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Ab initio pseudopotential calculations of the atomic structures and magnetic behavioy @fRh5) clus-
ters using the generalized gradient approximation for the exchange-correlation energy, reveal new lowest
energy structures that are noncompact and have no atom at the centacdoleading to a nonicosahedral
growth. An eight-atom cluster has cubic structure and is magic. Some clusters beyond 13 atoms also do not
have close packed structures due to some covalent character in the bonding. The calculated magnetic moments
are generally lower and in better agreement with experiments than obtained before. Further studigsod Ru
Pd,; clusters show that the lowest energy isomers of these clusters are also nonicosahedral. These findings of
the novel behavior of technologically important transition metal clusters provide new ground for a better
understanding and design of new catalysts.
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I. INTRODUCTION faster as compared to Pd with an increase in the cluster size.

The occurrence of magnetism in clusters of nonmagnetid ' Mmagnetic moment on Rhin an icosahedral structure
element$? Ru, Rh, and Pd has attracted much attention ias been calculated to be 1.62 and Ldftom, respec-
recent years® but it is still not well understood. These ele- tively, by Reddyet al® and Reddyet al® Jinlonget al.” also
ments lie in the periodic table just below the magnetic ele-Obtained 1xg magnetic moment on Rhusing the discrete
ments Fe, Co, and Ni, respectively, whose clusters have beaf@riational method while Kumar and KawaZoebtained
found® to have enhanced magnetic moments as compared #lug magnetic moment on this cluster. However, it was
bulk due to reduced coordination of atoms and localizatiorshowrf that isomers with lower magnetic moments such as
of electrons. Such an enhancement in magnetic momentbe one with 1 lie only about 0.04 eV higher in energy
also occurs on surfacEsof magnetic elements where the and therefore lower magnetic moment isomers are expected
coordination of atoms is again lower than in the bulk. Theto be present in experimental conditions. These results gen-
magnetic moments in these cases lie in between the valugsally show that the calculated values are significantly higher
for the atom and the bulk. In clusters also, a large fraction othan those obtained from experiments. Reddyal.,5 ob-
atoms lie on the surface and this leads to the development d¢&ined structures using a parametrized model potential with-
magnetic moments in Ru, Rh, and Pd clusters. Earlieput spin polarization. The resulting structures were reopti-
studie$~’ on clusters of these elements overestimated th@éized using density functional calculations. Guirado-Lopez
magnetic moments as compared to the measured Valnds et al® kept the symmetry of the clusters fixed. Qalby initio
obtained an icosahedral growth. However, here we report thealculations surprisingly reveal noncompact and nonicosahe-
finding of nonicosahedral growth in Rh clusters. These isodral structures to be energetically more favorable opening a
mers generally have lower magnetic moments as compargtew possibility in the understanding of this important class
to those reported before leading to a better agreement withf clusters. A non-icosahedral growth has also been
experiments. obtained? for Nb clusters. Therefore, we performed further

In addition to the fundamental interest in magnetism ancchecks on the structures of Ruand Pdj; clusters. Interest-
bonding nature as well as their correlation with the atomidngly we find an icosahedron for Ryto be much higher in
structures of nanoclusters, Rh clusters are important foenergy as compared to the non-compact structure while for
catalysid! and it is necessary to know the atomic structuresPd;3 the noncompact structure is lower in energy but it is
and magnetic properties properly to understand their role imearly degenerate with an icosahedron.
reactions. Experimentsin the temperature range of
60—-300 K suggest Rhclusters to be magnetic upto about
n=60 with a value of 0.48+0.13;/atom for Rh5. Ab initio
calculations have been done mostly on clusters having upto The calculations have been performed usingahenitio
about 13 atoms. Studies using a tight binding mbdel  ultrasoft pseudopotential plane wave methd¥: The cutoff
clusters withn upto about 200 also showed icosahedral iso-energy for the plane wave expansion is taken to be 205.5,
mers to be lowest in energy. A spin-polarized density func203.6, and 199 eV for Rh, Ru and Pd, respectively. The gen-
tional study“ of Ru, Rh, and Pd clusters having upto eralized gradient approximatia®GA)*® with spin polariza-

