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Magnetic-nonmagnetic transition in fcc 4d-transition-metal clusters
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Size-dependent, magnetic, and structural properties of fcc RhN and RuN clusters (N513, 19, 43, 55, and 79!
are calculated using a tight-binding Hubbard Hamiltonian in the unrestricted Hartree-Fock approximation.
Results for the magnetic moment, cohesive energy, and interatomic distance atT50 are given as functions of
cluster size. The magnetic-nonmagnetic transitions estimated are in agreement with experimental findings.
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There has been continuing interest in the intrinsic nat
of atomic clusters and how magnetic and structural prop
ties of small clusters evolve into those of the bulk. In p
ticular, transition-metal clusters are of great importance
cause of their many technological applications in develop
magnetic materials with large moments and catalysts w
high reactivity.1,2 Many theoretical calculations3–7 and
measurements8–10 for 3d transition-metal clusters~Fe, Co,
and Ni! have indicated that clusters have a larger aver
magnetic moment per atom than in the bulk phase, and fo
that the magnetic moments are very sensitive to the lo
environment.

Among the transition-metal series, the 4d series has espe
cially interesting magnetic properties. In the bulk state,
the elements are nonmagnetic; however, theoret
calculations11 have predicted magnetic ordering in Rh13,
Ru13, and Pd13 clusters. This fact was confirmed experime
tally by Cox et al.12 A wide range of cluster sizes was co
ered, and the critical size for which the magnet
nonmagnetic transition is present was estimated.

In the study of magnetic order and structural properti
the bond lengths and the direct atomic neighboring envir
ment are the key quantities. In principle, a determination
both atomic and magnetic properties of transition-metal c
ters requires an all-electron computation. However, in
case of Rh and Ru, we have been able to show that a
d-band model can account for these properties.

According to Ref. 13, the cohesive energy~defined nega-
tively! of a transition metal can be expressed as a sum of
contributions:

Ecoh5Eprep1Eband
d 1Eband

sp 1Ehyb
spd. ~1!

Eprep is the energy required to prepare a renormaliz
atom, i.e., an atom in the configuration appropriate to
solid and with wave functions compressed into the Wign
Seitz sphere of the solid. This term is clearly positive a
repulsive.Eband

d is a negative and attractive term due to t
broadening of the renormalized atomd level. Eband

sp is the
difference between the average energy of a free-elec
band and that of the renormalized atoms level. Around bulk
equilibrium, this contribution is always negative, and pr
570163-1829/98/57~11!/6305~4!/$15.00
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duces a repulsive force which decreases when the numb
d electrons increases. Finally,Ehyb

spd is the change of one elec
tron energy due tosp-d hybridization. This term is negative
almost constant along the series, and produces an attra
force. Therefore, we expect that for somed-band filling the
forces due to the last two terms cancel. Then the sum ofsp
and sp-d hybridization contributions can be considered
almost independent of interatomic spacing around equi
rium. The results of Ref. 13 strongly suggest that this co
occur for elements in the second half of the series. Assum
that this is actually realized for Rh and Ru, we too
sp-electron andsp-d hybridization contributions from Ref
13 (Eband

sp 1Ehyb
spd522.72 eV for Rh andEband

sp 1Ehyb
spd5

22.4 eV for Ru!, and calculated thed-band contribution
using the recursion method applied to a tight-binding Hu
bard Hamiltonian in the unrestricted Hartree-Fock appro
mation. This Hamiltonian is the same as the one used pr
ously in Ref. 3. The hopping integrals are deduced from
bulk bandwidth~Wd56.3 eV for Rh,Wd57.3 eV for Ru!
using the Andersen law for the distance dependence of
interactions. The on-site energies for spins ~s561!, e is ,
are renormalized by the global charges and magnetic
ments as follows:

e is5ed
01UNd1UdNi2

1
2 sJm i , ~2!

