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Electronic structure and magnetism of Rhn „n52– 13… clusters

B. V. Reddy, S. K. Nayak, S. N. Khanna, B. K. Rao, and P. Jena
Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284-2000

~Received 27 July 1998!

Theoretical studies of the ground-state geometries, electronic structure, binding energies, ionization poten-
tials, and magnetic moments of Rhn (n52 – 13) clusters have been carried out using a combination of
molecular-dynamics andab initio density-functional scheme including gradient corrections. For clusters con-
taining less than eight atoms, the ground states have been determined by starting from several random con-
figurations and minimizing the geometry using first-principles density-functional calculations. For larger clus-
ters, the initial geometries were obtained via molecular-dynamics simulations based on a tight-binding many-
body potential and reoptimized using the density-functional approach. The ground-state structures are all
compact arrangements and the clusters containing 8, 9, 10, 11, and 12 atoms resemble icosahedral fragments.
The clusters are shown to undergo progression of magnetic behaviors with size. While most clusters are
ferromagnetic with varying magnetic moments, Rh4 and Rh6 are found to have nonmagnetic states that are
nearly degenerate with ferromagnetic states. The variation in the magnetic moments is shown to be intimately
linked to the electronic structure.@S0163-1829~99!06207-4#
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I. INTRODUCTION

The developments in experimental methods over the
few years have enabled scientists to generate, characte
and study clusters of any size and composition.1 These stud-
ies have revealed that clusters are a state of matter with
own distinct properties. Some of the most exciting devel
ments are in the field of magnetism where the proper
have been found to change profoundly as one reduced
size from bulk to clusters. For example, clusters of itiner
ferromagnetic elements Fe, Co, and Ni have been foun
exhibit superparamagnetic relaxations2 while clusters of rare-
earth ferromagnets like Gd show canted spin arrangeme3

The most striking development is the possibility of cluste
of nonmagnetic solids to be magnetic.4–6 Calculations4 on
nonmagnetic elements such as vanadium have shown
their clusters with bulk geometry are magnetic. However
is the experimental evidence of magnetism of small
clusters6 that has given new life to the study of magnetism
atomic clusters. It is important to emphasize that the exp
mental work of Cox and co-workers6 followed the theoretical
prediction by Reddy, Khanna, and Dunlap5 that Rh13 is mag-
netic. The measured moment of Rh13 was, however, smalle
than the predicted value. These experiments also showed
the magnetic moments change nonmonotonically with s
and that the ferromagnetic character disappears as the cl
size approached around 100 atoms.

Following the above work there have been several
tempts to study Rhn clusters theoretically using differen
methods.7–9 We will summarize these results in the next se
tion. It is sufficient at this stage to note that all theoretic
works on Rhn clusters where the geometries have been o
mized are restricted ton<6 while the experiment deals wit
clustersn>9. Some calculations7 for Rhn clusters containing
8, 10, 12, 13, and 19 atoms are available, but the geome
of these clusters were fixed from the start. Since the m
netic properties of Rh clusters depend sensitively on th
geometry,8 one cannot draw any quantitative comparison
PRB 590163-1829/99/59~7!/5214~9!/$15.00
st
ize,

eir
-
s
he
t
to

s.
s

at
it
h
f
i-

hat
e
ter

t-

-
l
i-

ies
g-
ir
-

tween this theory7 and experiment.6

In this paper we provide an in-depth study of the groun
state geometry, binding energy, electronic structure,
magnetic moments of Rhn clusters containing between 2 an
13 atoms. We compare our results with previous calculati
for n<6 and provide results on optimized geometries for
,n<13 for the first time. Our studies are based on a co
bination ofab initio molecular orbital theory and molecula
dynamics using realistic interatomic potentials. The key
cus of the current work is the magnetic behavior. We sh
that the magnetic moments vary nonmonotonically with s
and several clusters exhibit magnetically close multiple
The later are shown to be intimately linked to the details
the electronic spectra. Section II contains details of
method and in Sec. III we give our results. Section IV co
tains the main conclusions of the present study.

