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First-principles calculations for the structural stabilities of ordered Nb, clusters
on the Cu(111) surface
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First-principles density-functional theory and supercell models are employed to study the structural stabili-
ties and electronic structures of periodically two-dimensional arrays of Nb, clusters on the Cu(111) surface.
The calculations on the relaxed geometries and cohesive energies show that Nb, clusters with both the tetra-
hedron and quadrangle configurations can be stably absorbed on the Cu(l11) surface, which might have
important applications. The absorption energies are 2.00, 1.43 eV/Nb atom for quadrangle- and tetrahedron-
Nb, on Cu(111), respectively, showing that adsorption of quadrangle-Nb, clusters are more stable than those
of tetrahedron-Nb,. The energy barrier for the tetrahedron-Nb, adsorption to the quadrangle one is around
1.21 eV/cluster. Electronic structure calculations suggest that adsorption of Nby on Cu(111) surface causes
significant charge redistributions between the surface layer Cu and the Nb, adsorbate, leading to remarkable
changes on the electronic structure of the copper surface.
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I. INTRODUCTION

In the last decade, fabrication and understanding of nano-
structures have become an exciting area of research. This is
driven by both the great potential technological applications
and the scientific importance in bridging our understanding
between molecules and solids. The beneficial structural, elec-
tronic, optical, magnetic, and chemical properties of nano-
structures can be employed in many fields, such as in
nanocatalysis,'»? optical and electronic devices,>* single-
electronic devices,’ ultrahigh-density magnetic recording,’%
quantum computing and quantum cryptography.” Among
many nanostructures on surfaces, the deposition of metal
nanoclusters on oxide surfaces has been extensively investi-
gated recently. Small metal clusters on oxide surfaces have
many interesting properties and potential technological ap-
plications, such as in catalysis'®!! and magnetic nano-
structures.'> The size and distribution of metal clusters
strongly influence the functionality of the system. It has, for
example, been shown that the efficiency and selectivity of
metal clusters catalysts is a strong function of the size of the
metal clusters, making it possible in some cases to tailor
catalytic activity by varying the size of the metal clusters.!
Although a great deal of effort has been devoted to the stud-
ies of small metal clusters on oxide surfaces,!%15 in particu-
lar, the studies of the structural stabilities of the desired size
of clusters. However, to our best knowledge, few studies
have been done on the transition metal clusters on noble
metal surfaces. We have, therefore, chosen to carry out our
first-principles calculations on such a system. We present
here the structural stabilities and electronic structures of two-
dimensional arrays of small transition metal clusters Nb, on
noble metal Cu(111) surface.

Atomic and electronic structures of transition metal clus-
ters play an important role in understanding their growth
behavior and associated catalytic, magnetic, thermal, and op-
tical properties. Experimental studies on abundance, ioniza-
tion potential (IP), photoemission, reactivity and magnetic
behavior had shown size specific properties of transition
metal clusters.'® For niobium clusters, the reactivity, HOMO-
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LUMO gaps and the binding properties have been obtained
by the experimental photoemission spectra.!” Theoretically,
the calculations have also been carried out on Nb, with n
=2-23 atoms.'® The calculated second order difference in
energy showed that 4-, 8-, 10-, 15-, and 16-atom clusters
were magic and these should be abundant. The calculated
HOMO-LUMO gap for Nb, was the largest among the stud-
ied clusters (n=2-23), indicating that Nb, is a highly stable
cluster. The ground state of Nb, was shown to be a regular
tetrahedron with side 2.53 A and zero spin.'®

