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Abstract. A minimal parameter tight binding molecular dynamics scheme is used to study Cu, clusters
with n < 24. We present results for relaxed configurations of different symmetries, binding energies,
relative stabilities and HOMO-LUMO gap energies for these clusters. Detailed comparison for small clusters
n = 3—9 with ab initio and available experimental results shows very good agreement. Even-odd alternation
due to electron pairing and magic behaviour for Cua, Cug, Cuig and Cugo due to electronic shell closing are
found. We found electronic effects, electronic shell closing and electron pairing in the HOMO dominates
over the geometrical effect to determine the relative stability of copper clusters. The present results indicate
that tight-binding molecular dynamics scheme can be relied on to provide a useful semiempirical scheme

in modeling interactions in metallic systems.

PACS. 36.40.Cg Electronic and magnetic properties of clusters — 36.40.Mr Spectroscopy and geometrical
structure of clusters — 36.40.Qv Stability and fragmentation of clusters

1 Introduction

Structural and electronic properties of atomic and molec-
ular clusters are the focus of an ever-increasing number of
theoretical and experimental studies [1-3]. The issues in-
clude different stable and metastable isomeric geometries,
binding energies, relative stabilities, gap energies between
highest occupied and lowest unoccupied molecular orbitals
(HOMO-LUMO), ionization potentials etc. The electronic
configuration of the noble metals Cu, Ag and Au are char-
acterized by a closed d shell and a single s valance electron.
Due to the similarity in the electronic configuration, noble
metal clusters are expected to exhibit certain similarities
to the alkali metal clusters, which are well described by the
spherical shell model. Apai et al. conducted EXAF'S stud-
ies of Cu clusters supported on carbon [4]. Similar stud-
ies of Au and Ag clusters were carried out by Balerna
et al. [5] and Montano et al. [6] These studies indicate,
that the localized d-electrons play an important role in
the electronic structure. Hence, the d-electrons and their
interactions with the extended s-electrons need to be care-
fully accounted in a proper theoretical treatment of these
noble metal clusters.

Calaminici et al. [7] employed the linear combination of
Gaussian-type orbitals density functional (LCGTO-DFT)
method to study Cu,, Cu;, and Cu;! clusters with n < 5.
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Massobrio et al. [8] studied the structures and energet-
ics of small copper clusters with n < 10. Copper clusters
were also investigated using configuration interaction (CI)
method by an effective core potential (ECP) for n < 10 by
Akeby et al. [9]. We have employed full-potential muffin-
tin orbital (FP-LMTO) technique to study small copper
clusters for n < 9, in our previous communication [10]. But
these kind of first-principles methods are limited to small
clusters, which are practically computationally expensive
for the clusters larger than n ~ 10. Copper clusters have
also been studied by using various empirical methods.
D’Agostino [11] carried molecular dynamics using a quasi-
empirical potential derived from a tight-binding approach
for ~1300 copper atoms. More recently, using Gupta po-
tential [12] with geometry optimization by genetic algo-
rithm, Derby et al. [13] studied global minima for Cu,,
Au,, and their alloy clusters in the size range n < 55.
These kind of empirical methods are found to be good to
predict the global minima of the clusters but can not pre-
dict electronic properties such as shell closing effect for
n = 2,8,18,20,40,..., HOMO-LUMO gap energies and

ionization potentials.

Copper clusters have been also investigated through
various kind of experiments. Winter et al. [14] indicated
through a series of experiments which include mass spec-
troscopy, oxygen and water absorption, that there is a
competition of jellium-like electronic behaviour and icosa-
hedral geometrical closure effects in small copper clusters.
Taylor et al. [15] and Ho et al. [16] carried photoelectron
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spectroscopy (PES). Katakuse [17] measured ionization
potentials for ionic copper clusters and found evidence
of electronic shell structure. More recently, Spasov et al.
[18] carried threshold collision-induced dissociation ex-
periment (TCID) for cationic copper clusters to measure
binding energies.

