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Using the density-functional theory (DFT) with the generalized gradient approximation to exchange and
correlation, we compute the geometries, electronic structure, and related properties of free-standing rhodium
and ruthenium atomic clusters with sizes below 20 atoms. We explore different structural and spin isomers
per size, for which we determine the interatomic distances, binding energy, magnetic moment, HOMO—LUMO
gap, and electric dipole moment. For many sizes, different implementations of DFT predict different properties
for the lowest-energy isomers, thus illustrating the complex nature of these 4d transition metal elements at
the nanoscale. We discuss our results for rhodium clusters in the context of recent electric deflection

measurements.

I. Introduction

Free-standing transition-metal (TM) atomic clusters are a
matter of intense research with the goal of understanding the
geometrical and electronic properties at the nanoscale as well
as their interplay. This knowledge is of great relevance if those
systems will be used in nanotechnology to design magnetic or
catalytic devices in which the morphology plays a fundamental
role. The production of size-selected, free-standing clusters in
cluster beams is well-controlled at present, and the magnetic
properties as a function of cluster size can be investigated
through Stern—Gerlach techniques.' 3 Molecular beam electric
deflection measurements have also been carried out to character-
ize the electric dipole and polarizabilities of several TM
clusters.*~®

However, the geometrical structures of free-standing clusters
are more difficult to characterize, since most of the techniques
used in bulk-like systems are not suitable if the cluster is not
supported on a host. Therefore, in the free-standing environment,
alternative techniques have emerged to find plausible geometries.
In this respect, and closely related to catalysis, it is possible to
take advantage of the structural dependency on the adsorption
of light molecules on the surface of the cluster.” Other types of
experiments, such as trapped ion electron diffraction® and
infrared spectroscopy,’ have shed light on the geometrical
structure of metal clusters when combined with density func-
tional theory (DFT) total energy calculations.

From the theoretical side, the coexistence of itinerant d
electrons with delocalized sp electrons in the electronic valence
of transition metals makes it difficult to treat them within simple
models. If the determination of both the geometry and electronic
structure is being achieved at the same level, which is desirable
due to the strong interdependence of both kind of properties,
DFT has been demonstrated to be a very efficient and reliable
approach for many elements.
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The electronic structure and magnetic properties of clusters
of the non magnetic 4d elements Rh and Ru have been widely
investigated from the theoretical side after the pioneering
experimental work of Cox and co-workers.? The early theoretical
studies using both semiempirical approaches and DFT did not
consider full structural relaxation (due to the huge computational
cost), despite interesting general trends being predicted, such
as the magnetic character of small Rh and Ru clusters, in contrast
with the nonmagnetic character of their bulk counterparts.'?~!8
Later DFT studies, carried out considering structural relaxations,
provided further details on the growth patterns and electronic
properties, although the wide dispersion in results depending
on the DFT flavor did not allow unambiguously proposing
geometric and total spin patterns as a function of the cluster

size.197%

In the present work, we have calculated, using the DFT
SIESTA code (Spanish Initiative for Electronic Simulation of
Thousands of Atoms)® in the generalized gradient approxima-
tion (GGA) approximation, the geometries, electronic structure,
and related properties of different isomers of Rh and Ru atomic
clusters with less than 20 atoms. We have focused on the
previous DFT—GGA studies that considered full structural
relaxation,'®>* against which we have benchmarked our results.
We also provide results for properties that were not calculated
before, such as the electric dipole and polarizability (only for
some particular clusters), which we have tried to correlate, in
the case of Rh, with recent electric deflection measurements®
to finally illustrate the complex nature of these 4d TM elements
at the nanoscale and the difficulty in reaching an overall
agreement at the DFT level. Thus, the present work reports
results obtained using another DFT—GGA implementation
which we believe will be of interest for the scientific community.
Since the problem still remains open, in our opinion, we hope
that our work will contribute to the enrichment of the scientific
discussion and to the motivation of further experimental and
theoretical efforts.
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Figure 1. Illustration of the geometry of our predicted lowest-energy isomers of Rhy clusters.

The rest of the paper is organized as follows. In Section II,
we briefly describe our DFT approach. In Section III, we first
compare the results obtained for the geometrical structures,
binding energy, magnetic moments, and HOMO—LUMO gaps
with previous DFT—GGA studies that considered full relaxation,
and then we discuss the trends obtained for electrical properties
(in some Rh clusters). The main conclusions are summarized
at the end.

