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Magnetic-nonmagnetic transition in fcc 4d-transition-metal clusters
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Size-dependent, magnetic, and structural properties of fgcaRt Ry, clusters N=13, 19, 43, 55, and 39
are calculated using a tight-binding Hubbard Hamiltonian in the unrestricted Hartree-Fock approximation.
Results for the magnetic moment, cohesive energy, and interatomic distahe®adre 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 natureuces a repulsive force which decreases when the number of
of atomic clusters and how magnetic and structural properd electrons increases. Finall&ﬁ{,’g is the change of one elec-
ties of small clusters evolve into those of the bulk. In par-tron energy due tep-d hybridization. This term is negative,
ticular, transition-metal clusters are of great importance bealmost constant along the series, and produces an attractive
cause of their many technological applications in developingorce. Therefore, we expect that for somiéand filling the
magnetic materials with large moments and catalysts withorces due to the last two terms cancel. Then the susipof
high reactivity®> Many theoretical calculatiods’ and  andsp-d hybridization contributions can be considered as
measurementts'® for 3d transition-metal clusterg§Fe, Co, almost independent of interatomic spacing around equilib-
and Nj have indicated that clusters have a larger averagéium. The results of Ref. 13 strongly suggest that this could
magnetic moment per atom than in the bulk phase, and foungccur for elements in the second half of the series. Assuming
that the magnetic moments are very sensitive to the locahat this is actually realized for Rh and Ru, we took

environment. sp-electron andsp-d hybridization contributions from Ref.
Among the transition-metal series, thd deries has espe- 13 (Eggnd+Eﬁ$€:—2-72 eV for Rh andEP i+ Eﬁ%ﬁ:

cially interesting magnetic properties. In the bulk state, all_ 4 ev for Ry, and calculated thel-band contribution
the ~elements are nonmagnetic; however, theoreticalsing the recursion method applied to a tight-binding Hub-
calculations® have predicted magnetic ordering in Bh  pard Hamiltonian in the unrestricted Hartree-Fock approxi-
Ry and Pgs clusters. This fact was confirmed experimen-mation. This Hamiltonian is the same as the one used previ-
tally by Coxet al.™* A wide range of cluster sizes was cov- gusly in Ref. 3. The hopping integrals are deduced from the
ered, and the critical size for which the magnetic-pylk bandwidth(Wy=6.3 eV for Rh,W,=7.3 eV for Ry
nonmagnetic transition is present was estimated. ~using the Andersen law for the distance dependence of the
In the study of magnetic order and structural propertiesinteractions. The on-site energies for spino==1), €,

the bond lengths and the direct atomic neighboring environare renormalized by the global charges and magnetic mo-
ment are the key quantities. In principle, a determination ofnents as follows:

both atomic and magnetic properties of transition-metal clus-

ters requires an all-electron computation. However, in the €ip=€9+UNg+USN,— 30, 2
case of Rh and Ru, we have been able to show that a pure
d-band model can account for these properties. wheree] stands for the bare-level energy of an aton/ is

According to Ref. 13, the cohesive ener@lefined nega- the average direct Coulomb integral =5 eV for Rh,U
tively) of a transition metal can be expressed as a sum of fou=6 eV for Ru, andJ is the exchange Coulomb integtal

contributions: =0.5 eV for Rh(Ref. 14, J=0.44 eV for Ru(Ref. 19]. 6N;
§ § is given by (N;—Ng), whereNy is the average number of
Ecot= Eprept Ebandt Eband™ Enyl - (1) electrons in the bulkd band(N4=8 for Rh,Ny=7 for Ru).

The local chargesl;) and the local magnetic momentg;]

Eprep i the energy required to prepare a renormalizechre determined self-consistently. FinalBj,e,can be identi-
atom, i.e., an atom in the configuration appropriate to thejed with the repulsive term which is assumed to be pairwise
solid and with wave functions compressed into the Wignel’-and given by a Born-Mayer potentiaL The Corresponding pa-
Seitz sphere of the solid. This term is clearly positive andrameters were obtained from the best fit to the cohesive en-
repulsive.Ef,qis a negative and attractive term due to theergy, bulk modulus, and equilibrium distance. The cohesive
broadening of the renormalized atothlevel. Epf. is the  energy versus distance curve for Rh and Ru within this
difference between the average energy of a free-electromodel is given in Fig. 1 for the bulk structure, and compared
band and that of the renormalized atsrtevel. Around bulk  to anab initio augmented spherical wave calculati®&&&W).
equilibrium, this contribution is always negative, and pro-The agreement between the two curves is excellent, and
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moment.

