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Structure and stability of copper clusters: A tight-binding molecular dynamics study
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In this paper we propose a tight-binding molecular dynamics with parameters fitted to first-principles cal-
culations on the smaller clusters and with an environment correction, to be a powerful technique for studying
large transition-metal/noble-metal clusters. In particular, the structure and stability jotl@ters forn
=3-55 arestudied by using this technique. The results for sma| Gusters(n=3-9 show good agreement
with ab initio calculations and available experimental results. In the size rangen 055 most of the clusters
adopt icosahedral structure which can be derived from the 13-atom icosahedron, the polyicosahedral 19-, 23-,
and 26-atom clusters, and the 55-atom icosahedron, by adding or removing atoms. However, a local geometri-
cal change from icosahedral to decahedral structure is observet-#0—44 and return to the icosahedral
growth pattern is found at=45 which continues. Electronic “magic numbe(s=2,8,20,34,49in this regime
are correctly reproduced. Due to electron pairing in highest occupied molecular ofbi@80s), even-odd
alternation is found. A sudden loss of even-odd alternation in second difference of cluster binding energy,
HOMO-LUMO (LUMO, lowest unoccupied molecular orbifaap energy and ionization potential is observed
in the regionn~ 40 due to structural change there. Interplay between electronic and geometrical structure is
found.
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[. INTRODUCTION geometrical and electronic structure through the hybridiza-
) ) ) tion with more extended valenceelectron. Therefore, it is
The study of clusters has become an increasingly interesfmportant to include the contribution oi®lectrons and the

ing topic of research in both physics and chemistry in recen.q hybridization for Cy clusters.

years, since they span the gap between the microscopic and Bare copper clusters in the gas phase have been studied
macroscopic materialgl,2]. Metallic clusters play a central experimentally by Tayloet al. [15] and Hoet al. [16] using

role in catalysig3—6] and nanotechnology’—9]. Clusters of  photoelectron spectroscopfPES. Knickelbein measured
coinage metals Cu, Ag, and Au have been used in a wid&nization potentials of neutral copper clusters and found
range of demonstratiof3B—9]. The determination of struc- evidence of electronic shell structur&r]. Very recently, cat-
tural and electronic properties and the growth pattern ofonic copper clusters have been studied using threshold
coinage metal clusters are of much interest both experimersollision-induced dissociatioTCID) by Spasowet al. [18].

tally [10-19 and theoreticallyf19-24. The electronic con- Copper clusters have been also investigated theoretically by
figurations of the coinage metals are characterized by ¥arious accurate quantum-mechanical and chemical ap-
closed d shell and a Sing'e s valance electron proaCheS. I\/IaSSObriet a.l. [19] Studied the structures and
[Cu:Ar(3d)1%4s)!, Ag:Kr(4d)1%5s)!, Au:Xe(5d)%(6s)Y]. energetics of C,u (n:2,3,4,6,§3,1§) Wi_thin the local-

Due to the presence of singgeelectrons in the atomic outer density approximation of density-functional theotF-
shells, the noble-metal clusters are expected to exhibit cefzDA) by using the Car-Parinello method. Calaminatial.

tain similarities to the alkali-metal clusters. Electronic struc-12Y esefd the “n?ar comblrr:atlon 0(; Gausaen-tyge orpltals
ture of alkali-metal clusters is well described by the sphericafciltil';‘:‘('e?'S xﬂﬁﬂc’gg Aaﬁgtr)?/aect altcizslt]uu)s/eﬁﬁi eo?lggu?;[ion
shell mof,"?" which has successfully interpreted the MallGhteraction method with an effective core potential for
numbers” in Ng and K, clusters[1,2]. A number of experi-

tal feat £ nobl tal clust | litati ls 10. In an earlier communicatidr22] we studied the small
mental features of noble-metal clusters are also quafitative &qq clusters forn=<9 by using full-potential muffin-tin or-
well described in terms of simpkeelectron shell model. For

instance, the mass abundance spectrum ¢f CAg,~, and bitals (FP-LMTO) technique.
' . . I o I lly, th histi ntum-chemistry- first-
Au,~ clusters, which reflects the stability of clusters, can b deally, the sophisticated, quantum-chemistry-based, first

explained by the one-electron shell modeD]. But some eprinciples methods predict both the stable geometries and
experimental studie$l1-14 indicate that the localized energetics o a very high degree of accuracy. The practical

lect f th bl wals ol anificant role for th roblem arises from the fact that for actual implementation
electrons ot the noble metals play a signihcant role for hese techniques are limited to small clusters only. None of

the methods described above can be implemented for clus-

ters much larger than-10 atoms, because of prohibitive
*Corresponding author. Email address: mukul@bose.res.in computational expense. The aim of this paper is to introduce
"Email address: abhijit@bose.res.in an semiempirical method, which, nevertheless, retains some
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of the electronic structure features of the problem. The em- occ
pirical parameters are determined from first-principles calcu- Eo= > € (2
lations for small clusters, and corrections introduced for local k

environmental corrections in the larger clusters.