In recent years empirical tight-binding molecular dy-
namics (TBMD) method has been developed as an al-
ternative to the first-principles methods. As compared to
those ab initio methods, the parametrized tight-binding
Hamiltonian reduces the computational cost dramatically.
The main problem with the semi-empirical TB meth-
ods has always been the lack of transferability of its pa-
rameters. Menon et al. proposed a minimal parameter
TBMD scheme for semiconductors [19] and extended it
for the transition metal clusters [20,21] (Ni,, and Fe, ). We
shall describe here a similar technique that allows us to
fit the parameters of the model from a fully ab initio, self
consistent local spin-density approximation (LSDA) based
FP-LMTO calculation [10] reported earlier by us for the
smaller clusters and then make correction for the environ-
ment for the clusters to ensure transferability at least to
a degree. Our proposed TBMD scheme will allow us to
study both the ground state structures as well as ground
state energetics as a function of cluster size. Using this
TBMD scheme, we shall investigate the ground structures
as well as isomers, binding energies, relative stabilities,
HOMO-LUMO gap energies and ionization potentials for
copper clusters up to n = 24. Results for the larger clus-
ters can be found elsewhere [22]. In this communication,
our main aim is to show that this tight-binding method
is very efficient to study the larger clusters, by a rigorous
comparison with other ab initio calculations and available
experimental results for n < 9 and using this method we
will show the interplay between the electronic and geo-
metric effect, where electronic effect dominates.

2 Computational method

In this section we shall describe the main ingredients of
the present tight-binding scheme, whereas more detailed
one can be found elsewhere [19,20]. In this TB scheme, the
total energy, F/, can be written as a sum of three terms

(1)

The electronic part, Fe;, is given by summing over the
eigenvalues € of the one electron occupied states of the
tight-binding Hamiltonian:

E = Eel + Erep + Ebond-

occ

Ey = E €RNE,

k

(2)

where ny, is the occupation number of the kth state. Here
the energy eigenvalues € are obtained by solving the or-
thogonal 9n x 9n TB Hamiltonian including the outer-
most 3p, 3d and 4s electrons. We have used Slater-Koster
(SK) scheme [23] to construct the TB Hamiltonian. In
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Table 1. Parameter r4, on site energies, Es, F, and E4 and
the universal constants 7 s, for Cu [24].

parameter value parameter  value
ra 0.67 A Nppr —0.81
FEs —20.14 eV Nsdo —3.16
E, 100.00 eV Npdo —2.95
Eq —20.14 eV Npdr 1.36
Nsso —0.48 Nddo —16.20
Nspo 1.84 Nddn 8.75
Nppo 3.24 Ndds 0.00

this SK scheme, the diagonal matrix elements are config-
uration independent and the off-diagonal elements have
SK type of angular dependence with respect to the sep-
aration vector r. Further, these off-diagonal elements are
scaled with respect to the interatomic separation r:

V)\,A/,u = V)\,A/,;t(d) S(l, m, TL) exp[fa(r - d)]’ (3)
where d is the equilibrium bond length for the fcc bulk
copper, S(I,m,n) is the SK type of functions of the direc-
tion cosines I, m, n of of the separation vector r and «
is an adjustable parameter (=2/d). The values of the pa-
rameters V) s can be expressed in terms of the universal

constants n x ., [24],

R2r7

Vo @ = (s ) (@
where r4 is characteristic length for copper and the param-
eter 7 = 0 for s — s, s — p and p — p interactions, 7 = 3/2
for s —d and p —d interactions and 7 = 3 for d — d interac-
tion. In Table 1, we present the parameter 4, the on-site
energies Ey, By, Eq and the universal constants 7, -, for
Cu [24]. To prevent the p-orbital mixing, we set Es = Ey
and Ej, large enough [20]. This choice of our tight-binding
parameters reproduces the band structure of the fcc bulk
Cu crystal given by Harrison [24].

The second term in equation (1), E,.p, is a repul-
sive term which includes the ion-ion repulsive interaction
and a correction term due to the double counting of the
electron-electron interaction in the electronic term FE.;.
Here, Ey.p can be written as a sum of short-ranged re-
pulsive pair potentials, ¢;;, and scaled exponentially with
interatomic distance:

Erep=1_ Y $ij(rij)

i 4, (>1)

=" > ¢o exp[-B(ri; — d),

i 4, (>1)

(5)

where r;; is the distance between the atoms ¢ and j and 3
is a parameter (= 4a).