147 atoms showed large magnetic moments on small clustet®n has been used for the exchange-correlation energy and
and icosahedral growth to be lowest in energy. For Ru andhel point, for the Brillouin zone integrations. Several struc-
Rh the magnetic moments were found to decrease muctures have been fully optimized using the conjugate gradient

Il. METHOD
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method such that the force on each ion became less than 4a) 4b) 4c) 5a)
0.005 eV/A. The energy is converged to an accuracy of
0.0001 eV. In most cases the low lying isomers are further
checked for different spin-isomers using a constraint on the

net magnetic moment and the reoptimization of the atomic 0,006 0154 0,005
structure. The binding energBE) of Rh, is calculated to be e o 0.190 e

6c)
2.04 eV/atom with the bond length of 2.20 A. The magnetic 5b) 62) 6b) °
moment reduces tows/atom from the atomic value ofig;. W
There is a large scatter in the available theoretical values for

a dimer. We compare our results with those obtained by us-
ing GGA. Our BE(bond length is slightly higher(shortej

as compared to 1.88 eV/atof@.34 A) obtained by using 7a) 7b) 8 8b)
DMOL and GGA. Also our BE is higher than the experimen-
tal valué® of 1.46 eV/atom but the bond length is in better
agreement with the experimental value of 2.28 A. The bulk

cohesive energy and lattice constant for Rh are calculated to 0.00,11 01213 000,12 107,10
be 6.06 eV/atom and 3.83 A that are in good agreement with ~ 8c) 8d) 8e) 9a)
the experimental values of 5.75 eV/atom and 3.80 A, re-
spectively. Therefore, we expect a better prediction of the
BEs of clusters with increasing size but an overall slight
overestimation. 1.16,14 1.23,10 1.30,12 0.00,13
9b) 9c) 9d) 10a)
IIl. RESULTS
A. Structures
The low lying isomers of Rhclusters withn=4-12 are
shown in Fig. 1. The BEs, magnetic moments, and mean 0.26,13 0.27,15 0.68,11 000,14

nearest neighbor bond lengths of the lowest energy isomers 11a)
are given in Table |. Earlier studiz§have reported a tetra-
hedral structure for Rfwith 4ug magnetic moment. This is
nearly degenerate with a nonmagnetic tetrahedral isomer. We
find a bent(nearly 909 rhombus(side 2.41 A, angles 71.9°

e%%@u

and 70.4°, and diagonals 2.78 and 2.88t4 be lowest in 0.00,15 0.10,17 0.00,12 0.13,16
energy with Gz magnetic moment while a squarside ) )

moment. A tetrahedrorside 2.45 'Z) lies 0.19 eV higher in (a) has the lowest evergy which is taken as reference. The relative
energy and is nonmagnetic. This is the first result for transi€NerdieseV) of other isomers are given below each structure along
ith the magnetic moment in the unit @fz. The structure of 12a

tion metal clusters that an open structure has lowest energy.” " . . )

For Rh, we obtain a square pyramidal structufieond as six atoms in (_each Iayt_er. There is one atom in the center of the

lengths 2.42 A in the base and 2.54 A from vertex to b)ase.ulo'oﬁr I.la\yer 0 which twod5|d¢_ahatoms are co_nnehcteld. Thel front a:]om

with 5ug magnetic moment to be 0.31 eV lower in energy:mnt 'S laye; S Connetcte t;N'rt] ;WS] atom? 'T tte ov1\{(;r ayeriIT tin

than a trigonal bipyramidbond lengths 2.65 A in the base gzgro?;]% bisll Ot?; geoem enind the eontrat atom. The smafer e
. , per is the position.