II. DETAILS OF CALCULATIONS

The theoretical studies were carried out using a comb
tion of ab initio linear combination of atomic orbitals
molecular-orbital ~LCAO-MO! and molecular-dynamics
simulation with a realistic potential. For clusters containi
less than eight atoms, the calculations were carried out u
the molecular-orbital approach within the density-function
scheme. The cluster wave functions are expressed as a l
combination of atomic orbitals centered at the atomic sit
The atomic orbitals are taken in a numerical form and
obtained via a radial solution of the atomic Schro¨dinger
equation on a mesh of points. The basis sets for Rh inclu
4s, 4p, 4d, and 5s orbitals in addition to 5p polarization
functions. The inner core orbitals (1s– 3d) were frozen. The
computations were carried out using theDMOL ~Ref. 10!
code from Biosym technologies. As we will show later, som
clusters are marked by close multiplet states. In these ca
we have also carried out selected studies by using theGAUSS-

IAN 94 software11 where the atomic orbitals are represent
by Gaussian functions. A comparison of results obtained
5214 ©1999 The American Physical Society
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PRB 59 5215ELECTRONIC STRUCTURE AND MAGNETISM OF Rhn . . .
ing DMOL and GAUSSIAN 94 codes can illustrate the depe
dence of results on the choice of basis functions and
numerical procedure. The Gaussian studies used LANL2
basis proposed by Hay and Wadt.12 In all cases, the exchang
correlation effects were included by using either the loc
spin-density approximation~LSDA! or the generalized gra
dient approximation~GGA!. We used the local-density func
tionals of Vosko, Wilk, and Nusair13 and the GGA functional
proposed by Perdew and Wang.14

For clusters containing more than seven atoms, theab
initio determinations of the ground-state structures beco
computationally difficult because of a large number of p
sible local minima in the total energy hypersurface. In the
cases, we have used a hybrid approach combining molec
dynamics~MD! andab initio methods. Our experience wit
MD using realistic many body potentials15 has shown that
while the MD does lead to correct ordering of various is
mers, the bond lengths using many body potentials can
different from those in anab initio calculation. We have
therefore, used the following approach. Using realistic ma
body potentials,16 we investigate the relative stability of
large number of structures by carrying out MD calculatio
For the most stable geometry, the bond lengths were t
reoptimized using theab initio code maintaining the symme
try of the MD structure.

In this work we have used the tight-binding many-bo
potential proposed by Guevara, Llois, and Weissmann.16 The
parameters entering the potential were obtained by fitting
cohesive energy, bulk modulus, and surface relaxation
bulk Rh and the binding energy of the dimer. To confirm th
the MD simulation does provide meaningful starting geo
etries for optimizing the geometries of larger (n.7) clus-
ters, we compare in Fig. 1 the geometries, bond lengths,
binding energies for Rhn (n<7) clusters obtained indepen
dently fromab initio theory and MD simulations. Note tha
the ground-state geometries obtained from MD simulati
are the same as those derived fromab initio calculations
except for the case of Rh5. For Rh5, we have found two
nearly degenerate isomers. In the molecular orbital calc
tions the square pyramid is 0.07 eV/atom more stable t
the triangular bipyramid while in the MD method the tria
gular bipyramid is 0.08 eV/atom more stable than the squ
pyramid structure. These energy differences are small
the two isomers can be regarded as nearly degenerate i
ergy. Note, however, that the bond lengths between
local-density functional~DFT! and MD structures are some
what different in all clusters indicating that further optimiz
tion of the MD bond length is needed at theab initio level.

