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Abstract: How many of the several attributes of the bulk
metallic state persist in a nanoparticle containing a finite
number of atoms of a metallic element? Do all those attributes
emerge suddenly at a well-defined cluster size or do they rather
evolve at different rates and in a broad size range? These
fundamental questions have been addressed through a conjoint
experimental/theoretical investigation of zinc clusters. We
report the observation of novel coexistence phenomena
involving different electronic phases: for some sizes, metallic
and insulating electronic states coexist within a single, Janus-
like, nanoparticle, for the rest of sizes, we report the coexistence
of two weakly interacting metallic phases with different
dimensionalities, localized at the shell and the core of the
nanoparticle. These fascinating features are due to an anom-
alously long core—shell separation that equips the shell and
core regions with largely independent structural, vibrational,
and thermal properties.

The concept of metallicity becomes elusive at the nanoscale.
The standard definition in terms of a finite density of
electronic states (EDOS) at the Fermi level and the concom-
itant electrical conductivity is useful only in the bulk limit
where the EDOS is continuous. But nanoparticles will in
general display a gap at the Fermi level because their
associated EDOS is discrete. It may be argued that a nano-
particle becomes metallic-like when the thermal energy
becomes comparable with the size of the gap, but that
would imply to accept that the criterion for metallicity is
temperature-dependent. Issendorff and Cheshnovsky!!!
avoided this problem by defining clusters with a gap smaller
than the Kubo gap® as metallic in a practical sense (E,, <
4FEw/3N, with Ep the Fermi energy of the bulk material and N
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the number of atoms in the nanoparticle). This criterion for
example can be used to define a critical size for the metal—
insulator transition in divalent (ns*) metals, where the broad-
ening of the occupied band formed from the atomic s-orbitals
and the empty band formed from the atomic p-orbitals leads
to a decrease of the gap between the two bands with size. The
critical sizes found this way are N =400 for Hg,’!! N=32 for
Zn,™ or N =18 for Mg’ A problem with this criterion is that
clusters of simple metals like sodium (as well as larger Mg or
Zn clusters) exhibit an electron shell structure, which leads to
large gaps at the Fermi level for certain closed shell sizes. In
principle such cluster sizes would be defined as insulating.

It might therefore be sensible to consider other traditional
criteria for metallicity as well, as they might be met even by
such types of insulating clusters: 1) electronic screening; it is
almost perfectly metallic for example in sodium nanoparti-
cles, even the smallest ones;*! 2) shell structure; the electron
shell structure in the cluster EDOS indicates the interaction
of delocalized electrons with the cluster boundary, and can be
used to determine parameters like the electron effective mass
or the interaction strength with the ionic cluster structure,
which gives hints at the degree of metallicity (a free-electron-
like shell structure, though, is only a sufficient, but not
necessary condition; open d-shell transition-metal clusters,
for example, exhibit a large density of states at the Fermi
level, but no electron shell structure);[m] and 3) electron
localization; an analysis of well-established bonding descrip-
tors, such as the electron localization function (ELF)," can
indicate electronic states consistent with a metallic picture of
chemical bonding.'?

Figure 1 shows a representative selection of the putative
global minimum (GM) structures of zinc clusters, and photo-
electron spectra of zinc cluster anions. The theoretical EDOS
of anions simulate the photoemission spectra very well. We
have additionally checked that the size dependence of the
stabilities is in agreement with the well-known abundance
mass spectra of both cations!'”'®l and anions™ (which we
have reproduced in our experiment). The accuracy of the
theoretical structures is therefore explicitly assessed. The spin
multiplicity is the lowest possible one for all the GM
structures, namely a singlet for neutral clusters and a doublet
for singly-charged clusters.