The third term, FEpond, in equation (1) is a
coordination-dependent correction term introduced by
Tomanek and Schluter [25] for Silicon clusters. It is needed
because the first and second terms in equation (1) is not
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sufficient to exactly reproduce the cohesive energy of the
dimer through the bulk structure. This coordination de-
pendent term is given by,

o (200 (2)+d.

where n is the number of the atoms in the cluster and ny
is the number of bonds in the cluster. As we use a smooth
function for the cutoff distance, r., for the interactions, ny
can be determined by,

=3 [exp (”J'ATC> +1]1, (7)

%

where the sum is over all bonds in the cluster. It should be
noted that this coordination dependent correction term,
FEbond, to the total energy does not contribute to the force.
It is added to the total energy only after the relaxation has
been achieved. However, for metal clusters, this correction
term is significant in distinguishing various isomers for a
given cluster.

In the present scheme we have four adjustable parame-
ters, ¢p in equation (5) and a, b, ¢ in equation (6). The vale
of ¢g is fitted to reproduce the correct experimental bond
length for the Cu dimer (2.22 A [27]). In the present case
we found a value 0.34 eV for ¢g. We found the vibrational
frequency of Cus is to be 226 cm ™!, which has reasonable
agreement with the experimental value (265 cm™!) [26].
The parameters, a, b and ¢, are obtained by fitting the co-
ordination dependent term to the ab initio results for the
three different small clusters according to the equation

Ebond = Eab initio Eel - E'r'ep- (8)

To determine the parameters a, b and ¢, we use the ex-
perimental binding energy (1.03 eV /atom [27]) of Cuz and
binding energy of Cuy and Cug from our previous ab initio
FP-LMTO calculation. This gave a = —0.0671 eV, b =
1.2375 eV and ¢ = —3.042 eV. In the present case we took
the cutoff distance 7. = 3.5 A and A = 0.1 A. These four
parameters, once adjusted for small clusters to reproduce
the known experimental or theoretical results, are then
kept fixed in the subsequent calculations for clusters of
arbitrary size.

The first two terms in equation (1), E and E,¢p, con-
tribute to the force only. In particular, the force F; acting
on the ith atom is

F; ==Y (i|VeHlt)

?

- VriErep- (9)

In the the above equation, the first term is the Hellmann-
Feynman contribution to the total force calculated by spa-
tial derivatives of the TB Hamiltonian H and the sec-
ond term is the short ranged repulsive force. It should
be noted here that Pulay force does not play any role in
any semi-empirical TBMD. The reasons are within TBMD
scheme, (i) we directly compute the derivative of the TB
Hamiltonian matrix element and (ii) the basis wavefunc-
tions never appear explicitly, rather they are implicitly
contained in the fitted matrix entries.
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Molecular dynamics can be performed by numerically
solving the Newton’s equation for each component of the
force,

d21'i
dt?
where m is the atomic mass of copper.

For numerical simulation of Newtonian dynamics, we
use the velocity Verlet molecular dynamics algorithm for
updating the atomic coordinates and velocities, which is
given by,

ri(t 4 0t) = r;i(t) + vi(t) 6t + ﬁFi(t) (6t)* (11)
and

where v;(t) and F;(t) are the velocity and acceleration of
the ¢th atom at time ¢.

Here we use dissipative molecular dynamics. For the
numerical integration of Newton’s equations of motion, we
have to choose a finite time-step dt, ideally which should
be very small. However, this would require an excessively
long time for locating the global minimum and a large
choice of §t leads to unphysical heating up of the system,
leading to instability. To overcome this difficulty, we add a
small extra friction term carefully, F = F —ymi, which is
used by many authors. In the present calculation we took
ym = 0.32 amu/ps, t = 1 fs and the total time for molec-
ular dynamics simulation is ~100—200 ps, depending upon
the cluster size and the initial cluster configuration within
the several annealing schedule.

3 Results

By using TBMD method, we studied the lowest energy
structures of Cu,, clusters for n < 24. The minimum en-
ergy structures of Cu,, with various isomers for n = 3—9
are shown in Figure 1 and the minimum energy struc-
tures for n = 10—24 are shown in Figure 2. We also stud-
ied binding energy, relative stability and highest occupied-
lowest unoccupied molecular orbital (HOMO-LUMO) gap
of copper clusters. In Table 2, we present binding en-
ergy, difference in cohesive energy AFE and average bond
length (r) for the ground state structure and the isomers
for small clusters with NV < 9. We have compared our
results for small Cu, clusters (n < 9) with ab initio and
available experimental results. We found reasonable agree-
ment, which allow us to study the clusters with n > 10.
The details are discussed in this section.