In recent years empirical tight-binding molecular dynam-
ics (TBMD) method has been developed as an alternative t
ab initio r_netho_ds. As cpmpared.wna_b initio methods, the HWY = e/Py, (3)
parametrized tight-binding Hamiltonian reduces the compu-
tational cost dramatically. The main problem with the em-whereH is the one-electron Hamiltonian an@,) is elec-
pirical tight-binding methods has always been the lack oftronic wave function forkth level of the eigenstate. In
transferability of its empirical parameters. We shall describehe TB formulation, the single-particle wave functions
here a technique that allows us to fit the parameters of thp[fk> are cast as a linear combination of orthogonalized
model from a fully ab initio, self-consistent local spin- basis functions ®;,, in the minimum basis set
density approximation based FP-LMTO calculation reported v=s, p,, py, p,, Ok, dyz, Oz, Okz-y2, daz2-12),
earlier by us[22,23 for the smaller clusters and then make
correction for the_r_wew environment for clusters in order to W)= > C!(V|‘Diy>, (4)
ensure transferabilityat least to a degrge iv

It should be mentioned here that copper clusters have also ] )
been investigated by other empirical methods. D’AgostingVherei labels the ions. _ o
carried out molecular dynamics using a quasiempirical po- 1he TB HamiltonianH is constructed within Slater-
tential derived from a tight-binding approach for nearly 1300K0ster schem¢33], where the diagonal matrix elements are
atoms[24]. More recently, Darbyt al. carried out geometry takep to be configuration independent and the off-diagonal
optimization by genetic algorithm using Gupta poteni2] matrix elements are taken to ha\_/e SIater—Koster type angular
for Cu, Au,, and their alloy clusters in the size range dependence with respgct to the mte'ratomlc s_eparatlon yector
<56 [26]. These kinds of empirical atomistic potentials are’ and scaled exponentially with the interatomic separation
found to be good to predict ground-state geometries but can-
not predict egllectronicpproper%ies such as eglectronic shell clos- Vi = Vi (A S mexi - a(r - d)], 5)
ing effect forn=2,8,20,40, .. .highest occupied—lowest un-
occupied molecular levg]HOMO-LUMO) gap energy and
ionization potential. Our proposed TBMD scheme will allow
us to extrapolate to the larger clusters to study both th
ground-state geometries as well as ground-state energetics
a function of cluster size.

Menonet al. have proposed a minimal parameter TBMD
scheme for semiconductor§27-29 and extended the 12T
method for transltlon—metzadN_ln an(_d Fe) clusters[_30,3]]. Vi u(d) = ﬂx,x/,ﬂ(—dz), (6)
Recently Zhacet al. have applied this method for silver clus- ma™
ters[32]. In the present work, we shall introduce a similar
T8 model for copper. the parameterr=0 for s-s, s-p, and p-p interactions

Using this TBMD method, we shall investigate the stable_ P 4 - » 5P, p_p . 7

. ] . - =3/2 for s-d and p-d interactions, and=3 for d-d interac-
structures, cohesive energies, relative stabilities, HOMOEion In Table | we present the parametgy the on-site en-
LUMO gaps, and ionization potentials of Calusters in the )

size rangen=<55. We shall indicate the comparison betweengg]'eilizciia’iﬁd' t%nlgetfh[%(;]glj\]/e\rjsls(;?lgsia;té{aaﬂEfo|;rci
the present results for small clustemss 9, with those of our ' 9 Y s= p 'arg

previus FP-LWTO calultons and olhed o and  S10UGh o peverboie miia (36, Tis choms or o
available experimental results. This is essential before we g J 9p P

i . 'icc bulk Cu crystal given by Harrisoi4].
;)G:/rir to the computationally expensive study of larger clus The repulsive energg., is described by a sum of short-

ranged repulsive pair potentialg;, which scaled exponen-
tially with interatomic distance,

where the energy eigenvalugsare calculated by solving the
Sigenvalue equation

whered is the equilibrium bond length for the fcc bulk cop-
per,S(I,m,n) is the Slater-Koster type function of the direc-
tion cosinesl,m,n of the separation vectar, and « is an
%céiustable parametér2/d) [31].

