given form̄N of RhN for the different
considered structures. A remarkable size and structural
pendence is revealed which is characteristic of mater
showing weak~unsaturated! itinerant magnetism. Let us re
call that the microscopic origin of this behavior is the ava
ability of holes to be polarized~up to two per atom, for
nd58.0) together with the strong sensitivity of the electron
structure around«F to the cluster size and geometry. It seem
very difficult to derive simple rules or trends concerning t
changes inm̄N as a function of cluster size and structur
Nonetheless, the role of cluster symmetry should be un
lined. Notice that the structures considered here — a central
atom with an increasing number of its first, second, e
NN — are such that highly symmetric clusters are obtain

FIG. 3. Average magnetic momentm̄N of RhN clusters as a
function ofN. The open circles correspond to bcc-like clusters,
squares to fcc-like clusters, and the diamonds to icosahedral
clusters. The experimental results from Ref. 14 are indicated
dots and error bars. The lines are just a guide to the eye.
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when a shell of NN is closed~e.g., atN513 and 19 for
icosahedral or fcc clusters or atN515 for bcc clusters!. In
these cases, larger degeneracies are present in the s
particle spectrum which favor the development of a larg
magnetization. Adding or removing an atom from a close
shell cluster reduces the symmetry. Thus, some degener
are removed and often a reduction ofm̄N results. This ex-
plains qualitatively the maxima inm̄N obtained atN513
~icosahedral!, at N519 ~icosahedral or fcc-like! and at
N515 ~bcc-like!. However, more complicated energy-lev
shifts associated with redistributions of the spin density,
bond-length changes, etc., may mask or reduce this sim
symmetry effect. Such a situation occurs for fcc RhN around
N513–15. The importance of bond-length relaxation to t
magnetic properties, which of course depends on the clu
structure, should be also emphasized. For instance, the
ticularly small m̄N obtained for icosahedral Rh19 and Rh55
and as well as for bcc Rh19 are a consequence of significa
contractions~see Table I!.

Concerning the distribution of the local magnetic m
mentsm( i ) and the magnetic order within the cluster, w
may observe that the bcc clusters order ferromagnetic
@i.e., all them( i ) have the same sign#. The only exception
among the considered cluster sizes is the 11-atom clu
which shows a small antiparallel local moment at the cen
atom ~see Table I!. The m( i ) in bcc Rh clusters tend to
increase as we go from the center to the surface of the c
ter. As discussed in Ref. 9 this can be qualitatively und
stood as a consequence of the reduction of the local coo
nation number and the resulting reduction of the effect
local bandwidth. A similar behavior has been observed
bcc Fe clusters.9 The compact structures, such as fcc a
icosahedral, present a more complex magnetic behavio
these cases the magnetic order within RhN is often antifer-
romagneticlike, i.e.,m( i ) changes sign for differenti ~see,
for example, the fcc clusters havingN59, 11, 15, 20, and 55
or the icosahedral clusters withN511 and 19). A similar
behavior has been found in fcc Rh surfaces and thin film34

as well as in fcc Fe clusters.9 Moreover, notice that in fcc
and icosahedral RhN ~e.g., for N519) the magnetic mo-
ments at the central atomm(1) are often larger than at th
cluster surface. In other words, although the reduction
coordination numberz with respect to the bulk is responsib
for the onset of magnetism in RhN , the atoms showing the
smallestz do not carry the largest magnetic moments. In t
context, it is worth remarking that the self-consistent nume
cal solution of Eqs.~2.3!–~2.5! can be quite delicate in the
case of RhN . In order to avoid getting trapped in a wron
solution we have considered, for all of the studied cluste
several different distributions of the spin-polarized density
starting points of the iterative self-consistent procedure~in
some cases up to 10–15!. Furthermore, reliable stable resul
for the local magnetic moments require high accuracy, i
very small differences between the input and output^n̂ias&
~typically at least 1025 electrons per atom!. This is particu-
larly important when one or more peaks in the DOS are cl
to the Fermi energy«F , for example, when a spin flip occur
~see Ref. 11!. In these cases we find density distributio

^n̂ias& which seem to be self-consistent within an error
1022 electrons per atom, but which are unstable if a high
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accuracy is imposed. For instance, in the case of the twi
double-square Rh9 ~tw9) such an unstable solution ma
yield m̄950.4mB in contrast to the fully converged resu
m̄950.66mB . However, if the accuracy is sufficiently high
we have not encountered multiple solutions to Eqs.~2.3!–
~2.5!, at least for the relevant geometries and bond lengt

Concerning the sensitivity of our results to the value
the exchange integralJ, the most delicate of the model pa
rameters, the following may be observed. For magneticd
TM’s, J is usually set to reproduce the correct value of
bulk magnetization atT50. In the case of elements whic
are paramagnetic in the bulk, the magnetic properties of l
dimensional systems are often analyzed as a function
J.13 In this work we have usedJ50.48 eV as derived from
LSDA calculations on Rh bulk.27–29 In order to assess th
effect of varyingJ on the magnetic properties of RhN , we
have performed calculations for icosahedral clusters w
N513 andN555 atoms by settingJ50.60 eV. In this case
we obtainm̄1351.08mB and m̄5550.04mB which should be
compared to theJ50.48 eV results,m̄1350.92mB and
m̄5550.0mB . In contrast to similar calculations on R
films,34 the average magnetic moments of these Rh clus
are not strongly modified even by rather large changesJ
~about 25%!. This indicates that reasonable variations oJ
should not alter the calculated trends in size dependenc
m̄N , in particular concerning the oscillations.