3.1 Most stable structures

3.1.1 The smaller clusters of 3-9 atoms

We carried molecular dynamics starting from various dif-
ferent structures. A straight-forward molecular dynamics



48

o

CUg
223 f

Cuy (Dy) ’ Cu (T)
\VAVS @ -@-
Cus (C2) On(Dy)  Cu(G)
¥ & <}

Cg (Cy) Cus (0]
Y ¢ @
Cur (G0 (e (61 Cus (C
I <X W
Cus (00) (s (Dy) Cus (Ti)
Cuy () Cug (Cy) Cg (C

Fig. 1. Ground state structure and isomers of Cu,, clusters for
n = 3—9. Point group symmetries are given in the parentheses.

will then lead to possibly a metastable structure. These
are the isomers described in the following text. Of these
isomers only one has the globally minimum energy. Since
the present scheme imposes no a priori symmetry re-
strictions, we can perform full optimization of cluster
geometries.

For the Cus cluster we find the isosceles triangle
with Cy, symmetry to be the most stable structure. In the
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Fig. 2. Ground state structures for the cluster n = 10—24.
Icosahedral growth is found.

present calculation the equilateral triangle (Ds; symme-
try) and the linear structure (Doop symmetry) are the two
isomers which are 0.11 eV /atom and 0.30 eV /atom lower
in energy. Due to the Jahn-Teller distortion Cy, structure
is energetically more favourable than the more symmetri-
cal Dgj, structure. This result is supported by the experi-
mental study of Ho et al. [16], who found the Cy, and D3y,
structures are nearly degenerate. Akeby et al. [9] reported
an energy difference of 0.11 eV between the D3 and Do,
structures, which is 0.23 eV according to ab initio cal-
culation [28]. In agreement with the present calculation
Lammers et al. [29] also found the isosceles triangle (Ca,)
to be the the most stable structure, which is 0.16 eV
and 0.35 eV higher than the Dgs; and Deo, isomers re-
spectively. Calaminici et al. [7] found the vertex angle to
be 66.58°, whereas it was 65° in our previous ab initio
calculation [10]. In the present calculation we find it to
be 61.3°.

For the Cuy cluster our calculation predict the planer
rhombus (Dsp) geometry to be the most stable with
cohesive energy 2.00 eV/atom. We fond the two iso-
mers, a perfect square (Dyp, symmetry) and a tetrahe-
dron (T symmetry), with cohesive energy 1.73 eV /atom
and 1.46 eV /atom respectively. Experimental study [16]
also favours the rhombic structure. Hiickel calcula-
tions [30] suggest the rhombic geometry for the both Cuy
and Cu, . Our prediction is exactly supported by Akeby
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Table 2. Point group (PG) symmetry, cohesive energy per atom, and average bond length (r) of the ground state structure and
different isomers for Cu,, clusters with n < 9 obtained from present TB calculation and comparison with ab initio calculations,
FP-LMTO [10] and DF-LDA [8]. and TCID experimental values [18].

cluster PG binding energy (eV/atom) (r)
symmetry  present theory experiment (A)
FP-LMTO(DF-LDA) reference [18]
Cus  Ca 1.43 1.60(1.63) 107012 2.25
D3y, 1.32 2.24
Doon 1.13 2.24
Cuy Dy, 2.00 2.00(2.09) 1.48+0.14 2.23
Dyp, 1.73 2.22
T 1.46 2.24
Cus Cay 2.24 2.19 1.56£0.15 2.23
D3y, 2.03 2.38
Cusg Csy 2.54 2.40(2.49) 1.734+0.18 2.40
Coy 2.40 2.39
On, 1.98 241
Cuy Dsp, 2.63 2.65 1.86+0.22 241
Ci (I) 2.50 2.63
Cio (IT) 2.30 2.45
Cus  C, 2.87 2.73(2.84) 2.00£0.23  2.41
On 2.64 2.61
Dog 2.57 2.59
Tq 2.51 2.39
Cug Co 2.87 2.80 2.44
C2 2.84 2.59
Cs 2.60 241

et al. [9] and Calaminici et al. [7], who also predicted
the sequence Dop—Dyp—T, of decreasing stability. In our
previous ab initio calculation [10] we found the same se-
quence, whereas Lammers et al. [29] found a different se-
quence, Ty—Dap—Dyp. The larger angle of the rhombus pre-
dicted 123° by Calaminici et al. [7] agrees well with the
present calculation 119.8°, which was 120° in our previous
ab initio calculation [10].