The Hamiltonian parameters are determined from the di-
mensionless universal parametess, , [34],

wherery is characteristic length for the transition metal and

Il. COMPUTATIONAL METHOD
Menon et al. introduced a minimal parameter TBMD Eep=2 2 ¢4(r) =2 2 doexd= B -d)], (7)

scheme for transition-metal clustef30,31. Here we will LD LD
describe the main ingredients. In this tight-binding schema},\/hererij is the separation between the atomendj and S
the total energ)E is written as a sum, (=4a) is a parameteiE,, contains ion-ion repulsive interac-
- tion and correction to the double counting of the electron-
E = Eei* Erep* Eoone @ electron repulsion present i, The valuegoquo fitted to
E is the sum of the one-electron energies for the occupiedeproduce the correct experimental bond length of the Cu
statese, dimer, 2.22 A[35], is given in Table II.
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TABLE I. Parametery, on-site energiesss, E,, andEg, and the  other arbitrary size cluster. To determine the parametdrs

universal constantsy, -, for Cu [34]. andc we use the experimental binding energy of Cu dimer
1.03 eV/atom[35] and theab initio FP-LMTO results for
Parameter Value Cuy, and Cy in Ref. [22]. For the Cy dimer, calculated

vibrational frequency(226 cm?) has reasonable agreement

IrEd _2%617"1& v with experiment37] (265 cm?).

s e In molecular dynamics scheme the trajectofigg(t)} of
Ep 100.00 eV the ions are determined by the potential energy surface
Eq -20.14 eV E[{R;(1)}] corresponding to the total energy of the electronic
Mssr -0.48 system. The force acting on th#h ion is thus given by
Tspor 1.84
Topo 3.24 Fi=-VREHR}]=~ Vg | 2 (WHW) +Erep|. (1D)
Topm -0.81 “
Tsdr -3.16 This equation can be further simplified by making use of
oo -295 the Hellmann-Feynma[88] theorem

1.36

Zz:: s Fi=- % (WY VRH[W) = VRErep,. (12)
Tddm 8.75 The second term in the above equation is the short-ranged
Ndds 0.00

repulsive force. We should note that Pulay correction term
does not play any role in any semiempirical TBNIB8]. The
reason is twofold. Within TBMD we directly compute the
erivative of the TB Hamiltonian matrix element and the
asis wave functions never appear explicitly, rather they are
implicitly contained in the fitted matrix entries.

The first two terms of the total energy are not sufficient to
exactly reproduce cohesive energies of dimers through bul
structures. Tomgk and Schlutef36] introduced a coordi-
hation dependent correction terBhyong to _the total energy, The motion of the atoms follows a classical behavior and
which does not contribute to the force, it is added to the tota| ,

. - s governed by the Newton’s law,
energy after the relaxation has been achieved. However, for

the metal clusters, this correction term is significant in dis- I°R;
. ishi . . f . | m—- = Fiu (13)
tinguishing various isomers for a given clus{&d]. di
: Ny \? n, wherem is the atomic mass.
Eoong= -l &\ " 7] + b PR (®) For numerical simulation of Newtonian dynamics, we use

the velocity Verlet molecular dynamics methptD] for up-
wheren andn, are the number of atoms and total number ofdating the atomic coordinates, which is given by
bonds of the cluster, respectively. Number of bongsare 1
evaluated by summing over all bonds according to cutoff R(t+ &) = R;(t) + V(1) &t + —F;(t) ()2, (14)
distancer, and bond length 2m

S -1 where the velocityV; of theith atom att+ét is calculated
nb:E [exp<—'JA—°> + 1} ) 9 from F; att andt+¢dt as
| B 1
The parametera, b, andc in Eq. (6) are then calculated Vilt+ &) =V + [Fi®) +Fit+ lat. (19

by fitting the coordination dependent teri,, s to theab
initio results for three small clusters of different sizes accord- At this stage most authors carry out either dissipative dy-

ing to the following equation: namics or free dynamics with feedbalkl]. The reason for
this is as follows: for numerical integration of Newton’s
Epond= Eab initio ~ Eel = Erep- (100  equations we have to chooséirite time stepét. Ideally this