Zinc clusters can be classified into two structural families.
One (the adatom family; see N=11, 21, 48, 73 as examples in
Figure 1) features atoms with very low coordination in the
GM, certainly an unexpected result for aggregates of
a metallic element. Clusters of the other family do not have
dangling atoms in the GM and behave in some aspects as
typical metallic clusters. For example, their EDOS show
a clear shell structure, with electron shell closings observed at
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the vibrational/dynamical proper-
ties. For some sizes, we locate
competitive  structures ~ which
differ just in the relative orienta-

i

Zn+29(C2v

a5 is s e s s s
Binding Energy (eV)

Figure 1. A selection of the putative GM structures and approximate point-group symmetries of zinc
clusters. Internal (or core) atoms are shown in yellow, while blue is used to distinguish low-coordinate
adatoms. For Zny,, green and blue are used to highlight two different surface facets (see text). For
Zn, ", we additionally show the first metastable isomer (G, structure). The bottom row compares the
photoemission spectra for cluster anions (black lines) to the corresponding theoretical EDOS (green

lines).

N. =20, 34, 40, 58, 70, 92, 138 electrons, which is compatible
with a spherical superatom picture.'’! Moreover, their
electron dipole moments are close to zero, and the s—p
hybridization is already developed at N =9. Thus, even if they
show large HOMO-LUMO gaps at the shell closings
(quantum confinement effects are unavoidable), many other
features of the metallic state are already realized at size N=9
within this family. But the presence of singly coordinated
adatoms is not typical of metallic clusters, and they consis-
tently appear at sizes following an electronic shell closing,
coinciding with abrupt abundance drops in the mass spec-
tra.'71®1 We will see below that the adatom family can be
associated with reentrant insulating behavior.

The metallic structures themselves also display unusual
properties. Starting from size 18 they can be described as
endohedral clusters containing a core region surrounded by
a crowded and rounded shell of atoms. Their two distinguish-
ing features are a long radial distance separating the shell
from the core and a large ratio of surface to core atoms.
Typical interatomic distances within the core or the surface
range between 2.6-2.7 A and may be as short as 2.4 A, while
core-shell distances are 3.0 A on average and may be as long
as 3.3 A. The long core-shell separation induces the lack of
well-defined epitaxial rules for the growth of the shell onto
the core, yet most structures are not amorphous and show
a high point-group symmetry, opposing previous claims.”*?'!
Some examples: Zny, is a perfect hcp crystalline fragment;
Zns, has a high T, symmetry; Zn,, has a single internal atom
surrounded by a chiral shell with tetrahedral symmetry. An
example of unclear epitaxy is provided by the C,, isomer of
Znyg': its core is a 6-atom octahedron while the 42-atom shell
is icosahedral. Another example is Zn,,, which features a 13-
atom icosahedral core surrounded by a Dj chiral shell: its
growth pattern is Mackay-like on some facets (blue atoms in
Figure 1), simple hexagonal and so much less compact on
others (green atoms), and amorphous-like on the rest of
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tion of core and shell units. Zn,,",
for example, has two degenerate
GM structures (total energy differ-
ence lower than 1meV), both
featuring an internal dimer sur-
rounded by a decahedral shell with
Ds, symmetry. There are ten equiv-
alent orientations of the dimer in
each isomer, so a rotation of the
dimer by 360/20 = 18 degrees com-
pletes the interconversion between
the two structures. The calculated
transition barrier for this isomer-
ization process is as low as
2.6 meV, that is, about 0.09 meVatom™ (see the Supporting
Information for an animation file containing the transition
state geometry). Therefore, the dimer will be able to rotate
inside the cage in a quasi-free manner. These results are
supported by a calculation of the vibrational density of states
or VDOS (vibrational frequencies and visualization of the
normal modes are given in the Supporting Information). The
softest mode has a very low frequency of 15cm™ and
corresponds to the quasi-free rotation. Therefore, we predict
that the dynamical decoupling might be detected in vibra-
tional spectra in the form of very low frequency tails. An
additional exotic feature of the VDOS is that the stiffest mode
does not involve the core atoms and is rather localized in the
shell region. This behavior, induced by the crowded atomic
population of the shell, is the opposite to the one seen in other
typical metals.”?!

