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Abstract. The magnetic behavior of rhodium clusters Rhy (N = 4-38) under hydrostatic deformations was
investigated. The starting cluster structures were obtained from an evolutionary search algorithm applied to
a Gupta potential. The spin-polarized electronic structure and related magnetic properties were calculated
using a self-consistent spd tight-binding Hamiltonian within the unrestricted Hartree-Fock approximation.
The magnetic behavior was analyzed in terms of the interdependence between the geometrical parameters
and the electronic structure. Anomalous magnetic effects were found in some cases.

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 61.46.+w Nanoscale materials: clusters,

nanoparticles, nanotubes, and nanocrystals

1 Introduction

Cluster physics is instrumental for the understanding of
fundamental phenomena in condensed matter physics,
such as electronic localization and magnetism. The unique
properties exhibited by transition metal (TM) clusters
[1-27] as compared with the isolated atom and the bulk
can be relevant for the design of high-tech electronic de-
vices. In the case of magnetic nanoparticles, clusters made
out of 4d and 5d TMs deserve special attention because
of the magnetic phases that can be stabilized in this low-
dimensional regime, despite of the nonmagnetic character
of their bulk phase [3,6,28,29]. This behavior was first
predicted theoretically in the early 1980s [13] and was
later confirmed experimentally for Rh, Ru and Pd, where
giant magnetic moments were observed in small clusters
[3,6,28,29].

Among 4d and 5d TMs, clusters containing Rh remain
very controversial in literature. These investigations have
shown that almost any measurable quantity in clusters
depends sensitively on the geometrical structure. Unfortu-
nately, time-of-flight measurements together with pulsed
laser evaporation cluster sources can only provide partial
information about the size distribution [30,31]. In view
of this limitation, theoretical calculations have been per-
formed using both ab initio [14,27,32] and semiempiri-
cal methods [33,34] in order to elucidate the geometry of
the ground state. First-principles density-functional (FP-
DFT) calculations, however, are limited to relative small
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sizes, smaller in general than the ones reported experimen-
tally [3]. On the other hand, semiempirical calculations are
less limited in this respect and therefore they are better
suited for calculations in the experimental size range.

In a previous work (Ref. [33]), we reported a system-
atic study of the structural and magnetic properties of
Rhy clusters (4 < N < 26). The ground-state structures
together with the low-lying energy isomers were obtained
using a Gupta potential together with an evolutionary
search algorithm [35,36]. Cluster electronic structure was
then calculated using a self-consistent spd tight-binding
Hamiltonian. Unexpected magnetic behavior of the Rh
clusters as a function of interatomic distance and local co-
ordination was found in some cases. A further indication of
the complexity of the electronic structure of Rh clusters is
the variety of different results obtained, for a given cluster
size, with different theoretical approaches. It is not diffi-
cult to find in literature different cluster structures or the
same structure with different bond-length value [23,33,34]
and average magnetic moment per atom [18-22,24-27].
For example, bond-length values between 2.48 and 2.62
are reported for tetrahedral Rhy clusters [18,23,25,27].

Previously, we obtained magnetic moments in a quali-
tative good agreement with the experimental values for
Rh clusters larger than fifteen atoms, but not for the
smaller clusters [33]. The poor agreement between the-
ory and experimental results is common to both FP-DFT
and semiempirical approaches. For large clusters, to best
of the authors’ knowledge, there are no systematic stud-
ies available in literature (other than Ref. [33]). Since in
all previous studies only the ground-state structure was
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considered, in reference [33] we also investigated the effect
on the magnetic properties of the coexistence of different
structural isomers. The conclusion was that the discrep-
ancy between the magnetic moments obtained in exper-
iment and our calculations at small sizes cannot be at-
tributed to the effect of the coexistence of isomers.