The modern scanning tunneling microscopy technique al-
lows one to manipulate the structures of small clusters on
surfaces and to produce one- or two-dimensional nanostruc-
tures. On the other hand, the highly ordered two-dimensional
nanostructure arrays have also been fabricated through self-
organization on substrates with periodic patterns.'” Knowl-
edge on the cluster-substrate interactions can then help us a
lot when attempting to improve the performance of the sup-
ported metal clusters as important materials. Due to the com-
plexity of these systems, many important details of the metal
clusters—metal substrate interactions are still unclear and
even the cluster-substrate interfaces are only rarely known
from direct measurements. On the other hand, the rapid de-
velopment of computers and high-level computational meth-
ods has allowed us to perform “computer experiments” for
understanding the metal cluster—metal surface interactions
purely based on the computations. In this respect, ab initio
quantum mechanical calculations can lead to important infor-
mation concerning the nature and strength of the interaction,
the preferred adsorption sites, the adsorption energetics, the
roles of substrate and other electronic structure related prop-
erties. Since the Nby-Cu surface interaction involves surface
chemistry (i.e., the creation or breaking of chemical bonds),
a full quantum description of the system is necessary. The
reasons we select Nb, clusters to adsorb on Cu(111) surface
are due to several considerations. First, as mentioned previ-
ously, the Nb, is a highly stable cluster. The HOMO-LUMO
gap of Nb, is the largest among the Nb, (n=2-23). The
valence electron number for Nb, is 20, which can fully fill a
closed electron shell (1s21p®1d'°2s?, according to the jellium
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model), showing that four is a magic number. In other words,
Nb, cluster is a particularly strongly bound system, suggest-
ing the importance of the atomically closed shell bcc
structure.Z’ Second, with four atoms, we can compare the
structural stabilities of adsorbed Nb, with three-dimensional
tetrahedron geometry and those with two-dimensional planar
quadrangle geometry on the same surface. Such a compari-
son can provide useful information on the clusters, the sur-
face and the interaction between them as well. Another rea-
son for selecting a small cluster is for the saving of the
computation efforts. Experimentally, the investigations for
the adsorption of Nb layers on Cu(111) have been done with
a specially designed UHV system equipped with a RHEED
facility.?! The Nb layers were grown by means of vacuum
evaporation. The growth of Nb on the Cu(111) substrate at
room substrate temperature during the deposition gave non-
orientated small Nb crystal grains. Therefore, Nb,/Cu(111)
could be a system with both theoretical and experimental
interests. The Cu(111) surface is a well-studied surface.
Atomic and electronic properties of this surface have been
well documented. Copper is also an important material for
structural, electrical, and electronics applications. The (111)
surface of fcc copper is the most compact surface and has the
lowest surface energy.?? In the present paper, the atomic and
electronic properties of the Nb, adsorbed on Cu(111) sur-
face, including the preferred adsorption sites, the distortion
of Nb, upon adsorption, the relaxation of substrate Cu(111),
the adsorption cohesive energies, the charge density redistri-
bution and the electronic density of states are calculated. Our
results suggest that Nb, clusters are strongly bound systems
and can be stably adsorbed on the Cu(111) surface, which
may have important applications.

II. CALCULATIONAL METHOD

The present calculations have been performed using the
Vienna ab initio simulation package (VASP), which is based
on the density functional theory, the plane-wave basis and
the projector augmented wave (PAW) representation.?3-%
The exchange-correlation effect was treated with the gener-
alized gradient-corrected exchange-correlation functional
(GGA) given by Perdew and Wang.?®?’ Periodic boundary
conditions are employed and the plane wave kinetic energy
cutoff employed is 26.11 Ry. In all our supercell calcula-
tions, a (3 X3) surface cell of Cu(111) is used and a 3 X3
X 1 Monkhorst-Pack k-point mesh,?® which corresponds to
five special points in the irreducible two-dimensional Bril-
louin zone (BZ), are employed for the BZ integration. The
total energy convergences with respect to the energy cutoff
and the constant of number of k points have been tested.
Optimization of the atomic structures was done by the
conjugate-gradient  technique, using the calculated
Hellmann-Feynman forces as a guide.?® All the atomic ge-
ometries were fully relaxed until the forces on all the atoms
were less than 0.04 eV/A.

