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The structural and magnetic properties of free-standingr@gq clustersN=n+m= 110 andn=m) of three
different symmetries—cubo-octahedral, icosahedral, and hcp—were investigated in two different chemical
orders: segregated and alternated layering alloyed. The initial geometrical structures constructed at bulk dis-
tances were relaxed with a many-body Gupta potential to obtain the cluster geometries and energies. We find
that the lowest energy in the different structures in all the cases corresponds to the segregatet-dake
core surrounded by Co shelland that the lowest energy is associated with the hcp structure. The interatomic
distance for all the structures is slightly lower than the Rh bulk distance, in good agreement with the experi-
mental observation[Zitoun et al,, Phys. Rev. Lett89, 037203(2002]. The spin-polarized electronic structure
and related magnetic properties of these optimized geometries were calculated by solving self-consistently a
spd tight-binding Hamiltonian. The magnetic moment of the Rh atoms shows a strong dependence on the
position and environment, whereas the Co atoms show a smoother dependence. The magnetic moment of the
Rh (Co) atoms in the alloying case are largiwer) than the ones in the segregated case, however, the overall
average for the segregated and alloying case are only slightly different for the different structures. The results
are compared with the experimental data and with other theoretical calculations available in the literature.
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[. INTRODUCTION of the experimental report. However, it is worth noticing that
rery recently some theoretical calculations using the density
unctional theory in the generalized gradient approximation
(DFT-GGA) on the magnetic and structural properties have
Qeen done in the case of very small bimetallic clusters such
s Co-Rh? although the results are qualitatively consistent
with experiments reported in the nanometric scale. However,
) . . S ; it is still unclear at present to what extent this trend found in
Ni, and C‘? and induces magnetic behavior in cert?m'IZM small clusters can %e extrapolated to the nanometer size. In
systems like the ones composed of Rh, Ru_, and-FAn- the case of surfaces, superlattices, and sandwiches, most of
other way to polarize thesed4rM elements is tla creaté an he works are oriented to the study of the giant antiferromag-
intermetallic alloy with a ferromagneticd3TM.™ In low-  petic coupling generated in the interface of the Co and Rh
dimensional systems, it is expected that the superposition Qfyrfaces and its dependence with the distances and the spacer
the finite-size effects and the alloying with a ferromagneticihickness for the superlattice like systetfsi8in the case of
3d TM leads to a particular magnetic behavior related to thehe Co-Rh clusters, the experiment has shown that the finite-
interplay of both effects. In fact, such a phenomenon hasgize effects, together with the presence of the 3
been recently reported by Zitowet al* for CoRh nanopar- ferromagnetic-TM, play a cooperative role that induces a
ticles of about 200 and 600 atoms synthesized experimermagnetic moment in the rhodium atoms. This leads to a mag-
tally. This is an example of a low-dimensional system inves-netism in the binary clusters of values comparable to or
tigated in this context. Most of the theoretical and larger than that of the bulk allgy:?!
experimental studies of the magnetic properties of CoRh sys- It is well known that the geometrical structure plays an
tems have been performed on extended configurations likinportant role in the magnetism of clusters, and in the case
surfaces, superlattices, and sandwicke¥ but not on clus- of bimetallic clusters an additional ingredient comes from
ters like those experimentally investigated by Zitatral!*  the chemical order. Therefore, for a correct understanding of
Moreover, no other studies concerning the magnetic propethe magnetic behavior of the bimetallic Co-Rh nanoparticles,
ties of binary clusters of thed3and 4 elements have been it is relevant to investigate the local geometrical and chemi-
reported in the literature so far for cluster sizes in the rangeal environments within the system in relation to the local

One of the most active research topics in condensed ma
ter physics is the investigation of the finite-size effects in th
magnetic properties of thed3and 4 transition-meta(TM)
systems like surfaces, superlattices, thin films, and cluster
It is well established that low dimensionality enhances th
magnetic moments in thed¥erromagnetic-TM clusterg-e,
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magnetic moment distribution. No clear experimental infor- 1l. GEOMETRICAL MODEL AND APPROXIMATIONS

mation on the structure and chemical order is yet available, In this work, we have considered cluster sizes as large as

a\'/t/%ggh risulgé Ibde'lste% (t)'n \:cwde;.angleD x-ray sca:tiﬁrltng possible (N=n+m=~110, which could be reasonably

gh ¢ )a_m d'rat al dis nthu |o|n Ltmc |9n6? F)s.uggte? that Fandled by the parametrized electronic calculation taking
€ atomic distance in the clusters 1S approximately that Ofniq account the large number of inequivalent sites generated

