PHYSICAL REVIEW B 72, 125427 (2005)

Cubic magic clusters of rhodium stabilized with eight-center bonding: Magnetism and growth
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Ab initio calculations on Rh, (n=8-64) clusters surprisingly show simple cubic structures to be most
favorable up to n~27. These are stabilized by eight center bonding and lie significantly lower in energy than
the icosahedral isomers found in previous studies. With increasing size cuboctahedral, decahedral, and icosa-
hedral isomers become preferred, showing a reversal of the growth behavior compared with the well-known
icosahedral — decahedral — cuboctahedral transitions. The low-coordination cubic structures have lower mag-
netic moments than the dense packed icosahedral isomers and which agree closely with experiments. Our
results resolve a long standing discrepancy between theory and experiments and provide a new direction in the
understanding of the properties of transition metal clusters.
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I. INTRODUCTION

The occurrence of magnetism in clusters of nonmagnetic
transition metals such as rhodium!= has attracted much
attention*~® both from a fundamental point of view and tech-
nological importance. However, a proper understanding still
remains elusive. Earlier calculations*® show icosahedral
growth to be most favorable for Rh,, clusters. But, the calcu-
lated magnetic moments are much higher than the observed
values? and the origin of the discrepancy has been a puzzle.
Here we report our finding of eight-center bonding in Rh,
clusters that favors low coordination simple cubic (SC)
structures and lead to an unusual behavior of the bond
lengths. These isomers lie significantly lower in energy than
the icosahedral ones up to n~27 and have lower magnetic
moments in contrast to the general expectation of increasing
moments with decreasing coordination. As the cluster size
increases, structural transitions occur to cuboctahedral, deca-
hedral, and icosahedral isomers showing a reversal of the
growth behavior from the often found’ icosahedral
— decahedral — cuboctahedral transitions.

Rhodium clusters were found!? to have magnetic mo-
ments with n up to ~60 in the temperature range of
60-300 K although bulk Rh is a nonmagnetic metal. Clus-
ters of magnetic elements Fe, Co, and Ni also have increased
magnetic moments®® relative to the bulk. Primarily this en-
hancement occurs due to the fact that clusters are intermedi-
ate forms of matter between atoms and bulk with reduced
mean coordination and their magnetic moments tend to ap-
proach the atomic limit, which is often a higher value than in
bulk. However, the magnetic properties of matter are struc-
ture dependent and the determination of the structure-
property relations in clusters is an important and challenging
task particularly when the cluster size becomes moderately
large. Even for a ~10-atom cluster it can be difficult as our
results will demonstrate. Therefore, even though several ab
initio calculations have been performed on Rh, clusters,3¢
most of these are limited to small sizes (n up to ~13). More-
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over, the predicted magnetic moment of, e.g., 1.62upg/atom
on Rhy; in the icosahedral structure, differs significantly
from the measured value? of 0.48+0.13up /atom and no sat-
isfactory explanation could be found so far. Recently, a cage-
like isomer of Rh,; has been found'® to be 0.30 eV lower in
energy than an icosahedron but the calculated magnetic mo-
ment (1.31ug/atom) is still significantly higher, leaving the
discrepancy unresolved. Also recently a bilayer structure of
Rh;; has been shown'! to be 0.13 eV lower in energy than an
icosahedron. However, the magnetic moment in the bilayer
structure is 1.31up/atom which is again significantly higher
than the measured value.

In Sec. IT we give our method of calculation while in Sec.
IIT we present our results and discussion. A summary of our
conclusions is given in Sec. IV.

II. METHOD OF CALCULATION

We performed ab initio calculations on Rh,, clusters in a
wide range of sizes ranging from n=2 to 64 using ultrasoft
pseudopotential'?> plane wave method and spin-polarized
generalized gradient approximation for the exchange-
correlation energy. The clusters were placed in a large cubic
box of side up to 18 A and I point was used for the Brillouin
zone integrations. The cut-off energy for the plane wave ex-
pansion was taken to be 205.5 eV. Several isomers were op-
timized for each size using the conjugate gradient method
without any constraint. Furthermore, several spin isomers
were optimized for each low lying structural isomer. The
total energy was converged with a tollerence of 107 eV
while the force on ion was converged to an accuracy of 1073
or less. The results for small clusters with n<9 are the same
as reported in Ref. 10. However, for larger clusters com-
pletely new isomers have been found and are discussed in
the next section together with some selected low lying or
well known other structures. A comparison is provided with
respect to the lowest energy isomers reported in Ref. 10
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FIG. 1. (Color online) Optimized lowest energy isomers of Rh,
clusters. These results show simple cubic growth to be most favored
for n up to 27. Numbers show the size (n) while 55i is the icosa-
hedral isomer of Rhss. The simple cubic isomer of Rhg, gets
distorted.