In the case of the pentamer, Cus, three different struc-
tures were examined, viz., the square pyramid (Cy, sym-
metry), the trigonal bipyramid (D3, symmetry) and the
trapezoid (Ca, symmetry). Among these three different
structures, we found the the planer trapezoidal Cs, struc-
ture to be the most stable, which is AE = 0.21 eV/atom
higher than the Ds; structure. In our simulation, the
square pyramid Cy, was found to be unstable, relaxing
to a Dsgyp, structure. In the photoelectron spectroscopy [16]
of Cu,,, Ag, and Au,,, Ho et al. tentatively assign the
trapezoidal planer geometry to the ground state of both
the anion and neutral of the coinage metal pentamers.
Present result doesn’t agree with our previous ab initio
calculation, where we found the Dgj, structure to be the
most stable but agrees with Calaminici et al. [7] and Akeby
et al. [9], both of them found the Cb, structure to be
most stable structure with the sequence Co,—D3,—Cy, of
decreasing stability. Lammers et al. found an opposite se-
quence Cyy—D3p,—Cay.

For the Cug cluster we investigated three different
structures, the octahedron (Op symmetry), the capped

trigonal bipyramid (Cs, symmetry) and the flat pentag-
onal pyramid (C5, symmetry). Among these three struc-
tures, we found the flat pentagonal pyramid Cj5, to be
the most stable with cohesive energy 2.54 eV/atom. We
found the two isomers, the capped trigonal bipyramid
C3, and the octahedron Oy, are AE = 0.14 eV/atom
and AE = 0.56 eV /atom lower respectively. Massobrio
et al. [8] and Akeby et al. [9] also found the Cs, struc-
ture as the ground state. This result does not agree with
our previous ab initio calculation, where we found the Cs,
structure as ground state. Lammers et al. [29] predict the
Oy, structure to be the most stable structure compared to
other random structures.

In the case of Cuy; cluster we considered three differ-
ent structures, the pentagonal bipyramid (Ds, symme-
try), the bicapped trigonal bipyramid (Cs,(I) symmetry)
and the capped octahedron (Cs,(II) symmetry), as our
initial starting configurations. We found the pentagonal
bipyramid with Ds; symmetry to be the most stable,
which is energetically more favourable than the bicapped
trigonal pyramid and capped octahedron isomers by an
energy AE = 0.13 eV/atom and AE = 0.33 eV/atom
respectively. This result agrees well with Akeby et al. [9]
and with the previous ab initio [10] calculation.

For the Cug cluster, we examined four different struc-
tures, viz., the capped pentagonal bipyramid (Cs sym-
metry), the tricapped trigonal bipyramid (T symmetry),
the bicapped octahedron (Dsy symmetry) and the cube
(Op, symmetry). In our simulation, we found the capped
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pentagonal bipyramid (Cs) to be the most stable with co-
hesive energy 2.87 eV /atom. We found the three isomers,
O, Dog and Ty, are lower in energy by AE = 0.23,0.30
and 0.36 eV /atom respectively. This result agrees with
our previous ab initio calculation [10], where we found
the Cs structure to be the most stable but with a dif-
ferent sequence Cs—Dsy3—Op with decreasing order of sta-
bility. In that study we have not studied the Ty structure.
Massobrio et al. [8] found the Dyg structure to be the most
stable structure followed by T,; and Cy structure.