Rh bulk, that the structure may be icosahedral-like as rej, the gifferent geometries and chemical orders investigated.
ported for CoPt cluster¥, and that segregation is not prob- oy the initial cluster geometries we assumed three differ-

able. . . ent possible structureqi) fcc truncated cubo-octahedral
Sondén and Guevatahave studied the structural and gowth N=111, (ii) truncated icosahedral=115, and(iii)

magnetic properties of CoRh free-standing clusters of 13, 3:'ﬁcp fragmentN=115. The initial nearest-neighbor distance,
and 55 atoms using molecular dynamics with a Gupta poteny, s of the Rh-bulk valué2.69 A), between the atoms in
tial for the structural part, and the tight-bindiigB) Hamil- - ¢ ¢jysters was set equal to 1.0 for the fec and the hcp, and

tonian for the electronic properties. They have found that the, -, average of 1.03 for the icosahedral due to the two types

magnetic moment is not a linear function of the relative con-y¢ jiaratomic distances within this cluster. In all cases, we

centration of Co and Rh' For these cluster sizes, the lowelg, o the composition as close as possible to the equiatomic
energy structures are icosahedral and they suggest a Segreggn centration(Ca,Rh, with n~m) respecting symmetry of
tion of the cobalt atoms to the cluster surface. Suclyqivalent sites. Concerning the chemical order, we consid-
structures have also been found by oth_er authors for pure C@raq two possibilities: a segregated system and a homoge-
Rh, and_ other TM clus_ters of small sizes. In contrast, thc’heous alloy. For the segregated case, we considered a Rh
phase diagram of the bl_nary .CO'Rh sygtem ShO,WS that thesgssed-shell core surrounded by Co layers. The homoge-
metals fc|>rm an hep solief ][t |shthus qu;]telpossmle t?]at ? neous alloy was formed of Rh rich planes alternated with Co
structural transition occurs for the Co-Rh ¢ ustﬁrs as the cluss|anes in a superlatticelike structure whose central plane is
ter size increases. The experiment of Zitairal** concerns always a Rh plangthat is ...Rh-Co-Rh-Co-Rh.). In this

binary Co-Rh clust_ers larger than ‘?)5 atoms with r_elative Cq pe of chemical order there is some amount of disorder due
and Rh concentrations close to 50%. It would be interestingy ¢ finjte size of the cluster, particularly in the case of the

to explore the competition between hcp, fcc, and icosahedr osahedral clusteisince this is not a crystalline fragmeént
structures for Co-Rh clusters larger than 55 atoms, 10 inVeSrq |ayer structure is similar to thel, of the bulklike fcc
tigate if the structure and local distribution of Co and Rh cang,. o equiatomic binary system. The geometrical shapes of
modify the local magnetic properties of the system, and if\o cjysters used in this work facilitated the comparison of
this is reflected in the average magnetization, which is the, o offect of geometry on the magnetic character, since the

experimentally accessible quantity. This is the aim of thegygiems are constructed of approximately the same number

resent work. ; ;
P To'determine .the role of thg structure, bond ;ize, an ;;z;?g:jsa?}fdbgltlg%%es for e diferent chemical ordesegr
chemical order in the magnetic properties of blmet_alhc The cluster energies and optimized geometries were ob-
Co-Rh clusters of up to 115 atoms, we locally optimizedyineq by performing local conjugate gradient relaxations us-
some of t.he pOSSIble. structures  quoted by theﬁng an all atomn-body Gupta potential modeling the inter-
experimentalists’ such as icosahedral, fcc, and hep struc-gomic interactiongsee Refs. 6, 11, and 25 for detailShe

tures with different chemical orders using a semiempirical,, o meters of the potential for the interaction between atoms
Gupta potential for the different chemical orders. Although ¢ the same metal were taken from the work of Cleri and

the problem of finding the true global minimum in bimetallic 554186 obtained from fits to the bulk lattice parameters and
clusters of this size range is intractable due to the astronomjs «tic constants. For the bimetalli€o-RH interaction, we
cal number of distinct permutations, and although the experizcs,med an arithmetic mean of the individual radii param-

ments of Zitounet al. do not suggest crystalline structures, g1or5 and a geometric mean of the potential depths. The local
we assume that the three symmetries considered here, aloggimizations respected the geometric order, chemical order,
with the two distinct chemical orders for each symmetry, ;4 composition without the need of special precautions. On
provides a reasonable determination of role played by struG;yerage, nearest-neighbor distances decreased by 2% from
ture on the magnetic character of bimetallic Co-Rh. The aC,q nearest-neighbor distances of the bulk for the interior
tual geometries of these clusters will remain an open prObatoms, and by 2.5% for the surface atoms. The geometrical

lem until more precise experimental data is available. FOgpahes of the clusters resulting from the optimization are
these relaxed structures we determined the electronic propy strated in Fig. 1. The cobalt concentration, and the
1. .

