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The electronic properties and magnetism ofjRlusters(N=4, 6, 10, 13, 19, 43, and b&re studied using
the discrete-variational local-spin-density-functional method. The bond lengths in the clusteMdithare
optimized, and the cluster binding energies are found to increase monotonically with the increase of cluster
size. All clusters except Ry are shown to have magnetic ground states. The average magnetic moments per
atom for the Ry are found to decrease rapidly with the increase of the cluster size, although small oscillation
exists. The calculated moments per atom forfRand Ry, clusters are in good agreement with the experi-
mental values. Multiple magnetic solutions are explored, and double magnetic solutions are found for the
icosahedral I(,) Ruys cluster which is used successfully to eliminate the contradiction between the previous
theory and experiment on the moment of;Raluster. The electronic structures of fRalusters are calculated,
and indicate that all clusters are metallic in behavior. The comparison between ghellter and the bulk
counterpart indicates that Byhas shown bulklike properties in the binding energy, magnetism, valence-band-
width, and density of states. Based on electronic-structure results, the reactivity,dRRy, and Rus clusters
toward H,, N,, and CO molecules is predicte50163-18206)10927-9

I. INTRODUCTION TM’s such as \, and Cg, although theoretical calculations
by Pastor, Dorantes-Davila, and Bennemaand Liu,
According to Hund’s rules, there exists magnetism in iso-Khanna, and JeAgredicted large magnetic moments in both
lated atoms of @, 4d, and S transition-metal(TM) ele-  clusters(2.78ug and 3.8%g per atom, respectivelyexperi-
ments because all of them have unfilled localidestates. In  mental measuremerits-> have so far given almost nonmag-
solids, however, only a few®(TM'’s, Fe, Co, and Niare netic results with small upper limits of 0.58 and 0.7%g
found to form ferromagnetic materials. None of the dr 5d per atom for \§ and Cg clusters, respectively. There are also
solids are magnetic. These elements are, however, characteonflicting reports on whether V monolayer films are
ized by significant spin-orbit coupling, and, if they could be ferromagneti¢’~1°
made magnetic, they might provide a class of magnetic ma- Studies on magnetism ofddTM clusters have to date
terials with enhanced magnetocrystalline anisotrbpy. been rather limited:>2°-22 via local-spin-density (LSD)
Because of the reduced dimensionality and coordinatioffiunctional calculations, Reddy, Khanna, and Dunlap pre-
number as well as enhanced symmetry in both clusters dlicted that P¢h, Rh; 5, and Ry, clusters will all be magnetic.
atoms and monolayer films, it is expected that magnetisnThe prediction for Rl cluster was soon confirmed experi-
would be enhanced in clusters of already ferromagnetic mamentally by Coxet al.®> who observed that small Rh(N
terials, and that magnetization might be found in low-=9-34 clusters show magnetic ordering with giant mo-
dimensional systems of appropriate bulk nonmagnetic matements, and found that the average moments per atom of the
rials, most probably in those of the nonmagnetic Tkf%. Rhy clusters have a strong dependence on cluster size, which
Many theoreticd ™! and experiment&t~1° studies have is in contrast to the nearly size-independent behavior of the
been focused on®TM clusters. For small iron-group clus- moments per atom found in iron-group clusters. There is,
ters(Fe, Co, and Nji both theorieb®and experiments141®  however, significant quantitative discrepancy between the
have shown greater average magnetic moments per atom jmediction of Ref. 1 and the measurement of Ref. 3. The
the clusters than in the bulk phase, and found that the aververage moment per atom of Rhwas measured to be
age moments per atom in these clusters are almost indepe®-48ug, which is only one-third the value of 1.63 pre-
dent of the cluster size. For clusters of nonferromagnatic 3 dicted by Reddy, Khanna, and Dunlap.
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Recently, such discrepancies between theories and experi- Il. METHOD
ments have been eliminated partially by the finding that both
3d- and 4-TM clusters may have more than one self-