The Cu(111) surface was modeled by repeated slabs with
five copper layers separated by a vacuum region equivalent
to nine copper layers. Each metal layer in the supercell con-
tained nine Cu atoms that formed a p(3 X 3) surface cell. Nb,

PHYSICAL REVIEW B 73, 245404 (2006)

(@)

FIG. 1. (a) The lowest energy, and (b) a metastable structure of
the free Nb, clusters. The relaxed bond lengths (A) are also shown.

clusters were adsorbed symmetrically on both sides of the
slab. Such a supercell can well simulate the adsorption of
periodically two-dimensional arrays of Nb, clusters on the
Cu(111) surface, including a good description of the interac-
tions between the adsorbed clusters. All the Cu atoms were
initially located at their bulk positions, with the equilibrium
lattice constant of bulk determined by our calculations (the
lattice constant of bulk Cu is calculated to be 3.63 A which
consists well with the value of 3.61 A by Ref. 30). Upon Nb,
adsorptions, all the atoms in the unit cell except for the cen-
tral copper layer are fully relaxed.

III. RESULTS AND DISCUSSIONS

We first present our calculation results for the bulk copper
and the relaxed clean Cu(111) surface in order to verify our
calculations. Computations for bulk Cu were performed with
a cutoff energy of 26.11 Ry and a 16 X 16X 16 Monkhorst-
Pack k-point mesh which corresponds to 408 special k
points. We obtained a lattice constant of 3.63 A for fcc bulk
Cu, which is in good agreement with the other theoretical
value of 3.61 A (Ref. 30) and with the experimental value of
3.61 A3! The clean Cu(111) surface was calculated using a
1 X1 surface cell and a 8 X8 X1 Monkhorst-Pack k-point
mesh which corresponds to 52 special k points in the surface
Brillouin zone. All the copper layers except for the central
one were fully relaxed.

Second, we present our calculation results for the free Nby,
clusters. The lowest energy structure (tetrahedron) and a
metastable configuration (quadrangle) of the free Nby clus-
ters are plotted in Fig. 1. The corresponding structures, bind-
ing energies, HOMO-LUMO gaps and relaxed nearest neigh-
bor bond lengths d are given in Table I. The lowest-energy
Nb, cluster is a slightly distorted tetrahedron with sides be-
tween 2.52 to 2.54 A. This is in good agreements with the
theoretical results,’? where sides of the distorted tetrahedron
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TABLE 1. The binding energies (BE, in eV/Nb atom), HOMO-LUMO gaps (eV) and the relaxed nearest

neighbor bond lengths d (A) for free Nb, clusters.

Nby, BE Gap d
Tetrahedron This work 3.75 1.14 2.52-2.54
Other theory 3.742 1.20° 2.53,22475251-2.52¢
Experiments 3.90+0.16*
Quadrangle This work 3.53 0.18 2.38-2.66

4Reference 18.
PReference 33.
‘Reference 32.

are between 2.51 A and 2.52 A. However, this differs from a
perfect tetrahedron with side 2.47 A obtained in Ref. 33. The
calculated binding energy is 3.75 eV/atom which is also in
agreement with the experimental value of
3.90+0.16 eV/atom (Ref. 18) and the theoretical value of
3.74 eV/atom.' The calculated HOMO-LUMO gap for the
tetrahedron Nby cluster is 1.14 eV, as compared with the
other theoretical value of 1.20 eV.!3 Results for the Nb, clus-
ter in the quadrangle structure, which is less stable than the
tetrahedron one, has also been listed in Table 1. Results show
that the binding energy of tetrahedron Nb, is 0.22 eV/atom
larger than that of quadrangle structure (which is
3.53 eV/atom). For the quadrangle structure, the difference
between the short bond length (2.38 A) and the long bond
length (2.66 A) is much more significant than that in the
tetrahedron Nb, cluster (2.52 A-2.53 A). It is known that
for metals the binding energy usually increases with the in-
creasing coordination number. We can see that the coordina-
tion of the tetrahedron structure of Nb, is larger than that of
the quadrangle one. Both the present optimization of the
atomic structure of Nb,(n=2-6) and the theoretical study for
Nb,, with n=2-23 atoms'® show that a free Nb, cluster is
highly stable. The valence electron number for Nb, is 20,
which can fully fill a closed electron shell of 15*1p%14'%25s?
of the jellium model. Therefore the Nb, is supposed to be a
magic number cluster and has high cohesive energy. Our
calculations on the free Nb, clusters show highly directional
bonding characters between Nb atoms in the Nb, clusters
(details will be shown in the later sections) which might
indicate that the jellium model could not be exactly used to
explain the high-stability of Nb, clusters. However, jellium
model had been widely used to explain the stability of metal
clusters. We hope that the periodically two-dimensional ar-
rays of Nby clusters adsorbed on Cu(111) surface would be
stable too.

