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With the generalized simulated annealing algorithm (GSA), the structures and propertiggroEN2—55)

clusters have been studied. We find that besides the icosahedral-like structure, the structures of Ni clusters
can be decahedral-like or fragments of the fcc crystal. The clustermwitii3, 38, 55 are found to be very
stable. With modification of the effective coordination number model, the calculated ionization potentials of
Ni clusters are in good agreement with the experimental data. The dynamical simulations show that the clusters
with a closed-compact inner core have a high vibrational frequency mode, while the disordered clusters show
some low vibrational frequency modes.

I. Introduction classical simulated annealing (CSA) and the so-called fast
simulated annealing (FSA) methods, respectively. Recently, the
generalized simulated annealing (GSA) based on the Tsallis
generalized statistics has been propcd@ed.

In this paper we first apply the Stariotd sallis form of GSA

The atomic clusters show many interesting physical properties
which could have potential applications. However, the structure
is the key ingredient to understanding these properties. Unfor-
tunately, direct experimental determination of the atomic to a more realistic phvsical svstem. the nickel clusters. to
structure of small clusters is extremely difficult. Only some determine the structt?re); of rNtIli/sters ‘(] — 2-55).in Whichl
indirect methods have to be used in detecting the structure of & he interatomic potentials are modeled by the ’Suﬁﬁhen
cluster. For example, for simple metal clusters, negative ion P y

. 28 20\ .
photoelectron spectroscopy can provide structural information. version of FS po_tenua@ﬁ With the _obtamed structures, the
The structures of some Ni clusters were probed by the flow- structural properties and some physical properties of Ni clusters

reactor approach, which is one of the most powerful techniques ar(_erﬁ;u?éz?(;? t?]ita';' er is oraanized as follows. In section I
up to now?=> The work of Riley and co-workers provided pap 9 : '

information about the structures of Nelusters: however, in we briefly present the GSA method and the interatomic potential

the size range = 29—48, only one structural assignment was Iﬂ?gcl:ls;z?]d _I'_rr‘]ethclsonlfz:&llg:ignsigctlrc;r; e”r:tggrilrs]ISstesctci):) r:elf/ults and
given because of a large number of possible geometiSes. ) P ’
theoretical studies on the structures of clusters are still necessary),

. X . A Meth nd Interatomic Potential
because they can give possible candidates for the lowest energy GS ethod and Interatomic Potentia

structuret—17 According to Tsalli€? generalized statistics can be built from
Although ab initio methods, such as Hartréeock’-8-13and the generalized entropy

the density functional methddl? can be used to study the

structural properties of clusters with the total energy minimiza- 1— E N

tion, they are confined to limited atomic configurations in S = k q-1 (1)

searching for the lowest energy structure. For clusters with a
large number of atoms, classical optimization methods combined
with a well-chosen empirical potential are still widely uséd?®
Many algorithms, such as the simplex, the conjugate gradient
relaxation, the steepest descent, and the Monte Carlo, are S= —kZpi In p (@)
introduced into the structural optimization of clusters. With the

annealing technique, the molecular dynamics (MD) method can equation whem — 1. Maximizing the Tsallis entropy with the
be used to find the global energy minimum of clusters. However, constraints

for big clusters with a very large number of local minima, the

whereq is a real number ang, tends to the information entropy

efficiency of these methods becomes limited and the systems zpi =1 3)
are usually trapped in a local energy minimum.
Among various theoretical algorithms, the simulated anneal- Zp.q i = const

ing method is believed to be the key to finding the global
minimum of a complicated systefi. Due to the inherent  wheree; is the energy spectrum, the generalized probability
statistical nature of the simulated annealing, in principle local distribution is found to be

minima can be hopped much more easily than with many other

methods. S. Kirkpatrick et &P. and Szu et ai! proposed the 1—(1- q)ﬂfi]lll*q

(4)
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wherez, is the generalized partition function. This distribution
becomes the GibbsBoltzman distribution whereg tends to 1.