The constant energy MD simulations were carried out
integrating the Newton’s equations of motion using a Ver
algorithm with a time step of 3310215s.17 The total energy
was conserved to within 0.01% and the angular and lin
momentum were kept at zero at the start of each calculat
For each cluster, typically around 100 initial configuratio
were used and the structures optimized by using the stee
descent method. The structures were ordered in terms of
energy and the most stable structures were heated an
cooled to generate the final most stable structure. Star
from the ground-state structure obtained in the MD simu
tions, the bond lengths were reoptimized at theab initio level
maintaining the symmetry of the MD structure. Note that t
e
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many-body potential does not contain any spin-depend
term, but the reoptimization at theab initio level does. In the
ab initio calculations, various spin states were examined
determine the final ground state and the corresponding e
tronic structure and spin multiplicity.

III. RESULTS AND DISCUSSION

This section is divided into various subsections: In A w
provide a summary of previous theoretical work on Rhn (n
<6) clusters and compare these with our results. We a
discuss the evolution of the geometries and relative stab
of larger, Rhn (n>7) clusters. The evolution of the struc
tural and electronic properties as well as the binding ene
and the fragmentation pattern of these clusters are anal
in subsection B. The main focus of this work, namely, t
magnetic properties of Rh clusters (n>7), is covered in sub-
section C.

A. Equilibrium geometries of Rhn „n<13… clusters
and comparison with earlier works

We start with the Rh atom. The experimental ground st
of the atom is4F (4d85s1) with 5↑ and 3↓ electrons in the
4d orbital. Using the numerical frozen core basis in t

FIG. 1. Ground-state geometries of small Rhn (n<7) clusters
obtained by using theab initio and MD simulations.
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TABLE I. Comparison of the present results on Rh2 with previous calculations and experiment.

Calculations
Bond length

~Å!
B.E./atom

~eV!
Spin multiplicity

(2S11)Authors Method

Shim ~Ref. 18! CI 2.86 0.43 5
Balasubramanian
and Liao~Ref. 19!

CI 2.28 1.05 5

Illas et al. ~Ref. 20! CI 2.67 0.75 5
Jinlong and co-workers~Ref. 7! LDA 2.31 1.52 5
Harada & Dexpert~Ref. 21! GGA 2.56 5
Chien, Blaisten-Barojas,
and Pederson~Ref. 9!

GGA 2.33 1.38 5

Nayaket al. ~Ref. 8! GGA 2.26 1.51 5
Present GGA 2.34 1.88 5
Expt. ~Ref. 22! 2.28 1.46 5
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DMOL code, we obtain the ground state to be2D both at the
LSDA and generalized gradient approximation~GGA! level
of theory. However, this state is 0.68 eV above the4F state.
Other authors9 have also obtained the2D state as the ground
state of the atom. We have examined this problem with
Gaussian 94 code using the effective core potential. H
however, we do find the Rh atom to have the correct gro
state, namely, 4d85s1. The 2D state, in this case, lies onl
0.002 eV higher in LSDA and 0.12 eV in GGA than th
ground state. The energy differences, thus, are very s
and, as we shall see later, do not influence the results on
Rh clusters. We also calculated the first ionization poten
The calculated value of 7.97 eV within the GGA using t
DMOL code is comparable to the experimental value of 7
eV. We now present our results on clusters and comp
them to the previous calculations and experiment.

In Table I, we compare our calculated binding ener
bond length, and spin multiplicity for Rh2 and also make
comparisons with previous theoretical works7–9,18–21 and
experiment.22 Note that the calculated binding energy/ato
ranges over a wide margin with very low binding in config
ration interaction ~CI! calculations to over binding in
density-functional studies. This behavior is typical. It
however, discomforting that the binding energy obtained
e
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d
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he
l.

6
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,

,
y

Jinglong and co-workers7 using LSDA is lower than our
present GGA value based on theDMOL code. It is well
known that LSDA gives rise to overbinding. In this contex
we should point out that the discrete variational method u
by Jinglong and co-workers is a predecessor to theDMOL

code used here and Nayaket al.8 have already discussed th
possible origin of the discrepancy with the work of Jinglo
and co-workers.7 All calculations, irrespective of their
method and approximations, yield the preferred spin mu
plicity to be 5, i.e., 2mB /atom.