consistent B_Q;agnetic solution ~at their equilibrium gsoyherd®29 we only give a brief description here. The
geor_netr|e§. Lee and Ca!lawa%? studied the possible gjoctronic structure of the cluster was determined by solving
multiple magnetic solutions in V and Cr clusters with bcChe Kohn-Sham equations self-consistently. The exchange-
structures, and found that there exist as many as four or fivggrelation potential was taken to be of the spin-dependent
magnetiC states in é/and C5 clusters for some interatomic von Barth-Hedin forrﬁo parametrized by Moruzzi’ Janak,
spacings. They found that the ground states of the clustergnd williams®! We adopted the self-consistent-charge and
correspond to the lowest-spin solutions with magnetic mofrozen-core approximations in this study. The cluster spin
ments in good agreement with the experimental ones, andrbitals were expanded in terms of numerical atomic basis
that the magnetic states obtained in previous studies are jufiinctions, with the expansion coefficients determined by
their highest-spin solutions. At nearly the same time, wesolving the secular equations iteratively. The numerical
studied the possible multiple solutions in small \RiN= atomic basis functions were obtained from local-density-
2-59 clusters®>~?"and found that there exist three magnetic functional(LDF) calculation on the Ru atom having the con-
solutions in an icosahedral ) Rhy, cluster at its equilib-  figuration 4'5s%%p®%. The elements of the Hamiltonian
rium configuration. One of the solutions is the same as tha&nd the overlapping matrices were calculated by a weighted
obtained by Reddy, Khanna, and Duntfajpt now it is only ~ Summation over a set of grid points according to the Dio-
a metastable state in our calculations. The magnetic momeRfantine sampling rules. To reduce the size of the Hamil-
of our lowest-spin solution agrees well with the experimentafonian and the overlapping matrices in block-diagonalized
one for Rh; cluster. All of these studies indicate that it is oM. the basis was symmetrized in block-diagonalized form
helpful to examine the possibility of multiple magnetic solu- according to the irreducible representation of the cluster

tions when distinct contradictions appear between theoretic }ért?lTr?ér)éIgc:?rg[r){icssuzlgtlfun% ;cr)]rcljvtehrgi?:;nwaesnsrchlebvegs;‘r?r
predictions and experimental findings for cluster magnetism P 9 gy by 9

. . . 1200 sampling points per atom for Rand Ry and 600
There are also discrepancies on the magnetic moments Bﬁints for the rest of the clusters in our numerical integra-

EEN cIuste;sDbegvneoen theé)r);] and Iexperlm_err:lt. dedytions. To explore the possible multiple magnetic solutions,
anna, and Dunlapproposed that Ry cluster withl, and 0 "4 spin-unrestricted calculations on the electronic

cuboctahedral @) symmetries will be magnetic, and that gctyre for each cluster using input potentials with several
the magnetic ground state is determined to bel theluster, gjtferent initial spin polarizations, and allowing the system to
with a magnetic moment of 32 in total, or 0.9tz per  deyelop its own magnetic moment as the iterative calculation
atom. Coxet al® studied the Rip_y;5 clusters experimen- converges to a self-consistent solution. For cases when there
tally, but no magnetic deflection was observed for all of theare more than one self-consistent solution, we chose the one
Ru clusters within the limits of their experimental resolution. with the largest cluster binding energy to be our ground-state
Using the superparamagnetic modi¢hey estimated the up- solution for the geometrical configuration we have chosen.
per limits of the moments for Ry, Ru;3, and Ryys to be

0.32ug, 0.2%5, and 0.09y per atom, respectively. The [ll. RESULTS AND DISCUSSIONS

prediction of Ref. 1 is obviously beyond the experimental
uncertainty. Whether Ruclusters have magnetism is still an
open question. On the other hand, experimental evidence has TO better compare our results with previous theoretical
been revealed recently by Pfandzelter, Steierl, andRbat ~ Studies and with experiment, we first discuss the results for
Ru monolayer film is ferromagnetic when grown on the R_u13. We hav_e co_n5|dered this cluster with three _possmle
C(000)) substrate, which to our knowledge is the first obser-N19h symmetries, i.el,, Oy, andDgy. The geometries of

vation reported of the spontaneousl 4erromagnetism in :hﬁlgandoh Ruli_cll:stirrs] ar(ta ant |cosa;ht;drcl>_: anc: atcuboc—
two-dimensional systems. ahedron, respectively. The structure of ihg, Ruy; cluster,

In this paper, we performed a comprehensive first-whiCh is a compact portion of a hep lattidulk Ru is hcp,