We now turn to the properties of two-dimensional ordered
Nb, clusters adsorbed on the Cu(111) surface. The binding
energies E;, (in eV/Nb atom) and the relaxed bond lengths R
(in A) of the ordered tetrahedron- and quadrangle-Nb, clus-
ters on the Cu(111) surface are shown in Table II. We have
defined the binding energy for a adsorbed cluster as Eyyding
:(Etotal_Efree—Nb4_Eclear—Cu(1 1 1))/2’ where Eoral is the total en-
ergy of the adsorbed system, the Efree Nb, is the total energy
of an independent free Nb, cluster, and Ejorcy(i11) iS the
total energy of clean Cu(111) surface (with atomic positions

relaxed). The corresponding adsorption configurations are
shown in Fig. 2. The calculations on the relaxed atomic
structures of Nb,/Cu(111) show that the bottom atoms of the
Nb, clusters prefer the hollow sites on the Cu(111) surface,
for both the tetrahedron- and quadrangle-Nb, adsorptions.
There are two types of hollow sites on Cu(111): the fcc sites
and the hcp ones. The calculation on the hcp sites gives a
slightly higher adsorption energy. We therefore present here
only the data of the hcp sites. For tetrahedron-Nb,/Cu(111),
the Nb, clusters change their shapes slightly upon adsorption
in order to fit the Cu(111) surface structure, for example, the
equilibrium bond length R;, (between Nb; atom and Nb,
atom, see Fig. 2) is 2.67 A which is 0.15 A longer than that
of a free cluster (2.52 A). Other bonds of tetrahedron-Nb,
are also slightly changed in order to fit the substrate surface.
For the quadrangle-Nb,/Cu(111) system, the change of
shape and bond lengths of Nb, are similar to those of
tetrahedron-Nb,/Cu(111), as described in more details in
Table I and Table II. With respect to the relaxation of
Cu(111) substrate upon adsorption of tetrahedron-Nb,, the
surface Cu atom which is exactly beneath the Nb, cluster is
observed to shift its position down by 0.05 A. On the other
hand, the surface Cu atoms around the down-shifted surface
Cu are observed to shift its position up by about 0.15 A. The
geometry of the surface Cu atoms beneath and around the
Nb, cluster is like a basin.

The adsorption binding energies for the tetrahedron- and
quadrangle-Nb,/Cu(111) systems  are 143  and
2.00 eV/Nb atom, respectively. Such a result indicates that
the interactions between the quadrangle-Nb, clusters and the
Cu(111) surface are stronger than those in the tetrahedron-
Nb,/Cu(111) system, since the binding energy for the
quadrangle-Nb, adsorptions is larger than that of
tetrahedron-Nb, by 0.57 eV/Nb atom. The energy barrier for
the transition of the tetrahedron-Nb,/Cu(111) system to the
quadrangle-Nb,/Cu(111) [i.e., from Fig. 2(a) to Fig. 2(c)] is

TABLE II. Binding energies E;, (¢V/Nb atom) and relaxed bond
lengths R(A) of the order tetrahedron- and quadrangle-Nby, clusters
on the Cu(111) surface.