The results on Rh3 ~Refs. 7–9, 24, 25! are summarized in
Table II. Unlike the results of Rh2 where all calculations
yield a spin quintet ground state, Rh3 has two magnetically
degenerate states: a spin quartet configuration where R3 is
an equilateral triangle (D3h) and a spin sextet configuratio
where its geometry is that of an isosceles triangle (C2v). The
long bond~2.52 Å! and short bond~2.48 Å! of the sextet
state agree well with other calculations based on the GG
While theC2v structure, both in the present calculations a
in those of Chien, Blaisten-Barojas, and Pederson9 calcula-
tions, is marginally lower than theD3h symmetry, the re-
verse is the case with the calculations by Nayaket al.8 How-
ever, the energy differences between these structures a
small ~0.01–0.05 eV/atom! that, within the accuracy of the
TABLE II. Comparison of the present results on Rh3 with previous calculations.

Calculations

Symmetry Bond lengths~Å!
B.E./atom

~eV!

Spin
multiplicity

(2S11)Authors Method

Jinlong and co-workers~Ref. 7! LDA C2v 2.46, 2.46, 2.34 2.26 4
Das & CI C2v 2.53, 2.53, 2.60 2.72 4
Balasubramanian~Ref. 24!
Dai & CI C2v 2.60, 2.60, 2.23 3.59 6
Subramanian~Ref. 25!
Chien, Blaisten-Barojas, GGA C2v 2.64, 2.64, 2.44 1.95 6
and Pederson~Ref. 9! D3h 2.42 1.94
Nayak GGA C2v 2.53, 2.53, 2.40 1.94 6
et al. ~Ref. 8! D3h 2.42 1.99 4
Present GGA C2v 2.52, 2.52, 2.48 2.37 6

D3h 2.45 2.35 4
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TABLE III. Comparison of the present results on Rh4 with previous calculations.

Calculations

Geometry
Bond lengths

~Å!
B.E./atom

~eV!

Spin
multiplicity

(2S11)Authors Method

Jinlong and co-workers~Ref. 7! LSDA tetrahedron 2.48 2.95 1
Chien, Blaisten-Barojas,

and Pederson~Ref. 9!
GGA tetrahedron 2.50 2.42 1

square 2.39 2.37 5
Nayaket al. ~Ref. 8! GGA tetrahedron 2.49 2.41 1

square 2.38 2.35 5
Present GGA tetrahedron 2.50 2.91 1

square 2.40 2.79 5
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theoretical procedure, it is hard to argue whether ifC2v or
D3h is the actual ground state. We should recall that the
atom’s ground state was properly given by the calculati
of Nayak et al.8 There are no experiments on the groun
state spin structure of Rh3 cluster in the gas phase. Howeve
electron spin resonance23 experiments on Rh3 clusters pre-
pared in argon/krypton matrices indicate a multiplicity of
or 8. In Table II we also compare our calculations with p
vious studies24,25 based on multireference configuration i
teraction calculations. Dai and Balasubramanian25 find three
nearly degenerateC2v sextet states with binding energies a
bond lengths differing by 0.03 eV/atom and 0.05 Å, resp
tively. While we are unable to comment on the significan
of these values, we find the binding energy/atom obtained
these authors to be particularly large in comparison to tha
the Rh2 calculated by them earlier.19

Rh4 is the smallest cluster that could assume a thr
dimensional structure. Consequently, we optimized the
ometry subject to a three dimensionalD2d as well as a plana
D2h symmetry. The ground state is a tetrahedron with a b
length of 2.50 Å and a binding energy of 2.91 eV/atom~Fig.
1!. It is a spin singlet. Rh4 is therefore the smallest Rhn
cluster to have a nonmagnetic ground state. We also fou
square geometry only 0.12 eV/atom above the ground s
but having a spin quintet multiplicity. These results agr
with the calculations of Chien, Blaisten-Barojas, a
Pederson9 and Nayaket al.8 ~Table III!. This aspect of the
result, which shows an interesting relation between geom
and multiplicity, will be discussed later.