II. Theoretical Method

We have performed our calculations using the DFT approach
as implemented in the code SIESTA.? This method employs
linear combination of pseudoatomic orbitals as basis sets. The
atomic core is replaced by a nonlocal norm-conserving
Troullier—Martins®® pseudopotential that is factorized in the
Kleinman—Bilander form?” and includes nonlinear core correc-
tion terms to account for the significant overlap of the core
charges with the valence d orbitals. The code allows one to
perform, together with the electronic calculation, structural
optimization using a variety of algorithms.

In the present study, we have used the GGA to the exchange
and correlation potential as parametrized by Perdew, Burke, and
Ernzerhof (PBE).?® The ionic pseudopotentials were generated
using the atomic configurations 4d", 5s!, and 5p° with n = 7
for Ru, and n = 8 for Rh. The s, p and d cutoff radii were 2.40,
2.40, and 1.70 au for both elements. We have included nonlinear
core corrections with a matching radius of 1.40 au in Ru and
1.20 au in Rh. We have verified that these pseudopotentials
accurately reproduce the eigenvalues of different excited states
of the respective isolated atoms.

Concerning the basis set and the energy cutoff to define the
real space grid for numerical calculations involving the electron
density, a detailed and carefull test has been performed. We
have described the valence states using double-§ polarized
(DZP) basis sets with two orbitals having different radial form
to describe both the 5s and the 4d shells and one orbital to
describe the 5p shell. We tested for Ruy; a triple-G double
polarized (TZDP) basis, that is, with three radial functions per

angular momentum (instead of two, as in the DZP), as well as
with double polarization of the valence s states (instead of single
polarization, as in the DZP). Regarding the differences of
binding energy of the different isomers with respect to the most
stable one, we found that the TZDP led in general to slightly
lower energy differences than does the DZP (in no more than
15 meV) and that the energetic ordering of the different isomers
was unchanged. Concerning the interatomic distances, we found
that the TZDP basis led to slightly shorter interatomic distances
and, thus, a shorter average distance, than did the DZP basis
(in no more than 0.02 A). We have considered a 250 Ry energy
cutoff to define the real space grid for numerical calculations
involving the electron density and an electronic temperature of
25 meV to accelerate the self-consistency. We have tested larger
cutoffs and lower electronic temperatures for particular cases,
and they do not substantially modify the results.

To optimize the geometrical structures, we have performed
local relaxations using the conjugate gradient algorithm starting
from a large variety of initial structures having different
symmetries and spin configurations (different structural and spin
isomers). The structural optimization was stopped when each
force component at each atom in the cluster was smaller than
5 meV/A. For some particular clusters, we have also used the
fully unconstrained version of the SIESTA code to check the
possible existence of noncollinear magnetic arrangements. We
have found in all cases a collinear ferromagnetic-like order.

III. Results

A. Magnetic Moment and Geometry. In Figures 1 and 2,
we illustrate the geometries of our predicted lowest-energy
isomers of Rh and Ru clusters, respectively. In Tables 1—3 we
compare, for these lowest energy isomers, our SIESTA—GGA
results with those results obtained by other groups using different
DFT implementations. We focus on DFT studies that considered
full structural optimization. All those studies were carried out
using the GGA—PWO1 approximation for the exchange and
correlation potential as given by Perdew and co-workers,?® which
is known to be close to the GGA—PBE results. Nevertheless,
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Figure 2. Illustration of the geometry of our predicted lowest energy isomers of Ruy clusters.
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TABLE 1: Average Magnetic Moment Per Atom, Binding Energy, Average Interatomic Distance and HOMO-LUMO Gap of
Rhy Clusters (N = 2—12) Calculated through Different DFT Implementations®