Nb,/Cu(111) E, Ry Rz Ry Ry Ry Ry
Tetrahedron 143 267 264 258 264 258 2.60
Quadrangle 200 249 276 248 252 414 249
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(b)

FIG. 2. (a) State-I: the periodically two-dimensional arrays of
tetrahedron-Nb, clusters on the Cu(111) surface. (b) The potential
barrier for the state-I to the state-II [i.e., the top Nb atom of the
tetrahedron-Nb, jumping down from the (a) structure to (c)]. (c)
State-1I: the periodically two-dimensional arrays of quadrangle-Nby
clusters on the Cu(111) surface. All energies are in eV.

estimated to be 1.21 eV/cluster, which is quite noticeable.
The barrier and the transition are calculated and mapped by
adiabatic movement of the top Nb atom of Nb, from Fig.
2(a) to the plane parallel to the Cu surface, i.e., to Fig. 2(c),
while keeping the positions of all the other three Nb atoms
and the substrate unchanged. Although the present calcula-
tion results suggest that the quadrangle-Nb, clusters are now
more stable than the tetrahedron-Nb, when absorbed on the
Cu(111) surface (reminding that this is contrary to the free
Nb,, where the tetrahedron cluster is the lowest-energy struc-
ture), however, the tetrahedron-Nb, adsorptions should also
be stable since the potential barrier between tetrahedron- and
quadrangle-Nb,/Cu(111) systems is quite noticeable. With
careful deposition and under moderate temperatures, the or-
dered 3D tetrahedron-Nb, adsorptions on Cu(111) surface
should be possible. Noted that for both the tetrahedron- and
quadrangle-Nb,/Cu(111) systems studied presently, the den-
sity of Nb, on the surface are very high which might have
important applications, e.g., in the high-density memories
and other developing nanostructure devices. Furthermore, al-
though the binding energies of both the tetrahedron and
quadrangle adsorptions seem to be not small, however, the
values are remarkably smaller than those of free clusters. In
more details, the binding energy of a free tetrahedron cluster
is 3.75 eV/atom, as compared to 1.43 eV/atom for the ad-
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sorption system of tetrahedron-Nb,/Cu(111). For the free
quadrangle cluster, the binding energy is 3.53 eV/atom,
compared to the 2.00eV/atom in the quadrangle-
Nb,/Cu(111). These data imply that the interactions between
atoms inside the Nb, clusters are significantly stronger than
those between the Nb, clusters and the copper surface, al-
though the Nb, and Cu substrate interactions seem also to be
strong.

In order to see the nature of interactions between the ad-
sorbed Nby clusters and the Cu(111) surface, we plot in Figs.
3 and 4 the differences of electron charge densities for the
free Nb, clusters and the Nb,/Cu(111) systems. One of the
contour plots of the charge density differences, which helps
to visualize the characteristics of bonding, is defined as the
differences between the adsorbed Nb,/Cu(111) systems and
the superposition of atomic charge densities, i.e., Ap;(r)

=p[Nby/Cu(111)]-= ,pyom(r—R,,). The contour plots for the
free and adsorbed tetrahedron- and quadrangle-Nb, clusters
are presented in Fig. 3. The plane plotted is parallel to the
Cu(111) surface and crossing the bottom three Nb atoms of
the tetrahedron-Nb, or the four Nb atoms of the quadrangle
Nb,. The charge accumulation (solid lines) and depletion
(dashed lines) regions relative to the noninteracting atoms
are clearly shown. For the free clusters, both the tetrahedron-
and quadrangle-Nb, show a character of strong covalent (di-
rectional) bonding between the Nb atoms inside the clusters,
as seen from Figs. 3(a) and 3(c). From Figs. 3(b) and 3(d), it
suggests that such a feature of strong covalent bonding has
kept largely unchanged when adsorbed on the Cu(111) sur-
face, for both the tetrahedron- and quadrangle-Nb,. Another
contour plot for the charge density differences, which will
help visualize the charge transfers between the adsorbates
and the substrate, is defined as the difference between ad-
sorbed Nb,/Cu(111) and the independent two-dimensional
Nb, sheet and the clean Cu(111) surface, ie., Ap,(7)
=p[Nb,/Cu(111)]-p(2D-Nb,)—p[Cu(111)]. Such contours
for the tetrahedron- and quadrangle-Nb,/Cu(111) are plotted
in Figs. 4(b) and 4(d). Comparatively, the Figs. 4(a) and 4(c)
show their contour plots of Ap,(7). The plotted planes are
now vertical to the Cu(111) surface and crossing the Nb, and
Nb, atoms (see Fig. 2) of the tetrahedron-Nb, and the
quadrangle-Nb,. From Fig. 4, we see that directional (cova-
lent) bonding between adsorbed Nb, and the Cu substrate are
remarkable. Significant charge redistribution can be clearly
visible between the Nb, adsorbate and the Cu surface layer.
From Figs. 4(b) and 4(d), the plots show that the charge
redistribution happened only around the surface Cu layer,
i.e., electron charge densities of subsurface Cu layers are
rarely disturbed upon the Nb, adsorption. Both the charge
redistribution and charge transfer plots indicate that the in-
teractions between the adsorbates and substrate should be
strong. However, the interactions inside the Nb, atoms are
even stronger, as already been shown by Fig. 3. The strong
covalent bonding inside Nb, clusters accounts for the struc-
tural stability of the adsorption of Nb, on the Cu(111) sur-
face, for both the quadrangle- and tetrahedron-Nb,. The
structural stability implies that Nb, clusters intend to remain
their compactness structure on the Cu(111) and it should be
possible to well identify each cluster on the surface [on the
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(a)