erties using a parametrized TB Hamiltonian in the mean-fiel inding energies per atom in eV of the locally optimized
approximation forspdvalence electrons of Co and Rh. The ¢ ,ctures are also shown.

same model has been used in our previous studies of smal‘

pure Co and Rh clustefs! In the following sections, we

present the theoretical models and approximations used for |, £/ ECTRONIC MODEL AND APPROXIMATIONS

the geometric and electronic parts of the problem. Next, we

discuss the results and compare them with the experiment Using the cluster geometries and interatomic distances
and available theoretical results. Finally, we present a sumebtained as described above, we calculated the magnetic-
mary and conclusions. moment distribution of the clusters by self-consistently solv-
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The spin-dependent diagonal terras, in the Hamil-
tonian include electron-electron interaction through a correc-
tion of the energy levels, and are given by

Ji aB
EiaU:Ei()a+Zo'2 Ié /*Li,B+Qia' (2)
B

Here, Eioa is the bare energy of orbitak at sitei (that is,
excluding Coulomb interactiopsThe second term is the cor-
rection for spin polarization of the electrons at sitéu;z
=(Nig»—(Nig))), that is, the local magnetic moment exclud-
ing the orbital part. In this second term, tlig,; are the
exchange integrals argl is the sign functionz;=+1;z =
-1). As usual, we have neglected the exchange integrals in-
volving sp electrons, taking into account only the integral
corresponding to thd electrons. Note that spin polarization
of the delocalizedp band is also possible as a consequence
FIG. 1. lllustration of the cluster geometries obtained from theOf hybridization with thed states. As.m our previous work on
pure Co cluster§, the exchange integral of Cdyy(Co)

local optimization, where the white spheres represent the cobalt ! . h K
atoms and the gray ones correspond to rhodium atoms. The uppérl'44 eV was optimized in order to reproduce the bulk mag-

row corresponds to the segregated order and the lower one corrB€tic momentwithout orbital contributiop of fcc cobalt
sponds to the alloyed case. The three types of different structure_sl-.59.,U«B-29 Since rhodium bulk is paramagnetic, we have
are:(a) and (d) cubo-octahedral clustefé=111, (b) and (e) icosa-  Optimized Jy4(Rh)=0.40 eV so that it provides simulta-
hedral clustersN=115, and(c) and (f) hexagonal close-packing neously the best fit to the magnetic moments of the;Rhd
clusterN=115. The cobalt concentration and the cohesive energfRhyq clusters as calculated by Jinloreg al!? through the
per atom in eV are given below each cluster respectively. DFT method within the local spin-density approximation.
This value ofJy4(Rh) was used in our previous work on pure

ing a TB Hamiltonian for thes, p, andd valence electrons in Rh clusters! For Rh3 we obtained the same value as Jin-
a mean-field approximation. In the usual second-quantizatiolPnd et al, whereas for Ry we slightly underestimated the

notation, the real space Hamiltoni&his given by magnetic moment; this value dfq(Rh) corresponds to the
best simultaneous fitting considering the dependence shown

HeS e N+ S ehch ¢ B in Fig. 1 of Ref. 11. Those Rh-cluster sizes have been se-
‘iw taoHao T & A Hao iBo lected for thg fit becaus_e th_e icosahedral and dc_)uble |c_;osahe—
o .#1 dral geometries are typical in almost all calculations. Finally,
the site-and orbital-dependent self-consistent poteidigl
+ . . - assures the local electronic occupation, fixed in our model by
v_vhere Ciag (Cjpo) 1S thg opergtor for the_creathranmhna- doing a linear interpolation between the electronic occupa-
tion) of an electron with spinr and orbital statex (8) at  jong of the isolated atom and the bulk according to the ac-
atomic sitei (j), andNi,,, is the number operator. Electron 4| |ocal number of neighbors at the siteFor the isolated
delocalization within the system is described by the hoppingytoms we have taken the ground-state electronic occupations
integralst”, which were included up to the second-neares{7 d electrons and 2 electrons for Co; & electrons and
neighbors and assumed to be spin-independent. The hoppings electrons for Ry whereas the electronic occupations for
integrals between atoms of the same element were detefhe corresponding bulk materials are those given by
mined using the Slater-Koster approximation, with two-papaconstantopoulds,which are consistent with a first-

center hopping integrals reproducing the band structure Ofyinciples scalar relativistic augmented plane-wave method
the bulk metaf’ Since the interatomic distances in the clus-g 02 d electrons, 0.64 electrons, and 0.3p electrons for

ters differed a little from the distances in the bulk, we as-Co; 7.99d electrons, 0.6 electrons, and 0.4f electrons

sumed that in the neighborhood of the ideal first- andor Rh). The local coordinations for the isolated atom and an
second-nearest-neighbors  distances the hopping integralgom in the fcc bulk are 0 and 12.6, respectively, provided
obey the usual power lagro/r;;)'*" *%, wherery is the bulk  that we consider a weight of 10% for the second neighbors
first- (or secondy nearest-neighbor distance ahédndl’ are  relative to the first neighbors.