size structure u (up) energy (eV/atom) av distance (A) gap method
2 pair 2.00 1.798 227 0.41 SIESTA—PBE
2.00 1.686 221 0.57 VASP—PAW—-PW912
2.00 2.050 2.20 0.19 VASP—USPP—PW91%
2.00 1.880 2.28 0.03 DMOL—AE—PW91"
3 triangle 1.67 2.375 2.49 0.30 SIESTA—PBE
1.00 2.308 2.38 0.38 VASP—PAW—-PW912
1.67 2.600 0.08 VASP—USPP—PW91%
1.67 2.350 2.51 0.08 DMOL—AE—PW91"
4 bend rhombus 1.50 2.816 2.60 0.13 SIESTA—PBE
1.50 3.120 2.54 0.20 VASP—USPP—PW91%
tetrahedron 0.00 2.750 245 0.60 VASP—PAW—-PW91?
0.00 2910 2.50 0.66 DMOL—AE—PW91"
5 square pyramid 1.00 3.076 2.54 0.11 SIESTA—PBE
1.00 3.028 2.49 0.43 VASP—PAW—-PW91?
1.00 3.400 2.48 0.10 VASP—USPP—PW91%
1.40 3.130 2.56 0.37 DMOL—AE—PW91"
6 octahedral 1.00 3.244 2.59 0.17 SIESTA—PBE
1.00 3.204 2.54 0.20 VASP—PAW—-PW91?
0.00 3.250 2.59 0.40 DMOL—AE—PW91"
prism 1.00 3.570 243 0.04 VASP—USPP—PW91%
7 prism + 1 1.29 3.347 2.56 0.06 SIESTA—PBE
1.57 3.710 2.50 0.04 VASP—USPP—PW91%
decahedral 1.86 3.304 2.58 0.52 VASP—PAW—-PW91?
1.29 3.330 2.60 0.16 DMOL—AE—PW91"
8 cubic 1.50 3.557 2.45 0.25 SIESTA—PBE
1.50 3.960 2.39 0.46 VASP—USPP—PW91%!
octahedral + 2 1.25 3.430 2.56 0.00 VASP—PAW—-PW91?
1.00 3.400 2.62 0.12 DMOL—AE—PW91"
9 cubic + 1 1.44 3.567 2.52 0.08 SIESTA—PBE
1.44 3.970 2.46 0.13 VASP—USPP—PW91%
twin octa 1.10 3.498 2.56 0.23 VASP—PAW—-PW912
10 cubic + 2 1.20 3.640 2.49 0.14 SIESTA—PBE
1.20 4.040 2.44 0.16 VASP—USPP—PW91%!
SAP +t+b 1.40 3.634 2.56 0.00 VASP—PAW—-PW91?

“Twin octa means twin octahedral, SAP + t + b means square antiprism capped on top and bottom, and polytetra means polytetrahedral.

there is a wide dispersion in the predicted structures and spin
states of many clusters. The same holds for the binding energies
and, particularly, for the HOMO—LUMO gaps, even when the
predicted structures match.

In the case of Rh, SIESTA gives a slightly higher binding
energy, larger average distance, and smaller HOMO—LUMO
gap than the all-electron VASP—PAW calculations of Futschek
et al.?? for those sizes for which both DFT codes find the same
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TABLE 2: As in Table 1 but for Rhy Clusters with N = 13—19
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size structure U (ug) energy (eV/atom) av distance (A) gap method
11 cubic + 3 0.09 3.685 2.49 0.19 SIESTA—PBE
1.00 4.050 2.46 0.17 VASP—USPP—PW91%!
polytetra 0.45 3.667 2.55 0.14 VASP—PAW—-PW91>
icosahedral — 2 0.27 3.550 2.63 0.10 DMOL—AE—PW91"
12 couble cubic 0.67 3.825 2.45 0.16 SIESTA—PBE
0.67 4.190 2.40 0.26 VASP—USPP—PW91%!
icosahedral —1 0.62 3.590 2.67 0.07 DMOL—AE—-PW91"
13 cubic + 1L 0.69 3.824 2.49 0.23 SIESTA—PBE
0.69 4.180 2.45 0.22 VASP—USPP—PW91%!
0.69 5.250 VASP—PAW—-PW913
BBP 1.31 2.60 VASP—USPP—PW91*
icosahedral 1.62 3.745 2.67 0.18 VASP—PAW—-PW91?
1.15 3.650 2.69 0.10 DMOL—AE—PW91"
14 double cubic + 2 0.57 3.871 2.48 0.12 SIESTA—PBE
0.43 4.240 2.43 0.14 VASP—USPP—PW91%!
15 double cubic + 3 0.60 3.889 2.54 0.14 SIESTA—PBE
0.46 4.264 2.48 0.07 VASP—USPP—PW91%!
18 cubic oblate 0.22 4.051 2.47 0.12 SIESTA—PBE
0.22 4.420 241 0.12 VASP—USPP—PW91%!
19 cubic oblate 0.26 4.044 2.49 0.13 SIESTA—PBE
0.16 4410 2.44 0.10 VASP—USPP—PW91%

“Cubic + 1 L means cubic plus one lateral atom, and BBP means bucked biplanar.