- e is obtained from th®,, Ru,; cluster by rotating any triad of
principles .‘C’tUdy on_RucIusters W'thN_.4’ 6,10, 13, 19, 43, nearest-neighbor surface atoms by 60° about their center.
and 55, with the aim to explore the size dependence of the For each Ry cluster, we calculated its binding energy at

electronic properties and magnetism of ruthenium ClUSter§q, oo internuclear configurations and determined its equi-
and the transition to bulk_properue_s. We placed our emphasigium bond length by maximizing the binding energy. The
on answering the following questiong) Do Ry, clusters  gqyilibrium bond lengths and corresponding binding ener-
have magnetic moments®) If so, how do the moments of gies for Ry, clusters are presented in Table I. From Table I,
RUN clusters evolve with the cluster SiZé@ Do mUIUpIe one can see that the ground state of thqu]Luster corre-
magnetic solutions also exist in Ruelusters?d) If so, can  sponds to the,, geometry, which is more stable than tbg
they be used to solve the discrepancy between the previougdD 5, geometries by 0.40 and 0.26 eV, respectively. Com-
theory and experimentf®) How do the cluster properties pared with the results of Ref. 1, the bond lengths optimized
evolve into the bulk ones? In what follows, we will first for thel, andO,, clusters in the two calculations are almost
describe our theoretical method in Sec. Il and then preserthe same, but the binding energies have large differences.
our results and discussions in Sec. lll. Finally a summary idVe believe that the smaller binding energies of Ref. 1 result
given in Sec. IV. from their choice of smaller basis setd%s?).

The method we employed is the discrete-variatigbal)
LSD method. Since it has been described in detail

A. Ruqs
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TABLE I. The equilibrium bond lengthsr(), binding energies TABLE lIl. The ground-state electronic configurations for the
(E,) per atom, and magnetic moments for theyRuusters. For  Ruy clusters.
Ruys, I is the radial bond length between the central and surface:

atoms. Values in parentheses correspond to metastable minimum. HOMO .
Electronic
Cluster Symmetryr, (a.u) E, (eV/atom) Magnetic momentug) ClUSter Symbol Electrons configuration
Ruy, Tq 4.65 3.67 4 Ru, el 1 open
Rug Oy, 4.81 4.57 6 Rus eyl 1 open
Ruyo D g 4.86 5.05 4 Rugg el 2 closed
Ruys I 4.80 5.23 4 Ruys h’lrj ) 4 open
(4.80 5.21 12 Rugg e | 2 closed
o 4.90 5.20 14 Ruyg tou T 1 open
(4.90 5.17 18 Rugg toy 7 3 closed
Dap 4.90 5.21 8
(4.90 5.16 12 o .
Rujg Dsp, 5.06" 5.78 0 which is much smaller than the one obtained by Reddy,
Oy, (5.06% 5.66 4 Khanna, and Dunlap,but in good agreement with the ex-
508 5.66 3 perimental upper limit of 0.28;. As will be shown next,
(5.06" 5.66 12 these results can be understood in terms of the multiple mag-

netic solutions.

R I 5.06" 6.13 . . .
tha " (5 08 6.15 24 As is well known, in the LDF formulation, the exchange-
' ' correlation potential in the Kohn-Sham equations is a func-
O 5.06* 6.17 6 ; : .
tion of the charge density of the system. The solution to the
Rugs I 5.06* 6.45 12 i : : . .
Kohn-Sham equations is then obtained by optimizing the
Oy, 5.06" 6.56 6

charge distribution of the system only, which will lead to just
aNot optimized: taken to be the average value of the bulk hcp latON€ Self-consistent solution to the system. In the LSD
tice. scheme, however, the exchange-correlation potential de-
pends not only on the charge distribution but also on the spin

With the equilibrium bond lengths obtained above, wePolarization of the system. Therefore, the Kohn-Sham equa-

further calculated the electronic structures of;Radusters. tions should b? so_lve_d b_y simultaneously optimizing the
The main results can be found in Tables I-IV. Here we will €harge and spin distributions of the system, and this can
focus on discussing the results of the magnetic moments

only, leaving the rest of the results to be discussed together TABLE IV. Mulliken orbital and spin populations for the
with other clusters in Sec. Il B. Table 1 lists the total mag- ground-state configurations of Rulustersa, b, c, d, ande are the
netic moments of all the Ry clusters at their equilibrium types of inequivalent atoms within the cluster point group, and the
configurations. From this table, one finds that all of the number of atoms for each inequivalent type is given in parentheses.
0,,, andDg;, Ruy; clusters have magnetic ground states with

