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Assembling of hydrogenated aluminum clusters
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Abstract. The electronic and atomic structure of Ali3H has been studied using Density Functional Theory.
AlisH has closed electronic shells. This makes the cluster very stable and suggests that it could be a
candidate to form cluster assembled solids. The interaction between two AlisH clusters was analyzed and
we found that the two units preserve their identities in the dimer. A cubic-like solid phase assembled from
Aly3H units was then modeled. In that solid the clusters retain much of their identity. Molecular dynamics
runs show that the structure of the assembled solid is stable at least up to 150 K. A favorable relative
orientation of the clusters with respect to their neighbors is critical for the stability of that solid.

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 36.40.Mr Spectroscopy and geometrical
structure of clusters — 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

The high stability of the Al;3H cluster indicates that it
could be a promising candidate for the synthesis of new
cluster assembled materials [1]. The neutral cluster has
a HOMO-LUMO gap of 1.4 + 0.2 eV, measured by pho-
toelectron spectroscopy (PES) of the Al;3H™ anion [1].
The experimental observations are consistent with the pre-
dictions of the jellium model for aggregates of s—p ele-
ments [2]; in this model the 40 valence electrons of Al;3H
give a structure of closed electronic shells. PES experi-
ments [3-5] and ab initio calculations [6] confirm the va-
lidity of the jellium model predictions for pure aluminum
clusters.

In the present work we use the Density Functional The-
ory (DFT) [7] to study the electronic and atomic struc-
ture of Alj3H, investigating the equilibrium location of
the hydrogen atom. Then, the interaction between two
Al{3H clusters is studied as a function of their distance
and relative orientation. Finally an assembled cluster solid
is modeled as a cubic lattice built from Al;3H units and
its stability is tested by molecular dynamics simulations.

We use DFT, with the local density approximation
(LDA) for exchange and correlation [8], to study first the
free Aly3 and Alj3H clusters . The Kohn—Sham (KS) equa-
tions [7] are solved for the valence electrons using the ADF
code [9], treating the Ne—core of each Al atom as frozen.
The basis set is formed by s, p, and d Slater—type atomic
orbitals. For each Al atom, the basis contains three s, nine
p and five d orbitals, and for H, three s and three p or-
bitals. The basis set is non—orthogonal. The calculation
is a spin restricted, nonpolarized one. However, to obtain
the correct binding energies, a spin polarized calculation
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is performed for the free H and Al atoms. No symmetry
restrictions are imposed to the geometry of the clusters,
neither to their electronic states.

We confirm that the equilibrium structure of Aly3 is a
distorted icosahedron with one central atom, a geometry
found in previous ab initio calculations [10]. The Al-Al
distances are given in Table 1. The anionic cluster Alj;,
with 40 valence electrons, has a more regular icosahedral
structure, with a slight contraction with respect to the
neutral. In contrast, a more distorted icosahedron is ob-
tained for the cation Alf;, with a small expansion with
respect to the neutral. The calculated binding energy of
Aly3, measured with respect to the separated atoms is
given in Table 2. The binding energy is larger than the
value of 35.97 eV obtained by local spin—density calcula-
tions for the perfect icosahedral structure [11]. When a
spin—polarized calculation is performed for the open shell
Aly3, a very small increase in binding energy is obtained
with respect to the non-polarized result (0.05 eV), with-
out noticeable relaxation of the geometry. This indicates
that the Jahn—Teller distortions allowed for in our calcu-
lation have a much larger effect than those due to spin
polarization. The HOMO-LUMO gap of the closed—shell
Al cluster, calculated from the corresponding orbital en-
ergies, is Ae = 1.81 eV.

Several locations for the H atom bound to Aly3 have
been tried, following the suggestions of previous work [12]:
top, bridge and hollow sites, and also positions inside the
cage. In the top site, the atom is placed outside the Al
cage, in the radial direction passing through one of the sur-
face atoms. The bridge position corresponds to the atom
above the middle of the edge connecting two neighbor-
ing Al surface atoms. In the hollow position the atom sits
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Table 1. Bond lengths (in atomic units) for the equilibrium
geometries. Distances from the central Al to the outer Al atoms
are indicated by d; D are distances between neighbor Al atoms
on the surface of the cluster. For the hydrogenated aggregates,
dH is the distance from H to the central Al atom, and DH are
H-Al nearest-neighbor distances for Al at the surface. Sub-
scripts m and M indicate minimum and maximum values.