TABLE 3: As in Table 1 but for Ruy Clusters with N =2 — 19

size structure u (up) energy (eV/atom) av distance (A) gap method

2 pair 2.00 2.143 2.08 0.56 SIESTA—PBE
2.00 2.420 2.04 0.42 VASP—PAW—-PW91*
2.00 2.020 2.04 0.43 VASP—USPP—PW91%

3 triangle 2.67 2.733 2.43 0.52 SIESTA—PBE
2.00 3.050 2.31 0.42 VASP—PAW—-PW91%*
2.00 2.590 231 0.41 VASP—USPP—PW91%

4 square 1.00 3.092 2.28 0.21 SIESTA—PBE
0.00 3.580 2.18 0.45 VASP—PAW—-PW91*
tetrahedron 1.00 2.810 2.40 0.44 VASP—USPP—PW91%

5 square pyramid 0.00 3.398 242 0.33 SIESTA—PBE
0.00 3.820 2.37 0.33 VASP—PAW—-PW91*
0.40 3.380 2.37 0.16 VASP—USPP—PW91%

6 prism 0.67 3.661 2.40 0.10 SIESTA—PBE
0.34 4.100 2.33 0.06 VASP—PAW—-PW91*
0.67 3.680 0.08 VASP—USPP—PW91%

7 cubo-1 1.14 3.849 2.49 0.20 SIESTA—PBE
0.86 4.200 2.39 0.05 VASP—PAW—-PW91%*
octahedral + 1 0.86 3.700 0.10 VASP—USPP—PW91%

8 cubic 0.50 4.145 2.35 0.12 SIESTA—PBE
0.50 4.600 2.29 0.05 VASP—PAW—-PW91*
0.50 4.230 0.06 VASP—USPP—PW91%

9 cubic +1 0.89 4.131 2.45 0.09 SIESTA—PBE
0.89 4.580 2.38 0.05 VASP—PAW—-PW91*
0.50 4.180 0.16 VASP—USPP—PW91%

10 pentagonal rings 0.80 4.233 2.42 0.19 SIESTA—PBE
0.80 4.270 0.07 VASP—USPP—PW91%
cubic + 2 0.40 4.600 2.36 0.15 VASP—PAW—-PW91%

11 cubic + 3 0.36 4.236 242 0.13 SIESTA—PBE
0.18 4.700 2.37 0.10 VASP—PAW—-PW91*
pentagonal rings 0.18 4.170 0.31 VASP—USPP—PW91%

12 double cubic 0.00 4.398 2.40 0.18 SIESTA—PBE
0.00 4.900 2.34 0.13 VASP—PAW—-PW91%
0.17 4.400 0.09 VASP—USPP—PW91%

13 cubic+ 1L 0.15 4.369 2.48 0.12 SIESTA—PBE
HP —1 0.31 4.880 2.46 0.15 VASP—USPP—PW91%
BBP 0.46 2.53 VASP—USPP—PW913
double cubic + t 0.46 4.370 0.07 VASP—USPP—PW91%

14 HP 0.43 4.479 2.50 0.10 SIESTA—PBE
0.00 5.000 2.45 0.05 VASP—PAW—-PW91%

15 HP + 1 0.53 4475 2.53 0.09 SIESTA—PBE

18 cubic 0.11 4.609 2.47 0.07 SIESTA—PBE

19 cubic 0.21 5.584 2.49 0.10 SIESTA—PBE

ground state structure (N = 2, 3, 5, 6). Different structures are
predicted otherwise. Comparing our results with the all-electron
DMOL calculations of Reddy et al.,' the same structures are
obtained again only for N = 2, 3, 5, 6, but with comparable

binding energies and similar average interatomic distances in
this case. We note that although the geometrical structures for
N =2, 3,5, 6 are similar, the average magnetic moment per
atom is not always the same. Discrepancies exist also between
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Figure 3. The inverse of the HOMO—LUMO gap (in 1/eV) calculated for the ground state (+) and for several metastable isomers (x) of Rhy
clusters (N = 5—15 and 18—19) is compared to the measured static dipole polarizability per atom® (in A3) (*, with error bars). The calculated
polarizability for N = 6—8 is also shown (o). The difference, A, of binding energy per atom with the ground state is given in meV for those
metastable isomers with A < 80 meV. For polar isomers with dipole moment Id | > 0.1 au the values (A, Id |) are given. In the case of Rh;; and
Rhy4, these values, together with the total magnetic moment (in ug), are given in the inset. (The atomic unit for the dipole moment, e x Bohr, is

equivalent to 2.54 D.)

the values reported by Futschek et al.?? and by Reddy et al.,'
even for sizes such as N = 7—8, 13 for which both calculations
predicted the same structure (see Table 1). Comparing SIESTA
with the VASP pseudopotential approach of Bae et al.,?!
despite the different kind of pseudopotential and basis set
(ultrasoft pseudopotentials vs Troullier—Martins pseudopoten-
tials used in SIESTA; plane waves vs localized numerical
pseudoatomic orbitals in SIESTA), similar geometrical structures
are predicted for all Rh clusters, with the only exception of Rhg,
and the same magnetic moment is obtained except for N = 7,
14, 15, 19. SIESTA always gives slightly lower binding energy
and larger average distance than the plane wave calculations
with ultrasoft pseudopotential.