which are the lowest energy isomers known before to the
best of our knowledge for small sizes of rhodium clusters.

III. RESULTS AND DISCUSSION
A. Atomic structures

Our results strikingly show low coordination SC struc-
tures to be lowest in energy for rhodium clusters in the in-
termediate size of n=8-27. Starting from a perfect cube!'®
for Rhg, the cubic growth continues (Fig. 1) with a face
capping such that Rh;, is a double cube. It lies 1.5 eV or
more lower in energy than many other noncubic isomers we
examined and has 0.67 ug/atom magnetic moment, in excel-
lent agreement with the measured value’> of 0.59
+0.12up/atom. Continuing capping on a side face of Rh,,
we obtain Rh;q and Rh;g with SC structures having three and
four cubical units (Fig. 1), respectively. Their magnetic mo-
ments, 0.50 and 0.22up/atom, respectively, also agree well
with the measured values of 0.64+0.10up/atom and
0.35+0.12ug/atom. Another cubic isomer (Fig. 2) of Rhy,
with two neighboring faces of Rh;, on the same side capped
by dimers, lies only 0.11 eV higher in energy while three
cubes in a row lies 0.85 eV higher in energy. Though the
latter structure is quite symmetric, it indicates that structures
based on three cubes in a row are not favored. Indeed as we
shall show later, our results on larger clusters further support
this conclusion. Most interestingly, several often-considered
close-packed isomers of Rh;g (Fig. 2) such as a cuboctahe-
dron with one capping atom missing, a decahedron with all
the seven faces capped and an atom at the center, a double
icosahedron with a capping atom missing (it is nearly degen-
erate with a double icosahedron in which one of the center
atom is missing), and a capped double decahedral isomer
with two atoms at the centers lie 1.42, 2.26, 3.12, and
3.13 eV higher in energy, respectively. Therefore, in this size
range, close-packed structures are quite unfavorable.

In the intermediate sizes of n=9-11, different capping of
the faces of Rhg show a cube bicapped on a face (Fig. 1) to
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be most favorable for Rh;, with 1.2up/atom magnetic mo-
ment. It lies 0.24 and 1.19 eV lower in energy compared
with a bicapped tetragonal antiprism (1.4ug/atom) (see Ref.
10) and a cube with two opposite faces (1.0uz/atom) capped
(Fig. 2), respectively. Therefore, isomer with capping of a
cube on opposite faces is quite unfavorable. Close-packed
structures, such as a tricapped pentagonal biprism, a tetra-
capped prism, and an isomer with two interpenetrating pen-
tagonal biprisms (see Fig. 2) have 0.54, 0.80, and 1.43 eV
higher energies and 1.6, 1.4, and 1.2ug/atom magnetic mo-
ments, respectively. These are unlikely to be present in ex-
periments. Rh;; also has a cubic structure with three atoms
capping a face (Fig. 1) of Rhg. There are two nearly degen-
erate spin isomers with 1.0 (Fig. 1) and 0.09up/atom mag-
netic moments (Fig. 2) that are 0.33 eV lower in energy than
the previous best result,'” while an isomer (Fig. 2) with two
atoms capping a face and an atom capping the opposite face
of a cube lies 1.01 eV higher in energy. However, a threefold
symmetric isomer with three adjacent faces of a cube capped
(Fig. 2) is only 0.03 eV higher in energy, with 1.36uz/atom
magnetic moment. We expect this isomer to be present in
experiments and give rise to a higher mean value of the
magnetic moment in agreement with the measured value’
(0.8+0.2ug/atom).