whereed
0 stands for the bared-level energy of an atom,U is

the average direct Coulomb integral~ U55 eV for Rh, U
56 eV for Ru!, andJ is the exchange Coulomb integral@J
50.5 eV for Rh~Ref. 14!, J50.44 eV for Ru~Ref. 15!#. dNi
is given by (Ni2Nd), whereNd is the average number o
electrons in the bulkd band~Nd58 for Rh,Nd57 for Ru!.
The local charges (Ni) and the local magnetic moments (m i)
are determined self-consistently. Finally,Eprep can be identi-
fied with the repulsive term which is assumed to be pairw
and given by a Born-Mayer potential. The corresponding
rameters were obtained from the best fit to the cohesive
ergy, bulk modulus, and equilibrium distance. The cohes
energy versus distance curve for Rh and Ru within t
model is given in Fig. 1 for the bulk structure, and compar
to anab initio augmented spherical wave calculation~ASW!.
The agreement between the two curves is excellent,
6305 © 1998 The American Physical Society
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6306 57BRIEF REPORTS
proves that the variation with the distance ofEband
sp 1Ehyb

spd can
be neglected for these elements. We have also checked
this assumption remains valid for clusters, by comparing
the inset of Fig. 1 our results for Rh13 with an ab initio
calculation using theDMOL program.16 The agreement be
tween both results justifies this assumption and the trans
ability of the tight-binding parameters.

The determination of the geometrical arrangement of
atoms is one of the main difficulties in a theoretical study
free clusters, since direct experimental information about
cluster structure is very difficult to obtain. Nevertheless,
will be able to analyze roughly the behavior of the magne
moment with the numberN of atoms in the cluster and w
will try to predict the valueNc for which we have the

FIG. 1. A comparison of the bulk cohesive energy for f
rhodium and ruthenium as a function of the interatomic distan
The solid line refers to anab initio ~ASW! calculation and the
dashed line to our tight-binding calculation. In the inset, a comp
son of the cohesive energy per atom for the fcc Rh13 cluster as a
function of the interatomic distance. The solid line refers to an
initio calculation~DMOL!, and the dashed line to our tight-bindin
result. Our calculated tight-binding energies were shifted rigidly
1.98 eV in order to match, at the equilibrium distance, the cohe
energy of theDMOL calculation.
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magnetic-nonmagnetic transition, by considering a
growth, i.e., by adding to a central atom the shells of fi
(N513), second (N519), third (N543), fourth (N555),
and fifth nearest neighbors~N579!.

For each size, we performed a uniform relaxation, mi
mized the energy with respect to the distance, and obta
the equilibrium bond-lengthR0(N), the d part of the cohe-
sive energyEcoh

d (N)5Eprep(N)1Eband
d (N), and the magnetic

moment.
In Table I, we report the calculated magnetic moments

RhN clusters for each type of site in the structures, the m
ment on atoms in thej th shell of neighbors of the centra
atom ~shell 1! being denoted asm( j ). For the Rh13 cluster,
we can see that the surface atoms have larger magnetic
ments, since the local coordination is smaller and the deg
of localization is greater.

Ferromagnetic order is obtained for the Rh13, Rh19, and
Rh43 clusters. For Rh55 we obtain two antiferromagnetic self
consistent solutions with the same configuration~↑↓↓↓↓!.
The difference in energy for the two solutions isDEcoh(55)
5Ecoh

(a)(55)2Ecoh
(b)(55)50.002 eV, a value which is too sma

to conclude safely, taking into account the approximatio
we made, about the most stable solution. However, note
the magnitude of̂ m (a)&~the most stable solution in ou
model! is located within the experimental error.12 An antifer-
romagnetic configuration is also obtained for Rh79~↑↑↓↓↓↓!.

In the Rh55
(a) and Rh79 clusters, we note that the magnet

moment of the central atom has almost vanished, as in
bulk. This is in agreement with previous transition-me
calculations,17 which proved that if the central atom in th
cluster is surrounded by three or more nearest-neigh
shells it will have bulklike properties. However, it is impo
tant to note that the convergency of the magnetic momen
the bulk value is smoother on the second shell@m~2!# than on
the central atom. This is due to the fact that the perturba
introduced by the surface of the cluster is symmetric arou
the atom in the center, and therefore produces very str
changes in its local density of states, causing strong osc
tions in the value ofm~1!. These oscillations can be inte
preted as indicating how deep the perturbation caused by
surface penetrates into the cluster.