In Table I, we report the calculated magnetic moments in
Rhy clusters for each type of site in the structures, the mo-
ment on atoms in thgth shell of neighbors of the central
atom (shell 2) being denoted ag(j). For the RRs cluster,
we can see that the surface atoms have larger magnetic mo-
ments, since the local coordination is smaller and the degree
of localization is greater.

Ferromagnetic order is obtained for the ;RhRhg, and
Rhys clusters. For Rk we obtain two antiferromagnetic self-
consistent solutions with the same configuratidi||]|).

70 ) ) , The difference in energy for the two solutionsA& .(55)
"0.92 0.96 1.00 1.04 1.08 =E@)(55)— EP)(55)=0.002 eV, a value which is too small
R/R, to conclude safely, taking into account the approximations
. . we made, about the most stable solution. However, note that
FIG. 1. A comparison of the bulk cohesive energy for fcc . . .
the magnitude of(x®)(the most stable solution in our

rhodium and ruthenium as a function of the interatomic distance. . - . B .
The solid line refers to amb initio (ASW) calculation and the Mode) is located within the experimental errgrAn antifer-

dashed line to our tight-binding calculation. In the inset, a comparifomagnetic configuration is also obtained for/&nhf || []).
son of the cohesive energy per atom for the fcgRiuster as a In the R 35) and Rhyq clusters, we note that the magnetic
function of the interatomic distance. The solid line refers to an abmoment of the central atom has almost vanished, as in the
initio calculation(pmoL), and the dashed line to our tight-binding pylk. This is in agreement with previous transition-metal
result. Our calculated tight-binding energies were shifted rigidly bycalculationsV which proved that if the central atom in the
1.98 eV in order to match,_at the equilibrium distance, the cohesive ster is surrounded by three or more nearest-neighbor
energy of theomoL calculation. shells it will have bulklike properties. However, it is impor-
tant to note that the convergency of the magnetic moment to
proves that the variation with the distancefgE, ¢+ Epf can  the bulk value is smoother on the second she(P)] than on
be neglected for these elements. We have also checked théie central atom. This is due to the fact that the perturbation
this assumption remains valid for clusters, by comparing inntroduced by the surface of the cluster is symmetric around
the inset of Fig. 1 our results for Rhwith an ab initio  the atom in the center, and therefore produces very strong
calculation using theomoL program'® The agreement be- changes in its local density of states, causing strong oscilla-
tween both results justifies this assumption and the transfetions in the value ofu(1). These oscillations can be inter-
ability of the tight-binding parameters. preted as indicating how deep the perturbation caused by the
The determination of the geometrical arrangement of thesurface penetrates into the cluster.
atoms is one of the main difficulties in a theoretical study of The effect of relaxation in the magnetic moments pro-
free clusters, since direct experimental information about theluces changes as large as 50%; for example, in the unrelaxed
cluster structure is very difficult to obtain. Nevertheless, wel3-atom cluster we havgu)=1.57ug/atom, and for the re-
will be able to analyze roughly the behavior of the magnetidaxed one we obtaifu)=0.77ug/atom. In Fig. 2, we can
moment with the numbeN of atoms in the cluster and we see the behavior of the magnetic moment with cluster size
will try to predict the valueN. for which we have the for relaxed and unrelaxed structures compared with the ex-

-3.5 y T T magnetic-nonmagnetic transition, by considering a fcc
—~ -4.31 T T . . .
£ growth, i.e., by adding to a central atom the shells of first
S 43 (N=13), second l=19), third (N=43), fourth (N=55),
f and fifth nearest neighbo(dl= 79).
4.2 1 % -4.37 1 For each size, we performed a uniform relaxation, mini-
Z 440 mized the energy with respect to the distance, and obtained
. g - the equilibrium bond-lengtiiRy(N), thed part of the cohe-
.o é 443 sive energyES;(N) = Epred N) + Efand N), and the magnetic
' o]
O

-4.46

0.96 0.98

COHESIVE ENERGY (eV/atom)

TABLE I. The calculated local magnetic momenigj) on successive neighbor shells around the central aforil] and average
magnetic momentéuw) (in units of ug) for the relaxed structures in fcc rhodium clusters.