and 2.50 A from vertex to bag¢hat has 7.z magnetic mo-

ment. A similar result was obtained earffeFor Ry, a  lated a planar triangular structure and a hexagon. These lie

slightly distorted prism with mirror symmetrgbond length  2.08 and 3.38 eV higher in energy with 8 andgmagnetic

varying between 2.36 to 2.47 A with the mean value ofmoments, respectively than the lowest energy isomer. There-

2.43 A) and an octahedrorbond length varying from fore, these low dimensional structures lie significantly higher

2.50 to 2.66 A with the mean value of 2.54 Bach with in energy forn=6. Earlier an octahedral structure was ob-

6ug Magnetic moment are nearly degenerate while a bitained for this cluster. However, our finding of the prism

capped tetrahedral structure lies 0.31 eV higher in energgtructure is important as for Rlalso we find a square capped

with 10ug magnetic moment. A nonmagnetic octahedral iso-prism structure with 14z magnetic moment to be 0.12 eV

mer lies only 0.05 eV higher in energy than thegisomer lower in energy than a pentagonal bipyram(itiBug) ob-

and therefore in this octahedral isomer the magnetic behaviaained beforé:” An isomer in which a triangular face of the

is very weak and can be easily destroyed even at quite loyrism is capped lies 0.48 eV higher in energy wifligmag-

temperatures. However, the nonmagnetic prism isomer liegetic moment.

0.22 eV higher in energy and therefore it is unlikely to be  Another surprising finding is that Rlhas a perfect cubic

observed at room temperature. An isomer with the cappingtructure with 2.40 A side and 12 magnetic moment. The

of the lowest energy Rhpyramid structure lies 0.55 eV bond length is quite short and it reflects the strong covalent

higher in energy with &g magnetic moment. We also calcu- bonding in this cluster. It lies about 1 eV lower in energy
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TABLE I. The binding energyBE), magnetic momentM), and 13a) 1836 13¢) ~_— 13d) .
mean nearest neighbor bond lengtld$ in the lowest energy iso- fgﬁi s - ‘%f (%
mers of Rh clusters. NZw) ‘
n Structure BE(eV/atom) M (ug) d(A)
4 Bent rhombus 3.12 6 241
5 Square pyramid 3.40 5 2.48
6 Prism 3.57 6 2.43
7 Capped prism 3.71 11 2.50
8 Cube 3.96 12 2.40
9 Capped cube 3.97 13 2.47
10 Bicapped tetra- 4.02 14 2.56
gonal antiprism
11 Fused penta- 4.06 15 2.57
gonal pyramids
062,16 0.00,19 0.08,19
12 Bilayers 412 12 2.55
13 Cage 4.16 17 2.57 FIG. 2. The same as in Fig. 1 but for13-15.
14 Cr?;:p;?sge_ﬁsgo_ 4.23 16 2.5 pentagonal _bipyramid were also o_ptimized anpl these lie
15 Hexagonal 426 19 262 0.5 eV or higher in energy, supporting the non-icosahedral

growth in these clusters.

The lowest energy isomer of Rh(11a can be viewed as
than many other isomel8(b)-8(e) in Fig. 1] such as two two capped pentagons joined by an atom. It hagglBag-
prisms fused on a square face, a bicapped prisBygadype  netic moments. Another low lying isomeillb) can be
structure, and a capped pentagonal bipyramid that are 1.0Viewed as capped two layers of five atoms edore atoms
1.16, 1.23, and 1.30 eV higher in energy with 10, 14, 10, andn a triangular packing in one layer and a pentagon in an-
12ug magnetic moments, respectively. As we shall showothe. It lies only 0.10 eV higher in energy and hasgk?
later, this cluster shows magic behavior. Among transitiormagnetic moments. It is likely to be present in experiments.
metal clusters, eight-atom cluster of Nb has also beeiThis structure is a precursor to the lowest energy structures
foundt? to be magic but the lowest energy structure oMb  of Rh;, and Rhs. There is no atom at the center. Similarly
a bicapped octahedron. These results indicate that the clo$er n=12, a two layer structurél2g has the lowest energy.
packed structures of Rh clusters are not of the lowest enerdgy has mirror symmetry and 1z magnetic moments. In-
and the growth behavior in this size range does not followcreasing or decreasing the magnetic moments of this cluster
the partial icosahedral structure route. In fact the capped pemy 2ug makes only a small change in energy of about 0.1 eV
tagonal bipyramid structure lies highest in energy amongnd therefore, the magnetic moments can be easily affected
these isomers. Furthermore a tetrahedron with four facely temperature. There are slightly different isomers. One is
capped and a hexagonal bipyramid of gRie 2.09 and shown in Fig. 1(12b) and it lies only 0.13 eV higher in
2.92 eV higher in energy with 12 andu@ magnetic mo- energy and should also be present in experiments. It also has
ments, respectively. a mirror symmetry with the magnetic moments oful6 So