should be as small as possible, but that would require an
excessively long time for locating the global minimum.
However, a large choice aft leads to unphysical heating up
of the system, leading to instability. Dissipative dynamics
has been suggested as a way of overcoming this. We add a

small extra friction term carefullyi0 F—-ymR [31]. In the
present calculationm=0.32 amu/psec, and the time stétp
is taken to be 1 fsec and the total time for molecular dynam-
PoleV) a(ev) b(eV) c(eV) ics simulation is~100—200 psec, depending upon the clus-
0.034 —0.0671 1.2375 —3.0420 ter size and initial cluster configuration with the several an-
nealing schedule. Methfessel and Schilfgadrtig have also

Thus we have four parameteds, a, b, andc in this TB
model. These parameters are once calculég@en in the
Table 1) for small clusters to reproduce known reslidat-
ever experimental or theoretigadnd then kept fixed for

TABLE Il. The adjustable parametets, a,b, andc.
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TABLE lIl. Point group(PG) symmetry, cohesive energy per atom, difference in cohesive energy peA&pamd average bond length
(r) of the ground-state structure and different isomers fq; @usters withn<9 obtained from TB calculation and comparison wathinitio
calculationg19,21,22. AE=0.00 represents the most stable structure for a partioul@ohesive energy corresponding to the ground-state
structure in FP-LMT(22], DF-LDA [19] (in parenthesg<alculations and the values from TCID experimgl8] are given. For Cy Cs,(1)
is the bicapped trigonal biprism and;@I) is the capped octahedron.

PG Binding energyeV/atom AE (eV/atom (r)
Cluster symmetry Present Thebry Experiment Present Theofy Theory' A
Cug Cy, 1.43 1.601.63 1.07£0.12 0.00 0.00 2.25
Dan 1.32 0.11 0.06 2.24
Dohy 1.13 0.30 0.00 2.24
Cuy Don 2.00 2.002.09 1.48+0.14 0.00 0.00 0.00 2.23
D 1.73 0.27 0.56 2.22
Ty 1.46 0.54 0.89 2.24
Cug Cy, 2.24 2.19 1.56£0.15 0.00 0.00 2.23
Dan 2.03 0.21 0.37 2.38
Cs Cs, 2.54 2.402.49 1.73+0.18 0.00 0.00 0.00 2.40
C,, 2.40 0.14 0.01 2.39
(O 1.98 0.56 0.87 0.04 241
Cu, Ds, 2.63 2.65 1.86+0.22 0.00 0.00 2.41
Ca(1) 2.50 0.13 0.32 2.63
Ca,(I1) 2.30 0.33 2.45
Cug Cs 2.87 2.782.89 2.00£0.23 0.00 0.20 2.41
O, 2.64 0.23 2.61
Dyg 2.57 0.30 0.00 2.59
Ty 2.51 0.36 0.15 2.39
Cl C, 2.87 2.80 0.00 2.44
Coy 2.84 0.03 2.59
Cs 2.60 0.27 241

%From Kabiret al. (Ref. [22]) and Massobriet al. (Ref. [19]).
®Calculated from Spasoet al. (Ref. [18]).

“From Akebyet al. (Ref. [21]).

9From Massobricet al. (Ref. [19)).

used an alternative technique of free dynamics with feedbacter geometries. For small clustefis<9) we can perform a
to overcome the above difficulty. full configurational space search to determine the lowest-
The results of the molecular dynamics may depend sensenergy configuration. Here they serve as a test case for the
tively on the starting configuration chosen. The final equilib-calculation of larger clusters with=10. In Table lll we
rium configurations often correspond to local minima of thepresent a detailed comparison of binding energy per atom,
total energy surface and are metastable states. For the smalféifference in binding energE, and average bond length
clusters simulated annealing can lead to the global minimunfor n<9 with available experimentall8] and ab initio
We have found the global minimum configurations of the[19,21,22 results. We found that, in agreement with experi-
smaller clusters by the simulated annealing technique. Howmental[16] and theoretica]19-21 results, very small cop-
ever, this is often not the case for the larger clusters. Reper clusters(Cu;, Cw, and Cu) prefer planer structures.
cently more sophisticated techniques such as the genetic &#ore detailed comparison, with experimental eatal initio
gorithm have been propos¢d2—45. We have not tried this results, can be found elsewhd#s].
out in this work, but propose this as an efficient technique for From the present results and detailed comparisons with
further work. various experimentgll6,18 andab initio [19-22,47—4Pre-
sults available, we find reasonable agreement among this
TBMD scheme andab initio calculations for small clusters
IIl. RESULTS AND DISCUSSION with n=9 [46], which allow us to continue the use of this
TBMD scheme for larger clusters with=10. For larger
clusters(10<n<55), due to increasing degrees of freedom
We have applied this TBMD scheme to Ccdlusters for  with cluster size, a full configurational search is not possible
n=<>55. Since the present scheme imposesammiori sym-  with the available computational resources. Instead, led by
metry restrictions, we can perform full optimization of clus- the experimental and theoretical results on small clusters, we