The physical reasons for these exotic properties can be
elucidated by an analysis of the electronic properties. We start
by discussing the adatom family. The electronic structure of
two N/N+1 cluster pairs, with N=10 or 20, is analyzed in
Figure 2. In both cases, the (N +1)-cluster is obtained by
adding a low-coordinate adatom to the N-atom cluster, which
itself is a magic superatom with a closed electronic shell. For
Zn,; we show results for two competitive structures that differ
just in the spatial location of the adatom. Both Zn,, and Zn,,
display a jellium-like sequence (1S*1P*1D'"2S*1F'“2PS...) of
delocalized electronic levels, apart from a small crystal-field
splitting due to a non-perfectly spherical shape. As an
example, we show the electron density of the 2S orbital of
the Cj, isomer (this plot is similar for both Zn,, and Zn;),
which clearly resembles an atomic 2s-orbital. Even for Zn,,
the HOMO contains roughly an equal proportion of s- and p-
orbitals, while for Zn,, the HOMO is already dominated by p-
orbitals; the LUMO is predominantly p-like in all cases. This
hybridization could be interpreted as an overlap of the s-band
and the p-band; so if one does not consider the vanishing of
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Figure 2. Center: comparison of the EDOS of two N/N+1 cluster pairs. Black lines give the EDOS of Zn;,
and Zn,; red lines give the EDOS of Zn,; and Zn,,; blue and orange lines show the contribution of s- and
p-orbitals to the EDOS, respectively; green lines show the contribution of the adatom plus the atom(s) to
which it is bonded. The new peak that appears at size N+ 1 is marked with an arrow. Bottom left: an ELF
isosurface at 88 % of its maximum value for Zn,,. The other three plots show the local contribution of the
insulating peak (right side) and of the HOMO (left side) to the electron density of Zn;;.

the bandgap, but instead the occurrence of this overlap as
a criterion for metallicity, zinc clusters are already metallic at
the smallest sizes considered in this paper. This is in agree-
ment with previous theoretical results on small Zn clusters®].

In metallic systems, it would be expected that the addi-
tional electrons in the (N + 1)-cluster populate the LUMO of
the N-cluster; that is, the state above the bandgap. What is
surprising is that the additional atom rather takes an
insulating option, because its filled orbitals contribute
a newly formed state below the bandgap without significantly
disturbing the EDOS of the metallic host. This is more like
what occurs when an atom is added to a separate band
insulator. In such a case the filled orbitals of the atom would
add to the fully occupied valence band level manifold, while
its empty orbitals would become part of the unoccupied
conduction band levels. An independent confirmation of
insulating behavior comes from an analysis of the electron
density distribution. The ELF of Zn,, has a maximum value
ELF,;=0.85, suggesting strong localization. An isosurface
plot at ELF* = ELF/ELF); =88 % (bottom left corner) shows
that the region of strongest localization occurs just on top of
the adatom, implying a lone electron density contribution.
This adatom attractor merges with the attractors in the
metallic part (see below) only at a very low bifurcation value
of ELF* =25 %, which suggests that the Zn—Zn,, bond (or
adatom-superatom bond) is not a metallic bond. The total
electron density also shows a deep minimum (that is, a charge
depletion) in the bond region, hinting at a rather non-bonding
interaction. Nevertheless, the dissociation energy of Zn,;*, for
example, is about 0.8eV, so the interaction is certainly
stronger than expected for a van der Waals bond. A Bader
analysis reveals a charge transfer from the adatom to the
metallic part of about 0.2 electrons, showing that the adatom-—
superatom bond has a partially ionic nature.