the orbital angular momenta of the spin-orbital states in- The spin-dependent local electronic occupations are self-
volved in the hopping proce$8The heteronuclear hoppings consistently determined from the local densities of states
were calculated as the geometrical average of the corre-
sponding homonuclear hoppings, except for the two-center
ppm parameter between second neighbors, for which we use
the arithmetic average because the Papaconstantopoulos’
parameterizatiotf produces a different sign in the case of Co which are calculated at each iteration by using the recursion
and Rh. method?® In this way, the distribution of the local magnetic

<ﬁia0'> = JSF Diao—(e)dsv (3)
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TABLE I. The relaxed interatomic bond distance and the num-an important role due to the directional bonding. The fact
ber of first nearest-neighbors bonds for each type of the differenthat this tight-binding model has been successfully applied to
possible atomic pairs. Interatomic bond distances are in units of théhe study of pure Co and Rh clusters give us confidence in its
Rh-Rh bulk distancé2.69 A). utilization for the mixed clusters.

Segregated

N  Rh-Rh Co-Co Rh-Co  Average IV. RESULTS AND DISCUSSION

We first discuss the details of the optimized geometrical
Cubo 111 0.992 234 0981 90 0983 120 0.987 444Structures. In Flg 1 we present a view of the investigated
lco 115 0.994 216 1.016 96 0970 120 0992 432 clusters. We assume three different possible structuigs:

' ' ' ' cubo-octahedral growthfcc) N=111, (ii) icosahedralN
hep 115 0.993 186 0.986 123 0.991 192 0.991 501:115, and(iii) hcp N=115, and two different chemical or-
ders: segregated and alloyed clusters. Notice that in the seg-

Alloy regated clusters all surface atoms are of Co, and the slight
disorder present in the case of the alloyed icosahedral cluster
N Rh-Rh Co-Co Rh-Co Average s due to the finite size and the noncrystalline structure. In

Table I, we present the results of the relaxation for the dif-
Cubo 111 0.987 86 0.984 96 0.989 262 0.987 444ferent chemical orders and cluster geometries illustrated in
lco 115 0986 80 0978 64 0993 288 0988 432 Fig. 1. The initial nearest-neighb@N) distance was that of
hcp 115 0.990 141 0.992 108 0.992 252 0.991 501 Rh bulk for the cubo-octahedral and hcp cases, whereas for
the icosahedral case it was 1.03 times the Rh bulk distance.
The results show a nontrivial relaxation in the atomic bonds
moments(u; =2 u;,) and the average magnetic moment peras can be seen in the left-hand side of the first three columns
atom (u=(1/N)2;u;) of the clusters are obtained at the endof Table I. The average contraction within the cluster, regard-
of the self-consistent cycle. less of the chemical species, is shown in the left-hand side of
The description of the magnetic properties of low-the fourth column. In general, the average bond length
dimensional 4 transition-metal systems requires the sameshrinks with respect to the Rh bulk valg@ken as the unjt
ingredients as for the Bseries, in particular, the explicit as expected, due to the finite size of the systéhThe larg-
consideration of the electronic delocalization in order to ac€st shrinking is presented for the icosahedral shaggo),
count for the itinerant character of the magnetism of theséollowed by the cubo-octahedrék1.5%), and finally the
materials and also the symmetry of each system which playkcp (=1%). These small compressions are reasonable con-

TABLE Il. The average magnetic momens per shelli, for clusters with segregatiow, is the type of
atom in the shell and (Zgp,,Zc,) is the number of Rh and Co neighbors #r The shells are ordered by
increasing distance to the center of the clusters.