total moments of &g, 14ug, and &g, respectively. Many Charge Net spin
calcula§i0n§'24 on 13-atom clusters of the iron-group atoms 4d 5s 5p  4d 5s 5p  total
occupying equivalent volumes have shown that, for a given

cluster over a wide range of interatomic spacings includingRus 7.23 0.60 0.17 1.03 —0.02 -0.01 1.00
the equilibrium separation, the higher the order of the clusteRug 7.28 052 020 1.01-0.01 0.00 1.00
symmetry group is, the higher the magnetic moment will beRu;, a8 7.26 050 0.26 048 0.01 0.01 0.50
As seen above, this rule no longer works fad Ruj;. A b(2 7.28 052 0.09 0.33-0.02 -0.01 0.00
similar anomaly in the symmetry-moment relationship wasry; a(1) 7.31 0.46 0.46 —0.10 —0.01  0.03 —0.08
found by us for 4 Ruyz (I, Oy, andD3p,).*® The moment b(12 7.25 047 026 035-001 000 0.34

per atom we obtained for the, Ruys cluster is 0.3Lg, Rugy a(@ 7.27 048 025 000 0.00 0.00 0.00

b2 7.35 0.49 000 0.00 0.00 0.00 0.00

TABLE II. The data of the ground-state electronic structure for c(55 7.20 0.60 0.45 0.00 000 000 0.00

the Ry, clusters(eV). d(10) 7.20 049 022 000 000 000 0.00
a(l) 6.88 0.44 1.02 -0.10 0.00 —0.01 —0.11

b(12 7.07 029 089 0.05 0.00 000 0.05

Cluster  Symmety HOMO LUMO E.  VBW 1%

Ru, Ty —4.75 —475 —475 559 c(6) 7.07 055 0.71 -0.06 —0.01 0.01 —0.06

Rug o -431 —431 —431 6.76 d24) 7.14 042 022 024 000 000 0.24
Ruyo Dug 491 -485 -488 667 Rug a(l) 7.08 063 1.09-0.06 0.00 008 0.02
Rups I 534 -534 -534 7.4 b(12 7.17 029 052 005 0.00 0.0 005
Rugo Dsp, -6.38 —6.28 —6.33 7.68 c(6) 7.07 0.65 048 001 000 0.00 001
Ruys On -6.07 -6.07 —6.07 7.1 d24 711 053 039 012 001 0.00 0.13

Russ On —6.78 —6.74 —6.76 7.70 e(12 7.12 045 024 019 0.00 0.00 0.19
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yield more than one solution. These solutions correspond to

the local minima of the total energy as a function of the ]
magnetic moment of the system, among which the one that 65 L

gives the lowest total energy is regarded as the ground state

of the system, and the rest, with higher energies, are only s 6r

metastable states. In other words, different choices of the %

input potentials in the LSD calculations may lead to different ] 35

self-consistent magnetic solutions. In fact, in bott-BV . 5|

solids?3*and 3- and 4d-TM clusters®2*-2"multiple mag- 5

netic solutions have been found. As seen in Table I, we D 45

found that all of the Ry clusters have two self-consistent

magnetic solutions at their equilibrium configurations, which 4r

we referred to as the low- and high-spin solutions, respec- \ . ‘

tively. For all Ruj clusters, the low-spin states have lower 3'50‘25 0.35 0.45 055 065
energies than the high-spin ones, and hence correspond to N /8

the ground states. For the Ru,; cluster, our low-spin solu-
tion can satisfactorily explain the experimental measurement giG. 1. Size dependence of the binding energies per atom for
on the cluster moment, as has been described above, whitg,, clusters at ground-state geometrical configurations. The dashed
our high-spin solution is just the same as the only solutionine corresponds to the bulk cohesive energy.
obtained by Reddy, Khanna, and DunfaBo, we can con-
clude that the discrepancy between the experiment and prgtate, while it has higher energies for the ;Rand Ruys
vious theory about the magnetism of the;Raluster arises  cysters. The ground states of the latter two are thus Bgth
from the fact that the previous theory found only a meta-c|ysters. Therefore, we may suggest, from the energy point
stable magnetic solution for the cluster. of view, that the transition between the icosahedral and the
The local magnetic moments of thg Ruy; cluster at its  cypoctahedral growths occur fdi<43. Of course, we must
equilibrium configuration are given in Table IV. One finds pe cautious in drawing such a conclusion from our results,
that each of the surface atoms has a larger moment than thgnhce the binding energies of the BURU,3, and Ry clus-
central one. This results consistency with those found infgrs have been calculated with an unoptimized geometry.
iron-group clusters. It is worthwhile to mention that mag- Figure 1 shows the size dependence of the binding ener-
netic interactions between the central and surface atoms afffes per atom for all Ry clusters at ground-state configura-
antiferromagnetic inl, Ruj;. A similar antialignment has  tions. We see that all clusters have a binding energy per atom
also been found in the Egcluster)* the element immedi-  smaller than the bulk cohesive ener@,74 e\}. The cluster

