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Abstract - We have investigated structural stability and
electronic properties of sodium clusters in the size range of
2-20 atoms as a function of confinement using real space
density functional theory (DFT). We have selected lowest
energy structures by examining lowest five isomers as a
function of volume for six different compressions. The
minimum volume considered is about 10% of the free box
volume. We analyze energetics, eigenvalue spectra,
molecular orbitals and charge density to examine the
stability and electronic properties of the sodium clusters.
Our calculations show the insignificant changes in the total
energies until the volume gets reduced beyond the one third
of the original volume. Once the critical volume is reached,
the changes in the total energies are significant. This is
accompained by the breaking of degeneracy of electronic
levels, the increase in spacing between the energy states.
The molecular orbital analysis shows the hybridization of s-
p-d orbitals, rotations, splitting, overlap of m-electrons and
squeezing of molecular orbitals. It further shows the spill of
electron density into the interstics region of clusters.

Key Words: Structural stabilty, Electronic properties,
confinement, DFT method, Sodium clusters.

1.INTRODUCTION

Itis well established that geometrical confinement modifies
the properties of materials. Confinement could be due to a
surface, an interface, an adsorbate layer or encapsulation in
nanotubes. Such materials often display unusual
structure[1,2] and new physiochemical properties.[3-5]
Therefore considerable efforts have been directed towards
elucidating properties of such systems under confinement.
Confinement may change the geometric arrangement of
atoms accompanied by significant changes in the electronic
energy levels leading to very different properties.

Recently, a real space density functional theory have been
used to study the effect of compression on the structural and
electronic properties. It is observed that sodium clusters do
not show significant change unless the volume is reduced to
about 70% of free space box volume. Thereafter the change
in total energy, kinetic energy and other components show
highly nonlinear behaviour. The change in the kinetic energy
has most dominated. The geometries tend to become more
spherical. In most of the cases, the HOMO-LUMO gap
reduces mainly due to the change in the ground state

geometries. However, In few cases Naj, Nas, Nay and Nas,
where the ground state geometries remain unchanged,
HOMO-LUMO gap increases as expected from the simple
particle in a box model. Further, it is observed that the
strong confinement leads to significant isomeric
transitions.[6,7] However, the structural stability and
electronic structure have not been discussed. Then question
arise whether the clusters would be stable under high
confinement. If so, then what would be its limiting value. To
gain some insight into the stability of clusters and electronic
structure under confinement, we have carried out systematic
DFT calculations on a series of sodium clusters.

It should be mentioned that the present work has been
carried out within the framework of DFT at the level of
generalised gradient approximation (GGA) given by Perdew-
Burke-Ernzerhof (PBE)[8] functional. Previously, GGA
approach has been successfully used to get valuable insight
of structural and electronic properties of sodium
clusters.[9,10] Further, It has been extended to understand
the electronic properties of sodium metal at different
pressure.[11,12] Even though DFT based methods are
successful to explain the ground state properties in a wide
range of materials, it failed to give accurate calculation of
quasiparticle energies.  This mainly occurs due to
underestimation of Kohn-Sham energy eigenvalues in local
and semilocal functionals which may ultimately be
attributed to their inherent lack of derivative
discontinuity[13],  self-interaction error[14] and
delocalization error.[15] Therefore, the DFT method needs
to be used with caution.

We have carried out DFT investigations of sodium clusters in
the size range of N=2-20 confined in hard-walled
threedimensional cubic box under isotropic and anisotropic
confinement at zero temperature. The compression is
effected by using a three dimensional cubic box of length L.
The walls are hard in the sense, wavefunctions go to zero at
the wall. In fact, the perfect hard materials are not feasible
experimentally. However, there are numerous studies on
hard-wall potential. It explains the qualitative ideas of
experimental observations. [t is a reasonable approximation
to describe molecules trapped in geometrically well defined
pores, for example, compact rigid proteins, enzymes inside
cylindrical pores employed in track-etched membranes and
zeolite pore systems. Previously, it has been successfully
used to explain several trends observed in the
experiments.[16,17] We have examined the stability of the
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clusters with the help of energetics and electronic properties
using eigenvalue spectra, molecular orbital analysis and
charge density.