For small Ru clusters, there are only two other DFT studies
that considered full structural relaxation, one of which used the
ultrasoft pseudopotential VASP code,?® whereas the other one
employed the all-electron VASP—PAW code,* both using a
plane wave basis. SIESTA predicts the same structures as the
ultrasoft pseudopotential code of Bae et al.?* for all sizes except
for N = 13 and departs from the structures predicted by the
VASP calculations of Zhang et al.* only for N = 7, 10, 13.
Therefore, there is more consensus for the Ru clusters than for
the Rh ones concerning the geometrical structure. Regarding
the average magnetic moment, we disagree with Bae et al.**
for N = 3, 4, 6, 7, 14 (we obtained larger values) and with
Zhang et al.”® for N = 5, 9, 12. Concerning the binding energies
and average interatomic distances, the differences between
SIESTA and the ultrasoft pseudopotential code?* are similar to
those indicated previously for Rh clusters. The same holds, in
general, between SIESTA and VASP for Ru clusters with less
than six atoms.

We note that pseudopotential DFT approaches lead, in
general, to more open structures of cubic type for these small

Rhy and Ruy clusters than all-electron DFT implementations.
We also note that in the case of Ru, the ultrasoft pseudopotential
VASP calculations® depart from this trend in only two cases,
Ru; and Ruy. In a recent work, we investigated in detail the
Rh and Ru clusters with 13 and 23 atoms, and we found that
open arrangements of atoms were preferred, as indicated by the
stability of the cubiclike structures which were, among those
investigated, the ones with a lower number of bonds (or with
the lowest coordination number).® And this question has been
a long-standing issue. Thirteen-atom clusters of Pd, Rh, and
Ru with radial-relaxed octahedral and icosahedral shapes were
investigated by means of local spin-density calculations more
than 10 years ago by Reddy and co-workers,*' who concluded
that icosahedral structures were more stable than octahedral ones
and that these clusters were magnetic. Other structural shapes
were tested later on. For Rh;; and Ruys, early local spin-density
calculations suggested an icosahedral ground state'' or a
fragment of the FCC crystal?>?* or even a cagelike configura-
tion.?? Later on, a compact biplanar structure was also proposed
as the possible ground state.*> However, recent works support
the cubiclike structures as the most probable ones,?**3 like in
the present work for smaller clusters. The number of localized
d electrons relative to the delocalized sp ones is larger in the
4d clusters than in their 3d counterparts, and more d electrons
with fewer sp electrons favor the more covalent and directional
bonding of the cubic structures.

B. Electrical Properties. In Figures 3 and 4, we plot the
inverse of the HOMO—LUMO gap for the lowest-energy
isomers of Rh and Ru clusters, respectively, as well as for some
of the metastable isomers. In the Rh clusters, we obtain
negligible permanent dipole moment for the lowest energy
isomers, except for N = 13, 14, 15, 19. Certain metastable
isomers also sustain a permanent dipole moment, d (see Figure
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3). Among them, those with Id| 2 0.2 au and a binding energy
difference smaller than ~ 50 eV/atom with respect to the
corresponding lowest isomer are illustrated in Figure 5. These
are the capped octahedron of N = 7 (40 eV/atom less stable),
the capped twin octahedron of N = 10 (37 eV/atom less stable),
the isomers of N = 13, 14 with cubiclike geometries (30—46
eV/atom less stable than the lowest one that is also cubiclike),
and the hexagonal-like isomer of N = 15 (48 eV/atom less
stable) with an inverse of the HOMO—LUMO gap of 15.04
eV~!. The magnetic moment of these metastable polar clusters
is generally much higher than that of the ground state config-
uration, as shown in the inset of Figure 3 for Rhj; and Rhy
isomers.

At small enough values of the intensity of an external electric
field, F, the electric dipole moment, d, is proportional to the
external field, d = aF, with o the electric polarizability, so that
the Rh isomers that should have substantial electric polari-
zabilities could be found among the ones mentioned above.
Recent electric deflection measurements by Beyer and Knick-
elbein for Rh clusters® have shown sharp peaks in the electric
polarizability for Rh clusters of 7, 10 atoms and a lower and
broad peak around N = 13. It is worth noting that none of our
metastable isomers with permanent dipoles were predicted as
the lowest energy isomer either by us nor by other authors who
used different DFT implementations with standard flavors of
the GGA. Nevertheless, the experiment of Beyer and Knickel-
bein provides arguments in favor of the relative stability of some
of them. As we will show later in a detailed analysis for Rh,
the binding energy of isomers as well as their electrical
properties can be strongly sensitive to changes in the functional
describing the exchange and correlation potential.