The above growth behavior is continued further ang Rh in this case, it can be possible that there is an increase in the
is a capping of cubic Rjwith 13ug magnetic moments. Itis magnetic moments with an increase in temperature.
quite different from a bicapped pentagonal bipyramid ob- The most important result is obtained for RhEarlier an
tained earlief. We obtain a capped tetragonal antipri¢9c) icosahedron has been reported to be lowest in erfefgwe
to be 0.27 eV higher in energy. It has 45 magnetic mo- carried out optimizations for icosahedron, cuboctahedron,
ment. This can also be considered as a pentagonal prisdecahedron, and capped cubic structures as well as several
capped with a triangle on one side. A capped tetragonabther isomers. A few low lying isomers are shown in Fig. 2.
prism type isomer(9d) lies 0.68 eV higher in energy and is Surprisingly a cage structu@3g with 17ug magnetic mo-
unlikely to be present in experiments. We also obtained anent and no atom at the center is 0.30 eV lower in energy
tricapped prism(9b) which is 0.26 eV higher in energy and than an icosahedro(l3e) with 21ug magnetic moment as
has 13z magnetic moments. Therefore, our results are thebtained beforé.(An icosahedral isomer with ki mag-
lowest spin isomers. However, for R our result of bi- netic moment is only about 0.01 eV higher in energy and is
capped tetragonal antipris(h0g (14ug magnetic momenjs almost degeneratelt has a pentagor{in the middlg, a
is the same as obtained befdi& bicapped distorted hexago- rhombus on one side, and a near square on the other. These
nal biprism lies 0.30 eV higher in energy with 4§ mag-  results indicate that in general, Rh clusters prefer relatively
netic moments whereas a bicapgegposite facescube and open structures. Several other atomic and spin isomers lie
two interconnected pentagonal bipyramids lie significantlyclose in energy. This will also lead, in general, to spin iso-
higher(0.95 and 1.19 eYin energy with 10 and 12z mag-  mers with lower magnetic moments to be present in experi-
netic moments, respectively. Several different cappings of aents. There is an isoméwwith mirror symmetry (13b)
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which is only 0.04 eV higher in energy and hasutlmag- € rorrrrrrrrT M' R
netic moments. This will be also abundant in experimental2 4 |- 37 ©°a E
conditions and will give rise to an average lower magnetic% - o o a .
moment on this cluster and therefore a better agreement witZ, L 3.65 o A E
the experimentdlvalue of 0.48+0.13g/atom. This is in 2 °[ 36 F © 3
contrast to the value of 1.6/atom obtained by Reddgt £ C TR s
al.® using the local density functional theory while Jinlogig @ L[ Rhe| ' o ]
al. as well as Reddt al® obtained 1.1ag/atom for this 5 C _ E -
cluster. As we shall show later, there is some directionality ing 2 E 39 OO ]
bonding in isome(13b). This is also seen from the fact that = r s © ]
a nearly hexagonal prism isomer with an atom at the cente@ i 3 r NS 1
lies 0.44 eV higher in energy with 14 magnetic moment S | > 3.8F Avl‘?ggﬂ L
than isomel13b). The latter is important as Rhis obtained §§1 - & Rhig| 1 1+ 1
from it. We also show two more isomef$3c and 13gthat "ac‘)g i & 4.15 E ]
are 0.08 eV[with 15ug magnetic moments and somewhat 2 L 2 C ]
similar to (13g] and 0.17 eV(decahedral with 14y mag- = - 12 C OOEOQ ]
netic momenthigher in energy than the isomét3a. Many — _. O [+ +H+H o 41 O a .
other isomers were also studied but these are higher in erd 0.4 N i C | | ]
ergy. a ™ g