For Rh5, we studied the triangular bipyramid and th
square pyramid geometries. In each case, the geometry
optimized for various spin multiplicities. The ground sta
corresponds to a square pyramid with bond lengths of 2
and 2.63 Å as shown in Fig. 1. It has a binding energy
h
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8
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3.11 eV/atom and a spin octet configuration.~see Table IV!.
The sextet state is only 0.02 eV/atom above the ground s
with the corresponding bond lengths of 2.46 and 2.57 Å. T
ground state for the triangular bipyramid was a quar
However, this structure is 0.35 eV less stable than the sq
pyramid structure. This again shows that the ground-s
multiplicity in Rhn clusters is intimately linked to geometry
Note that the present ground state is not in agreement
previous calculations by Jinlong and co-workers,7 but agrees
with the results of Chien, Blaisten-Barojas, and Pederson9

We examined the square bipyramid and the pentago
pyramid geometries for Rh6. The ground state is a squar
bipyramid with aD4h symmetry~Fig. 1!. It has bond lengths
of 2.60 and 2.56 Å, a binding energy of 3.28 eV/atom an
spin singlet configuration. The septet configuration is fou
to be 0.01 eV/atom less stable than the ground state. N
that the energy difference is very small. The results ag
demonstrate the existence of different spin multiplet str
tures with nearly degenerate energies. While the struc
examined by Chien, Blaisten-Barojas, and Pederson9 had an
Oh symmetry, we find that the octahedron undergoes a sm
Jahn-Teller distortion and only has aD4h symmetry. Inter-
estingly, the local-spin-density calculations onOh symmetry
also find a nonmagnetic ground state.

For Rh7 we examined a pentagonal bipyramid and capp
octahedron clusters. In each case, the possible Jahn-T
distortions were investigated. The ground state correspo
to a distorted pentagonal bipyramid with a binding energy
3.33 eV/atom and a spin multiplicity of 10~see Fig. 1!. This
structure lies 0.02 eV/atom below the capped octahed
structure.

As mentioned in Sec. II, for clusters containing more th
seven atoms, the number of isomers becomes large anab
initio studies of all possible geometries and spin multipli
TABLE IV. Comparison of the present calculations on Rh5 with previous work.

Author Bond lengths~Å! B.E./atom~eV!
Spin multiplicity

(2S11)

Chien, Blaisten-Barojas,
and Pederson~Ref. 9! 2.65,3.44 2.70 6

2.66,3.50 2.69 8
Present 2.46,2.57 3.11 6

2.48,2.63 3.13 8



de
ng
r

lu

c
nt

w
-

c
al

o
ar

, we

g a
,
ses

es
e-

r-
been
the
be
ese

lus-

ter
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ties is a computationally formidable task. We therefore
termined the initial structures using MD simulations. Starti
from such a structure, the bond lengths were optimized
taining the lowest symmetry at theab initio level within the
density-functional calculations.

In Fig. 2 we show the ground-state geometries of the c
ters containing 8–13 atoms. The ground state for Rh8 is a
D2d structure that resembles an octahedron with two de
rated faces. For Rh9, the top six atoms constitute a fragme
of an icosahedron. This pattern continues to Rh11, which has
two pentagons of the eventual icosahedron. Rh12 is the small-
est cluster to have a central atom and is an icosahedron
a missing cap atom. Finally, Rh13 has an icosahedric struc
ture.

B. Evolution of the structural and electronic properties
and fragmentation pattern

Here we discuss the evolution of the interatomic distan
binding energy/atom, highest occupied molecular orbit
lowest unoccupied molecular orbital~HOMO-LUMO! gap,
vertical ionization potential, and the fragmentation pattern
Rhn (n<13) clusters. Since the interatomic distances v

FIG. 2. Ground-state geometries for large Rhn (n58 – 13) clus-
ters.
-

e-

s-

o-
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e,
–

f
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between nearest-neighbor atoms in each of these clusters
define the average interatomic distance,R̄5(1/n)( iRi ,
wherei defines the number of bonds in the cluster havin
length ofRi . In Fig. 3 we plotR̄ as a function of cluster size
n. Note that the average interatomic distance increa
monotonically with size, and forn513, is comparable to the
bulk nearest-neighbor distance of 2.69 Å.