9 @ D)

FIG. 3. Contour plots of the charge density differences (differ-
ences between an interacting system and the superposition of
atomic charge densities) for (a) a free tetrahedron-Nb, cluster, on
the plane crossing the three Nb atoms; (b) the adsorbed tetrahedron-
Nby, cluster, on the plane parallel to the Cu(111) surface and cross-
ing the three Nb atoms; (c) a free quadrangle-Nb, cluster; and (d)
the adsorbed quadrangle-Nby, cluster. Solid and dashed lines corre-
spond to Ap>0 and Ap<0, respectively.

basis that Nb, clusters can be tightly adsorbed on Cu(111)
surface]. The better stability for the adsorption of
quadrangle-Nb, over tetrahedron-Nb, is simply due to the
larger coordination number of Nb atoms of the quadrangle
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FIG. 4. Contour plots of two kinds of charge density differences
(see text for detailed definitions) for (a) the Ap,(r) of the
tetrahedron-Nb,/Cu(111), the plotted plane is vertical to the Cu
surface and passing Nb, and Nb, atoms; (b) the same as (a), but for
Ap,(7); (c) the same as (a), but for the quadrangle-Nb,/Cu(111);
and (d) the same as (c), but for Ap,(r). Solid and dashed lines
correspond to Ap>0 and Ap<<0, respectively.

clusters when adsorbed on the Cu(111) surface, i.e., Nb in
quadrangle-Nb,/Cu(111) system has more surrounding at-
oms to interact with than that in the tetrahedron-
Nb,/Cu(111).
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FIG. 5. Total density of states (TDOS) for the clean (dot line)
and the tetrahedron-Nb, adsorbed Cu(111) surfaces (solid line). The
electronic energy levels of the free tetrahedron-Nb, cluster are also
plotted in the inset. The Fermi level is at O eV.