Cubo-octahedron Icosahedron hcp
i A N; Hi(Zrn Zco) A N; i (ZrniZco) A N; Hi (ZrniZco)
1 Rh 1 -0.11 (12,0 Rh 1 -019 (12,0 Rh 3 -0.15 (12,0
2 Rh 12 0.04 (12,0 Rh 12 -0.21 (12,0 Rh 2 -0.17 (12,0
3 Rh 6 0.18 (8,0 Rh 30 0.23 (8,2 Rh 3 -0.15 (10,2
4 Rh 24 033 (7,3 Rh 12 055 (65 Rh 12 0.17 (10,2
5 Rh 12 046 (549 Co 60 245 (2,3 Rh 6 0.22 (7,5
6 Co 8 2.05 (3,9 Rh 6 0.23 (7,9
7 Co 48 250 (2,3 Rh 6 0.67 (4,6
8 Rh 6 097 4,9
9 Rh 6 0.62 (5,6
10 Co 6 214 (4,9
11 Co 12 215 (44
12 Co 12 213 (44
13 Co 3 238 (42
14 Co 2 2.03 (3,9
15 Co 6 248 (1,9
16 Co 12 240 (24
17 Co 12 244 (23
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sidering that previous semiempirical global optimization for 8 - ' ' '
pure Rh and Co clusters indicate that the interatomic dis-
tances reach the bulk values for relative small stZ8<On

the right-hand side of the first four columns in Table I, we
give the neighbor map, that is, the different numbers of the
first NN pairs (FNNP), which provides insight on the geo-
metrical order within the system. The total number of bond-
ings are given in the right-hand side of the fourth column. In
the segregated case approximately 50% of the FNNP are
Rh-Rh, whereas in the alloy configuration 60% of the FNNP
are Rh-Co. Therefore, one would expect the alloy configura-
tion to display more pronouncedd3ld cooperative effects
than the segregated case. In our model the hcp structure is
the one with the lowest energgee Fig. }, followed by the
cubo-octahedral and the icosahedral. Concerning the chemi-
cal order, the lowest energy of the different structures corre-
sponds to the segregated case, although for the hcp structure
the cohesive energy is practically the same for both cases,
i.e., for the segregated and alloyed cases. Notice, however,
that the concentration for all the structures and chemical or-
ders considered here is in general different and, therefore, a

DOS (eV )

DOS (eV 7

direct comparison among all the structures is valid only if the 4 5 4 3 2 1 0 1

cohesive energy does not depend strongly on the relative Energy (eV)

concentrations of Co and Rh at values around 0.5. It is im-

portant to note that the experiment of Zitoen al'* sug- FIG. 2. The electronic density of states for three icosahedral

gested that the lowest energy structure may be the icosahelusters: segregated RfTog,, pure rhodium Riys and pure cobalt
dral with a uniform Co-Rh distribution. It is pertinent now to Coy;5 The upper panefa corresponds to the paramagnetic DOS,
analyze the influence of the chemical order and structure oand the lower paneb) corresponds to the magnetic DOS.

the magnetic properties of the clusters.

In Tables Il and Ill, we show the magnetic moments for These trends are in agreement with the experimental results
the different structures and chemical orders for our optimizedor Rh-Co superlattices and sandwiches, where at the inter-
clusters as a function of the position and chemical environface, the Rh and Co atoms are ferromagnetically coupled
ment. In Table Il we give, for the segregated clustezs  (with a Rh magnetic moment of about Qug) and, at the
illustrated in Figs. (@-1(c)], the local magnetic momennt; same time, antiferromagnetic interactions occur in Rh far
of the different equivalent sites corresponding to the differenfrom the interfacé®1”18In our cluster geometries, the mag-
shells(together with their multiplicityN;). The coordination netic moments of the Rh atoms at the Rh-Co interface are in
numbersZg;, and Z¢, are also given to identify the position the range of 0.2 to 1.@g. In general, for the segregated
of the atoms and the type of first NN’s within the cluster, thatconfiguration, the magnetic moment increases in moving
is, the local chemical environment. We first analyze the paraway from the center of the cluster. At the interface, the
ticular chemical environment of the segregated clusters. litarger number of Co atoms around a Rh site induces an en-
the case of the cubo-octahedN#111, the inner Rh atoms hancement of the magnetization in Rh sites. On the other
form a 55 cubo-octahedral core and the surface Co atoms aland, at the surface, the low coordination is associated with
located at the eight hexagonal umbrellalike spwisde of the high magnetic moment of the Co atoms. Both effects
seven atomson the eight triangular faces of the 55 cubo- work in the same direction of increasing the magnetic mo-
octahedral cluster. The number of Co surface atoms is 56 anaient of the cluster, which is otherwise slightly reduced due
the total number of atoms is 111. For the truncated icosah&e the antiferromagnetic alignment at part of the Rh core. In
dralN=115, the inner Rh atoms form a complete icosahedrabrder to understand the origin of the magnetic behavior of
structure of 55 atoms, whereas the surface Co atoms athe Rh-Co clusters it is useful to analyze the electronic struc-
placed in a fullerene C-60-like surface whose sites belong teure through both the paramagnetic and magnetic densities of
the surface of the 147 icosahedral cluster. In this way, welectronic states. For this purpose, we have chosen, as an
have 55 Rh-core atoms and 60 Co-surface atoms. In the hgxample, the icosahedral Rh-Co cluster of 115 atoms with
N=115, the inner Rh atoms are placed in five parallel planeshe segregated configuration. In all the cases the Fermi level
of a total of 50 atoms surrounded by 65 Co atoms placed ifE; is located at 0 eV. We compare the density of states
seven parallel planes, all sites belonging to an hcp growtiDOS) of this cluster with those corresponding to the pure
pattern. Co, 45 cluster and the pure Rk cluster, both with the same