In Fig. 4 we plot the binding energy/atom. It increas
monotonically with size although the rate of increase d
creases with size. It is difficult to predict from Fig. 4 if ce
tain clusters of Rh are more stable than others as has
clearly demonstrated for simple metal clusters such as
alkali series. To study if any of these Rh clusters could
magic, we investigated the fragmentation pattern of th
clusters. It is well known that when a cluster containingn
atoms undergoes a binary fragmentation tom and (n-m)
clusters, the dominant channel involves the most stable c
ter as one of the daughter products.26 To investigate this, we
have calculated the energy needed to fragmentn-atom cluster
to m and (n-m) atoms, namely

DEnm5En2m1Em2En ~1!

FIG. 3. Average interatomic distance as a function of clus
size.

FIG. 4. Plot of binding energy vs cluster size.
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TABLE V. Fragmentation channels for an atom cluster into am and an-m atom cluster.

n m 1 2 3 4 5 6 7 8 9 10 11 12

2 3.76
3 3.34 3.34
4 4.55 4.13 4.55
5 3.91 4.70 4.70 3.91
6 4.12 4.27 5.48 4.27 4.12
7 3.63 3.99 4.56 4.56 3.99 3.63
8 3.89 3.76 4.54 3.90 4.54 3.76 3.89
9 3.49 3.62 3.91 3.48 3.48 3.91 3.62 3.49

10 4.21 3.94 4.49 3.57 3.78 3.57 4.49 3.94 4.21
11 3.82 4.27 4.42 3.76 3.48 3.48 3.76 4.42 4.27 3.82
12 4.12 4.18 5.05 3.99 3.97 3.48 3.97 3.99 5.05 4.18 4.12
13 4.61 4.97 5.45 5.11 4.69 4.46 4.46 4.69 5.11 5.45 4.97 4
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whereEn is the total energy of a cluster ofn atoms. For a
givenn, the favored channel is the one for whichDEnm is the
minimum. In Table V we give the results of this analys
Note that forn>7, the most favored channel for fragment
tion involves Rh6. This would cause Rh6 to be a uniquely
stable cluster and should appear as a magic number in
mass spectrum. This prediction can be easily verified w
the mass spectra of Rh clusters are available. Note also
the binding energy per atom in a Rh13 cluster is only 3.67
eV/atom, which is far short of the cohesive energy of 5
eV/atom in bulk Rh. The lower binding energy is expect
since Rh13 has 12 surface atoms. On the other hand, as n
earlier, the nearest-neighbor distance of Rh13 is bulklike.

In Fig. 5 we show our calculated vertical ionization p
tentials for these clusters. The clusters containing 2–4 at
have significantly higher ionization potentials. For oth
clusters, the ionization potential gradually decreases w
size, although there are minor oscillations around Rh8. The
ionization potential of Rh13 is 5.83 eV and is still higher than
the work function for bulk Rh, which is 4.98 eV. There a
currently no available experimental data on ionization pot
tial of small Rh clusters.

In Fig. 6 we plot the HOMO-LUMO gap as a function o
cluster size. The HOMO-LUMO gap shows an interesti

FIG. 5. Plot of vertical ionization potential as a function
cluster size.
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trend. It is very small for Rh2 and Rh3 with a very sharp
increase in Rh4 followed by a gradual decrease in larg
clusters. This is in contrast to Nin clusters,27 where the
HOMO-LUMO gap uniformly decreases with an increase
size and vanishes atn517, indicating the onset of the bulk
like density of states. This is in agreement with the pho
electron spectroscopy experiments of Ni clusters. No s
experiments are available in Rhn clusters at this time.
Clearly, it will be interesting to compare these results w
experiments when available.