CSA and FSA can be generalized according to the Tsallis
statistics within a unified picture. It is the so-called generalized
simulated annealing algorithm (GSAY,24 which uses a some-
what distorted CauchylLorentz visiting distribution whose
shape is controlled by the parametgr
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g, also controls the rate of cooling:

211
T, ()= Tqv(l)m (6)

Tq, is the visiting temperature.
A generalized Metropolis algorithm for the acceptance
probability is used:

Po, = Min{1,[1 — (1 — q)BAE]"" % @)

wheref8 = 1KkTg, Gais the same as the aboge For g, < 1,
zero acceptance probability is assigned to the case if

[1— (1 —a)BAE] <0 (8)

Whengy, = 1 andga = 1, GSA recovers CSA. Whegy, = 2
andg, = 1, GSA recovers FSA. Wheqy, > 2, the cooling is
faster than that of CSA and FSA. Because it has a large
possibility for long jumps, the possibility of finding the global
minimum with GSA is larger than that with FSA and CSA. pody interaction. The parameters in the above equation for Ni

In the present studies, we choose the initial temperature with gre: g = 3.52 A, ¢ = 39.432,¢ = 1.5707x 102 eV, m = 6,
which the acceptance probability is about 86§p.and g, are andn = 9. As shown by Nayak et al4 the structures of small
setto 2.62 and-5, respectively. To accelerate the convergence, N; clusters predicted by this potential are in good agreement
we set the acceptance temperature equal to the visiting tem-yith ab initio results.
perature divided by time steps, i.&q, = Tg,/t. Our tests show
that this simple technique works as well as our previous I, Results and Discussion
technique, which makesg, decrease linearly with the steffs.
For each initial configuration, we perform GSA until the visiting
temperature reaches 0.01, and then a conjugate gradien
minimization scheme is used for a short refinement. For each
cluster, we have randomly chosen 1000 initial configurations;
the obtained lowest-energy structure is considered as the groun
state structure.

The FS potential, which is regarded as one of the best
potentials for transition meta#8; 33 is used to model the atomic
interaction in N} clusters. The SuttonChen version of this
potential has the form

Figure 1. Atomic structures of Niclusters.

With the ground state of Niclusters obtained by GSA,
[structural properties, such as the average interatomic distance
and average coordination number, are studied. The structural
stability of the cluster has also been studied. Based on the
d_rnodified effective coordination number model, we have also
calculated the ionization potentials changing with the cluster
size, and the vibrational spectra are obtained from molecular
dynamics simulations.

Ill. 1 Geometries and Structural Properties. The ground
state of Nj clusters are in agreement with available experimen-
taP~> and theoreticf data, which indicate that the GSA method

1_{a\n is efficient for exploring the structures of clusters. Structures
V= eZ[—Z(—) - Cpillzl 9) of a few selected Ni clusters are shown in Figure 1.
~[ 2=\ Fromn = 9 to 25, the structures of clusters are more or less
icosahedron-like. Ny and Nps can be roughly considered as a

where triple icosahedron plus one atom and two atoms, respectively
a\m (see Figure 1), which is in agreement with the structure proposed
o = Z — (10) by Riley and co-workersInstead of a polyicosahedron proposed
=1\r by Riley, the structure of Ni is found to be a fcc fragment

with D3z, symmetry. We can see that@lconsists of three pieces
rj is the distance between the atoinandj, a is the lattice of fcc(111) surfaces, which have 7, 12, and 7 atoms, respec-
constantg is a dimensionless parameteis the parameter with  tively.
dimension of energy, anah andn are integers. The square root In the size ranga = 27—36 (exceph = 33), although these
term in the attractive part of the potential accounts for many- clusters do not have any ordered structures, most of their
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structures can be constructed from small clusters (L3) with 2.42
some face or edge sharing. For instancey M found to be
composed of Nip, Ni11, and a hexagonal bipyramid.