A few optimized structures for Rpare shown in Fig. 2. 2 | 1 Rins 22809,
The lowest energy isomer of Rhis obtained from isomer = I 1 413 g Q 0880_;
(13b) by capping a hexagonal face. It hasukémagnetic 3 0.2 [ ] C 0, © o 1
moments. A hexagonal anti-prism with each hexagon havin@ L J 41 850 o1
an atom at the centéd4b) is nearly degenerate with L§ c§> s ] - G
magnetic moments. In this case there is no atom at the centeT 0 =~ 5' = '1'0' = '1'5 4.05 ——— '1'0' = '2'0' :
Another isomer with three-fold symmetry and no atom at the Number of Rh atoms, n 2641

center(14c¢ lies 0.52 eV higher in energy with 1& mag-
netic moments. A capped icosahedr@i¥d lies 0.62 eV o ] ]
higher in energy, again showing that icosahedral growth is FIG- 3. Binding energies, magnetic moments, and HOMO-
not favored. A cubic isomer with capping of the six faces liestUMO gaps of Rl clusters are plotted in the left panel. A plus)
0.52 eV higher in energy and has&8magnetic moments. shows the magnetic mor_nent of the isoni&Bh) whl_ch gives a
The lowest energy structure of Rlis derived from the low- much bett(_er agreement with the overa!l trend found in experimental
est energy isomer of Rh It has an atom at the center of a results which are .shown by crosses with error bar.s. Inset shovys .the
bent hexagon with a tetramer on either side angglag- mean nearest neighbor bond Iengths._The energies of the spin iso-
netic moments. There are several other isomers that haJBers are shown fon=7, 8, 12, and 13 in the right pan&.equals
lower or equal magnetic moments and which will be presenpalf the value of t_he total magnetlc moment. Circles, trla_ngles,
in experiments below room temperature and give rise to gauares, reverse tr.langles, and diamonds represent, respectively, the
lower estimation of the magnetic moments on this clusterSCMers@-(e) in Figs. 1 and 2.
Two such isomers are shown in Fig. 2. The isortisb) is
derived from(14a with both hexagonalithe six atoms are ergy is significant in understanding the growth behavior of
not in a plang faces capped whilg€l5c) has two layers with  transition metal clusters. In fact non-icosahedral growth was
no atom at the center. These results show that relatively opeaiso reported earliét for Nb clusters. In order to check if a
(noncompact structurgsare more favored by Rh clusters. similar behavior would be found in clusters of Pd and Ru
Some of the properties of the lowest energy isomers othat are neighboring elements to Rh in the periodic table, we
n=13-15 clusters are given in Table I. performed calculations for Rgand Rys. It is found that in

In general we find an abundance of rhombii in the lowestthese cases also an icosahedron is not of the lowest energy.
energy structures of Rh clusters. Starting fromy,Rime can  For Ru; the second best isomét3b) of Rh;3 has the lowest
consider the growth process to follow from addition of anenergy with 4,z magnetic moments while the one with the
atom to an existing cluster with significant relaxations. Thisstructure of the best isomét3g of Rh;lies 1.56 eV higher
way one can account for the growth upte 10. Rh; can be in energy with 2wz magnetic moments. Changing the spin in
considered to be a symmetrical capping by two atoms on ¢hese isomers costs little energgee Fig. 3 for Rh clusteys
Rhy cluster having a capped tetragonal antiprism structureand therefore the magnetic moments can be easily supressed
However, the capped tetragonal antiprism isomer of s in these clusters. The icosahedral isomer lies 2.25 eV higher
significantly higher in energy. So the growth process can bén energy and has a large magnetic moment qigl ZThere-
quite complex and in the cases where more than one isoméore icosahedral structure is very unfavorable for Ru and our
are nearly degenerate, there could be different routes for theesults explain the nearly nonmagnetic behavior found in