C. Magnetic moments of Rhn clusters

As mentioned in the Introduction, the most interesti
property of Rh clusters is that while bulk Rh is paramagne
small Rhn clusters exhibit ferromagnetic order. Experimen6

show that the magnetic moment per atom in Rh clust
changes nonmonotonically with size. It is also known th
the introduction of ferromagnetic impurities such as Fe
bulk Rh induces large host polarization. All of these fac
suggest that the Rh clusters may serve as an ideal syste
understand the interplay between size, geometry, electr
structure, and magnetism.

In Fig. 7 we plot the calculated magnetic moment~solid
circles! per atom as a function of cluster size. The measu

FIG. 6. HOMO-LUMO gap vs cluster size.
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moments are shown as open circles. Note that the magn
moment changes discontinuously with size and Rh4 is the
smallest cluster to exhibit a nonmagnetic ground state.
ground state geometry is aD2d structure. The cluster als
exhibits a magnetic solution with a moment of 1.0mB /atom,
where the geometry is a square. To understand this chan
the magnetic moment with geometry we show in Fig. 8
one-electron levels in a tetrahedral and a square geom
Note that the HOMO in a tetrahedral geometry is full and
lowest unoccupied molecular orbital LUMO is separated
almost 0.66 eV. As the structure changes to a square ge
etry, the changes in electronic structure cause two of
LUMO states to come closer to HOMO. It is then energe
cally favorable to transfer two electrons from the minor
states to the majority states so that the gain in excha
energy is higher than the kinetic energy needed to occupy
higher-energy states. The cluster therefore changes to a q
tet spin multiplicity.

The change in magnetic moment not only occurs beca
of a change in the geometry but can also be induced b
change in bond length that changes the spacing between

FIG. 7. Variation of magnetic moments (mB /atom) as a func-
tion of cluster size.

FIG. 8. Plot showing one-electron levels of a Rh4 cluster. See
the text for details.
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els. The case of Rh13 presents an interesting example. In F
9 we have shown the variation of the magnetic moment i
Rh13 cluster as a function of interparticle spacing. Note th
the magnetic moment at large distances is 21mB . As the
interparticle distance is reduced, the moment changes
15mB at a distance of approximately 2.6 Å~which is ener-
getically the preferred structure! and then shows another pla
teau at 7mB . Upon further contraction, it reduces to a ve
small value. It is interesting that these progressions can
related to the distribution of levels in the one electron sp
trum. In Fig. 10 we show the one electron levels for t
clusters having magnetic moments of 7, 15, and 21mB . Start-
ing from the 7mB structure, the HOMO has a fivefold dege
eracy but only has one electron. As the interparticle spac
is increased, the bandwidth decreases due to decreasing
lap, and at a distance of 2.65 Å, the level spacing is such
the gain in exchange energy due to transfer of four electr
from the minority states to fill the majority levels is mor

FIG. 9. Variation of magnetic moment vs interatomic distan
in Rh13 icosahedron cluster.

FIG. 10. One electron levels of Rh13 cluster for different mag-
netic states.
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than the energy required to promote electrons to higher
ergy states, and the cluster undergoes an increase of mo
by 8.0mB . The majority spin levels have another set of u
occupied triply degenerate levels close to HOMO. Furt
increase in interparticle spacing leads to a transfer of th
additional minority electrons to the majority level increasi
the spin to 21mB . The total energy of the system, howeve
has a minimum at 2.65 Å and therefore the ground state
Rh13 cluster has a moment of 1.15mB /atom. Dunlap28 has
earlier observed this dependence of moment on interato
separation in Fe clusters.