From all the results available for Rh clusters, it is clear
that further work is necessary in order to get deeper in-
sight into the complex interdependence between the geom-
etry and the electronic properties. Answering questions
like how the magnetic moment of Rh clusters behaves
under a particular structural change will help to under-
stand the nature of these systems. In this paper, we study
the effect of hydrostatic deformations (i.e., deformations
than preserve the point group symmetry while changing
the bond length), on the magnetic properties small Rh
clusters. To that aim, we used a Hubbard-like Hamilto-
nian for the 4d, 5s and 5p valence electrons within the
unrestricted Hartree-Fock approximation [9,10,33]. The
model together with some technical details are reviewed
in Section 2. The results are presented and discussed in
Section 3. The paper finishes with a summary and our
conclusions are presented in Section 4.

2 Model

The electronic structure of Rh clusters was determined by
solving self-consistently a tight-binding Hamiltonian for
the 4d, 5s, and 5p valence electrons within the unrestricted
Hartree-Fock approximation. In a second-quantization no-
tation, the Hamiltonian can be expressed as follows:

H= g Eiao ﬁiaa + § tiajﬁ 6;;0 éjﬁo’a (1)
affo
i#£]

o

where ¢ (¢jp,) is the creation (annihilation) opera-
tor for an electron with spin o and orbital state o at
the atomic site i. The number operator is denoted by
Niao- The hopping integrals t%ﬁ between orbitals « and
0 at sites ¢ and j describe the electronic delocalization
within the system. For itinerant magnets (TMs), the hop-
ping term in equation (1) is very important. We con-
sidered spin-independent hopping integrals up to third-
nearest-neighbor distances. The hopping integrals were
determined by fitting to the band structure of bulk Rh
[37]. However, since interatomic distances in the clusters
differ slightly from the bulk, the variation of t?jﬁ with the
interatomic distance r;; has been explicitly considered us-
ing the typical power law (rq/r;) "', where 7 is the
bulk equilibrium distance. The orbital angular momentum
of the (iao) and (jfB0) states involved in the hopping pro-
cess are denoted by [, I’, respectively. The spin-dependent
diagonal terms account for the electron-electron interac-
tion through a correction shift of the energy levels given by

2
Ciao = Ejo + 5 ) Jas Hip + Dia- 2)
B
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Here, €Y are the bare orbital energies of paramagnetic

bulk Rh. The second term in the rhs of equation (2) is
the correction shift due to the polarization of the elec-
trons at site ¢ (tig = (nig7) — (nigy)). The exchange in-
tegrals are denoted by J.g, and 2, is the sign function
(21 = 1, 2y = —1). The exchange integrals involving s
and p electrons were neglected taking into account only
the integral corresponding to d electrons (J4q). Note that
even when the sp exchange integrals are neglected, spin-
polarization of the delocalized sp states may exist as a
consequence of hybridization with the d states. Usually,
J4q is obtained by fitting to the bulk magnetic moment.
Due to the fact that Rh metal is paramagnetic, we have
taken Jgq = 0.40 eV so that it reproduces the FP-DFT
magnetic moment of icosahedral Rhy3 [18,38]. Finally, the
site- and orbital-dependent (self-consistent) potential §2;,
assures the local electronic occupation, fixed in our model
by interpolating between the isolated atom and the bulk
according to the actual local number of neighbors at site 7.

The spin-dependent local electronic occupations are
self-consistently determined from the local densities of
states (DOS)

<ﬁiaa> = /_8F Diao’ (5) d€7 (3)

which are calculated at each iteration by using the re-
cursion method [39]. In this way, the distribution of the
local magnetic moments (u; = Y, pia) and the average
magnetic moment per atom (& = ), p1;/N) of the Rhy
clusters are obtained at the end of the self-consistent cy-
cle. For a more detailed discussion of the model the reader
may consult references [9,10].