From Table I, we can clearly see that for the segregateitosahedral structure. In Fig(8) we plot the total paramag-
case, the central Rh atoms are antiferromagnetically alignedetic DOS per atom in the three clusters. One can clearly
with the outer Rh atoms. The largest magnetic momenbbserve the larger peak at the Fermi level in the pure Co
within the Rh core is obtained at the interface with Co,cluster which displays a narrower DOS. The DOSEatof
where a ferromagnetic Rh-Co alignment is also obtainedthe mixed cluster is between those of the pure clusters. The
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TABLE Ill. The average magnetic momens per shelli, for alloying clustersA is the type of atom in
the shelli and(Zgy, Z¢o) is the number of Rh and Co neighbors #r The shells are ordered by increasing
distance to the center of the clusters.

Cubo-octahedron Icosahedron hcp

i A N owi @rnZed AN oui ZrnZed AN (ZrnZed
1 Rh 1 067 4,8 Rh 1 024 (6,6) Rh 3 049 (6,6)
2 Rh 4 057 (4,9 Rh 1 0.26 (6,6) Co 2 166 (6,6
3 Co 8 154 (8,9 Rh 5 011 (6,6) Rh 3 049 (6,6)
4 Rh 2 084 (4,9 Co 1 139 11,y Co 12 171 (6,6)
5 Rh 4 0098 (2,6 Co 5 140 (7,5 Co 6 194 (6,6
6 Rh 8 0.73 (4,6) Rh 10 0.28 (4,6 Rh 6 048 (6,6)
7 Co 16 1.80 (7,3 Rh 5 0.18 (4,6 Rh 6 052 (6,9
8 Rh 4 1.02 1,9 Rh 5 034 (4,6) Co 6 207 (5,9
9 Rh 8 064 (4,5 Co 5 184 (6,9 Rh 6 044 (6,5
10 Rh 8 0381 (3,6 Co 5 188 (6,9 Rh 6 041 4,9
11 Co 16 2.49 3,2 Co 1 179 (11,0 Co 12 218 (5,9
12 Rh 16 1.01 2,39 Co 1 182 (5,6 Rh 12 0.55 4,9
13 Co 16 264 (4] Co 5 177 (5,6 Rh 3 059 4,2
14 Co 5 1.78 (7,9 Co 2 206 (3,6
15 Rh 10 0.70 2,3 Rh 6 0.67 3,2
16 Rh 10 1.42 (1,9 Rh 12 0.67 3,2
17 Rh 5 1.20 (1,9 Co 12 240 3,3
18 Rh 5 054 3,2

19 Co 10 251 3,2

20 Co 10 251 2,3

21 Co 5 249 4,1

22 Co 5 246 2,3

DOS of the pure Rh cluster is broader, consistent with theof the pure Rh clustefFigs. 4a) and 4b)] one can notice
fact that the valence electrons of Rh are more external thathat the Co-Rh hybridization effects are also small, only
those of Co. slightly larger than in the Co cap, and more precisely,
Following the Stoner criterion one expects the pure Caslightly more important due to the fact that much less surface
cluster to have a stronger tendency to be magnetic than theffect is present in the Rh sites. Then, from the Stoner crite-
mixed cluster, and the mixed cluster to have a stronger terrion (see the paramagnetic DP&ne would expect a similar
dency than the pure Rh cluster. In the magnetic DOS of thérend towards magnetism of the Rh atoms in both clusters.
three clustergFig. 2(b)], this trend is reflected in the split- However, one must also take into account the external mag-
ting of the majority and minority states. The segregated clusnetic field that the Rh sites feel due to the surrounding Co
ter that we have chosen has a well-defined Rh-Co interfac&toms in the mixed cluster. This induces a noticeable spin
thus allowing us to analyze separately the two parts. Th@olarization in the Rh core of the mixed cluster that contrasts
DOS corresponding to the 55-atom Rh core and to thewvith the nearly paramagnetic pure Rbcluster, with less
60-atom Co cap can be compared with the correspondinthan 0.1ug in all atoms except the surface atoms which have
parts of the pure Rhs and pure Cg;s clusters, respectively. 0.17 ug. From our analysis, we conclude that the presence of
This analysis allows a deeper insight into the hybridizationCo does not modify to any great extent the electronic struc-
effects and induction of spin polarization. In Figga83and ture of Rh through hybridization, but the high magnetic mo-
3(b) we plot the paramagnetic and magnetic DOS of the Canent at the Co sites induces a noticeable spin polarization of
cap of both the mixed and pure Co clusters. Notice that théhe Rh atoms.
surface effect clearly dominates over the Co-Rh hybridiza- In Table Ill, we show the magnetic map obtained for the
tion. A narrow structure is present aroug, which is simi-  alloyed clustergas illustrated in Figs. (#)-1(f)] in a similar
lar in both clusters, indicating that litle Rh character isway as that for the segregated clusters in Table Il. Since in
present in the Co cap. The magnetic moment of these Cthis case the geometrical description of the atoms is more
atoms in the pure cluster is only 0.Qd larger than in the difficult than in the segregated case, due to the alternate or-
mixed cluster. These low-coordinated Co sites produce moster of the two types of atoms, we limit by horizontal lines
of the magnetic character of the cluster. Comparing the parahe inner core, the surface of the internal core, and the exter-
magnetic DOS of the Rh core in the mixed cluster with thatnal surface atomésee Table Il). The inner core atoms have
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DOS (eV )
DOS (eV )