The structure of Nz is found to be a decahedron. Its main 228
part, as shown in Figure 1, is a pentagonal bipyramid with four
atoms along the 5-fold axis, which is capped by 14 atoms. In 2.14

the size ranga = 37—39, it is interesting to find that the fcc-
like structure favors the energy. The emergence of the fcc-like
structure indicates the invalidity of the usual conception that 2.00
all the clusters tend to adopt icosahedral structures. The structure
of Niz7 is similar to a fcc fragment composed of four parallel
arranged fcc(111) faces, as can be seen in Figure 1. The structure
of Nisg is found to be a fcc fragment and composed of four
parallel arranged pieces of fcc(111) faces, which is in agreement
with the recent experiment of Riley and co-workérSimilar
to Nisg, Nigg is also a fcc fragment, which can be obtained by
adding an atom to N 0.00 - 30 0 a0
In the size ranga = 4051, the icosahedron, the decahedron, N
and fcc fragments appear alternately. For example, the structuressigure 2. Upper panel, the average interatomic distance as a function
of Niye 47 are icosahedral-like (Figure 1), but the structures of of cluster size. Those clusters with fcc or decahedral structures, such
Niss 4 are decahedral-like. Similar to yj the structures of  as Nbs, Niss Niss, and Nio, have large average interatomic distance.
Nisg 51 are fcc fragments with a stacking fault. L_ower panel,_ the average coordination number as a function of cluster
Ffom n=52ton = 55 the clusters have the icosahedral size. Line with dots, calculated data from the structure of clusters.

. . Dashed line, Bhatt's empirical formul&+g); solid line, our empirical
structure and a perfect icosahedron is formed up o 55. formula (r). The disagreement between the calculated values and the
From the structural results presented above, we can see thatesuits from Bhatt's formula becomes significant for large clusters.

aroundn = 13 (h = 9—25) andn = 55 (h = 52-55), the

structures of clusters are icosahedral-like. In going from the 13- The average coordination numbers evolving with the cluster
atom icosahedron to the 55-atom icosahedron, fcc-like structuressize, plotted in the lower panel of Figure 2, show no sign of
aroundn = 38 appear, which is in agreement with the recent the convergence to the bulk value. This can be easily understood
experiment of Riley and co-workefsHowever, the clusters  if one notices that most of atoms in the clusters are at surface.
between show very complicated structures. The present resultsEven forn = 55 there are only 13 inner atoms, and another 32
show that the usual conception that all the metallic clusters tendatoms are surface atoms; their average coordination numbers
to adopt icosahedral structures in not very large sizes is notdo not exceed 9. Bhatt et al. gave an approximate formula to

Interatomic Distance (A)

7.00

3.50

Coordination Number

valid for the case of Ni clusters. describe the average coordination numbgyof the clusters®
To look into the structural properties in more detail, we first

define the average interatomic distance in a cluster as: Zo(n) = n—-1 (13)

TB n—1

1+——

1 12

[Mh—ZR (11)
ns

Zts changing with the cluster size is also plotted in Figure 2.
. . . . Obviously, this simple formula cannot give a satisfactory result,
whereR is the distance between thih atom and its nearest  pecayse it underestimates coordination number for small clusters
neighbor. The average coordination number in a cluster is gng gverestimates the coordination number for large clusters.
calculated by: To get a more accurate average coordination number, we give
an empiricalZr, as follows:

1o
CN—52cm (12) B -
' Z =7 n—a
o o ) 1+—+bx—x (n—1f
where C(i) is the coordination number of thigh atom. We 12 n
consider an atoito be the neighbor of atomif their distance . .