We now compare our calculated magnetic moments w
experiment. As mentioned before, Reddy, Khanna,
Dunlap5 had earlier carried out density-functional calcu
tions using LSDA on a Rh13 cluster and had found that th
cluster had a moment of 1.62mB /atom. Initial experiments
while confirming the ferromagnetism in clusters, found
moment of 0.8860.16mB /atom. Following the experimenta
work, Jinlong and co-workers7 repeated the calculations an
found a solution corresponding to a moment of 1.15mB /atom
to be more stable than that corresponding to a momen
1.62mB /atom by 0.35 eV. In the present studies includi
gradient correction, we do find the state with a moment
1.15mB /atom~total spin moment of 15! to be the more stable
than that corresponding to 1.62mB /atom by approximately
0.25 eV. We would like to add that this energy differen
~;25 meV/atom! is too small and at the limit of the accurac
of the current density-functional calculations. For examp
we repeated Rh13 calculations using the Gaussian basis a
Gaussian 94 code. The ground state corresponds to a
moment of 21mB . In Fig. 11 we have shown the bindin
energy per atom for spin moments from 7 to 23mB . Note
that the binding energy changes by less than 0.1 eV/atom
the moment is changed from 7 to 23mB , showing that dif-
ferent multiplets are really close in energy. Similar results
the cases of Rh4 and Rh6 clusters were discussed earlier. W
also found, for Rh3, a state with a spin moment o
1.0mB /atom only 0.007 eV/atom above the ground sta
which has a moment of 1.67mB /atom. Rh5 has a state with a
moment of 1.0mB /atom only 0.02 eV/atom above the groun
state, which has a moment of 1.4mB /atom. All these ex-

FIG. 11. Variation of binding energy as a function of magne
moments in the Rh13 cluster.
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amples illustrate that the Rh clusters are marked by sev
multiplet solutions close to the ground states.

The experimental magnetic moments~open circles! are
compared with theoretical results in Fig. 7. Note that wh
the calculated moments are close to experiment for Rh9 and
Rh12, there are significant differences for clusters having
11, and 13 atoms. There could be several reasons for t
differences.~1! Various isomers of a given Rh cluster exhib
a multitude of spin multiplicities. Since these are energe
cally nearly degenerate, they could all simultaneously
present in the experimental beam. Thus, the deflection
given cluster in the Stern-Gerlach field is difficult to interpr
since the deflection depends on its magnetic moment
each isomer has a different magnetic moment. This may
the reason for the large experimental uncertainty in the m
surements of the moments of Rh clusters compared to sim
experiments in Fe, Co, and Ni.29 ~2! The intrinsic moment in
the experiment is determined by relating the deflection in
magnetic field via the superparamagnetic equation, which
quires a knowledge of the cluster vibrational temperatu
Knowledge of the cluster temperature is a difficult task a
has always been a source of controversy.29 ~3! In addition,
since the clusters are always at finite temperature, it is p
sible that they are not in their ground state, particularly if t
ground state has energetically close excited states.~4! We
have neglected possible contributions from orbital mag
tism as well as spin-orbit coupling. It will be interesting
have additional experiments which can eliminate some of
current uncertainties.

IV. CONCLUSIONS

We have presented an in-depth investigation of the ge
etries, electronic structure and magnetic moment of Rhn clus-
ters. It is shown that the geometries of small clusters
compact structures which evolve towards an icosahedric
ometry starting, at approximately seven atoms. Rh12 is the
first cluster to have an interior atom. The binding energy
atom evolves monotonically with size. However, energet
of the fragmentation channels indicates that Rh6 could be a
‘‘magic’’ cluster. The binding energy/atom of the large
cluster studied, Rh13, is far from the bulk cohesive energ
although its nearest-neighbor distance has achieved the
value. The HOMO-LUMO gaps show unusual features n
seen in other transition-metal clusters. The magnetic cha
ter and the magnetic moment per atom are found to v
nonmonotonically with size. Rh2 and several odd atom clus
ters, i.e., Rh3, Rh5, Rh7, Rh9, and Rh13 have high moments
per atom and are ferromagnetic. On the other hand, Rh4 and
Rh6 have nonmagnetic ground states that are nearly de
erate with magnetic configurations. The clusters are a
shown to be marked by energetically close multiple magn
solutions. For the cases of Rh4 and Rh13, it is shown that the
different multiplicity can be attained by changing the geo
etry or the interparticle spacing. Further, these changes
be understood in terms of the variations in the electro
states.
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