DOS (eV 7
;J
DOS (eV 7

Energy (eV) Energy (eV)

FIG. 3. The contribution of the electronic density of states of the FIG. 4. The contribution of the electronic density of states of the
outermost cobalt shellCg, fullerenelike shell of the icosahedral icosahedral rhodium core Rhof the icosahedral clustef§=115.
clustersN=115. The solid line corresponds to the case when theThe solid line corresponds to the case when the external shell is
inner core is Rks, whereas the dashed line is for the case when theCogo, Whereas the dotted line is for the case when the external shell
inner core is Cgs. The upper pangl) corresponds to the paramag- is Rh. The upper pangh) corresponds to the paramagnetic DOS
netic DOS and the lower panéb) corresponds to the magnetic and the lower pangb) corresponds to the magnetic DOS.

DOS.

trend is found. Nevertheless, the overall average magnetic
coordination number 12, the atoms on the surface of th&oment per atom is very similar for both chemical orders,
internal core have coordination numbers between 8 and 1ihe differences being in the order of the typical error bars in
and the surface atoms in the cluster have coordination numztern-Gerlach experiments for pure Rh _clusﬁér‘ﬁhe aver-
bers equal to or smaller than 9. In contrast to the segregateét® magnetic moment per Rh-Co unit in the experiment is
case, for the alloyed case all the atoms are ferromagneticallfrn-co=2-38 ug, Whereas our calculated values are 10% to

couple(Ij.lThe r{;]agn;tlc mome;r::]s of the Rthdatomsdarei N TABLE IV. The average values of the magnetic moments for the
ge.nera ! arge_r qn € ones ot the segregated case due .O EWE‘) componentguzy, and uc, with the different chemical order and
spin polarization induced by the Co atoms through hybrid- pe of clusters, the average magnetic moment per Rh-Cqaypit
ization. Furthermore, for the Rh atoms at the surface, eve%e Co concentratiorc,, and the ratio of the average Rh magnetic

larger values of the magnetic moment are obtained, despitgoment to the average Co magnetic mom@a i/ zicy)-
the fact of having, in some cases, less Co neighbors. This is

due to the low-coordination effect that works in the same Segregated
direction as the Co-Rh hybridization effect. For the Co at-
oms, the magnetic moments are smaller than the ones ob- HRh co m Hpair Xco rnl fco

tained in the segregated case due to the fact that now a larger

e R eselinore CORNISASSeO o 027 245 13 27 04 o
An analysis of the local magnetic properties allows an Ico 019 245 137 264 0521 0.08

understanding of the experimentally measurable averagefhcP 034 228 144 262 0565 0.15

magnetic moment§AMM’s). In Table IV, we show the

AMM per Rh atoms(ug;), per Co atomguc,), the AMM Alloy

within the cluster(u), the AMM per Rh-Co unit(upair — — — — —
=urnt Mco), the Co concentratiom,, and the ratio of the HRh  HCo M HMpair Xco #ril pco
average Rh magnetic moment to the average Co magnetic

momentR=(ugp/ co) for the different structures and chemi- Cubo  0.84 220 153 3.04 0.504 0.38
cal orders. The average magnetic moment of the Rh atoms in |co 0.64 2.13 1.39 277 0.504 0.30
the segregated configuration is considerably smaller than in p, 055 206 1.23 261 0452 0.27

the alloyed case. For the Co atoms, instead, the opposite

014410-7



BERLANGA-RAMIREZ et al. PHYSICAL REVIEW B 70, 014410(2004)