3 Results

The initial cluster geometries, i.e., before any hydrostatic
deformation was applied, were obtained from an evolution-
ary search algorithm [genetic algorithm (GA) for short]
applied to a many-body Gupta potential in the second mo-
ment approximation with a Born-Mayer term to describe
the repulsive part [33,40]. Here, for the sake of simplicity,
we restrict ourselves to the case of structures characterized
by symmetric closed shells, that is, tetrahedron and rhom-
bus for N = 4; hexahedron and square pyramid for N = 5;
octahedron for N = 6; decahedron for N = 7; icosahe-
dron for N = 13; double-icosahedron for N = 19; N = 23
and 26 poly-icosahedra and N = 38 cubo-octahedral (fcc-
fragment). Starting from these geometries, a uniform ex-
pansion (compression) up to £10% in bond length has
been performed. This process preserves the cluster’s point
group symmetry and is called “an hydrostatic deforma-
tion”. An expansion factor of one (f = 1) corresponds to
the structure coming out from the geometry optimization.
The average bond distance (ABD) of the f = 1 structure
is indicated in every case. In order to assess our results, we
have performed additional FP-DFT calculations for small
(selected) clusters using Gaussian98 [41,42].
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Fig. 1. Comparison of our results (represented by —0—) with
the different theoretical and experimental values available in
the literature. The horizontal long-dashed line corresponds to
the experimental value and the two parallel dashed lines cor-
respond to the error bars [3]. Horizontal lines are used due
to the fact that geometrical structures and bond lengths are
unknown.

Our results show two different magnetic behaviors as a
function of the expansion factor f depending on the clus-
ter size V. One can distinguish two regions: N < 13 and
N > 13. In general, for N < 13 the magnetic moment
as a function of f displays a steplike dependence with an
increasing number of steps depending on the number of
atoms or on the local symmetry, whereas for N > 13 a
smooth dependence of the magnetic moment as a func-
tion of the f factor is observed. This steplike behavior in
the case of N < 13 is consistent with the fact that a sys-
tem with few atoms (therefore few electrons) has fewer
magnetic solutions associated to unpaired electrons. The
magnetic solutions change abruptly when the expansion
factor reaches a critical value.

Let us discuss in detail the case of Rhyz (see Fig. 1),
as a typical cluster that exhibits a steplike behavior of the
magnetic moment. We have chosen this cluster because it
has been extensively studied in literature. Jinlong et al.
[19] and Reddy et al. [27] have also found a steplike be-
havior of the magnetic moment vs. interatomic distance,
in both cases using a DFT approach, although their re-
sults differ in the location of the steps. We obtain partial
agreement with both DFT calculations. We have found,
however, in addition, an unexpected magnetic behavior
for f ~ 1.08, that corresponds to an expansion not con-
sidered in both DFT studies. We will come later to this
aspect.

Within an atomic-like description, the occurrence of
the magnetic solutions associated to the increasing steps
is explained in terms of the HOMO-LUMO gap. As the
expansion factor and interatomic distance increases, the
LUMO states come closer to the HOMO states. Thus it
is energetically favorable to transfer electrons from the
minority to the majority states so that the gain in ex-
change energy is higher than the kinetic energy needed
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Fig. 2. Magnetic and paramagnetic spd density of states as
a function of the expansion factor f. The Fermi level is fixed
such that corresponds to £ =0 eV.

to occupy the high-energy states. The cluster is therefore
expected to suddenly change to another spin multiplic-
ity corresponding to the higher magnetic moment of the
next step. Figure 2 displays the spin-polarized, together
with, the paramagnetic DOS for Rhy3 for various values of
the expansion factor f. The states around the Fermi level
have a d-character, while the sp-d hybrids are located far
from the center of gravity of the DOS, as usual in TM sys-
tems. The DOS shows the narrowing and the increase of
the splitting as going from one step to the next. Accord-
ing to the Stoner criterion, tendency to ferromagnetism
increases together with the value of the DOS at the Fermi
level. In the paramagnetic DOS one can observe a sharp
peak close to the Fermi level and a qualitative correlation
between the value of the DOS at the Fermi level and the
magnetic moment as a function of the expansion factor.
As indicated in the Introduction, it is known that
rhodium clusters exhibit anomalous magnetic behavior.
Our results give further support to this fact since large
deformations lead to a lowering of the magnetic moment.
This is the case of Rhjs for f close to 1.10. Taking into
account the d-electronic occupation in the system we can
explain the apparently anomalous decrease of the mag-
netic moment in Rhjs as changing f from 1.05 to 1.10.
One can observe that for f = 1.05, the first derivative of
the paramagnetic DOS is negative (see Fig. 3), that is, the
sharp peak has its maximum in the occupied region. Since
rhodium has a more than half-filled d band, it is expected
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Fig. 3. Detailed dependence of the magnetic and paramagnetic
spd DOS as a function of the expansion factor f for 1.00, 1.05,
1.10, to illustrate the slope of the DOS near the Fermi level.