The organization of the present paper is as follows. In the
next section, we will describe the model and technical details
of our simulations. In section III, we present and discuss the
results. In section [V, we will summarize our results along
with some important concluding remarks.

2. COMPUTATIONAL METHOD AND DETAILS

The calculations have been performed using OCTOPUS
code[18] with GGA method given by PBE approximation[8].
The norm conserving Troullier-Martins
pseudopotentials[19] have been used in all calculations. The
initial structures of sodium used in this study have been
obtained by a simulated annealing method. The optimized
geometries of the first five low lying isomers are comparable
with the reported results.[20,21]

In each of the cases, the five isomers are subjected to various
compressions by a hard-walled three dimensional cubic
boxes whose volume (V) was reduced from Vo to V/Vo = 0.05,
where, Vj is the volume of a cubic box corresponding to free
space. For large clusters, we have reduced the volume of a
cubic cell up to V/Vo=0.125. We denote the smallest volume
by Vih. All optimized geometries were considered to be
converge when the change in energy was of the order of 10-5
hartrees and the absolute maximum force was less than
0.002 hartrees/A. A grid spacing of 0.18 A for the real space
grid have been used for all calculations. The validity of the
grid-spacing have been verified by reference calculations for
the test structure Naz using grid-spacings of 0.09 to 0.30 A.
All five grid-spacings 0.16 to 0.20 A have reproduced similar
absorption spectra up to an accuracy of about 0.1 eV in the
relevant low-energy region of about 0-6 eV. Among the
lowest five isomers of each of sodium clusters, we have
selected the ground state geometry for the property
calculations.

The binding per atom is calculated as;

E;(Na,) = - [nE(Na) - E(Na,] (1)

n being the size of the cluster. The total energy difference for
each of the clusters can be calculated as;

AE = Efres — Econfine (2)
where Ef e and Econine are the total energy of free and
compressed geometries respectively.

3. RESULTS AND DISCUSSION

For all the clusters considered (Na,, n = 2 - 20), we have
investigated the effect of compression on the stability and
electronic structure of the ground state geometries. These
are shown in Figure 1. The ground state geometries have
been selected among the lowest five energy structures.
These geometries are subjected to five to seven different

volumes depending on the size of the cluster. As we shall see
in many of the cases, it is most convenient to bring out the
effect of compression by comparing the results for free
space volume (V()[22] with highest compression volume
(Vn). We will first present the results on structural stability
using total energy per atom, total energy difference and
binding energy of clusters. This is followed by a discussion
on electronic structure with the help of eigenvalue spectra,
molecular orbital analysis and charge density.
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Fig -1: The geometries of the lowest equilibrium structures
of sodium clusters with n=3-20. In each of cases, the first
row presents free state geometries and second row show the
compressed geometries for the same isomers.

Let us begin our discussion of the variation of total energy
per atom as a function of various confinement. It is plotted in
Figure 2 for all Na, clusters with n=2-20. The curves depict
the repulsive in nature in all cases. Itis observed that up to
50% reduction in volume, the change in total energy per
atom is not significant. Thereafter, all energy levels are
raised relative to their free-cluster values. The extent by
which the levels are raised increases as V,/V decreases. It is
further observed that the sharp increase in energy is seen in
avery narrow range of volume (V1/Vo=0.256 to 0.064). Thus,
it is concluded that the clusters are stable up to the 50%
reduction in volume and become highly unstable when it
exceeds above 25.6% of its free cluster volume. The rise in
the total energy per atom with compression may be
attributed to increase in the strength of the intermolecular
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Fig-2: Total energy per atom (in eV) of Na, clusters with n =
2 - 20 as a function of the compressed volume.

interactions, which progressively develop as atoms in the
cluster approach each other. This is also supported by the
total energy difference between free space and confined

systems as shown in Figure 3 which also show similar
trends.