growth of these clusters. these clusters in experimert&or Pd; the best structure of
_ Rhy; also has the lowest energy witlu8 magnetic moments
B. Cagelike structure but an icosahedral isomer reported eatli@s only 0.05 eV

The result that icosahedron is not of the lowest energy fohigher in energy with g5 magnetic moment. Therefore for
Rhy; and that a relatively open cage structure has lower enPd,; these two isomers are nearly degenerate. The bonding in
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Pd clusters is much weaker as delocalization@etectrons  consistent tight-binding method and representative face cen-
occurs slowly and this could explain why icosahedral structer cubic structures with bulk nearest neighbor bond lengths.
ture becomes more favorable in Pd. The lowest energy isoFhe average orbital magnetic moments have been reported to
mer of Rus [(13b) in Fig. 2] lies 0.81 eV higher in energy lie in the range of 0.1-0.24;/atom forn<19 with strong

for Pd and has g magnetic moments. Therefore, the be- oscillatipns as afunqtion af. The orbital contripution to the
haviors of Pd and Ru clusters are quite different. A decahetagnetic moments is expected to be sensitive to the struc-
dron of Pd; lies 0.34 eV higher in energy and haggmag-  tures of clusters and as our results show, the structures of Rh

netic moments. These results show thajsFtas the same clusters are ger_lerally very different from the high symmetry
magnetic moments in quite different structures. structures considered by these authors. We shall expect that

the significantly lower symmetry in most cases of Rh clusters
would lead to a reduced contribution from orbital magnetic
moments. Further, in order to find a correlation between the
magnetic moments and the bond lengths or the coordination