ately above Ru in the Periodic Table. binding energy increases monotonically with the increase of
the cluster size, and reaches a value of 6.56 eV at the Ru
B. Ruy (N=4, 6, 10, 19, 43, and 55 cluster, which is very close to the bulk value with a differ-

Since the structures of clusters still cannot be determine@nce of no more than 3%.
experimentally, we assumed one probable geometry for each The total magnetic moments for all Riclusters are ob-
of the Ru, Rug, and Ry, clusters, and optimized their bond tained from Mulliken spin population analysis, and are given
|engths by maximizing the calculated binding energiesin Table I. From this table, one may find that all clusters
within the symmetry constraints. For Ry Ruy;, and Rys, ~ €Xcept Ryq have magnetic ground states. The average mag-
we made studies in both the icosahedik, andl,) and  Nnetic moments per atom for jiclusters at the ground-state
cuboctahedral®,) growth sequences, with the bond length configurations are shown in Fig. 2 as a function of the cluster
(5.06 a.u). taken to be the average value in the hcp lattice of
bulk Ru. The geometries we chose for these clustergare

T4 Ru,, tetrahedron(b) O,, Ru;, octahedron(c) D,y Rug, 1

twisted double square pyramifd) Ds;, Ruyg, double icosa- 1|

hedron;(e) O}, Ry, Ruy3, and Ry, all taken from parts of E

fcc lattice; and(f) 1}, Ru,3 and Ruyg, icosahedron. Details of 2 st

our structural models can be found in Ref. 26. T
The equilibrium properties for the Ruclusters are pre- 2 os |

sented in Table I. Compared with the bulk interatomic spac- g

ing of 5.06 a.u., one may find small bond-length contractions € o4l

in all of the optimized Ru clusters. The contraction ratio §

ranges from 3% in Ry(O,,) to 8% in Ru(T,4). Such a con- = 02 I

traction effect has been found in many metal clusters both

theoreticallj?*~2"34and experimentally® and can be con- 0 . < .

sidered as a reflection of cluster surface effects. 0.25 0.35 0.45 0.55 065
Table | also lists the binding energies for the,Rilusters. N3

Compared with the corresponding fcc-like geometry, the
icosahedral-like geometry has lower energies for both the FIG. 2. Size dependence of the magnetic moments per atom for
Ru,3 and Ryg clusters, and hence corresponds to the groundRuy clusters at ground-state geometrical configurations.
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5.5 L L L 7 I I !
0.25 0.35 045 0.55 065 0.25 035 045 055 065
N -1/3 N -1/8
FIG. 3. Size dependence of the valence-band-wistB\W) for FIG. 4. Size dependence of the HOM&lid curve and LUMO
Ruy clusters at ground-state geometrical configurations. The dashe@ashed curvefor Ruy clusters at ground-state geometrical con-
line corresponds to the bulk VBW. figurations.