For the Cug cluster, we examined three different struc-
tures, the tricapped octahedron (Cy symmetry), the bi-
capped pentagonal bipyramid (BPB) with capping atoms
on the adjacent faces (Ca, symmetry) and the BPB with
capping atoms on the non adjacent faces (Cy symme-
try). Among these three structures, the BPB with capping
atom on the non adjacent faces was found to be most sta-
ble with binding energy 2.87 eV /atom. This Cs structure
is nearly degenerate with the C5, structure by an energy
difference AE = 0.03 eV /atom, whereas the C; structure
is less stable by an energy difference AE = 0.27 eV /atom
from the Cy structure. Zhao et al. [32] found a BPB
with C, symmetry to be the ground state for Agg clus-
ter. In our previous ab initio calculation [10], we found the
tri-capped octahedron to be the ground state.

3.1.2 Clusters of 10—24 atoms

From the present results and the detail comparisons with
various ab initio and available experimental results, we
find reasonable agreement between the TB model and the
ab initio calculations for small clusters with N < 9. This
agreement allow us to continue the use of this TB method
for larger clusters with N > 10. For these large clus-
ters, a full configurational space search is not possible
within the computational resources. Instead we examined
these clusters starting form different initial geometries
with different annealing schedule. The most stable struc-
ture for Cuyg is a tri-capped pentagonal bipyramid which
is energetically more favourable than the D44 structure
by AE = 0.08 eV /atom. The ground state structures start
icosahedral packing from Cuy;. The ground state structure
of Cuy; and Cuys are the uncompleted icosahedron with
lack of one and two atoms respectively and a Jahn-Teller
distorted complete icosahedron (I}, symmetry) is formed
at Cuys. For Cuys the fcc like cuboctahedron is less stable
than the icosahedron by an energy 0.05 eV per atom. This
cuboctahedron consists of a central atom and its 12 first
neighbours in a fcc packing structure. Lammers et al. [29]
also found the icosahedron to be the most stable for Cuys.
The icosahedral growth continues and forms a complete
double icosahedron for Cuyg, which can be viewed as two
interpenetrating 13-atom icosahedron. The ground state
structures for Cuiy, Cuys, Cuig and Cuy7 are the single
icosahedron capped with 1, 2, 3 and 4 atoms respectively
and for Cujg it is a truncated icosahedron. The ground
state structures of Cugg and Cusg; are the double icosahe-
dron capped with 1 and 2 atoms. A “triple icosahedron”
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Fig. 3. Binding energy per atom as a function of cluster size n.

with D3p, symmetry is found to be the most stable struc-
ture for Cusg. On the each of the three lobes of this clus-
ter four six-coordinate atoms protrude, each having local
pentagonal symmetry. Between the lobes are two eight-
coordinate atoms and along the central axis of the clus-
ter sit two nine-coordinate atoms. Singly capped triple
icosahedron is found to be the ground state for Cusgy. So
all these clusters in this size range, 10 < n < 24, have
structures which can be derived from the 13-atom icosahe-
dron, 19-atom double icosahedra or 23-atom triple icosa-
hedra by simply adding or removing atoms from them.
This icosahedral growth of copper clusters is supported
by the experimental study of Winter et al. [14]. Very re-
cently a study [13] using genetic algorithm with Gupta
potential [12], Darby et al. found similar structures for
global minima of Cuyg to Cugy; except for Cuyg, Cuir
and Cuyg clusters, which are slightly different from the
present calculation. Similar kind of icosahedral growth is
found for Ag, with n = 11-21, except at Agy4 [32]. In
the molecular absorption experiment Parks et al. [33] also
found the icosahedral growth for all the clusters ranging
from Nilﬁ to Nigg.

3.2 Binding energies

The size dependence of the binding energy per atom for
clusters with n = 2—24 is depicted in Figure 3. The
highest binding energy has been considered for a particu-
lar cluster having certain number of atoms for Figures 3
and 4. Binding energy grows monotonically with increas-
ing the cluster size n. For cluster sizes n = 2—10, we have
compared our binding energies with our previous ab initio
FPLMTO calculations [10] and also with DF-LDA cal-
culations [8] and TCID experiment [18]. Figure 4 shows
that the binding energies match very well with both the
ab initio, FPLMTO and DF-LDA, calculations but sys-
tematically overestimate it form the TCID experiment by
an amount 0.53 + 0.12 to 0.79 £ 0.22 eV. Experimen-
tally the binding energies of neutral copper cluster were
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Fig. 4. Comparison of binding energies, calculated from the
present TB method (O), with the FP-LMTO (o), DF-LDA
(A) and TCID experimental (o) values, for n = 2—10 clus-
ters. Calculated binding energies match very well with both
the ab initio, FP-LMTO and DF-LDA, calculations but sys-
tematically overestimate from the TCID experiment. See text
for details.