30% higher. In previous theoretical calculations, Denefer three different symmetries: cubo-octahedral, icosahedral, and
al.!® reported a ratidR in the range of 0.43-0.53 within the hcp, and with two different chemical orders: the segregated
framework of DFT-GGA for CeRh, microclusters; Sonddn and the alternated layering alloyed. The optimization results
and Guevar® using a tight-binding approximation, obtained indicate that the interatomic distance for all the structures is
R~0.6 for a Rh-Co icosahedral cluster with 55 atoms; andsjightly lower (about 2% than that of the Rh bulk distance,
finally in the bulk limit for a binary hcp Rh-Co system Mo- jn good agreement with the experiment. We find that the
raitis et al*® obtainedR~0.16 using a tight binding linear |gwest-energy chemical order corresponds to the segregated
muffin-tin orbital (TB-LMTO). Experimental investigations age, and that the lowest-energy structure is the hcp. How-
in Rh-Co thin-film alloys by Harget al™ at room tempera- oyer for the hep structure in particular, both chemical orders

ture give 0.25 for this ratio. In the present work this ratio formaly coexist at room temperature due to the very small en-
the segregated configuration goes from 0.08 to Qulith an ergy difference

average value of 0.31whereas for the alloyed case it goes  “gj e theoretical calculatiofssuggest that small RhCo
from 0.27 to 0.38with an average value of 0.32as givenin - sters(N<55) prefer the icosahedral structures, whereas

t_he_ last C‘?'“m” of Ta_ble V. Al _the _res_ults foR bulklike systems form a hcp solid,it is expected that a
=(urn ico) indicate that in general this ratio inCreases re-g .| transition takes place at some intermediate size.
spect to the bulk vali# when the size of the system is o our calculations, this structural transition may be lo-
reduced. . . . cated at sizes in the range of hundreds of atoms. For all the
Thﬁ magnetic moments reported experimentally by Zitourysters studied here the magnetic moment of the Rh atoms
et al™ in Rh-Co clusters(N=220), assuming @ homoge- gy, 5 strong dependence on the geometrical and chemical
neous system and the bulk theoretical ratio of Mora@lis gyironment. In particular, Rh atoms close to Co display a
al.” are puco=2.02 g and upy=0.32up. Our calculation  ticeaple spin polarization induced by the magnetic mo-
for smallgr clusteréN~110), give for the alloyed case a CoO ent of the surrounding Co atoms. Thig-8d cooperative
moment in the range of 2.065—2.20 ug and a Rh moment  effect works in conjunction with the surface effect. The mag-
in the range of 0.5ug—0.84 ug. For our most stable con-  petic moment of the RICo) atoms in the alloyed configu-
figuration, the hcp with segregation, we obtajic,  ration are largersmalley than the ones in the segregated
=2.28 ug and ugp=0.34 up. Sondon and Guevafdfor the  cage: nevertheless, the average magnetic moment for a given
icosahedral clustgiN=55), give 2.02ug for Coand 1.23ug structure is very similar in both chemical orders, with differ-
for Rh, respectively. Based on the previously discussed reances in the range of the typical experimental error bars for
sults, the bulk ratiqugy/ uco Used in the interpretation of the Rp clusterg+0.13 ug).3 Finally, from our results, as well as
experimental results may not be adequate for these finite sygom other theoretical calculatiot82°-23it is found that the

tems and i.n that case, the proposed expe_rir.nent'al valugsgiio R=(uri/ 1e0) depends on the size of the system as well
would be slightly modified when a theory for finite-size sys- 55 on the chemical order.

tem is used. Assuming an equiatomic homogeneous alloy
with a superlatticelike structure like ours, and reinterpreting
the experimental results of Zitowst al1* in Rh-Co clusters
(N=220 using the ratio calculated within our model
(=1/3), we would have for instancgc,=1.78 ug and ugn This work was partially funded by CONACy{Mexico)
=0.6 up. Interpretation of the experimental results shouldunder Grant Nos. 39577-F, 40393-A, DGAPA-UNAM, and
consider that this ratio depends on the system size. MordN-104402. Financial support from the Spanish Ministry of
over, this ratio also depends on the chemical order. Science and TechnologyMCyT) Project No. MAT2002
04393 C02 01 and the Junta de Castilla-Ledn Project No. VA
V. SUMMARY AND CONCLUSIONS 073/02 is gratefully acknowledged. F.A.-G. acknowledges
We studied the structural and magnetic properties of freePROMEP-SEP-CA230. Finally, E.O.B.-R. acknowledges
standing CgRh,, clusters(N=n+m=110 andn=m) with CONACYT for financial support.
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