Concerning the Ru clusters, the lowest energy isomers of N
=17, 11, 13, 18, and 19 have a permanent dipole moment, Id |
=z 0.2 au, as well as the following metastable ones with energy
difference below 50 meV/atom (illustrated in Figure 6): for N
= 3, the isosceles triangle (30 meV/atom less stable); for N =
7, a spin isomer with the same cubic structure as the lowest
one, but with average magnetic moment of 0.86 up (30 meV/
atom less stable); for N = 10, the cubiclike plus 2 atoms (40
meV/atom less stable); and for N = 13, the cubiclike with a
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lateral atom (10 meV/atom less stable) as well as the hexagonal
(30 meV/atom less stable). Here, only three of them have been
predicted as the lowest energy isomers by other authors (the
isosceles triangle and the cubic isomer of Rh; with 0.86 ug/
atom,? and the cubic-like plus 2 atoms of N = 10 2*). No electric
deflection experiments have been reported for Ru clusters so
far, but it would be quite interesting to see up to what extent
these future experiments are consistent with the above results.

We note in Figures 3 and 4 the extreme sensitivity of the
HOMO—-LUMO gap to the isomer geometry. For example, a
difference of only 20 meV between the binding energy per atom
of the capped triangular prism (prism + 1) and that of the cubo-1
isomer of Rh;, which amounts to ~0.5%, leads to a difference
of ~30% for the inverse of the corresponding HOMO—LUMO
gap, as represented in Figure 3. In Tables 1—3, we can also
observe the sensitivity of the HOMO—LUMO gap of a given
structure to different types of calculations. A strong dependence
on the xc-functional has also been reported for the calculated
dipole polarizabilities of simple metals.?> Therefore, the accurate
determination of the polarizability of transition metal clusters
is expected to be difficult within DFT.

A rough correlation between polarizability and HOMO—
LUMO can be expected, since the second-order perturbation
expression of the polarizability is given by a(0) = 23, (Iz,0/>)/
(E, — Eg), where z,0 is the matrix elements of the dipole
operator, d, for all single particle states (In > with energy E,)
of the system.?® The symbol =’ means that the highest occupied
state, HOMO with energy E, must be excluded from the sum.
Since in many cases the main contribution to that sum results
from the first nonoccupied state, LUMO, it can be roughly
expected that a(0) ~ (HOMO — LUMO)™'. It is worth
mentioning, however, that only the eigenvalue of the highest
occupied orbital HOMO has a meaning within DFT, which
corresponds to the adiabatic ionization potential, or chemical
potential in the case of extended systems. Thus, although the
static polarizability is a property of the ground state of the
cluster, the calculated HOMO—LUMO value depends in an
uncontrolled manner on the approximation used for the exchange-
correlation functional. Nevertheless, with that caution in mind,
the dipole static polarizability of Rh clusters, in A3, as measured
by Beyer and Knickelbein,® is also depicted in Figure 3 and
compared with the HOMO—LUMO values calculated for the
ground state configuration of Rhy clusters. We also provide the
HOMO—-LUMO of isomers with less than ~80 meV binding
energy difference with respect to the ground state.

As mentioned at the beginning of this section, the measured
polarizability® shows relevant peaks at N = 7, 10 and a broad
lower peak around 13, (those at 7 and 10 remain visible at
temperatures as high as 134 K). Let us now investigate in more
detail the electrical properties of the Rh; cluster. As we have
discussed before, the capped octahedron isomer of Rh; has a
permanent electric dipole moment, and this isomer was not
predicted as the lowest energy isomer in previous DFT GGA
studies. Furthermore, the electrical properties in general, and
the polarizability in particular, are difficult to determine ac-
curately within the DFT and depend on the approximation used
for the exchange and correlation potential. It is for this reason
that we have performed a detailed study of Rh; considering two
unconventional flavors of the GGA. The first is the van der
Waals (vdW in what follows) nonlocal energy functional of Dion
et al.*” that has been recently implemented by Soler et al.*® in
the SIESTA code. The strong dependence of the polarizability
with the long-range behavior of the exchange-correlation
functional has been well-established.*> The second is our
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Figure 6. As in Figure 5 but for isomers of Ruy.

implementation in SIESTA of a tightening of the Lieb—Oxford
bound on the PBE functional, recently discussed by Odashima
et al.,*® and that corresponds to the ratio A = Ag, = 2 in E,, =
AELPA that gives the extreme low-density limit of the uniform
electron liquid (A = Ao = 2.27 in the standard PBE). We will
refer to this xc-functional as PBM in what follows.