that the narrowing of the DOS (associated to the expan-
sion of the system) leads to a shift of the peak to lower
energies and consequently to a decrease of the value of the
DOS at the Fermi level. This is what we have obtained as
going from f = 1.05 to 1.10 and, therefore, the reason of
the decrease of the magnetic moment. One may wonder
why this is not the case as going from f = 1.00 to 1.05.
In such a case, however, the maximum of the peak is less
pronounced, being the first derivative of the DOS at Ep
being lower than before. We conclude that it is necessary
to analyze the situation in detail and that it is not enough,
at least in the case of rhodium, to discuss only in terms
of simple geometrical parameters like the interatomic dis-
tances and coordination.

In the case of clusters with N > 13 the number of pos-
sible magnetic solutions associated to different spin mul-
tiplicity increases. In terms of itinerant magnetism, it is
reflected in a less structured DOS that leads to more pro-
gressive evolution of the magnetic moment vs. f. Instead
of steps we obtain a smoother dependence, accompanied
in most cases by oscillations. Let us now discuss the re-
sults for each cluster and compare them with the available
results from other authors.

For N = 4 (tetrahedron, ABD = 2.62 A) we obtained
a nonmagnetic ground state in entire range of f = 0.9-1.1.
Our results are in agreement with the different investiga-
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tions that predict a zero magnetic moment for tetrahedra
with expansion factors of 0.946 [18] and 0.954 [27]. Using
our tight-binding ground-state geometry as the starting
point, we performed a second geometry optimization using
a first-principles density functional approach, obtaining a
tetrahedral cluster with bond lengths that are 93% of the
initial ones. For the second isomer of N = 4, a rhombus
with an ABD of 2.60 A, our results show a stepwise varia-
tion of the magnetic moment. For f = 0.9-1.05 the value
magnetic moment is 0.5up, and it increases to 1.0up for
f = 1.05-1.1. Our magnetic moment agree with Chien’s
calculations [25] for a thombus with an expansion factor
of 0.923.

For N = 5 in the ground state (hexahedron, ABD =
2.63 A), we have a flat dependence of the magnetic mo-
ment (0.6up) in the entire range considered. Our results
are in agreement with Jinlong calculations [18] for an
hexahedron with an expansion factor of 0.958. The re-
optimized geometry keep the hexahedral shape but with
smaller size, f = 0.965. For the second isomer (square
pyramid, ABD = 2.62 A) in the range from 0.90 to 0.95
we have a smooth monotonous increase in the magnetic
moment starting from 0.3up at f = 0.90 and reaching
0.6up at f = 0.95. For an expansion factor larger than
f = 0.95 a level off behavior is observed with magnetic
moment of 0.6up. Other calculations in the literature
give much larger magnetic moments 1.0up and 1.4up for
square pyramids with expansion factors of 0.965 and 0.97,
respectively [25,27]. In this case, the FP-DFT geometry
reoptimization leads to a cluster size corresponding to an
expansion factor of 0.965 and magnetic moment of 0.6up.