size. From this figure, we see that the average magnetic m@ccupied molecular orbitalas functions of the cluster size
ment per atom in Ry clusters decreases rapidly with the are shown in Fig. 4. The gap between the HOMO and
increase ofN, although small oscillation does exist. This LUMO is found to be rather small for all clusters, indicating
feature is both different from the behavior in ,{Rtiusters?,’26 that the clusters are metallic in behavior. Both the HOMO
where the oscillation is much more significant, and is in con-and LUMO have two local maxima, i.e., at Rand Ruys,
trast to the nearly size-independent behavior in iron-groupespectively, and a local minima at RuSince Ru is known
clusters. The moments we obtained for the;Rand Ry;  to be important in catalysis, it is interesting to link the varia-
clusters are both 4, or 0.4Qug and 0.3k pre atom, re- tion of the HOMO with the cluster size to the reactivity of
spectively. They are in good agreement with the experimenRuy clusters toward b, N, and CO molecules. Following
tal upper limitS of 0.32u5 and 0.2, respectively. The the method of Rosen and Rantllae predict that Ryiand
moment for the Rgk cluster is calculated to beu§, or  Ru,; might have substantial reactivity, while Ruwould
0.11ug per atom, which has reached such a depressed valghow remarkable stability toward,HN,, and CO molecules.
as to be well comparable with the experimental upper limit For a cluster, the number of electrons in the HOMO de-
of 0.09ug for Ruys. termines its ground-state electronic configuration. From
We have explored multiple magnetic solutions for alkfRu Table Ill, we see that the HOMO is occupied by minority-
clusters, and obtained the following resula) for all Ruy  spin electrons for Ry Ru;, Rug, and Rugs, and by
clusters at the ground-state geometrical configurations, onlgnajority-spin electrons for Ry, Ru;3, and Ruys. This pic-
thel, Ruy; cluster is found to have more than one magneticture is very different from that obtained fod3erromagnetic
state, and there exists only the paramagnetic solutioBfgr  clusters, where the HOMO is always occupied by the
Ru,o; and (b) for clusters with structures other than the minority-spin electrons®3® The HOMO'’s of the Ry,
ground-state geometrie§);, and D3, Ru;; both have two Rug, and Rys clusters are fully occupied, which leads to
magnetic solutionsO;, Ru;g has three magnetic solutions, ground states with closed electronic shells. Thus these clus-
andl,, Ru,;; has a magnetic and a paramagnetic solutions. Iters are expected to show remarkable stability. The HOMO'’s
is worthwhile to point out that both, andO,, Russ clusters  of the Ry, Rus, Ru;3, and Ry clusters are partially occu-
have only one magnetic solution, although the energy paranpied; therefore, these clusters have degenerate ground states.
etersAE for them, which we proposed in studies on\Rh According to the Jahn-Teller theorem, these clusters tend to
clusteré®>?® as criteria to judge the possibility of multiple distort further toward lower symmetry so as to lift the degen-
magnetic solutions, are both very sméll06 and 0.04 eV, eracy of their ground states and lower their energies. It
respectively. should be pointed out, however, that the distorted cluster
The data for the ground-state electronic structure of thenay also increase its energy if it possesses a reduced spin.
Ruy clusters are listed in Table 1l and shown in Figs. 3 and 4 Accordingly, it depends on a compromise between two such
From Table Il and Fig. 3, we see that the valence-band-widtleffects whether or to what extent the Jahn-Teller distortion
(VBW) changes with the cluster size in a somewhat complexnay take place. It is well known in atomic physics that an
way. Two local minima occur at Ry and Rus, and the atom with a closed electronic shell will show chemical inert-
VBW reaches its largest values at Rand Ry;s. It is worth  ness and high stability, while the adjacent atoms with open
noting that the VBW exceeds the bulk value of about 7.0 eVelectronic shells will be chemically reactive. For a cluster,
for Ruy clusters withN=19. This is very different from the the chemical reactivity depends not only on its electronic
case in Rh clusters, where VBW's for all RiN=2-55 structure but also on its geomeftySupposing that the elec-
clusters are smaller than the bulk vafie?” The HOMO tronic structure is the dominant factor for the cluster reactiv-
(highest occupied molecular orbitand LUMO (lowest un- ity, one would come to the conclusion that Rwvill be
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: thel,, Ruy; cluster has double magnetic states, with the low-

| Ep spin one being the ground stdsee Table)l Since the high-

; spin state lies close to the low-spin one, it is clear that if an

ensemle of the Ry clusters are heated, some of them would

occupy the high-spin state. This would lead to an increase in

: the cluster magnetization, which is determined by the overall

- § cluster moment, if the occupation of the high-spin state over-
’ rides the decrease in magnetization due to an increase in

Maijority spin

DOS(arb. units)

; temperature. In addition, since ti@®, and Dy, geometries

i : are slightly higher in energy than tHg geometry for the

L Minority spin ‘ Ruy 3 cluster, considerabl®,, andD 3, isomers in addition to

I, ones may also be produced at higher temperature. Since
5 the O,, and D, isomers both have larger magnetic moments
than thel, ones, they contribute to enhancing the cluster
magnetization. From the above two aspects of the analyses,
we could predict that the Ry cluster would reveal an en-
hanced magnetization as the temperature increases. A similar
analysis can be applied to other clusters.