derived from TCID experiment of anionic clusters and us-
ing electron affinities from the PES experiment [16]. As
in the present TBMD method, the parameters have been
fitted to the Local Density Approximation (LDA) based
ab initio calculation [10], so this kind of overestimation
in the binding energy is not surprising. Rather this is a
cheracteristic of LDA.

3.3 Relative stabilities

The relative stability, which is the second differences of
cluster binding energies, is plotted in Figure 5. The rela-
tive stability is defined as

AE(n) =E(n+1)+ E(n—1) —2E(n). (13)
The relative stability, AsF(n), can be directly compared
to the experimental relative abundance. Figure 5 shows
relative stability as a function of cluster size n, where
we found three distinct features. (a) Even-odd alternation
(even > odd) for n = 2—9, 17—20, which is due to the
electron pairing effect resulting from the fact that each
copper atom in the cluster contributes a single valence
electron to the bonding orbitals. Even (odd) clusters have
an even (odd) number of electrons and the HOMO is dou-
bly (singly) occupied. The electron in a doubly occupied
HOMO will feel a stronger effective core potential because
the electron screening is weaker for the electrons in the
same orbital than for inner shell electrons. Thus the bind-
ing energy of the valence electron with an even cluster is
larger than of an odd one, which reflects through the even-
odd alteration in the relative stability A;FE(n). (b) We
found particular high peak at Cug, Cuyg and Cugy. This
is due to the electronic shell closing at n = 8, 18, and 20
which corresponds to the magic number in electronic shell

kA A ]\
VT

lb 15 20

Cluster Size n

Fig. 5. Relative stability, AsE(n) (= E(n+ 1)+ E(n—1) —
2E(n)), as a function of cluster size n. Even-odd alternation
and pronounced peaks for n = 8, 18 and 20 is found. However,
due to geometrical effect even-odd alternation is disturbed for
n = 11, 13 and 15. See text for details.

model. Electronic shell structure in coinage metal clusters
was first observed by Katakuse et al. [17]. But we have
not seen the magic behaviour at Cuy in our calculated
relative stability. (c) We found even-odd alteration is re-
versed for n = 10—16 with maxima at odd sized clusters,
Cuy1, Cuys and Cuys, which manifests the geometrical ef-
fect through icosahedral growth. Simultaneous appearance
of these three features in A3 F(n) demonstrates that the
structure and stability of copper cluster is determined by
both electronic structure and atomic configuration. This
argument is supported by Winter et al. [14]. In their ex-
periment they found both the jellium-like electronic be-
haviour and icosahedral geometrical structure of copper
cluster.

Using Gupta potential, Darby et al. [13] found sig-
nificant peaks in the second difference at n = 7,13,19
and 23, due to icosahedral or poly-icosahedral structure.
The Cuzs has a pentagonal bipyramidal symmetry, which
is a building block of icosahedron. In comparison, in the
present study we have not found any such peaks due to
icosahedral geometrical growth except at n = 13. How-
ever, we get similar structures predicted by Darby et al.
for these clusters. Reason for not getting these peaks due
geometrical effect is, the Gupta potential is an empirical
potential and can not predict any such electronic effects,
whereas the present TBMD can predict both geometrical
and as well as electronic effects together. In the present
study, we found significant peaks at n = 8,18 and 20 due
to electronic shell closing and average (even-odd alterna-
tion) peaks at n = 6,20 and 22 for electronic pairing effect.
For this reason, peaks due to geometrical (icosahedral or
poly-icosahedral growth) structure at n = 7,19 and 23
are suppressed by the peaks at n = 6,8,18,20,22 and
24 due to electronic structure. Therefore in this section,
we conclude that electronic effects, electronic shell clos-
ing and electron pairing in the HOMO, dominates over
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Fig. 6. HOMO-LUMO gap energy as a function of cluster
size n.

geometrical effect to determine the relative stabilities of
the copper clusters.