dm dv Dwm Dy DH, DHy dH
Alf, 504 5.20 5.10 6.66
Alis  5.02 5.10 5.20 5.59
Al;  5.04 5.05 5.26 5.33
AlisHT 500 5.10 520 551 3.65 3.70 5.73
AlisH 500 5.08 520 5.54 3.67 3.67 5.68
AlisH™ 5.01 512 525 569 3.59 3.60 5.40

above the centre of one of the triangular faces. In each
case the equilibrium structure was obtained by first mov-
ing radially the H atom, with the Al cage frozen, till a
minimum of the energy is found, and at that stage a com-
plete relaxation of the cluster was performed. The lowest
energy equilibrium configuration was found for the hollow
site, with the H atom at equal distances of 3.67 a.u. from
the three Al atoms of the triangular face. Other relevant
distances are given in Table 1. The H binding energy is
3.36 eV. The bridge and top configurations are only saddle
points. A very small barrier of 0.08 eV separates hollow
sites in two adjacent faces, suggesting a high mobility of
the H atom over the surface at room temperature. The
calculated binding energy of an isolated Hy molecule by
the present method, using the spin—polarized result for the
H atom, is 4.95 eV, to be compared with the experimental
value 4.75 eV. This means that there is a net energy gain
of 1.77 eV when the Hs molecule dissociates and each of
the two H atoms binds to a different Al;3 cluster. We have
also investigated the possibility of placing the H atom in-
side the Alj3 cage, but it was no possible to find a stable
equilibrium position. The geometries of the charged clus-
ters have been calculated starting from the equilibrium
configuration of the neutrals. Data for the bond lengths
are given in Table 1. In Al;3H~, the H atom is closer to
the cluster surface than in the neutral, and closer to the
central Al atom as well, in spite of the small expansion of
the Aly3 cluster. For Al;3HT, the H atom is slightly more
distant from the cluster surface.

The HOMO-LUMO gap of Al;3H, estimated from the
corresponding orbital energies, is Ae = 1.77 eV. This can
also be obtained as the energy difference between the high-
est occupied molecular orbital and the next occupied or-
bital of the anion Al;3H™, that provides a more convenient
estimate because only occupied orbitals are involved. The
corresponding value, Ae = 1.63 eV, is within the error
limits of the experimental result, 1.4 + 0.2 eV [1]. The
adiabatic ionization potential of AljsH is I = 7.05 eV,
in good agreement with other DFT calculation [12]. The
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Table 2. Energies of the highest occupied orbital emoao,
HOMO-LUMO gap Ae¢, and cluster binding energy BE with
respect to the separated atoms, in eV.

EHOMO Ae BE
Alfy -7.43  0.73
Alis —-3.95 39.22
Al —0.87 181
AlisH —4.11 1.77  42.58
(AljisH), —3.14 070 88.18
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Fig. 1. Calculated electronic density of states (DOS) for

AlisH™ with the H atom in the hollow position.

large value of I reflects the high stability of the aggregate.
The calculated adiabatic electron affinity is A = 1.76 eV.

Comparison between the calculated electronic density
of states (DOS) of Al;sH™ and the measured PES spec-
trum [1] allows to discuss the location of the H atom.

Fig. 2. Two isomeric geometries of (Al13H)2. The ground state
is isomer (b) and isomer (a) is 1.28 eV above in energy.
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Fig. 3. Unit cell of the as-
sembled solid for a large value
of the lattice constant (a), and
snapshot of the structure near
the equilibrium volume for a dy-

To obtain the DOS we start with the KS single—particle
states. The eigenvalue of the highest—occupied KS or-
bital, egomo, gives the ionization potential, I, (that is
I = —egomo) for the exact exchange—correlation func-
tional [13,14]. However, for the usual approximate contin-
uum functionals that relation is not fulfilled. Instead, a
generalized Koopman’s theorem is obtained for I [15]:

I = —€egomo + vze(00), (1)

where v,.(00) is the asymptotic value of the exchange—
correlation potential. This equation can be used to calcu-
late v4c(c0) as the actual energy shift between I (obtained
as the difference between the energies of the ionized and
neutral species) and —egono. The value v,.(00) is then
applied as a rigid shift to all the KS energies to improve
the absolute energy scale of the electronic spectrum [3,15].
For the anion Al;3sH™ with the H atom at the hollow site,
the value v,.(00) = 2.36 eV has been used to calculate
the DOS given in Fig. 1, where each KS energy has been
broadened by a normalized Lorentzian of width compa-
rable to the experimental resolution [1,4]. The structure
of the spectrum is in good agreement with experiment,
in particular the small feature at —1.8 eV and the dis-
tance between this and the next large feature, that can
be identified with the HOMO-LUMO gap of the neutral.
In contrast, when the H is at the top location, the DOS
shows an energy gap too small compared to experiment.
Next we have studied the dimer (Alj3H)s. The clus-
ter Ali3H has a static dipole moment of 0.28 Debye, in
the direction of the H atom. We first consider two clusters
with a fixed relative orientation, chosen so as to maximize
the dipole—dipole interaction. A “head to tail” geometry
was constructed in which the clusters are face to face and
one of them is rotated by 7/3 about the axis joining the
two centers, with one H atom between the two clusters
and the other on the outer opposite face. The energy was
calculated for several intercluster distances without any
relaxation of the cluster geometries, and a minimum was
obtained for a distance R,, = 11.81 a.u. between the clus-
ter centers. For the geometry at R,, a steepest descent
relaxation of the structure was then performed, and the
resulting equilibrium geometry is given in Fig. 2(a), which

namical simulation at 150 K (b).