Finally, we would like to compare our results form̄N of
RhN with previous calculations. For bcc-like Rh9 we find
m̄9~bcc!51.34mB , which is considerably larger than th
value obtained by Li et al. using the LSDA
(m̄950.56mB).

19 According to our calculation, the mos
stable structure is the twisted double-square pyramid w
m̄950.66mB which has not been studied yet byab initio
methods. For Rh13 several independent calculations ha
been reported. In this case we obtain that the most st
structure is a bcc-like arrangement yieldingm̄1350.62mB .
To our knowledge, this structure has not been conside
before. For fcc-like Rh13 we find m̄13(fcc)50.73mB ,
whereas Galicia15 reported m̄13(fcc)51.00mB , Reddy
et al.16 m̄13(fcc)51.46mB , and Jinlong et al.17

m̄13(fcc)51.46mB . For the icosahedral configuration, our r
sult is m̄13(ico)50.92mB whereas Reddyet al.16 found
m̄13(ico)51.62mB , Jinlong et al.

18 m̄13(ico)51.15mB , and
Li et al.19 m̄13(ico)50.69mB . It has been argued that th
discrepancies in the previousab initio calculations for the
icosahedral 13-atom cluster might be related to the prese
of multiple solutions to the Kohn-Sham equations.18,19 For
N519 and 43 we find similarly dispersed results. While o
self-consistent tight-binding calculations yieldm̄19~fcc!
50.95mB and m̄43~fcc!50.28mB , LSDA studies yield
m̄19~fcc!50.43mB and m̄43~fcc!50.016mB ~Ref. 19! or
m̄19~fcc!51.42mB .

18 In general, our results form̄N overesti-
mate the experimental results forN 5 19 and 43, whereas
those of Liet al.19 underestimate them.

IV. DISCUSSION

The magnetism of small RhN clusters has been invest
gated in the framework of ad-band tight-binding mode
Hamiltonian including Coulomb interactions in the unr
stricted Hartree-Fock approximation. Three main cluster
ed
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ometries representative of different local atomic enviro
ments ~viz., fcc-, bcc-, and icosahedral-like! have been
considered. The interatomic NN bond length were optimiz
by maximizing the cluster cohesive energy including in p
ticular the magnetic contributions due to the environm
dependence of the local magnetic moments. The calcul
size and structural dependence of the magnetic propertie
Rh clusters is remarkably rich and rather complex. Depe
ing on the interatomic bond length and on the cluster str
ture, we find important variations of spin density within th
cluster, leading to both ferromagneticlike and antiferroma
neticlike order. This results in oscillations of the avera
magnetic moment per atomm̄N as a function ofN. Simple
trends, for example, relating the local magnetic moments
the local environment of the atoms,9 seem very difficult to
derive. Our results form̄N are in good qualitative agreemen
with experiment in particular concerning its oscillations
the size range 9<N<20. ForN.20 our calculations over-
estimate by about~0.2–0.3!mB the m̄N derived from
experiment.14

In spite of these results, several important aspects of
problem still remain to be addressed. First, it would be int
esting to investigate to what extent our results could
modified by certain desirable improvements on the mo
Hamiltonian. For instance, including thesp valence elec-
trons explicitly in the calculations could affect the relativ
stability of structures which are close in energy and co
thus modify indirectly the magnetic behavior, even if th
latter is dominated by thed electrons. In order to investigat
this problem we have determined the electronic and m
netic properties of Rh clusters by solving self-consistentl
more realisticspd-band model Hamiltonian.23,35 The hop-
ping integralst i j

ab used in these calculations are obtained
fitting the band structure of Rh solid.30 For simplicity we
neglect the differences betweens and p Coulomb integrals
~i.e.,Uss5Usp5Upp andUsd5Upd) and take the ratios be
tween the direct Coulomb integralsUss:Usd :Udd from
atomic Hartree-Fock calculations.36 Exchange integrals othe
than Jdd are neglected.23,35 As representative examples w
consider the fcc, bcc, and icosahedral Rh13 clusters. These
are particularly interesting in order to verify two main co
clusions derived fromd-band-only calculations, namely, tha
the low-symmetry bcc-like Rh13 is more stable than the fc
and icosahedral Rh13 and that the average magnetic mome
per atom corresponding to the bcc structure is particula
small. In relation to experiment, this could explain the min
mum in m̄N vs N observed atN513.14 While thespd cal-
culations — summarized in Table II — confirm in fact th
conclusions inferred in the framework of the simpl
d-band model, comparison between Tables I and II also
veals interesting differences which allow us to quant
sp-electron effects. First of all, we observe that t
sp-electron contribution to the cohesive energy is very i
portant (Ecoh