The BE is shown in Fig. 3 for the lowest energy isomersnumber, we calculated the local magnetic moments around
of Rh clusters. It increases monotonically as the cluster sizeach ion for a few clusters. However, we do not find a sys-
increases and has a small peakiaB. Interestingly there is tematic trend. In general a higher coordination or a short
also a significant highest occupied-lowest unoccupied mobond length reduces magnetic moments due to the increased
lecular orbital( HOMO-LUMO) gap for Ry making it be-  hybridization. This can be seen from the lowest energy iso-
have like a magic cluster. In most of the other clusters themer of Rl. In this isomer there is one bond which is shortest
HOMO-LUMO gap is generally small and shows an oscilla-(2.36 A) and the local magnetic moments on the two atoms
tory behavior. There is an overall decrease with an increasare the smallest=0.8ug) while on the remaining atoms the
in size. This is expected as bulk Rh is a metal. The magnetimagnetic moments arel.1ug. In this case the coordination
moments per Rh atortrig. 3) show an oscillatory behavior of each atom is 3 and therefore the short bond is responsible
as a function of the cluster size but overall there is a decreaser the reduced moment. However, in the case of the lowest
ing trend as the bulk is nonmagnetic. The magnetic momengnergy isomer of Rj3, an atom with coordination 7 has mag-
is nearly constant in the range oE=7-11 and forn=12  netic moments of 0.97z, whereas the other two atoms with
there is a significant drop. These results agree well with theoordination 7 have 1.45 and 14F magnetic moments.
experimental datathat show 0.8+0.25/atom magnetic mo- Therefore, there does not appear to be a straightforward cor-
ment forn=9-11 andthen 0.59+0.12z/atom forn=12.  relation with the coordination number. Similarly in the case
Also our result of 0.8ag/atom magnetic moment for the of the lowest energy isomer of Rl most of the atoms have
isomer (13b) agrees well with an experimental decrease incoordination 5 and two atoms have coordination 4 while one
the magnetic moment from=12 to 13 and then fon=14  atom has coordination 6. In this case the local magnetic mo-
and 15, there is an increase in the magnetic moment again iments have values lying in between 1.22 and A5®toms
agreement with the trend found in experime(ggperimetal  with coordination 4 are symmetrically located and have
values being 0.50+£0.12 and 0.71xQu@datom forn=14  1.22u5 magnetic moments while two symmetrically placed
and 15, respective)y The overall good agreement with the atoms with coordination 5 have the highest local magnetic
experimetal results gives us confidence that our calculatechoments of 1.585. An atom with coordination 6 has the
lowest energy structures are close to the experimental findecal magnetic moments of 1.44. Further calculations on
ings. The experimetal values of the magnetic moments arBh;, show that an atom with coordination 3 has the highest
nearly uniformly lower and this could be due to the fact thatmagnetic moment of 1.38s. For this atom the nearest neigh-
theoretical results are at zero temperature while experimentélor bond lengths have values of about 2.61, 2.61, and 2.65 A
results correspond to temperatures in the range of 60—300 Kvhile a few other atoms with coordination ranging from 3 to
We have also shown the variation in the energy of the spirb have reduced local magnetic moments of aboutdzfie
isomers considering the cases of clusters with7, 8, 12, to the short nearest neighbor bonds of about 2.44 A. The
and 13. This is generally small as the total spin is changed tatom with the highest coordination of 8 has the local mag-
a lower value while the energy decreases more sharply fanetic moment of 1.08z. We also studied the local moments
higher spin isomers. As mentioned before, this could accourih the case of the lowest energy isomer of;RAwo sym-
for the observed lower magnetic moments because isomersetrically placed atoms with coordination 6 have the lowest
with lower magnetic moments would also be present. Outocal magnetic moments of 0.28 while the atom at the
finding of a new isomer oh=13 is particularly noteworthy center with coordination 8 has the local magnetic moments
and this could explain the much lower magnetic moment®of 1.05ug. On other atoms the local magnetic moments lie in
observed for Rl the range of 1.23-1.4d; though the coordination changes

It is worth to point out here that in our studies we havefrom 3 to 5. These results show the complex nature of the
ignored orbital contribution to the magnetic moments. In re-magnetic moments in these clusters, though in all cases we
cent years there are effottso include the orbital contribu- obtain ferromagnetic coupling.
tion as well as the magnetic anisotropy in clusters. The or- The calculated mean bond lengths for Rh clusters are
bital contribution would increase the total magnetic momenshown in the inset of Fig. 3 and the values are also given in
and therefore would lead to a larger difference with the ex-Table I. For small clusters there is significant contraction and
perimental results. Guirado-Lopezt al'® have calculated the bond length approaches towards the calculated bulk
the orbital magnetic moments for Rh clusters using a selfvalue(2.71 A) in an oscillatory manner. Rthas short bond

C. Calculated properties
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the lowest polarization. So a higher coordination reduces the
magnetic moments significantly but short bond lengths are
also responsible for much reduced magnetic moments in this
cluster. This leads to much more hybridization between the
sp-d states which is also seen from the plots of the angular
momentum decomposed density of statery. 5). Also for
the isomerg(139 and (13e the charge densities are more
uniformly distributed[though isomer(13a8 appears to have
some covalent characlewhile for isomer(13b), the cova-
lent character is quite clear. In Rithe charge density and
polarization are symmetric reflecting the underlying symme-
try of the cluster, but the directional bonding does not appear
FIG. 4. (Color onling Spin-polarization(uppe) and isosurfaces  to be very strong. These results are important revelations of
(lower) of the total charge density for isomef8a), (13a), (13b),  the nature of bonding and unexpected relatively open struc-
and(13e. tures in clusters of these transition metals. The angular mo-
mentum decomposed and gaussian broadened densities of
states showFig. 5) that thesp-d hybridization in the case of
the isomer(13h) is more significant than in isomdd3a).