Cluster (1) w2 “(3) w4 m(5) m(6) ()
Rhy 0.250 0.815 0.77
Rhyg 1.172 1.076 0.644 0.94
Rhys 0.511 0.260 0.023 0.400 0.31
Rh® —0.096 0.216 0.034 0.174 0.218 0.17
RHY —0.340 0.189 0.153 0.595 0.647 0.45

Rhyq —0.019 —0.007 0.077 0.001 0.044 0.146 0.05
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I.,lg

" ' " lation by Kaiming et a
given in Ref. 11. As in the Ry case, we observe that surface

15| O—Ounrelaxed ] atoms have larger magnetic moments due to the reduced co-
¢ --@rclaxed
@—® experiment

and which is equal to the one

ordination number. For Ry we have an almost zero value
for (w), and, contrary to Rf3, the magnetic moment of the
central atom is very small, which means that in this case the
perturbation caused by the second shell of neighbors does
not go too deep into the cluster. However, we can see that
small oscillations are present (1) when the size of the
clusters increases.

The values obtained for the magnetic moments for the
Ru;o, Rz and Rug clusters by Kaiminget all® are higher
than the ones calculated in this work, as we can see in Table
Il. However, the influence of relaxation in the structures for
o 2'0 4'0 6'0 30 N=19, 43, and 55 was not considered in this initio cal-

CLUSTER SIZE (No. of Atoms) culation. R

Antiferromagnetic solutions were found for all the \Ru

FIG. 2. A comparison of the calculated average magnetic mo<lusters with the following configurations:
ments for relaxed and unrelaxed structures of Rh clusters, with thRu,5: | 7, Rug 11| and RusT/11. Similar arrangements
experimental measurements as a function of the number of atoms ffave been found in fcc iron clusters, which, maybe, shows
the cluster. some correlation in the magnetic properties between isoelec-

tronic elements of the transition-metal series.
perimental results. As expected, for the larger clusters in Considering absolute values of the average magnetic mo-

which the contraction of the distance is smaller, the UNrement smaller than 0dg/atom to be of the order of the ex-
laxed and relaxed calculations are very close. Note that thg

values of the madnetic moments. in the relaxed structure erimental error, we can estimate the magnetic-nonmagnetic
follow the same trgends as the experimental ones, and that ansition to be located between 48lc=19, while in Ref.

L ) N we can find significant values for the average magnetic
nonmonotonic size dependence is observed. A high value o : . ; I
(u) for N=19 with respect to the neighboring clusters is moment in the Rk clugter. This value oN; is very S|m.|Iar
obtained, in agreement with experiment, while other calculal® the valueN.=11, estimated for Ryclusters using a tight-