R; is smaller than a cutoff 2.52 A, 4% longer than the bond e find thatZr, with the parametera = 8.762,b = 0.097,
length in bulk. andq =0.73, can flt well to our calcu}ateq coordination number
The upper panel of Figure 2 shows the average interatomic ©f Ni clusters, which is also shown in Figure 2. Compariig

distance. It increases monotonically with size unti 9, but with Zrs, we can see that botfy andZrg converge to 12 fon
exhibits oscillations for larger clusters. The average interatomic €du@l to infinite; howeverZy converges much more slowly.
distance of Nis is 2.357 A, which is still 5% shorter than the IIl.2 Stability and lonization Potentials. To study the
nearest neighbor distance in bulk Ni. It is interesting to note StaPility of clusters, we calculate the evolution of the binding
that although the main trend of the average interatomic distance€"€rg9yE» and the energy difference in adding an atom to the

(14)

is to increase, peaks have appeared at, Milizs Niss, and preceding clusteAE, which are defined by

around Nip whose structures are either fcc fragments or E(n)

decahedral-like with relatively longer interatomic distances as Ey(n)=—-— (15)
compared with the icosahedral structure. The fluctuations from n

n = 39 ton = 50 also indicate the alternate appearance of the AE(n) = E(n — 1) — E(n) (16)

fcc fragment, icosahedral-like structure, and decahedral-like
structure. whereE(n) is the total energy of a cluster withatoms. In the
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Figure 3. The binding energy (upper panel) and the energy difference
in adding an atom (lower panel) as a function of cluster size. From the
peaks in the lower panel, Nj Nizs, and Nis can be identified as the
very stable clusters.
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Figure 4. The energy difference between the ground state and its
closest isomer. The peaksrat= 13, 38, 55 indicate that the structures
of those clusters are stable.

limit of a very large clusterts, and AE should converge to the
cohesive energy of the bulk. The differencemf(AE) to the

bulk cohesive energy is a signature for the convergence of

cluster properties to the bulk.

The binding energ¥y, as a function of cluster size is plotted
in the upper panel of Figure 3. Binding energy increases
monotonically with size. However, up to §j the binding
energy (3.77 eV) is still much lower than the cohesive energy
of the solid (4.44 eV), which indicates that the convergence to
the bulk is still far away.

The energy differencAE, plotted in the lower panel of Figure
3, shows the high stability of N4, Niss, and Nis. Odd—even
alternation can be observed until;Nand this trend disappears

J. Phys. Chem. A, Vol. 104, No. 12, 2008749

will make the cluster stable with the ground-state structure.
Figure 4 shows;(n)—E(n) obtained for the studied Ni clusters.
We can see that peaks at= 13, 38, 55 suggest that the
structures of these clusters could be stable, the same as that
predicted fromAE.

It is interesting to calculate the ionization potential which
can be measured by the experiment. For,N&,, etc., the
classical conducting spherical droplet (CSD) mékiéf can give
good results that are in close agreement with experimental
values. But when this model was applied to the transition metal
clusters such as Ni Ca,, and Fg, the deviation from the
experimental results was lar§®&!°Even with ab initio methods,
it is also difficult to get a good agreement between experimental
and theoretical results; usually a difference as large as 0.5 eV
could be possiblé**2So, even a simple model study can help
to understand the physics of clusters.

Recently Zhao et al. have developed an effective coordination
number (ECN) model for calculating ionization potentials of
clusters®!

1/2
Inzlo_(|o_vv)x(§s) 17)
b,

whereZs andZ, are the average coordination number of surface
atoms and bulk, respectivells is the first ionization potential

of an atom; andVis the work function of the solid. An empirical
formula of Zs is

_ Zyg(n) — 12(1— f(n))
B f(n)

(18)

with f(n) = 1.36 x n=015,

As a matter of fact, in a cluster, all atoms mix together and
form common electronic bands. Because all the atoms in the
cluster contribute to the ionization potential, considering only
surface atoms is not suitable. It would be better to replace
with the average effective coordination numEerin this way,
we get our empirical formula for the ionization potential of the
Ni cluster:

[, =1g— (g—W) x
n—1 1

12
n—a (19)
+ b x T X (n— 1)C

n—1
12 x 1+?

wherea = 8.762,b = 0.097, andc = 0.73.