The insulating character is revealed also in the spatial
localization of the electron density contributed by the newly
formed orbital. The electron density of the insulating level of
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electron localization, but now
shared between the two atoms
which are equivalent by sym-
metry. Herein we find an inter-
esting quantum resonance
phenomenon, with the ground
state being a coherent quan-
tum superposition of the two
equivalent possibilities  to
place the insulating bond. The green curves in the EDOS
plot show the partial contribution of the adatom plus the
atom(s) to which it is bonded to the total EDOS. It recovers
more than 80 % of the newly added peak, further confirming
the localization properties. For the neutral clusters shown in
Figure 2, the energy of the new peak in the EDOS is very
close to the ionization potential of an isolated Zn atom
(9.3 eV), while the rest of electron energy levels continue to
be of a delocalized jellium nature. The whole analysis
provides evidence that two different electronic phases,
namely metallic and insulating, coexist within a single nano-
particle, which can thus be classified as Janus-like. This very
exotic coexistence has, not surprisingly, unusual consequen-
ces. For example, the HOMO-LUMO gap of Zny, (Dj,) is
even larger than that of Zn,,, because no new electronic shell
is yet opened.

We next analyze the metallic family in Figure 3. We show
plots of the density difference Ap=p—p,m, With p,, the
promolecular density. Positive (negative) values of Ap
correspond to electron density accumulation (depletion),
respectively. In Zn,y, whose polyhedral shell contains only
triangular facets, the Ap =+ 0.006 isosurface is the dual (or
reciprocal) of the shell polyhedron; that is, its vertices
coincide with the centers of the triangular faces of the shell.
This isosurface displays a connected network of three-center
bonds. There are no features connecting the innermost atom
to the shell at this Ap value, implying that the radial bonding
between core and shell is much weaker than the tangential
bonding within the shell. The electron density accumulated at
the shell has to be extracted from other cluster regions, which
are visualized in the Ap=—-0.002 isosurface. Part of the
charge comes from the outer region of the shell atoms, which
becomes more delocalized as expected in a metal. But the
relatively hollow region separating core and shell is also
a region with significant electron deficit.

These features are best appreciated in the isoline plot,
which shows deep purple regions only across the shell and
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Figure 3. Isosurfaces of constant Ap (in a.u.). Also shown are some
contour slices through appropriate planes, both for selected zinc
clusters and Nas;s. A rainbow color scale is employed in the isoline
plots, with a linear interpolation between the minimum (red) and
maximum (purple) values of the function.

a wide green region separating core and shell. A light blue
ring about the central atom (corresponding to Ap =+ 0.001) is
the only trace of a very weak, angularly delocalized, radial
bonding. The Ap=—0.004 isosurface of Zn,, illustrates the
different electronic behavior of core and shell atoms. The
electron density of the internal atom delocalizes in an
spherically symmetric way, trying to enhance the cohesion
to the shell as a whole. Meanwhile, the shell atoms lose their
charge along the tangential directions, enhancing only the
cohesion within the shell. Interactions in zinc clusters are thus
isotropic within the core but directional within the shell,
resembling a nanoalloy with two different metallic species
rather than a one-component system. A population analysis
of the cluster wavefunction reveals that, while in the core
atoms the p-population is equally shared between p,, p,, and
p. orbitals, the population of the radial p-orbital is essentially
zero for the shell atoms. The connected network of three-
center bonds identified at the shell is therefore achieved
through something similar to a sp>-hybridization (which, due
to the different number of valence electrons and character of
the bonds, is of course different in its details to the standard
sp>-hybridization in, for example, carbon).

These observations hold for all other sizes, including those
with more than one core atom. The peculiar behavior of zinc
clusters is best illustrated through a comparison with a more
typical metallic cluster. In Figure 3, we compare the C,,
isomer of Zn," to Nass. These clusters share a common
icosahedral shell with 42 atoms, which encapsulates either a 6-
atom octahedron (Zn,") or a 13-atom icosahedron (Nass).
The contour slices clearly reveal a strong radial bonding
gluing the core and shell of Nass, a feature which is absent in
Zn,'. Moreover, we did not observe any indication of sp*-
hybridization in Nass, where all the atoms contribute some
charge in an isotropic way to ensure metallic cohesion.