A. Geometry optimization
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examined structures of various symmetries for each size. Our prediction agrees with the earlier work by

Most stable structures far=10—-55 atom clusters are given D’Agostino [24], who performed molecular dynamics using

in Fig. 1. a tight-binding many-body potential and found that icosahe-
In this regime, the structures predicted by this TB modeldral structures are prevalent for clusters containing less than

are mainly based on icosahedron. The most stable structugghout 1500 atoms. Valkealahti and Mannir&], using ef-

of Cu, is a pentagonal bipyrami(Ds, symmetry; see Table fective medium theory, also found that icosahedral structures

[1), which is the building block for the larger clusters with gre energetically more favorable than the cuboctahedral

n=10. For Cy,, we found a tricapped pentagonal bipyramid gir,ctyres for sizes up to~ 2500, which is consistent with

to be the most stable structure. Ground-state Structures of resyit. Figure 3 shows that cuboctahedral structures are

Cuy; and Cy, are the uncompleted icosahedron with I"?‘Ck OfI ast stable among the three structures: icosahedron, decahe-
one and two atoms, respectively, and a Jahn-Teller distorte fon, and cuboctahedron. By contrast, Christensen and Ja-

first complete icosahedron is formed atguFor Cus, the : it . .
fce like cuboctahedron is less stable than the icosahedron bcobsen[_52] predpted more fee-like structures in the size
ngen=3-29, in their Monte Carlo simulation using an

an energy 0.05 eV per atom. In agreement with Lammer . . .

and Borstel, on the basis of tight-binding linear muffin-tin effective .medlum potgntlal. But they correctly reproduced
orbital calculations, was also found the icosahedron to be thi1® “Magic numbers” in that regim&2,53. _ _
ground state of Cy, though the difference in energy be- These results can be compared with the genetic algorithm