Figure 4 shows the size dependence of the ground state
binding energy per atom under various confinement. At Vo,
as the number of atoms in the cluster increases, the binding
energy increases monotonically due to p-d hybridization.
However, In case of Nas, where equilateral triangle is John-
Teller unstable with the flat potential energy surface. It also
depicts even-odd oscillations in the dependence of binding
energy per atom. These results are comparable to reported
by Solov et. al.[23] The analogous behaviour in the binding
energy curve is also observed under high compression. In
this case, even cluster have higher binding energies as
compared with their odd neighbours. Note that this
phenomenon occurs simultaneously with the slight
monotonous growth of the binding energies per atom with
increasing cluster size. Indeed, the lowering of binding
energies per atom under high compression is expected due

to strong electrostatic repulsion between the nuclei and
electrons.
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Fig -3: Total energy difference between free and confined
space of sodium clusters as a function of confining volume.

Next, we explain the effect of confinement on the stability of
clusters using ionization potentials of clusters. The
ionization potentials IP of a cluster consisting of ‘n” atoms is
defined as the difference between the energies of the singly
charged and neutral clusters IP = E;-E,. Figure 5
demonstrates that the ionisation potentials drop with
increasing cluster size. The calculated values of ionization
potential in the free space are in reasonable agreement with
the experimental data[24,25]. It also shows many
irregularities, which have quantum origin. The maxima in
these dependences correspond to the even-N-clusters,
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Fig -4: Binding energy per atom for lowest energy sodium
clusters as a function of cluster size (n) at Vo and V.
Geometries of the corresponding clusters one can find in
Figure 1.

which means their higher stability as compared to the
neighbouring odd-N-clusters. Interestingly enough, the
ionization potentials of sodium clusters show a large
decrease under high confinement. The lowering of IP values
is attributed to the overlap of electronic orbitals and
confinement-induced strong coulombic repulsion when the
atoms in the cluster approaches to each other under
confinement. As a result, lesser amount of energy is required
to remove the electron from its valence orbital. It is further
noted that even in confined systems, the odd-even oscillation
in the ionization potential are observed in all sodium
clusters.
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Fig -5: lonization potentials of lowest energy sodium
clusters as a function of cluster size (n) under various
compressions.

The eigenvalue spectra for five representative clusters are
shown in Figure 6 for the two extreme cases. The degeneracy
is explicitly indicated by the label. A number of interesting
features can be noted from the eigenvalue spectra: (i) the
formation of the spectra across the series reveals that all

energy levels are raised with respect to free-cluster systems;
(ii) an increase in spacing between the energy levels and
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Fig -6: Eigenvalue spectra of Na, Na, Nasz, Nag and Nayzo
clusters in the low and high confinement regimes. The
number near the level shows degeneracy. The red and blue
represent occupied and unoccupied levels, respectively. The
Vo and V;, denote the free and highest compressed state.

this effect is more prominent in the conduction band; (iii) re-
ordering of molecular orbitals (splitting, rotations and
squeezing) and is more prominent for high confinement i.e.
higher energy levels in the conduction band; (iv) breaking of
degeneracy of energy levels. The energy levels with same
principal quantum number (‘n’) and different 1" quantum
numbers crossover, while those with same ‘I’ never cross; (v)
exhibit very strong HOMO-LUMO transitions. As expected,
all the energy levels are raised relative to their free-cluster
values. The extent by which a level is raised increases as V
decreases, and it increases with n, for a given Vo and I. Let us
recall that for particle in a box, total energy is proportional
to n?/L2 (E, « n%/LZ%), where n is the principal quantum
number and L is the length of confining box. As L decreases,
En increases. However, for higher values of n, the higher
eigenvalues increase is more. As a consequence upon
compression, HOMO-LUMO gap increases. The simple
picture is modified by a change in the symmetry of the
ground state upon compression. Nai3, Naig and Nayo clusters
represent such cases. As a consequence, there is reduction in
Eg. Thus, the simple picture of confinement gets considerably
modified because of the detailed arrangementofions. Figure
6 also shows the variation in the LUMO and HOMO energy
along with Eg for Nag, Nai3, Naig and Nazo. Nag shows the
increase in E; as expected from the simple particle in a box
model. For the other cases, the rise in HOMO, sharper than
that of LUMO.