An analysis of the ELF for clusters of the metallic family
(Supporting Information, Figure S1) confirms all the conclu-
sions obtained from the Ap analysis. The maximum value of
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the ELF is below 0.5, which is indicative of a delocalized
density distribution with metallic cohesion. Also, while the
several ELF attractors located at the shell already merge
together at ELF* =90 %, the core and shell attractor basins
fully connect with each other only at a very low bifurcation
value of ELF* =25%. This amounts to an absolute value of
ELF =0.11, which is of the same order of magnitude as the
ELF minima observed in between ions of typical insulating
crystals.?! Therefore, core and shell regions of zinc clusters
are as weakly connected as two units of an insulating system.
The same conclusion can be reached from total density
values: as compared to the average free electron density of
0.019 a.u. in bulk zinc, the total electron density is as low as
0.002 a.u. at its minimum between the core and shell regions
of Zn,,, that is, roughly an order of magnitude decrease. The
physical picture that emerges from this analysis is that of two
largely independent metallic phases, a 2D metal at the shell
and a 3D metal at the cluster core, which only weakly interact
with each other but coexist within the same nanoparticle. This
explains the lack of clear epitaxial rules for growth of the shell
onto the core and the partial dynamical decoupling between
core and shell. It is also tempting to think that the very stable
and distant shell can isolate the core from external influences
to a high degree, thus providing a natural protective coating
for the internal zinc metal and maybe also for other
encapsulated metals. Although this idea still has to be
explicitly checked, we believe it may be a key factor in
explaining the widespread use of zinc in corrosion protecting
layers.

The present work approaches the problem of metallicity
in nanostructures by analyzing in detail the chemical bonding
pattern and electronic density distribution in real space, as
well as the EDOS in energy space. While in two former
publications™¥ based on experimentally determined
HOMO-LUMO gaps a transition from an insulator to
a simple free-electron metal in zinc clusters was suggested
to occur at size 32, the theoretical analysis reveals a much
more complex situation. On one hand, a cluster as small as
Zn, already displays many features of a metallic-like cohe-
sion, despite having a sizable HOMO-LUMO gap. On the
other hand, the larger clusters up to size 73 exhibit some
properties which are far from simple-metal-like behavior. The
insulator-metal transition is thus not at all a sharp transition
occurring at a well-defined size, but rather a smooth change of
properties, which most probably will continue even for much
larger cluster sizes.

Our work is a significant step towards a deeper under-
standing of the metal-insulator transition in nanoparticles,
and provides fundamental physical insights on the meaning of
the concept of metallicity. In particular, we have provided the
first evidence for the exotic coexistence of two different
electronic phases (metallic and insulating) within a single
Janus-like nanoparticle. Additionally, we have demonstrated
that the metallic clusters contain two largely independent
metallic phases with different dimensionality, namely an sp*
bonded 2D-metal at the shell and an isotropic 3D-metal at the
core. The unique properties of zinc clusters identified herein
open fascinating new avenues also for applied research. In
particular, Zn shells may serve as nanocoatings that effec-
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tively isolate the cluster interior from external influences and
thus may help to preserve its potentially interesting proper-
ties. Work along these lines is presently in progress.

Methods

Photoelectron spectra of zinc cluster anions were measured employ-
ing the same methods as described earlier.""* Briefly, zinc clusters
were produced in a magnetron sputter gas aggregation source,
thermalized to about 100K in a liquid-nitrogen-cooled radio-
frequency ion trap, mass-selected in a time-of-flight mass spectrom-
eter, and irradiated by an ArF excimer laser (hv=6.4¢eV) in the
interaction region of a magnetic bottle type time-of-flight photo-
electron spectrometer. The arrival-time spectra of the emitted
electrons have then been transformed to the binding energy spectra
shown in Figure 1. Putative GM structures were initially determined
through unbiased basin hopping™! optimizations based on a Gupta
potential," and later on reoptimized (for both neutral and singly
charged clusters) at the DFT level employing the SIESTA code!™* and
the PBE exchange-correlation functional.'® Full computational
details and benchmark accuracy tests are given in the Supporting
Information.
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