For N = 6 (an octahedron with ABD = 2.63 A) dis-
plays an steplike function with three different values for
the magnetic moment (see upper panel of Fig. 4): the mag-
netic moment jumps from zero in the range f = 0.9-0.96
to 1.0up for f = 0.97-1.04, and then it jumps again to
1.33up for f = 1.05-1.1. Jinlong [18], Reddy [27], and
Li [20] predict zero magnetic moment for f = 0.966,
0.981, and 1.0, respectively, whereas our result predicts
zero magnetic moment for f in the range 0.90 to 0.96.
Our calculations agree with the results of both Chien [25]
and Zhang [22] for a cluster size with an expansion fac-
tor of 0.989. Our FP-DFT geometry reoptimization pre-
dicts once again the octahedral arrangement but with
smaller sizes f = 0.938 for the SVWN and f = 0.947
for the PW91-PW91 exchange-correlation parametriza-
tion. In both cases the magnetic moment is zero, in agree-
ment with Jinlong’s calculation [18] for an octahedron of
an equivalent expansion factor of 0.966 and zero magnetic
moment. As a general result, the reoptimization of the ge-
ometrical structure shows that the GA leads to the right
geometry. However, the out coming cluster size is slightly
larger than the ones proposed by the ab initio calcula-
tions in about 5%. Differences between the semiempirical
bond length calculations and the ab initio method are also
reported by Reddy [27].

For N = 7 we obtained a the decahedron (ABD =
2.65 A) as the ground state. We observe a steplike function
with two levels or values of the magnetic moment: 0.13up
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Fig. 4. Comparison of our results (represented by —0—) with
the different theoretical and experimental values available in
the literature. The horizontal long-dashed line corresponds to
the experimental value and the two parallel dashed lines corre-
spond to the error bars [3]. Upper part corresponds to N = 6
and the lower part to N = 19.

from f = 0.9 to 1.07 and 0.73up from f = 1.08 to 1.1.
Jinlong [18] and Reddy [27] predict smaller clusters than
the GA with f = 0.974 and 0.985, respectively and the
magnetic moment (1.28up) is larger than ours.

For N = 13 we have an icosahedral cluster (ABD =
2.68 A). As Rhj3 is expanded from f = 0.9, the magnetic
moment increases in a steplike fashion showing three dif-
ferent values in the magnetic moment up to an expansion
factor of about 1.08. Then it starts decreasing in con-
trast to the general rule, as discussed previously. We have
included for comparison the results available in the liter-
ature. It is interesting to note that although all the calcu-
lations give nearly the same volume, there is a large dis-
persion in the values of the magnetic moments, the lowest
being that reported by Li [20] with 0.43up for an icosa-
hedral arrangement with an f = 0.993 and the largest
1.69up for f = 0.985 by Piveteau [21] There are in the
literature two systematic studies of the dependence of the
magnetic moment with the bond length one by Jinlong
[19] and the other one by Reddy [27]. It is important
to note that Jinlong’s dependence presents a step value
of 1.31up not previous reported in the literature. In view
of our results, the differences in the magnetic moment ob-
tained with the different methods are not associated with
the different interatomic distances since in the range of
the compression factor f = 0.98 to 1.01, corresponding
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to the geometrical results of other calculations, we do not
obtain significant changes of the magnetic moment. When
we compare with the experimental results represented by
a long-dashed horizontal line (the short-dashed lines rep-
resent the experimental error bars), our results suggest
that if the icosahedron is the right geometry, the experi-
mental cluster size should be in the range of 0.9 to 0.95 of
the expansion factor.

For the first isomer of N = 19 we obtained a double
icosahedron (ABD = 2.69 A) as the ground state struc-
ture. For the magnetic moment we obtain an increasing
function of the expansion factor with some oscillations in
the range of f = 0.9 to 0.95. Beyond this range we have an
smooth increasing dependence, as it is shown in the lower
panel of Figure 4. Jinlong’s calculations [18] give larger
values for the magnetic moment (0.89up for f = 1). Con-
cerning the experimental results, if we assume that the
geometry is the double icosahedron, the best theoretical
fit to the experimental values corresponds to expansion
values in the range f = 0.95 to 0.98.