For Rh;3, capping of a side face of Rh,, (Fig. 1) is favored
with 0.69ug/atom magnetic moment. This is the best agree-
ment with the experimental value? of 0.48+0.13uz/atom
among all the theoretical results obtained so far. A hexagonal
isomer!® and a cube with five faces capped (Fig. 2) lie 1.09
and 1.54 eV higher in energy and have 0.85 and
1.38 up/atom magnetic moment, respectively. The formerly
best icosahedral isomer®~® lies 1.34 eV higher in energy. The
lowest energy non-icosahedral isomer of Rh;; reported in
Ref. 10 lies 1.05 eV higher in energy as compared to our
lowest energy cubic isomer. The biplanar isomer (Fig. 2)
reported in Ref. 11 though lies 0.08 eV lower in energy than
the icosahedral isomer with 1.31ug/atom magnetic moment,
it is 1.26 eV higher in energy as compared to our lowest
energy cubic isomer. Two other relatively open isomers (Fig.
2) lie 0.83 and 0.92 eV higher in energy than the best cubic
isomer. Thus, our findings show a completely different
growth pattern than known before with much lower energy
isomers. Interestingly, an isomer with an atom capping the
top of the double cube (Fig. 2) lies 0.76 eV higher in energy,
with 0.69up/atom magnetic moments. This result suggests
that structures with continued three-dimensional cubic
growth may be favorable. Indeed Rhy, is a bicapped (on a
side face) double cube (Fig. 1) similar to Rhj,. It has
0.43 up/atom magnetic moment, in good agreement with the
experimental value? of 0.5+0.12uz/atom. Other cubic iso-
mers (Fig. 2) with different ways of capping lie more than
0.50 eV higher in energy with a preference for capping of
two adjacent faces. The previously best, hexagonal isomer!?
lies ~1 eV higher in energy. Continuing the SC growth,
Rh;5 is obtained from Rh;, by capping a neighboring face
with an atom (Fig. 1). It has 0.47 ug/atom magnetic moment,
compared with the experimental value of 0.71+0.09 up/atom.
A few other isomers (Fig. 2) with different capping of faces
lie within 0.4 eV, while the previous best isomer!® lies
0.76 eV higher in energy, suggesting low preference for
closed-packed structures.
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FIG. 2. (Color online) A few selected isomers of Rh, clusters.
The number on the top left indicates the size (n) of the following
isomers while the number below the figure indicate the energy (eV)
compared to the lowest energy isomers shown in Fig. 1 and the
magnetic moment (ug/atom).
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Rh;; is obtained from Rh;q by capping an atom on the
step so that the two cubes are linked (Fig. 1). It has only
0.06 upg/atom magnetic moment, compared with the mea-
sured value? 0.39+0.12uz/atom. However, spin isomers with
0.18, 0.29, and 0.41upg/atom magnetic moment lie only
0.015, 0.024, and 0.096 eV higher in energy, respectively,
and are likely to be present in experiments leading to a
higher observed value of the magnetic moment. A few other
cubic isomers (Fig. 2) as well as a cuboctahedron with two
capping atoms missing symmetrically as shown in Fig. 2 lie
0.88, 0.88, and 1.18 eV higher in energy, respectively and
are unlikely to be observed. For Rh;q, an isomer with cap-
ping of a face of Rh;g (Fig. 1) has the lowest energy and
0.16up/atom magnetic moment. A spin-isomer with
0.26 upg/atom magnetic moment lies only 0.044 eV higher in
energy and could result in a higher observed value. Most
interestingly, a cuboctahedron (Fig. 2) is only 0.040 eV
higher in energy and has 0.68ug/atom magnetic moment,
which is close to the observed value” of 0.610.08up/atom
while a double icosahedron and a decahedron (Fig. 2) lie
2.53 and 2.64 eV higher in energy, respectively. Thus the
well-known close-packed icosahedral and decahedral iso-
mers are not favored in this size range, and a cuboctahedral
isomer becomes competitive at n=19, indicating a possible
change in the growth pattern.