The static dipole polarizability of a cluster can be estimated
by using the standard numerical finite field perturbation method,
in which the field-dependent energy is expanded with respect
to an external uniform electric field, F,

= dF—l(xFF—

E SO FF,

E’ ey

where i, j are Cartesian coordinates and the dipole moment and
the static dipole polarizability are obtained as energy derivatives,
d; = —0E/0F lg=o, and a; = —&*EldF, i0F lp=o, respectively. The
external electric field values used in our calculations were (in
a.u.) F; = 0.000, £0.001, £0.006, £0.010, and 40.020 for i =
+x, +y, and £z. The energies calculated for these values have
been fitted to a polynomial expansion to obtain the first- and
second-order derivatives of energies with respect to the electric
field strength. The mean polarizability is calculated as o =
Tr(aj)/3. This requires achieving self-consistency in both the
electronic and geometrical parts for each value of the external
electric field when applied along each of the three Cartesian
components. This represents a huge computational task.
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TABLE 4: Comparison of PBE, PBM, and vdW
xc-Functionals for Several Electronic Properties of Two Rh;
Isomers: Binding Energy Per Atom (E;); Average Magnetic
Moment Per Atom (iz); Average Polarizability Per Atom (&);
Electric Dipolar Moment (ldl); Ionization Potential (IP);
Electron Affinity (EA); HOMO-LUMO Gap (H-L)

prism+1 O, + 1

PBE PBM vdW vdW
magnitudle PBE PBM vdW (1) (9 (9 1D

Ey, (eV/atom) 3.35 3.54 3.01 3.31 3.55 3.00 2.97

[i (us/atom) 129 129 129 157 129 129 157
o (A¥atom) 506 531 524 539 642 746 854
dl (Debye) 001 006 006 090 042 036 084
IP (eV) 6.13 608 651 636 661 657 654
EA (eV) 194 222 184 177 176 174 194
IP—EA (V) 4.19 387 447 459 485 462  4.60
H-L (eV) 006 005 015 017 024 016 0.16

Note that two spin isomers with the vdW functional are shown
for O, + 1.

In Figure 3 the mean polarizability @ calculated within the
PBE functional for Rhs, Rh;, and Rhg is also represented. We
see that @ fits very well the measured value for N = 6 and 8,
but severely fails for N = 7. According to Beyer and Knick-
elbein,’ the deflection profile for Rhy is characteristic of clusters
with a substantial permanent dipole moment, which was
estimated to be 0.24 D using the adiabatic rotor model.® In other
words, the isomer O, + 1 of Rh; with a permanent dipole
moment (see Figure 5) can be expected to have a significant
charge transfer among Rh atoms, thus contributing substantially
to the average atomic polarizability.** Our calculated dipole
moment for Rh; is smaller than 0.06 D for all the low-lying-
energy isomers, except for the capped octahedron (O, + 1)
which is 0.90 (0.82) D for the state with total spin moment 11
(9) ug. The state with total spin moment 9 ug, is only 25 meV
per atom less stable than the one with 11 ug.

In Table 4, we report the values of relevant properties related
to 0; namely, the absolute value of the dipole moment, Idl; the
adiabatic ionization potential, IP; the adiabatic electron affinity,
EA; the difference, IP — EA (known as hardness); and the
HOMO—-LUMO gap. These values were obtained with the PBE,
PBM, and vdW xc-functionals for the ground state (prism +
1), which has spin moment = 9 ug for the three functionals, as
well as for the capped octahedron (O, + 1) isomer, which has
spin moment of 9 ug for PBM and vdW functionals and 11 ug
for the PBE functional. To compare with the PBE results as
well as to show the correlation between magnetic moment and
polarizability, we also quote in Table 4 the value & (vdW) for
the isomer of Oy + 1 with spin moment = 11 ug. First, we see
that the ground state of Rh; for the PBM functional is the capped
octahedron with only 10 meV more binding energy per atom
than the capped prism configuration. This result is opposite to
the one obtained with the PBE and vdW functionals. For the
vdW functional, the capped prism has only 10 (40) meV more
binding energy per atom than the capped octahedron with spin
9 (11) ug. Note that the magnetic moment is the same for the
prism + 1 and O, + 1 isomers within the three functionals,
except for O, + 1 within PBE (11 ug instead of 9 ug). The
mean polarizability, 0, has been calculated keeping the spin
fixed to that of the configuration at zero external field. We see
that the PBM and vdW functionals give a higher value of a
than the PBE functional. On the other hand, for the three xc-
functionals, @ is higher for the O, + 1 isomer than for the
nonpolar prism + 1, as expected from the minimum polariz-
ability principle.*! Thus, & (vdW) is considerably larger for the
Oy, + 1 polar configuration than for the nonpolar prism + 1
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with the same spin moment, 9 ug, but still smaller than for the
Oy + 1 isomer with magnetic moment 11 ug. The PBM and
vdW approaches improve the prediction of the polarizability
of Rh; compared to the PBE xc-functional. In particular, for
the Oy, + 1 isomer with spin moment 11 ug, the vdW functional
correlates better with the measured polarizability,® as can be
seen in Table 4. The electric dipole predicted by PBE and vdW
for the u = 11 ug Oy + 1 isomer are not too different, however
(0.90 and 0.84 D, respectively). For the spin isomer with total
spin moment of 9 ug, the vdW functional gives the best result
for the dipole moment (0.36 D) versus the experimental value
(0.24 D).