For N = 23 and N = 26, we have poly-icosahedral
closed-packed clusters (ABD = 2.71 and 2.72 A, respec-
tively). In general we have complex dependences with
oscillations for small expansion factors and a steplike
increase in the magnetic moment for f > 1.0, as it is il-
lustrated in the upper and middle panels of the Figure 5.
If we assume that the experimental geometry correspond
to that of Figure 5, there is a wide range of values that fit
the experimental results, particularly those in the region
of the small expansion values. However, in the case N = 23
there are some values outside of the error bars. In the case
of N = 26, the range that fits best the experimental re-
sults is from f = 0.9 to 1.04 due to the small amplitude
of the oscillations. For N = 23 there exist calculations
of bee-fragments [24] considering only the d contribution
and the magnetic moment (0.35up) is larger than ours for
f = 1.0. This fact is consistent with the lower coordination
presented in the bce structures.

Finally, for the case of N = 38, the first isomer is a
truncated cubo-octahedron cluster (fcc-fragment, ABD =
2.69 A). The magnetic moment increases in general as the
cluster size increases although some oscillations of small
amplitude are present, as it is shown in Figure 5. We are
not aware of any theoretical calculation available in the
literature for the large clusters studied in the present work
(N = 23, 26, 38). If we assume that the experimental
structure is the cubo-octahedral the best fit is in the range
of f=0.90 to 0.96.

In general, the reported results support the fact that
for the best fit to the experiments, the real structures
should be a little compressed with respect to those re-
ported in the literature, since expansion factors slightly
lower than 1 have to be considered in most cases.

4 Summary and conclusions

We have studied the magnetic properties of small Rh clus-
ters as a function of a uniform expansion in the bond
length. The studied geometries are those reported in the
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Fig. 5. Comparison of our results (represented by —0—) with
the experimental values available in the literature. The hori-
zontal long-dashed line corresponds to the experimental value
and the two parallel dashed lines correspond to the error bars
[3]. Upper part corresponds to N = 23, the middle one to
N = 26 and the lower part to N = 38.

literature obtained using the genetic algorithm [33]. The
spin-polarized electronic structure of the clusters was cal-
culated using a Hubbard type Hamiltonian for the 4d, 5s
and 5p valence electrons within the unrestricted Hartree-
Fock approximation [9,10].

We conclude that for a fixed geometry the magnetic
moment is very sensitive to bond-length variations. Al-
though symmetry and geometry play an important role in
the magnetism of Rh clusters (as in other TMs clusters),
here it is not always possible to rationalize the magnetic
behavior in terms of simple geometrical parameters, as it
is the case in 3d clusters [9].

Our study shows that many of the results published in
the literature are consistent with our calculations consid-
ering the fact that reported bond-length values are slightly
different. Consequently, different magnetic moment is ex-
pected. Not all the cases can be explain under this simple
scheme due to the fact that the magnetic moment is also
very sensitive to the type of calculations and approxima-
tions used.

As a general result, we find two size ranges, N < 13
and N > 13, according to the magnetic moment depen-
dence with the expansion factor f. In the smaller sizes
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(N < 13) the magnetic moment displays a stepwise be-
havior as a function of the interatomic separation. For
N > 13 we obtain a smoother dependence, accompanied
generally by oscillations. The complex dependence with
the expansion factor in Rh clusters characterized some-
times by anomalous magnetic behavior is related with the
electron population in the neighborhood of the Fermi level.
A detailed analysis has to be carried out in order to un-
derstand such subtle and complex behavior.

In general, for the best fit to the experiments, the real
structure should be a little compressed with respect to
those reported in the literature, since expansion factors
slightly lower than 1 have to be considered in most cases.
The present work is only a first step towards the under-
standing of the magnetism of low-dimensional rhodium
systems. Further work is necessary, not only from the the-
oretical side, but also from the experimental one. It is im-
portant to point out that there exist only one experimental
study on Rh clusters performed in 1993, up to our knowl-
edge [3]. From the theoretical point of view, it would be
pertinent to investigate the effect of possible Jahn-Teller
distortions, particularly in the case of small size clusters
where Jahn-Teller distortions are expected.
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