In order to check the structural transitions with increasing
size, we studied SC isomers for n=27 and 64, as well as
cuboctahedral, decahedral, and icosahedral isomers for n
=23 and 55. The binding energy in Fig. 3(a) shows that the
SC structures are preferred for n=23 and 27, with 0.39 and
0.31up/atom magnetic moments, respectively. These values
compare well with the measured values> 0.13+0.13 and
0.20+0.13 wp/atom, respectively. For n=23, the observed
value could be lower also, because at least three other iso-
mers (Fig. 2) lie within 0.24 eV and have lower magnetic
moments. A decahedral isomer (Fig. 2) with 0.07 eV higher
energy and 0.04ug/atom magnetic moment is likely to be
present in experiments and lead to significantly reduced
magnetic moments. However, an icosahedron and a cubocta-
hedron (Fig. 2) of Rhy; lie 2.14 and 1.86 eV higher in en-
ergy, respectively, with 0.30 and 0.57 up/atom. Similarly, for
Rh,;, an icosahedral and a decahedral isomer (Fig. 2) lie 2.75
and 1.72 eV higher in energy than the lowest-energy SC
structure, ruling out icosahedral or decahedral growth. How-
ever, for n=535, an icosahedral isomer (Fig. 1) becomes low-
est in energy, with 0.13ug/atom magnetic moment. The
decahedral isomer (Fig. 2) lies only 0.19 eV higher in energy
with 0.2upg/atom, while a cuboctahedral isomer (Fig. 2) lies
1.90 eV higher in energy and has 0.42ug/atom magnetic mo-
ment indicating a transition from simple cubic growth. The
SC isomer for n=64 (three cubes in each direction) also
distorts'3 and a transition occurs to closer-packed structure at
least in the interior of the cluster (Fig. 1). These results show
a reversal of the growth behavior compared with the well-
known icosahedral — decahedral — cuboctahedral isomers
with increasing cluster size and the possibility of distorted
cubic structures for large clusters.

The binding energy, as well as the highest occupied-
lowest unoccupied molecular orbital (HOMO-LUMO) gap
[inset Fig. 3(a)], show local maxima for clusters with com-
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FIG. 3. (Color) (a) Binding energy of rhodium clusters. Inset
shows the HOMO-LUMO gap. Filled red triangle is for the dis-
torted cubic cluster for n=64. Filled red circles correspond to the
lowest energy isomers for small clusters. Line represents least-
square fit to the energies of simple cubic isomers. Upon extrapola-
tion we get bulk cohesive energy of 5.96 eV/atom that agrees well
with the experimental value of 5.75 eV/atom. (b) Calculated mag-
netic moments (values for the lowest energy isomers connected by
a line) show good agreement with the experimental results” (broken
curve with error bars in cyan color). Inset shows the mean bond
length (BL). Right arrow shows the bulk value 0.269 nm.

plete cubic units such as for n=8, 12, and 18. These are
therefore magic. Most importantly, the magnetic moments
[Fig. 3(b)] show overall very good agreement with experi-
ments, in contrast to all previous studies, and clarify that the
lower observed values are due to structures that were hitherto
unknown for rhodium clusters. Magic clusters of metals such
as Nbg have been found'* to have low reactivity. For these
clusters the HOMO-LUMO gap is large!'> such as 0.78 eV
for Nbg. However, for magic clusters of Rh the HOMO-
LUMO gaps are much smaller (Fig. 3). Though the reactivity
of clusters depends on many factors and is generally specific
to particular molecule, the relatively smaller HOMO-LUMO
gaps may not show strong variations in reactivity of Rh clus-
ters. Indeed experiments'® on interaction of D, and N, do not
show any strong magic behavior though the reactivity slows
down in the range of n=5-17.
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B. Eight-center bonding, electronic, and magnetic behaviors

In order to understand the nonintuitive result of low mag-
netic moments in the low-coordination SC structures and the
bonding nature, we find that the bond lengths in SC isomers
are significantly shorter [near 0.245 nm, see inset in Fig.
3(b)] compared with ~0.265 nm in the bulk and a similar
value for the closed-packed cuboctahedral, decahedral, and
icosahedral isomers. A contraction in the bond length with
decreasing coordination is expected, but one would also ex-
pect an increase in the magnetic moment. More surprisingly,
in Rh, the bonds joining the two cubes (between atoms with
coordination 4) are shorter (0.237 nm) than the bonds joining
the corner atoms with coordination 3 (Fig. 4). A similar fea-
ture is seen in Rhyg, in which the bonds between the two
square faces of Rh;g and those linking the cubes are shorter
(about 0.235 nm), but in Rhy,; no such short bonds are
present. To our knowledge such a behavior in metal clusters
has not been reported before.