3.4 HOMO-LUMO gaps

We studied the gap energy between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), which is a sensitive quantity to
probe stability. In Figure 6, we plotted HOMO-LUMO gap
energy as a function of cluster size. In the studied region,
we found particularly large HOMO-LUMO gap for Cus,
Cug, Cuyg and Cuyg due to electronic shell closing effect.
This was well established by the experiments carried out
by Pettiette et al. [34] and Ho et al. [16], where the mani-
festation of electronic shell closing was found through the
particular high peaks in the HOMO-LUMO gap energy.
We also found even-odd alternation due to the electron
pairing effect. Christensen et al. [35] have studied copper
clusters with 3—29 atoms using the effective medium the-
ory and found the clusters with 8, 18 and 20 atoms to be
particularly stable. In a previous ab initio study of cop-
per clusters [29], the maximum gap at Cug and Cuyg is
found but even-odd alternation and magic effect for Cu,
and Cuyg have not been obtained. As compared to the ex-
perimental results for even sized clusters [16,34], present
TB calculation overestimates the HOMO-LUMO gap, but
the size dependent behaviour of gaps and magic effects are
qualitatively reproduced.

3.5 lonization potentials

The present TBMD formalism can only be relied on to
give qualitative results on the variation of the ioniza-
tion potential with cluster size. This is because the set
of SK-TB parameters in this scheme implies that the ex-
pected ionization energy for small clusters to be approx-
imately (by Koopman’s theorem) is equal to the on-site

The European Physical Journal D

18 20

lonization potential (eV)

5.2 T T T T T
0 4 8 12 16 20 24

Cluster Size n

Fig. 7. Ionization potential as a function of cluster size n.

energy F, which is usually higher than the highest oc-
cupied s-orbital energy for free atom [20]. This may be
improved by the proposed scaling scheme of Cohen. Mehl
and Papaconstantopoulos [36]. In Figure 7 we present the
present results for Cu,, clusters with n < 24. We found
even-odd alternation due to electron pairing along with
high peaks due to the electronic shell closing for Cus, Cus,
Cuig and Cugg.

4 Conclusion

Tight-binding molecular dynamics scheme has been used
to obtain ground state structures, binding energies, rela-
tive stabilities, HOMO-LUMO gaps as well as ionization
potentials of Cu,, clusters for n < 24. We have fitted the
parameters of the present TB scheme from our previous
ab initio [10] calculation. We made an extensive compar-
ison with various ab initio calculations and available ex-
perimental results, which shows very good agreement. For
very small clusters, up to Cus, we found planer structures
which are in agreement with experiment [16]. d-states have
least effect for very small clusters n < 5, while d states
start playing an important role as size grows. Calculated
binding energies are in good agreement with the LDA
based ab initio calculations, but overestimates it from the
TCID experimental value as shown in Table 2 and Fig-
ure 4. This is simply because we fitted the parameters in
the present scheme from the LDA based ab initio calcula-
tion, where this kind of overestimation in binding energy
is inherent.

Prominent electronic shell closing effect is observed
for Cug, Cug, Cuyg and Cugg, which correspond the magic
numbers. Due to electron pairing effect even-odd alterna-
tion is found in relative stabilities, HOMO-LUMO gap
energies and ionization potential. Using Gupta potential,
Darby et al. found significant high peaks in the relative
stability for n =7, 13, 19, 23, due to icosahedral or poly-
icosahedral growth. However, in the present study we have
not got any such peaks for those clusters except Cus.
Due to the peak causing from the even-odd alternation
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for n = 6 and significant high peak causing from the elec-
tronic shell closing for n = 8, the peak for n = 7 due to the
structural effect is suppressed. Due to the peaks causing
from electronic shell closing for n = 18 and 20, the peak at
n = 19 due to double icosahedral structure is not found.
Similarly, for the average even-odd alternation peaks at
n = 22 and 24, the peak for n = 23 for poly-icosahedral
growth is not found. Therefore, we conclude that the elec-
tronic effects, electron pairing and electronic shell closing,
dominates over the geometrical effect for copper cluster.
The computational efficiency of the present scheme read-
ily allows us to do an unrestricted search for ground state
geometry for larger clusters.

This work is partially supported by the School of Engineering,
University of Warwick, UK.
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