T R Rlso the HOMO lies in a large gap in the up-spin states of
mean bond length of 2.57 A in isomet3g] which indicate the isomer(13g though the other states are generally uni-

\cj:/rectllonal tl’onld'tn% ?rr:d covalent chda_lra(t:_ter n tthhese CllIJSt?r?ormly distributed due to the low symmetry of this cluster.
€ aiso calculate € mean coordination In tN€se CIUSIeIS, e other hand for the isomét3b) the HOMO lies in a

and for the lowest energy isomers of Rhith n=4-15, the . ;
values are 2, 3.2, 3, 3.71, 3, 3.56, 4.8, 4.91, 4.67, 4.92, 4147 Si?Z'r']grap 2”2;?5;? are many unoccupied states in the
and 4.67. Some clusters have low mean coordination such a P 9y sp '
n=8 and 14. Also the second lowest energy isomer of
n=13 has the mean coordination of 3.69. These reflect cova-
lent character of bonding in these clusters. It is more clearly
seen from the isosurfaces of the magnetic polarization and We have studied from first principles the atomic and elec-
the charge densities shown in Fig. 4 for a few selected isotronic structures of small Rh clusters and found for the first
mers of Rh; and the lowest energy isomer of RHn the  time relatively open structures to be lower in energy than the
case of isomerg13g and (13e the polarization is nearly icosahedral structures obtained before. In general these iso-
uniformly distributed over the whole cluster, while in the mers have lower magnetic moments and this result is in bet-
case of the isome(13b) the central atom and four atoms at ter agreement with the available experimental data. In par-
the surface of the cluster have much less polarization thaticular clusters with 13 or less number of atoms have no
the rest of the atoms. These atoms have higher coordinatioatom at the center. Though an atom goes at the center for
The bond lengths are shd2.51 A) with four symmetic at-  clusters having more than 13 atoms, the structures are not the
oms and 2.58 A with two atoms from the centbut not the  closest packed. We find an isomer of 13-atom cluster which
shortest. The central atom has the highest coordination arid nearly degenerate with the lowest energy isomer and has a

8a)

lengths which have the lowest value after2. Also in some
clusters such as isomégt3b), there are many short bonds
[bond lengths 2.39, 2.41, 2.44, 2.46 A as compared to th

IV. SUMMARY

: 1000 §-' T T T T T T 4 (bi_
3 502 t total 3
; o v
————H————] 100 ' —— i .
100F l i 1w 3
; ts : ts
§ 0 : JI; IT'-“-.T Alrgertivh T ' ] E‘ 0 :
2.k 12 FIG. 5. Gaussian broadened
100 F 4 £100F E
- 3 § E ' } total and angular momentum de-
3 OF { 54 E composed electronic states of
§ 2F 3 § 2F tp 1 (133 and(13b) isomers. The ver-
22. 3 22. tical line shows the HOMO.
40 - 40 .-n L L L 3
4m - 4m E 1 T L]
w0 N 14
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significantly lower magnetic moment. The latter is in betternew chapter in the study of this important class of transition

agreement with the experimental result. In general we findnetal clusters. This would lead to a better understanding of
several isomers which lie close in energy and therefore, it ishe physicochemical properties of these clusters and reac-
very likely that in experiments one has these isomers unledsons and to a better design of catalysts.

these are performed at very low temperatures. Our results
also show that there is some covalent bonding character in
these clusters that is responsible for the relatively open struc-
tures. R is found to be magic. Further, our preliminary  The authors would like to thank the staff of the Center for
studies on Ru and Pd clusters show that similar structures a@omputational Materials Science of the Institute for Materi-
lower in energy for Ru clusters than those based on thals Research, Tohoku University for their continuous support
icosahedral growth while for Pd clusters, the two growthof the supercomputing facility. V.K. thankfully acknowledges

modes may be nearly degenerate. Our results thus opentlae kind hospitality at the IMR.
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