spd2Ecoh
d .3.2 eV/atom!. However, in spite of

this, sp binding does not modify significantly either th
bond-length contractionR/R0 or the relative stability be-
tween the different considered structures. This is consis
with the belief thatd-electron states should play the dom
nant role on the structural stability of TM clusters, since t
distance and angular dependence ofd-electron interactions
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are much stronger than forsp electrons.9,37 Concerning the
magnetic behavior, we obtain that bcc-like Rh13 shows a
particularly small average magnetic moment per at
m̄13
spd50.38mB , which is consistent with the experiment

result @m̄13
expt5(0.4860.13)mB ~Ref. 14!# and with the pres-

ence of a minimum inm̄N atN513. In contrast, for fcc and
icosahedral Rh13, m̄13

spd.1mB . These trends are in agree
ment with thed-band-only results (um13

spd2m13
d u.0.2mB ; see

Tables I and II!. The local magnetic moments are in gene
more sensitive to the details of the electronic structure
thus tosp-d hybridization effects. This is particularly notice
able in the magnetic moment at the central atomm(1) ~com-
pare Table I forN513 and Table II!. In the case of fcc and
icosahedral Rh13, m( i ) andm̄13 are enhanced whensp elec-
trons are taken into account. This is in a sense remark
since in first approximation thesp-d hybridizations should
increase the broadening of thed states and thus tend to re
duce the local magnetic moments. For the considered c
ters we do not find significantsp-d charge transfer
@nd( i ).7.8–8.0#.

For small clusters~e.g., fcc-like withN513, bcc-like with
N59, etc.! we expect that the bond-length relaxation sho
be the same or nearly the same for all bonds. However,
larger clusters, different relaxations should be allowed
inner and outer atoms. In order to quantify the importance
nonuniform relaxation to the magnetic behavior, we ha
performed calculations on the fcc-like Rh19, allowing differ-
ent relaxations on atoms having different local environme
We obtain that the distance between the central atom an
first NN shell isR/R050.975, while the distance betwee
the atoms in the first and second NN shell isR/R050.955. If
only uniform relaxation is allowed, we haveR/R050.97.
The interatomic distance at the surface and in the interio
Rh19 differ by about 2%. As physically expected, nonun

TABLE II. Electronic and magnetic properties of Rh13 clusters
as obtained by includings, p, andd electrons self-consistently in
the calculations. As in Table I, results are given for the cohes
energy per atom,Ecoh ~in eV!, the equilibrium bond lengthR/R0

(R05 bulk NN distance!, the average magnetic moment per ato
m̄N ~in units of mB), and the local magnetic momentsm( i ) at the
different symmetry atomsi ~see Fig. 1!.

Cluster Ecoh R/R0 m̄N m(1) m(2) m(3)

bcc13 5.68 0.94 0.38 -0.05 0.37 0.51
ico13 5.61 0.93 1.15 1.42 1.13
fcc13 5.64 0.97 1.00 1.39 0.97
n
t-
,

ma
l
d

le

s-

or
r
f
e

s.
its

f

form relaxation yields a larger contraction at the cluster s
face. This improved geometry optimization does not mod
the relative stability between fcc, bcc, and icosahedral str
tures, sinceEcoh is increased by only 0.01 eV.38 Concerning
the magnetic properties, we obtain the same value for
average magnetic moment per atom and only small chan
in the local magnetic moments: for the nonuniformly relax
Rh19, m(1)51.3mB , m(2)51.05mB , andm(3)50.62mB .
Therefore, performing these more demanding calculati
should not modify our conclusions on the magnetic behav
of small RhN for the considered types of cluster geometrie
Nevertheless, an improved accuracy of the electronic st
ture, the cohesive energy, and the interatomic forces,
gether with the application of fully relaxed geometry optim
zation methods~molecular dynamics or Monte Carlo!, would
be certainly worthwhile. Taking into account the results d
cussed in the previous section, a remarkable interplay
tween magnetism and structure may be expected in RN ,
which should reveal very interesting, though quite compl
potential energy surfaces. At the same time, the possibility
noncollinear spin arrangements should be investigated. T
may lead to substantial improvements in the ground-s
energy, if antiferromagnetic frustrations are present in co
pact structures.39 However, notice that many of the Rh clus
ters studied in this paper show ferromagneticlike order a
that in such cases noncollinear spin arrangements are
unlikely. Last, but not least, remains the role of electron
correlations, which are expected to affect the stability
magnetism in general and the onset of magnetism in 4d TM
clusters in particular.21 Besides the fundamental interest
this question, small RhN clusters are an excellent system
investigate the problem of correlations in finite system
since the observed size dependence ofm̄N is far from trivial.

We would like to conclude by emphasizing the impo
tance of the interplay between geometrical structure and
erant magnetism in small clusters. Our model calculatio
have allowed us to study several low-symmetry structu
and revealed that they are crucial for the size dependenc
the magnetic properties.
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