tween the icosahedron and the cuboctahedron was calculat8i/dy on copper clusters by Darley al. [26], using Gupta
to be only 0.2 eV/atonfi48]. The ground-state structures for Potential. In agreement with the present study, Dagbl.
Cuys Cus, Cuyg and Cysy are the 13-atom icosahedron plus found that most of the clusters in this regime adopt_ structures
one, two, three, and four atoms, respectively. A double icosa?@sed on icosahedron. They also found exceptions to the
hedron is formed for Cyg (Ds;, sSymmetry. This structure has icosahedral growth_ at around _Qau where the structures
two internal atoms, 12 six-coordinate atoms at either end@dopt decahedronlike geometriésxact numbers are not
and five eight-coordinate atoms around the waist of the clus@vailable in Ref[26]). But the present study disagrees with
ter. Based on the structure for Guthe stable Cyg cluster is ~ the genetic algorithm study in two points. First, for the
a double icosahedron minus one of the six-coordinate atom&>-atom cluster, they found a more disordered structure,
located at either endCs, symmetry. Icosahedral growth while the present study predlpts it to be an |c_osahedron based
continues for 28<n<55 atom clusters. Polyicosahedral Structure which can be derived by removing one surface
structure in the form of a “triple icosahedro(Ds, Ssymme- atom fr(_Jm the 26-atom polyicosahedron. Finally, they found
try; the structure can be viewed as three interpenetratingn fcc-like truncated octahedral structure forsgunstead,
double icosahedyds the most stable structure for Gelus- e present study predicts thg |cosahedr9n based structure to
ter. The next polyicosahedron is found for geluster. Fi- be the ground state, where this structure is energetically more
nally, the secondcomplete icosahedron is formed for &gu favorable than the truncated octahedral struc’Fure by an en-
which is more stable than the closed cuboctahedral structu@9y AE=0.17 eV/atom. Although the genetic algorithm
by an energy difference 6.27 eV. This can be explained irféarch for global minima is more efficient technique than
terms of their surface energy. The surface energy of thénolecular dynamics, use o_f the emp|_r|cal atomistic potential
icosahedral structure is lower than that of the cuboctahedra$ the main reasof4] for this kind of disagreement between
structure, because the atoms on the surface of the icosan@arby et al. and the present study.
dron are five-coordinate compared to the four-coordinate at-
oms on the surface of the cuboctahedron. In our calculation,
exception to the icosahedral growth is found at aroungh,Cu
The situation regarding geometrical structure in this size The computed size dependence of the binding energy per
range is more complex. The structures for40-44 atom atom for Cy, clusters withn=2-55 isdepicted in Fig. 2
clusters are oblate, decahedronlike geometries. Return to tiiapper pangl Among all the isomeric geometries examined
icosahedral structure is found at45. In the size range  for a certain cluster siza, the highest cohesive energy has
=40-44, the structural sequence is decahedron-icosahedrdmeen considered for Fig. 2. The overall shape of the curve
cuboctahedron in decreasing order of stability, whereas in thmatches the anticipated trend: binding energy grows mono-
region n=45-55, the structures retain icosahedron-tonically with increasing the cluster size. Inset of Figup-
decahedron-cuboctahedron sequence. per panel shows the comparison of our calculated binding
These results are in agreement with the experimentatnergy with theab initio [19,22 and experimenta]18] re-
study of Winter and co-worke&0], where they found that a sults. Experimentally, the binding energies of the neutral
bare copper cluster mass spectrum recorded with ArF laselusters were derived from the dissociation energy data of
ionization shows a sudden decrease in the ion signal anionic clusters from the TCID experimefit8] and using
Cu,,*, and from this observation they argued that a change ielectron affinities from the PES experimedf]. The inset
geometrical structure might occur there, though they havehows that our calculated binding energies are in good agree-
not concluded about the nature of this geometrical changement with those from DF-LDA19] and our previous FP-
They also found a dramatic decrease in water binding energyMTO [22] calculations. However, our binding energies are
for Cusg and Cu;, and concluded that this may represent asystematically overestimated, by an energy 0.53+0.12 to
return to the icosahedral structure as #erzondcomplete 0.79+0.22, than the experimental binding energies. The
icosahedron is approached for &u LDA-basedab initio calculations always overestimate bind-

B. Binding energies and relative stabilities
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FIG. 1. Most stable structures for copper clusters withL0—55 atoms. Most of the clusters adopt icosahedral structures except for
=40-44, where the structures are decahedral.
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7 FIG. 3. Comparison of binding energies per atom as a function
_dg’ of cluster sizen among cuboctahedral, decahedral, and icosahedral
% structures. For the whole region most of the clusters prefer icosa-
o

hedral structure. However, a local geometrical change from icosa-
Cluster Size n hedral to decahedral structure is found for40-44.

FIG. 2. (Upper panelBinding energy per atom as a function of are plotted in the_ Iov_ver _panel of Fig. 2. We found three
cluster sizen'3. Inset of the upper panel represents a comparison ofnaor character_|st|(;s n Fig. Qower pane). First, ever_l-odd.
binding energy per atom as a function of cluster sizamong the (ever-odd OSC'”atlor.] IS fqund. This can be explained in
present TBMD(C]), FP-LMTO (O), DE-LDA (A) calculations and terms of electron pairing in HOMOs. Evedd) clusters_
experimental ¢ ) values.(Lower panel Variation of relative stabil- have an _ever(odd) nl_meer of electrons and the HOMO.'S
ity A,E with cluster size n. Shell closing effect atn doubly (S"."g'y) occupied. The eleg:tron In a doubl_y occupied
~8,18,20,34,40 andven-odd alternation up 1~ 40 are found. HOMO will feel a s_tronger effective core potentlall because
However, due to geometrical effect this even-odd alternation is disthe_ek':‘c[ron Scr_eenlng is weaker for the electro_ns _'n the same
turbed atn=11,13, and 15, orbital than for inner shell electrons. Thus the binding energy
of the valence electron with an even cluster is larger than of
an odd one. This even-odd alternation is prominent up to

ing energies. This is a characteristic of the LDA. In the~4O. Second, due to electronic shell or subshell closing,

present study, TB parameters have been fitted talthiaitio we found particular high peak far=8,18,20,34, and 40.