shows that the two clusters preserve their structures in
the dimer. The relaxation had a very small effect on the
structure of the dimer and the calculated binding energy
with respect to the two separated clusters, is 1.78 eV.
The intracluster interatomic distances experience small
changes with respect to those in the separated clusters.
The smallest intercluster Al-Al distances have values be-
tween 5.59 a.u. and 5.72 a.u., and comparison with those
in Table 1 indicates that they are only a little larger than
the intracluster distances. The structure has an approxi-
mate Cs, symmetry. Nevertheless, there is a different iso-
mer, in fact more stable than the one just discussed. Its
structure is shown in Fig. 2(b), and the relevant energies
are given in Table 2. The main structural difference is
that the clusters have contact Al-Al edges perpendicular
to each other, that is, one cluster is rotated 90 degrees
with respect to the other. The H atom of the bottom clus-
ter adopts a bridge position inside the cluster. The other
H atom is located on a top position in the upper clus-
ter. The binding energy of the dimer with respect to two
Al;3H units is 3.03 eV, and the gain of 1.25 eV is due to
the favorable orientation of the units. A similar structure
was found as the ground state for the (Aljz)s dimer in
pair potential calculations [16]. As a consequence of the
cluster—cluster interaction, near—degeneracies of electronic
levels split and shells broaden. Consequently the HOMO-
LUMO gap is reduced to 0.71 eV. Of course, there is some
freedom for the initial locations of the H atoms, that could
lead to different final positions for those atoms. We have
not investigated this point in detail because, as shown be-
low, the H atoms easily find their way to their optimal
location in the simulations of the assembled solid.

We have modeled the assembling of AljsH clusters
with a Car-Parrinello type code [17] that uses a supercell
geometry, a basis set of plane waves and nonlocal norm-—
conserving pseudopotentials. The plane wave energy cutoff
was set at 25 Ry. The forces on the atoms were calcu-
lated by means of the Hellmann-Feynman theorem, and
the molecular dynamics simulations at constant tempera-
ture were performed with a Nosé-Hoover thermostat.

The optimal relative cluster—cluster orientation in the
ground state of the dimer suggests that the structure to
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Fig. 4. Electronic DOS of the assembled cluster solid near the
end of a molecular dynamics simulation at 150 K.

be tried for the assembled solid should be one in which
each cluster is alternated 90 degrees with respect to all its
nearest clusters, in order to have the closest edges between
cluster neighbors perpendicular to each other. The number
of cluster neighbors is then 6 and this leads to a structure
of a simple cubic lattice with 8 clusters per unit cell [18].
For simplicity the H atom is placed in a bridge position
at the beginning of the simulation, although this is not
crucial. In a first step the energy of the assembled solid
was calculated as a function of the lattice constant, main-
taining the component clusters frozen. Figure 3(a) shows
the structure of that solid for a lattice constant such that
the clusters are well separated. Two energy minima were
obtained. The outer minimum, that corresponds to a lat-
tice constant of 32 a.u., has a binding energy of 0.35 eV
per cluster (with respect to the separated clusters). In
this configuration the Al atoms of neighbor clusters are
well separated. A second, deeper minimum is found, with
a large binding energy of 15 eV per cluster and a smaller
lattice constant of 24.2 a.u. In this case the Al-Al inter-
cluster distances become comparable to the intracluster
distances. Although a value of the binding energy of 15 eV
is large, that number is still small with respect to the in-
ternal binding energy of the clusters with respect to the
separated atoms, which is 42.58 eV as given in Table 2.
The assembled solid has a gap at the Fermi energy for the
volume corresponding to the small outer minimum but no
gap occurs for the main deep minimum.

At that point we fully relaxed the atomic coordinates.
For that purpose we performed constant temperature dy-
namical simulation runs at 150 K, for a cell with a lattice
parameter of 24.0 a.u. The time step was 5 fs and the to-
tal simulation time was about 3 ps. The results show that
at that temperature the assembled solid is stable against
deformations that could induce a transition to another
structure. Figure 3(b) shows a snapshot near the end of
the trajectory in one of the simulations. Although the Aly3
units are connected and a little bit distorted, they retain
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the icosahedral structure along the trajectory. The main
effect of the temperature is to allow the H atoms to mi-
grate from their initial positions to more favorable inter-
stitial places within the cubic arrangement of clusters. The
energy gain due to this migration is about 0.7 eV per H
atom. In summary, the assembling of the Al;3H clusters
leads to a cluster solid that appears to be stable at least
up to 150 K. The density of states, given in Fig. 4 shows
that the assembled solid has metallic character. We have
also performed simulations for a more compact solid. An
fee-type lattice of Alj3H clusters was constructed and the
atomic positions were relaxed for various values of the
lattice constant. In this case the interaction between
the clusters is much larger and they lose completely their
individual character. The structure obtained cannot be
considered any more as a solid of clusters. In the fcc lat-
tice each icosahedral cluster has twelve neighbor clusters
and the favorable orientational requirements are not met.
The conclusion is that the relative orientation of the clus-
ters, that controls the degree of packing in the lattice,
plays an important role, in addition to other obvious re-
quirements like a high intrinsic stability of the individual
clusters. That stability arises from a combination of elec-
tronic (large HOMO-LUMO gap) and structural factors.
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