In Table 4, we also report the values of the ionization
potential, IP, the electron affinity, EA, the difference IP — EA,
and the HOMO—LUMO gap, respectively. The EA and
HOMO—-LUMO gap of neutral clusters can be obtained
experimentally by means of photoelectron spectroscopy** on the
anionic specimen. As long as the values of IP and EA are
calculated as the difference of the total energy of the relaxed
neutral and charged clusters (cation and anion, respectively, for
IP and EA), these properties are well-defined within DFT. If
the calculated HOMO and LUMO eigenvalues of a given
configuration were to be considered as realistic estimations for
all xc-functionals, a correlation between the HOMO—LUMO
gap and the IP-EA values should be expected. This is roughly
verified for the ground state, as shown in Table 4.

IV. Summary

We have calculated, using the DFT in the GGA approxima-
tion as implemented in the SIESTA code, the geometries,
electronic structure, and related magnetic and electrical proper-
ties of different isomers of Rh and Ru clusters with less than
20 atoms. We have compared the geometries, binding energies,
average magnetic moments, and HOMO—LUMO gap of our
predicted lowest-energy isomers with the results obtained by
other groups using different DFT implementations with con-
ventional GGA functionals, either all-electron or pseudopoten-
tial-based ones. There is, in general, a wide dispersion in the
predicted structures and spin states of many of these clusters.
The same holds for the binding energies and, particularly, for
the HOMO—LUMO gap, even when the predicted structures
match. The pseudopotential DFT approaches lead, in general,
to more open structures of cubic type for these small Rhy and
Ruy clusters than the all-electron DFT implementations.

We have also determined some properties that were not
calculated before, such as the electric dipole and static polar-
izability (in Rhg, Rh;, Rhg), which we have tried to correlate
with recent electric deflection measurements in rhodium clus-
ters.® A rough correlation has been found between the polar-
izability and the inverse of the HOMO—LUMO gap. A detailed
study of Rh;, which has a polar metastable isomer (capped
octahedron), has been performed considering two unconven-
tional flavors of the GGA. These two are the nonlocal van der
Waals energy functional (vdW) and a low-density-limit tighten-
ing of the Lieb—Oxford bound on the PBE functional. We have
found that this polar isomer (capped octahedron) is the ground
state of the PBM xc-functional with only 10 meV more binding
energy per atom than the capped prism configuration. Both the
vdW and the PBM xc-functionals improve the prediction of the
polarizability of the Rh; isomer, particularly the vdW functional
for the capped octahedron with total spin moment of 11 ug.
Thus, the experimentally observed peak in the polarizability of
Rh, together with our results, provides arguments in favor of
the capped octahedron structure of Rh; with total spin moment
of 11 ug.
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The EA and HOMO—LUMO gap of neutral clusters can be
obtained experimentally by means of photoelectron spectro-
scopy*? on the anionic specimen. This will provide, together
with the polarizability, additional information to set up the
ground state and eventually to select the adequate xc-functional
to study the electronic properties of transition metal clusters.
Other types of experiments, such as trapped ion electron
diffraction’ and infrared spectroscopy,” have shed light on the
geometrical structure of metal clusters when combined with DFT
total energy calculations. Nevertheless, currently practiced DFT
cannot predict accurately the ground state geometry of a cluster
if its isomers lie within an energy range of ~ 0.2 eV. Thus,
comparison with several types of experiments is needed to
identify the preferred geometry and to select the most accurate
xc-functional. Because rhodium is an element of great interest
in catalysis, the determination of its morphology, electronic
structure and related magnetic and electrical properties at the
nanoscale is a challenge.
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