1 I L Il ; L 1
10 8 6 4 2 0 2 4
Energy(eV)

FIG. 5. Density of states for th®,, Russ cluster.

chemically inert while Rgland Ruyz will be reactive, in sup-
port of the reactivity analysis above following Rosen and
Rantala®

The Mullikgn or.bital and spin' populations for the Ru- IV. SUMMARY
clusters are given in Table IV. With reference to the atomic
configuration 41'5s'5p°, we see that there is charge transfer
from 5s to 4d and 5 orbitals in all clusters. The magnetic In this paper, we have reported a comprehensive study of
interactions are found to be antiferromagnetic between adjahe electronic properties and magnetism ofRiusters us-
cent shells of atoms in both Ryand Ruys clusters, while ing the first-principles DV-LSD method. The results we have
they are ferromagnetic in all other clusters exceptgdRu obtained can be summarized as follows.
where the interactions between atoms are paramagnetic. (1) There are bond-length contractions in all optimized Ru

To examine how cluster properties evolve into bulk onesglusters. The value of the contraction is about 3—8% as com-
we make a comparison of the density of statp©S) for  pared with the bulk interatomic spacing. The binding ener-
Rusgs cluster with the bulk DOS. Figure 5 shows the DOS forgies of the clusters are all smaller than the bulk cohesive
majority- and minority-spin states for this cluster at its energy(6.74 eV}, and show a monotonic growth with the
ground-state geometrical configuratio®,), which is ob- increase of the cluster size.
tained by broadening the discrete one-electron energy levels (2) Based on the studies of the binding energy for the
of the cluster with a Lorentzian function of fixed half-width icosahedral-like and fcc-like Ry, Rug, Russ, and Rug
0.2 eV and a summation over them. From this figure, one canlusters, we suggest that the transition between the icosahe-
see that there are four peaks below the Fermi level, which aréral and the cuboctahedral growths of\Relusters occurs at
in one-to-one correspondence with the four peaks in bulkN=43.

DOS obtained by band-structure calculation on a fcc (3) All clusters except Ry are found to have magnetic
lattice3! The exchange splitting is observed to be very smallground states. The calculated average moments per atom for
in agreement with the small magnetic moment for this clusthe Ru,, Ru;3, and Rus clusters are 0.4@;, 0.31ug, and

ter. The VBW of the R is calculated to be 7.70 eV, in 0.11ug, respectively. They are in good agreement with the
close agreement with the bulk vaflef about 7.0 eV. From experimental ones(Ru;;<0.32uz, Ru;3<0.2%g, and

the comparison of properties made above between the RuRU;;5<0.09up, respectively. The average magnetic mo-
cluster and the bulk counterpart in the binding energy, magments per atom of the Ruclusters are found to decrease
netic moment, valence-band-width, and DOS, we can sayapidly with the increase of the cluster size, although a small
that Rug cluster has already shown bulklike properties. oscillation exists.

Finally, we discuss the temperature dependence of the (4) The multiple magnetic solutions are explored for all of
magnetism in the Ry clusters. Stern-Gerlach experiments the clusters. Only the Ry cluster is found to posses more
on small TM clusters have shown an abnormal temperaturthan one magnetic state at the ground-state geometrical con-
dependence in certain clusters: the magnetization increaséiguration(l,, clustep, and this has been used successfully to
with temperaturé® Recently, Reuse, Khanna, and Befhe solve the discrepancy between the previous theory and ex-
explored this abnormal behavior by performing LSD calcu-periment. The multiple magnetic solutions for clusters of
lations for the Nj; cluster with various fixed-spin configura- other less stable geometries are also explored.
tions. They found that there exist a number of higher-spin (5) The electronic properties of the Rwlusters are cal-
states close to the ground state in thgs;Niluster and sug- culated. All clusters are found to be metallic in behavior. The
gested that this might be responsible for the abnormal temRu;y, Rug, and Rug clusters have closed electronic shells
perature dependence of magnetization in certain TM clusterand thus will be remarkably stable. The RRu;, Ru;3, and
We believe that multiple magnetic solutions of clusters couldRu,; clusters have open electronic shells, so they tend to
provide an alternative insight into this problem. For exampledistort further according to the Jahn-Teller theorem.
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