LDA .C"’.‘ICUIat'OnS for very smal_l cglculat|or[§_2]. Itis not Unfortunately, the present study does not show any evi-
surprising therefore that the binding energies are overesth . .o of electronic shell closing for gin A,E(n). Fi-
mated. In fact, the present results agree well with other LDA S 2 i

. ) . hally, the even-odd alternation is reversed for10-16
based calculation$19,22, all of which overestimate the . . .
binding energy: with maxima at Cyy, Cu;3, and Cys, which manifests the

In Fig. 3, we compared binding energy per atom for Cub_geometrical effect and therefore there is no peaknat

octahedral, decahedral, and icosahedral structures for th:el4 due to electronic subshell closing. Simultaneous ap-

clusters containingn=30-55 atoms. Figure 3 shows that peeairr?trécrelg)f tt)z(tev?/Zet:reelZc];?s:\?crzsn%ﬁfargﬁeetrr?g:S;tri}(?tsure
most clusters in this size range have icosahedral structure@. Interpiay : geo '
However, a local structural change occurred figr40—-44, Wh'Ch is in agreement with the experlm_ental study' of
where the structures adopt a decahedral structure rather thﬁé‘r?:/go?taa::d[?c%.s;—r?:gr;?i?ricttﬁ'rtz {ﬁ"(';)m t}lﬁecﬁlsetg:gn:ﬁ an
an icosahedral one. Return to the icosahedral growth patte . .copp :

is found atn=45 and continues up to the 55-atom cIuster.exr)er'mem;jll SFUdy c_)f mass spectra of ionized copper clusters
From Fig. 3 it is clear that among cuboctahedral, decahedra_ilo]‘ substantial discontinuities in mass spectra rat

and icosahedral structures, cuboctahedral structures are Iea'?%’g’21’35’41 focationic andn=7,19,33, 39 foranionic

stable than the other two Clusters as well as dramatic even-odd alternation are found.
The second difference in the binding energy may be caI!:rom the sudden IOSS. in the even-odd altemation QHB.“
culated as the KrCI_ spectrum, Winteet al. argued about the p_ossmle
geometrical change there. Therefore, we conclude in the sec-
A,E(n) =E(n+1) + E(n— 1) — 2E(n), (16) tion that sudden loss in th&,E versusn plot (lower panel of
Fig. 2) is due the structural change in that regime.
whereE(n) represents the total energy for aratom cluster. Such kind of electronic effects cannot be reproduced by

A,E(n) represents the relative stability of @ratom cluster  empirical atomistic potentials. Darbst al. [26], using the
with respect to its neighbors and can be directly compared tGupta potential, found significant peaksrat7,13,19,23,
the experimental relative abundance: the peaka\jB(n)  and 55 due to icosahedrar polyicosahedralgeometries. In
coincide with the discontinuities in the mass spectra. Theseéhe present study, we have found a peak=afl3, but not at
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FIG. 4. H|ghest occupied_|owest unoccupied mo'ecu|ar 0rbita| FIG. 5. |0ni2ati0n potential VS Cluster SiZE Electronic She“
(HOMO-LUMO) gap energy vs cluster size Electronic shell clo- ~ closing effect and prominent even-odd alternation up t040 are
sure atn=2, 8, 18, 20, 34, 40 and even-odd alternation are ob-observed.
served. However, sudden loss in even-odd alternation is found
aroundn~ 40 due to the structural change there. present study correctly predicts the “magic numbers” in this

regime correctly and confirms the experimental prediction: a
the other sizes found by them. However, the stable structuregeometrical changécosahedror-decahedronis occurring
predicted by us are the same: the lowest energy structure @oundn~ 40.

Cu, is a pentagonal bipyrami¢Ds, symmetry; for n=13

and 55, the structures are tfiest and secondclosed icosa- D. lonization potentials

hedral geometries, respectively. Polyicosahedral structures
are found forn=19 (double icosahedrgnand n=23 (triple
icosahedron atom clusters. As a result, the present stud
shows significant high peaks at £ Cu,;g, and Cy, due to