Next, we discuss the trends in the eigenvalue spectra for
some of the clusters. This is also supported by molecular
orbital analysis as shown in Figure 7. The spectra show the
more structured pattern at Vi The unoccupied levels are
split and gaps are introduced into the energy levels. In
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Fig -7: The molecular orbitals of some of the sodium
clusters. Only molecular orbitals are shown in the figure. The
symbols Vp and Vi, have same meaning as mentioned above.

an isolated Na atom, the unoccupied states next to -2.84 eV
are triply degenerate. These states become unbound at Vy,
next to -1.88 eV (HOMO). The isosurface of molecular
orbitals shows that the HOMO which has ‘s’ character are

weakly destabilized under the confinement. For Naj, the
state (HOMO) at -3.25 eV is doubly occupied and it is of s-
type. The next to -1.80 eV, LUMO is also doubly degenerate.
All unoccupied states are of p-type. However, at Vy, the state
next to HOMO (-1.62 eV), is doubly degenerate (LUMO,
LUMO+1) at 1.38 eV and having ‘p’ character. At Vy, only
lowest state is bound. Thus, the unoccupied energy levels are
highly destabilized at Vi.. However, the delocalization of MOs
is actually depends on value of V. It is effective when V

exceeds the critical volume. The critical volume is generally
reached when the confinement reduces to 50 % of the free
cluster volume. Even it becomes unbound at V.. The
eigenvalue spectra also shows the crossing of ‘s’ and ‘p’
states. In Nag - 4D system at Vy, the unoccupied levels are
bundled into two groups, whereas at Vy, it got split into more
four groups and the gap is widened. This also indicates that
molecular orbital for each of that group, most likely similar,
i.e. it would be either p or d or f type. On the other hand in
free space (Vi), the some orbitals in the second bunch have
‘s’, some have ‘p’ and ‘d’ character, but unlike at the higher
compression, Vi, they show mixed character. The p-d
hybridization has been also observed in sodium metal when
subjected to high pressure at 200 GPa.[11,12]

Lastly, we analyse the electron density of the constrained
geometries and compare it with counterpart. Figure 8 shows
the contour plot on a isosurfaces of charge density for Nazo
cluster. It clearly depicts the drop of electron density from its
maximum (atom) to minimum value (vacuum) below critical
volume. However, the amount of overspill may extend upto
few angstroms, which depends on the confining volume. The
spill of the electron density plays a decisive role in the
appearance of the floating state. These extra states are also
seen in the unoccupied band of the eigenvalue spectra as
shown in Figure 6.

Fig -8: The contour plot (in the x-plane) on a isosurfaces of
charge density of Nayo cluster depict the flow of electron
maximum (inside the electron) to minimum (outside the
electron) concentration under isotropic confinement.

4. SUMMARY AND CONCLUDING REMARKS

We have used real space DFT method to study the effect of
confinement on the structural stability and electronic
structure of sodium clusters in the size range of 2-20 atoms
as a function various degrees of confinement. The stability of
clusters has been examined with the help of total energy per
atom, differencein the total energy and binding energy per
atom. It is found that the clusters remain stable till its
confining volume reduces to 50% (critical limit) of free
cluster box volume. It is further observed that the clusters do
not show significant change in their geometries unless the
volume exceeds its critical limit. Thereafter, the clusters
become highly unstable and shows non-linear behaviour at
highest confinement.

We have extended this study to understand the electronic
structure of constrained geometries with the help of
ionization potential, eigenvalue spectra, molecular orbitals
and charge density. It shows many interesting features;
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lowering of ionization potential, breaking of degeneracy of
energy levels, overlap of m-electrons, delocalization and
squeezing of molecular orbitals and strong HOMO-LUMO
transitions. The charge density analysis shows the overspill
of electron density from maximum to minimum value which
results in the addition of the extra levels in the unoccupied
band.
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