The effect of relaxation in the magnetic moments p
duces changes as large as 50%; for example, in the unrel
13-atom cluster we havêm&51.57mB/atom, and for the re-
laxed one we obtain̂m&50.77mB/atom. In Fig. 2, we can
see the behavior of the magnetic moment with cluster s
for relaxed and unrelaxed structures compared with the

.

i-

b

y
e

TABLE I. The calculated local magnetic momentsm( j ) on successive neighbor shells around the central atom (j 51) and average
magnetic momentŝm& ~in units of mB) for the relaxed structures in fcc rhodium clusters.

Cluster m~1! m~2! m~3! m~4! m~5! m~6! ^m&

Rh13 0.250 0.815 0.77
Rh19 1.172 1.076 0.644 0.94
Rh43 0.511 0.260 0.023 0.400 0.31
Rh55

(a) 20.096 0.216 0.034 0.174 0.218 0.17

Rh55
(b) 20.340 0.189 0.153 0.595 0.647 0.45

Rh79 20.019 20.007 0.077 0.001 0.044 0.146 0.05
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57 6307BRIEF REPORTS
perimental results. As expected, for the larger clusters
which the contraction of the distance is smaller, the un
laxed and relaxed calculations are very close. Note that
values of the magnetic moments in the relaxed structu
follow the same trends as the experimental ones, and th
nonmonotonic size dependence is observed. A high valu
^m& for N519 with respect to the neighboring clusters
obtained, in agreement with experiment, while other calcu
tions always predict a decreasing behavior for^m& when the
size increases. As we can see, for small clusters our ca
lated magnetic moments are larger than the experime
ones, which may suggest that for these sizes it is necessa
consider more complicated structures. However, for
larger clusters, our results are very close to the experime
measurements, which could be an indication that forN.40,
fcc structures are preferred.

A reduction in the interatomic distance is found for all t
aggregates, in agreement with previous calculations
transition-metal clusters. The maximum deviation~compared
to the bulk interatomic distance! is a contraction of 4% in the
13-atom cluster, which is almost equal to the one calcula
with first-principles methods.18

Results for RuN clusters are shown in Table II. As we ca
see, the average magnetic moment per atom obtained fo
Ru13 cluster is much smaller than the one obtained by Red
Khanna, and Dunlap~1.07mB/atom!,11 but in good agreemen
with the experimental upper limit of 0.29mB/atom.12 Our cal-
culated magnetic moment is also small compared to
value obtained for the same cluster with anab initio calcu-

FIG. 2. A comparison of the calculated average magnetic m
ments for relaxed and unrelaxed structures of Rh clusters, with
experimental measurements as a function of the number of atom
the cluster.
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lation by Kaiming et al.,19 and which is equal to the on
given in Ref. 11. As in the Rh13 case, we observe that surfac
atoms have larger magnetic moments due to the reduced
ordination number. For Ru19, we have an almost zero valu
for ^m&, and, contrary to Rh19, the magnetic moment of the
central atom is very small, which means that in this case
perturbation caused by the second shell of neighbors d
not go too deep into the cluster. However, we can see
small oscillations are present inm~1! when the size of the
clusters increases.

The values obtained for the magnetic moments for
Ru19, Ru43, and Ru55 clusters by Kaiminget al.19 are higher
than the ones calculated in this work, as we can see in T
II. However, the influence of relaxation in the structures
N519, 43, and 55 was not considered in thisab initio cal-
culation.

Antiferromagnetic solutions were found for all the RuN

clusters with the following configurations
Ru13:↓↑, Ru19:↑↑↓ and Ru43:↑↓↑↑. Similar arrangements
have been found in fcc iron clusters, which, maybe, sho
some correlation in the magnetic properties between isoe
tronic elements of the transition-metal series.