The calculated total electronic density of states (TDOS)
for the clean and the tetrahedron-Nb, adsorbed Cu(111) sur-
faces are shown in Fig. 5. The energy levels of a free
tetrahedron-Nb, cluster are also plotted in the inset. The vari-
ances of TDOS upon the adsorption of Nb, clusters are
found to be mainly in the energy region higher than —4 eV
(the Fermi level is set to be at 0 eV). The main feature for
the TDOS after the Nb, adsorption is the reduction of peak at
—1.7 eV and the heightening of peak at about —3.0 eV and
—0.44 eV. Such a change is due to the interaction of adsor-
bates and the substrate, in other words, the creation of sur-
face bonding due to adsorptions will shift some electronic
states (energy levels) to the lower-energy end. In more detail,
the interaction of Nby, clusters and the substrate shift some
states at —1.7 eV to the lower-energy end of —3.0 eV. The
partial density of states (PDOS) for the bottom Nb atom in
the tetrahedron-Nb,/Cu(111), for the surface Cu atom of the
clean Cu(111), for the surface Cu atom of the Nb, adsorbed
surface and for the Cu atom in the bulk are shown in Figs.
6(a)-6(c). Only the d-state PDOS are plotted in Fig. 6, since
the values of the s and p states of the clean and adsorbed
surfaces are quite small and they can be ignored relative to
the d-PDOS. From Figs. 6(a) and 6(b), it can be seen that the
main peak at —1.70 eV in Fig. 5 is mostly contributed by the
d states of surface and bulk Cu atoms, with Nb atom’s con-
tribution negligible. The peak locating at —0.44 eV in Fig. 5,
however, is mostly contributed by the d electrons of the Nb
atom. Comparing the Figs. 6(a) and 6(b), it suggests that the
adsorbate-substrate interaction can be characterized as d-d
interactions, i.e., interactions mainly between the Nd d elec-
trons and the Cu d electrons (s and p components are negli-
gible around and below the Fermi level). It had already been
shown that even for a noble metal, the d electrons are impor-
tant for the molecule-surface interaction.>* The comparison
of d-band PDOS of Cu atom on the clean and adsorbed
Cu(111) surfaces in Fig. 6(b) shows a remarkable change in
the electronic structure of the copper surface after the Nby,
adsorptions, suggesting strong interactions between Nb, and
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FIG. 6. The d-state partial DOS for (a) the bottom Nb atom of
the tetrahedron-Nb, adsorbed on the Cu(111) surface; (b) the sur-
face Cu atom of the clean (dot line) and the tetrahedron-Nb, ad-
sorbed Cu(111) surfaces (solid line, the surface Cu atom is just
beneath the atom-4 of the tetrahedron-Nby cluster); (c) the Cu atom
in the bulk. The Fermi level is at 0 eV.

surface Cu atoms. As mentioned previously, the adsorption
of Nb, on Cu(111) surface causes significant charge redistri-
butions between the Nb, adsorbates and the surface layer Cu.

IV. CONCLUSIONS

In summary, the supercell model combined with the first-
principles density functional total energy calculations have
been employed to study the structural stabilities and elec-
tronic properties of the periodically two-dimensional arrays
of ordered Nb, clusters on the Cu(111) surface. The present
calculations had shown that ordered tetrahedron- and
quadrangle-Nb, clusters can both be stably absorbed on the
Cu(111) surface, while the adsorptions with quadrangle con-
figurations of Nb, are more stable. The absorption energies
are 2.00 and 1.43 eV/Nbatom for the quadrangle- and
tetrahedron-Nb, clusters on Cu(111), respectively. The en-
ergy barrier for the adsorption with tetrahedron-Nb, to the
quadrangle ones was estimated to be 1.21 eV/cluster, which
is quite noticeable. Such an energy barrier indicates that both
the tetrahedron-Nb,/Cu(l111) and the quadrangle-
Nb,/Cu(111) systems should be stable and practically fea-
sible. The high stability of the Nb, clusters on Cu(111) sur-
face may have important applications, such as in the ultra-
high density memories, catalysis and nanostructure device
technology.

Our results also indicate that the interactions between Nby
clusters and Cu(111) surface are relatively strong. The ad-
sorption with quadrangle-Nb, is now more stable than that of
tetrahedron-Nb,, as compared with the free Nb, clusters,
however, the tetrahedron-Nb, cluster is then more stable.
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Such a change of the structure stability of Nb, implied a
strong interaction between Nb, clusters and the Cu(111) sur-
face. Even so, due to more strong covalent interactions be-
tween Nb atoms inside the Nby, as a consequence, the Nb,
clusters intend to keep their compactness structure and keep
a strong covalent bonding inside the Nb, after adsorption on
the Cu(111) surface. The electronic structure calculations
also show that the chemisorption of Nb, clusters on Cu(111)
surface causes significant charge redistributions between the
Nby clusters and the surface layer of Cu substrate, leading to
significant changes on the electronic structures of the copper
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surface. The interaction between the Nb, and the substrate is
mostly contributed by the Nb-d and surface Cu-d electron
interactions.
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