tions always predict a decreasing behavior oy when the ~ Pinding Friedel modef) and is also in agreement with the
size increases. As we can see, for small clusters our calcgXPerimental re;sd‘lf that estimates the transition fof=12.
lated magnetic moments are larger than the experimental A reduction in the interatomic distance was found for all
ones, which may suggest that for these sizes it is necessary e clusters. In Ry, we obtain a maximum contraction of
consider more complicated structures. However, for theapproximately 5%, which is larger than the one obtained in
larger clusters, our results are very close to the experimentafe local-spin-density calculatiof3.16%."° Contrary to the
measurements, which could be an indication thatNor40, ~ Rhys cluster, we found that the average magnetic moment in
fce structures are preferred. Ru, 3 (as for the other siz¢ss not very sensitive to changes
A reduction in the interatomic distance is found for all the in the interatomic distance. However, for both\Rnd Ry
aggregates, in agreement with previous calculations foglusters, the local magnetic momenigj) are sensitive to
transition-metal clusters. The maximum deviaticompared changes in the cluster sizeee Tables | and Jland in the
to the bulk interatomic distantés a contraction of 4% in the interatomic spacing.
13-atom cluster, which is almost equal to the one calculated The quantityEgoh(N)cannot be directly compared to the
with first-principles method¥® cohesive energy per atom, since it does not include the con-
Results for Ry clusters are shown in Table Il. As we can tributions of thesp electrons andsp-d hybridization. We
see, the average magnetic moment per atom obtained for theve shown that this contribution for a given structure is
Ru,; cluster is much smaller than the one obtained by Reddyfairly insensitive to distance variations around equilibrium;
Khanna, and Dunlafil.07ug/atom),! but in good agreement however, it is expected to depend on the average coordina-
with the experimental upper limit of 0.29/atom? Our cal-  tion numberzy;. We have found that if this contribution
culated magnetic moment is also small compared to thecales as #.4)% the cohesive energy per atom is in fair
value obtained for the same cluster with @m initio calcu-  agreement wittab initio calculations, as we can see in Table

1.0

05 r

MAGNETIC MOMENT (Bohr Mag.)

0.0

TABLE Il. Same caption as Table I for fcc ruthenium clusters. For comparison, the resujs)fobtained in Ref. 19 are also given.

Cluster m(1) m(2) m3) w4) w(5) () Ref. 19
Ruys —0.080 0.244 0.219 1.07
Ruyg 0.001 0.068 -0.031 0.033 0.42
Ruy; 0.025 —0.005 0.012 0.049 0.028 0.13

Russ 0.000 0.000 0.000 0.000 0.000 0.000 0.10




6308 BRIEF REPORTS 57

TABLE Ill. The cohesive energy per atom calculated using ourerties and atomic relaxations reliably for these two elements.
model compared witlb initio results(see Ref. 19for Ru clusters.  The local magnetic moments and magnetic ordering were
studied affT =0. Our results are consistent with a fcc growth

Cluster |Ecor(N)| (eV/atom Ref. 19 in rhodium clusters forN>40, and we estimate the
magnetic-nonmagnetic transition to be locatedNat=80.

Rugs 5.37 5.20 For fcc Ry, clusters, the value of the critical siZ€, is
Ruge 5.57 5.66 considered to be located betwelr-13 and 19. Ferromag-
Ruys 5.81 6.17 netic order was present in Ritlusters withN=13, 19, and
Russ 6.00 6.56 43, and, for larger sizes, we obtained antiferromagnetic con-
Rupuik 6.61 (Ref. 23 6.74 figurations. In the Ry clusters, only antiferromagnetic con-

figurations were obtained for the relaxed structures. Bond-
length contractions, as compared to the bulk interatomic

Il for Ru clusters. Note that, in the last calculation, the evo-SPacing, were found in all the optimized structures in agree-

lution of the cohesive energy per atom Msincreases con- Ment withab initio calculations. Finally, a simple assump-
verges to the bulk value faster than in ours. However if wellon made on the variation of trep andsp-d hybridization

compare the excess energy per surface atom in both calcul§ontributions allowed us to derive reasonable values of the

tions forN=>55, we find tha@b initio results give~0.24 eV, cohesive energy per atom in the clusters.
while our model leads t6-0.8 eV. This last value seems R.G.-L. would like to acknow|edge financial Support by
more reasonable when compared to surface energies. CONACYyT (México), the hospitality of the Service de Re-
In this paper, we reported a comprehensive study of theherche sur les Surfaces et I'lrradiation de la Matief the
electronic properties and magnetism of fccy\Réind Ry~ CEA de Saclay, and Professor J. Dorantésilaawho in-
clusters, by using a tight-binding Hubbard Hamiltonian fortroduced him to the electronic structure calculations. Finally,
the d band in the unrestricted Hartree-Fock approximationwe thank Dr. C. Coudray and Dr. C. Barreteau for helpful
We showed that this model is able to predict magnetic propeiscussions.
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