Considering absolute values of the average magnetic
ment smaller than 0.1mB/atom to be of the order of the ex
perimental error, we can estimate the magnetic-nonmagn
transition to be located between 13,Nc,19, while in Ref.
19 we can find significant values for the average magn
moment in the Ru55 cluster. This value ofNc is very similar
to the valueNc511, estimated for RuN clusters using a tight-
binding Friedel model,20 and is also in agreement with th
experimental result12 that estimates the transition forN>12.

A reduction in the interatomic distance was found for
the clusters. In Ru13, we obtain a maximum contraction o
approximately 5%, which is larger than the one obtained
the local-spin-density calculation~3.16%!.19 Contrary to the
Rh13 cluster, we found that the average magnetic momen
Ru13 ~as for the other sizes! is not very sensitive to change
in the interatomic distance. However, for both RhN and RuN
clusters, the local magnetic momentsm( j ) are sensitive to
changes in the cluster size~see Tables I and II! and in the
interatomic spacing.

The quantityEcoh
d (N)cannot be directly compared to th

cohesive energy per atom, since it does not include the c
tributions of thesp electrons andsp-d hybridization. We
have shown that this contribution for a given structure
fairly insensitive to distance variations around equilibriu
however, it is expected to depend on the average coord
tion numberzeff . We have found that if this contribution
scales as (zeff)

1/2, the cohesive energy per atom is in fa
agreement withab initio calculations, as we can see in Tab

-
e
in
TABLE II. Same caption as Table I for fcc ruthenium clusters. For comparison, the results for^m& obtained in Ref. 19 are also given.

Cluster m~1! m~2! m~3! m~4! m~5! ^m& Ref. 19

Ru13 20.080 0.244 0.219 1.07
Ru19 0.001 0.068 20.031 0.033 0.42
Ru43 0.025 20.005 0.012 0.049 0.028 0.13
Ru55 0.000 0.000 0.000 0.000 0.000 0.000 0.10
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III for Ru clusters. Note that, in the last calculation, the ev
lution of the cohesive energy per atom asN increases con-
verges to the bulk value faster than in ours. However if
compare the excess energy per surface atom in both cal
tions forN555, we find thatab initio results give;0.24 eV,
while our model leads to;0.8 eV. This last value seem
more reasonable when compared to surface energies.

In this paper, we reported a comprehensive study of
electronic properties and magnetism of fcc RhN and RuN
clusters, by using a tight-binding Hubbard Hamiltonian f
the d band in the unrestricted Hartree-Fock approximati
We showed that this model is able to predict magnetic pr

TABLE III. The cohesive energy per atom calculated using o
model compared withab initio results~see Ref. 19! for Ru clusters.

Cluster uEcoh(N)u ~eV/atom! Ref. 19

Ru13 5.37 5.20
Ru19 5.57 5.66
Ru43 5.81 6.17
Ru55 6.00 6.56
Rubulk 6.61 ~Ref. 21! 6.74
J.
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erties and atomic relaxations reliably for these two eleme
The local magnetic moments and magnetic ordering w
studied atT50. Our results are consistent with a fcc grow
in rhodium clusters for N.40, and we estimate the
magnetic-nonmagnetic transition to be located atNc'80.
For fcc RuN clusters, the value of the critical sizeNc is
considered to be located betweenN513 and 19. Ferromag
netic order was present in RhN clusters withN513, 19, and
43, and, for larger sizes, we obtained antiferromagnetic c
figurations. In the RuN clusters, only antiferromagnetic con
figurations were obtained for the relaxed structures. Bo
length contractions, as compared to the bulk interatom
spacing, were found in all the optimized structures in agr
ment with ab initio calculations. Finally, a simple assump
tion made on the variation of thesp andsp-d hybridization
contributions allowed us to derive reasonable values of
cohesive energy per atom in the clusters.

R.G.-L. would like to acknowledge financial support b
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