Within the present TB scheme, we can get a “qualitative”
description of the ionization potentials with cluster size ac-
ycording to Koopmans’ theorem. This limitation arises mainly
electronic shell closing effect and average peaks a5 Gnd from the cho!ce of the Slglter-Koste( B parameters and the

extent of their transferability56], which may be improved

Clyy due to electr_on pairing effect. At th_ese sizes, the eIeCby the proposed scaling scheme of Cohen, Mehl, and Papa-
tronic effects dominate over the geometrical effects and con-

constantopoulog57]. However, our aim is to get only a
Zf(;lljently the above peaks cannot be observed by Dar ualitative description of ionization potential with cluster

size. Calculated ionization potentials are plotted in Fig. 5. In
fact, we observed the same pattern as in HOMO-LUMO gap
energy versus cluster size: peaksnat2, 8, 18, 20, 34, 40

and even-odd alternation due to the same reasons discussed
Besides the second difference of the cluster binding enin Sec. Il B and Ill C. Sudden loss in even-odd alternation

ergy, a sensitive quantity to probe the stability is the HOMO-aroundn ~ 40 is again confirmed from Fig. 5, which is due to
LUMO gap energy. In the case of magic clusters shell orthe geometrical change there.

subshell closure manifests themselves in particularly large

HOIMO-LUMO gap, which was previously demonstrated ex- IV. CONCLUSION

perimentally[16,55. Calculated HOMO-LUMO gap ener-

gies are plotted in Fig. 4, where we observed even-odd alter- Using tight-binding model we calculated ground-state ge-
nation due to electron pairing effect and particularly largeometries, binding energies, second differences in binding en-
gap forn=2, 8, 18, 20, 34, and 40 due to electronic shell andergy, HOMO-LUMO gap energies, and ionization potentials
subshell closing. However, sudden loss of even-odd alternder copper clusters in the size ranges2<»55. We have
tion is found arounch~40 due to the change in the geo- fitted the parameters of the present TB scheme from our
metrical structure in that region. Wintet al. [50] also found  previousab inito calculations[22]. For small clustersi<?9,

a sudden loss in even-odd alternation in the KrCl spectrum gtresent results show good agreement with experimental
Cuy, and concluded that this may coincide with any possiblg16,18 and theoretica[19-22,47-49 results, which allow
change in the geometrical structure there. In fact, Kataktise us to go over the larger size range,<10=<55.

al. [10] observed identical behavior in the mass spectra of In the size range 18n=<55 most of the clusters adopt
sputtered copped and silver cluster ions: a dramatic loss otosahedral geometry which can be derived from the 13-
even-odd alternation at=42, signifying a sudden change to atom icosahedron, the polyicosahedral 19-, 23-, and 26-atom
a geometrical structure in which stability, and abundance, islusters, and 55-atom icosahedron, by adding or removing
less sensitive to electron pairing. Therefore, the sudden losstoms. However, exceptions to the icosahedral growth are
in Fig. 4 again confirms the structural change there. So, théound aroundh~40. A local geometrical transition is found

C. HOMO-LUMO gap energies
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for n=40-44 atom clusters. This is in agreement with theHOMOSs in agreement with experiment. However, a sudden
prediction of the two experimental studies by Katakasal.  loss in even-odd alternation is found around 40 in the
[10] and Winteret al. [50], where they predicted that a local variation of second difference in binding energy, HOMO-
geometrical transition may occur at=42, though their re- | UMO gap energy, and ionization potential with cluster size.
sults are not decisive about the nature of this geometricafhjs is in agreement with the experimental studi#8,50.
change. Present results show that arouneld0 structures \we conclude that this is due to the geometrical change
are changing from icosahedral to decahedral structure, whefg.osahedron— decahedronaround there. Present results

the structural ~sequence is decahedron-icosahedrory,qy that electronic structure can coexist with a fixed atomic
cuboctahedron in the decreasing order of stability. Return t?)acking.

the icosahedral growth is found at45, with the sequence Due to lower computational expense this TBMD scheme,
icosahedron-decahedron-cuboctahedron in the decreasing ith parameters fitted to first-principle calculation for the

de;gf\;fmg% fitted the parameters of the present TBMDsmaIIer clusters and with an environment correction, is a
scheme from LDA basedb inito calculations[22], calcu- very efficient technique to study larger clusters, particularly

h n=10.
lated binding energies are in good agreement with the LDAWlth n=10

basedab inito calculations but overestimate the same calcu-

lated from the TCID experimerifiL8]. In the present scheme,

the “magic numbers(n=2, 8, 18, 20, 34, and 4Qdue to ACKNOWLEDGMENTS

electronic shell and subshell closing are correctly reproduced This work was partially supported by the Centre for Cata-
in the studied regime. Second difference of binding energylytic Systems and Materials Engineering, University of War-
HOMO-LUMO gap energy, and ionization potential show wick, U. K. The authors are deeply grateful to S. Mukherjee
even-odd oscillatory behavior because of electron pairing irand Luciano Colombo for a helpful discussion.
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