These results are understood from novel eight-center
bonding in SC isomers. As it can be seen from Fig. 4(a), the
lowest-energy electronic state of Rhg has strong d bonding
character, in contrast to the normally found sp character in
metal clusters (note the charge density for the cuboctahedral
isomer of Rhjy that shows typical metallic bonding [Fig.
4(f)] with the lowest electronic state having strong sp char-
acter). It represents eight-center bonding with charge density
lobes pointing along the cube diagonals [Fig. 4(b)]. Two
electrons share this state. The partial charge density isosur-
faces of a few other low-lying electronic states also show
maximum density along the bonds. Such covalent bonds tend
to reduce magnetic moments. The shorter bond lengths in
Rh;, and Rh;g arise due to the forces resulting from eight-
center bonding that act in the same direction [Figs. 4(d) and
4(e)]. But, for Rhy,, the eight-center bonding is weaker due
to increased coordination of atoms, leading to elongation of
the central bonds. These results also suggest why SC growth
becomes unfavorable with increasing n as for Rhg, in which
the central atoms tend to form a closer packing but the corner
cubes retain their identities. For larger sizes, bulk metallic
bonding should emerge, at least in the central regions of
clusters, and favor closer-packed structures.

The magnetic ordering in Rhg [Fig. 4(c)] is ferromagnetic,
but for Rh,; the magnetic moments on off-corner sites be-
come quite small [Fig. 4(g)]. However, antiferromagnetism
is not responsible for the occurrence of isomers with low
magnetic moments. Similar variation in the spin polarization
is seen in other smaller cubic clusters (two nearly degenerate
isomers of 11, and the lowest energy isomers of 12, 13, 14,
15, and 19) as shown in Fig. 5. On the other hand for the
cuboctahedral isomer of 19 [Fig. 4(f)], the polarization is
more uniform. However, for Rhss, the polarization is more
on the surface shell while for the inner atoms the polarization
is reduced significantly. These results also indicate that sur-
face polarization may occur even for larger clusters.

IV. SUMMARY

In summary, we have found, quite unexpectedly, simple
cubic growth in Rh,, clusters to be most favorable up to a size
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FIG. 5. (Color) Spin polarization as in Fig. 4
for the two nearly degenerate isomers of 11 (low
and high spin) and the lowest energy isomers of
12, 13, 14, 15, 19, and 55. The spin-polarization
isosurfaces are at the same value as in Fig. 4.
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of n~27. These are stabilized by eight-center bonding that
also leads to an unusual bond length contraction in clusters
with n=12 and 18. Cuboctahedral and decahedral isomers
become competitive at n=19 and 23, respectively, and for
Rhss, icosahedral/decahedral isomers are nearly degenerate
and have lowest energy, showing a reversal of the growth
pattern from what is commonly known. The magnetic mo-
ments in the low coordination simple cubic isomers are also
lower than in close packed structures and agree closely with
the observed values explaining the origin of a long-standing
experimental result. The good agreement of the calculated
magnetic moments with experiments suggests that our
atomic structures are the true minima of these clusters at
least in the size range of up to around 20. As it is well
known, one can never be sure of the lowest energy structures
and there may be more than one isomer coexisting in experi-
mental conditions. However, our results show new structures
and growth behavior in Rh clusters that was not known be-
fore and we believe that these results would lead to a new
direction in the understanding of atomic structures of clusters
as well as lead to a better understanding of magnetism and
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reactivities!”~1? of transition-metal clusters. Our results could

also pave way for the development of new catalysts based on
rhodium and other transition metals. It is to be noted that
recently for Pt clusters also cubic and relatively open struc-
tures have been found® to be lowest in energy. Therefore
clusters of late transition metals have much surprise in store.
These are catalytically among the most important ones and
we hope that our results would generate renewed interest in
further understanding of the properties of these clusters.
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