Figure 5 shows the ionization potentials versus the size of
clusters, comparing with experimental data and model calcula-
tions. We can see that the effective coordination number model,
based on our obtained structures, can give a correct trend for
the ionization potentials of Ni clusters, which suggests that the
model is reasonable for the transition metal clusters. However,
the simple Z model shows large errors, especially for large
clusters. These results suggest that the effective coordination

for large clusters. Thirteen, 38, and 55 can be identified as magicnumber model can predict the right trend for the ionization

numbers of Ni clusters.
The total energy differencé&;(n)—E(n) can provide the
information on the structure stability for the cluster, whgg@n)

potential of an Ni cluster, but using a correct average coordinate
number is necessary.
I11.3 Vibrational Spectra of Ni , Clusters. Figure 6 shows

is the total energy of the lowest energy isomer obtained in the the vibrational spectra of Niclusters ( = 2—55) calculated

GSA optimization. Since the structural transition from ground-
state structure to the isomer could strongly dependgn)—
E(n), the smallE;(n)—E(n) could make the cluster fluctuate from
one structure to another. The smaltei(n)—E(n) is, the less
stable the structure is. On the other hand, the |&e)—E(n)

from velocity auto-correlation function by performing molecular
dynamics simulations at 80 K. We get a vibrational frequency
for the dimmer to be 355n?, which is closer to the
experimental value of 329 crh“3than that obtained by Garzon
et al#
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Figure 5. lonization potentials calculated from the modified effective = M
coordination number model. Cross dots, experimental data; line with o
dots, data from the average coordination number model. Solid line, z 25
data from eq 19. Dashed line, data from simple surface coordination E
number formula. The results from our empirical formula are in good 26
agreement with experimental data. M
27
The symmetry of the clusters can be reflected in the 14 MVM
vibrational spectrum: the higher the symmetry, the more discrete M 29
the spectra. From Figure 6, the high discretion of vibrational AL 1 '

12 0 4 8 12

spectra can be observed for;Nand Nis, whose structures are
Frequency (THz)

an icosahedron with, symmetry. Since the structure of N§
a tetrahedron witlTy symmetry and the structures ofg\ind b : : : , ,
Nigg are an octahedron or a truncated octahedron, respectively, 30 43
both of which haveOy,, symmetry, these clusters also show a
certain degree of discretion. The discretion degree of other

clusters is much lower, which indicates the lower symmetry of
these clusters.

Some clusters show a high frequency around-12 THz,
which can be observed from Figure 6. The high-frequency mode
in the vibrational spectra for the clusters containing only a few
atoms, such as hland Nj, can be attributed to the small average
bond length. The frequency mode moves to the lower band when
the cluster size increasesre= 8. However, the high-frequency

JVWLMM

Moy aa
Aoy, o
JWMM
o
)

mode appears again for PMijs, Nijg—23, and Niy—ss. By
analyzing the corresponding atomic structure of these clusters,
we find that all these clusters have a very compact inner core.
For instance, although both Niand Ni7 have an icosahedral-
like structure, Njg has a high-frequency mode and,;\mas not.
This is because M has a compact core, whereasNg more
defective and does have a compact core.

The appearance of the low-frequency modes for some clusters
(n = 16-17, 2731, 40) with quite disordered structures has
been observed. This could happen if, in these clusters, some of
atoms were very weakly bonded to the cluster. The similar
emergence of the low-frequency mode in nanocrystal particles
has recently been addressed by Stuand Kara®

M, 50
W\A}\MW

12

Density of States (Arbitrary unit)
§

12 0
Frequency (THz)

Figure 6. Vibration spectra of Niclusters. (a)n =2—29; (b),n =
30-55.

By modifying the effective coordination number model, the
ionization potential predicted by our empirical formula is in

In summary, our studies show that GSA is an efficient method better agreement with the experimental data than the previous
for exploring the structures of atomic clusters. The obtained empirical formula. These results indicate that the simple model
lowest-energy structures of N(n = 2—55) clusters are in  can give a correct trend of ionization potentials changing with
agreement with the available experimental and theoretical size, but the correct calculation of the average coordination
results. Besides the icosahedral structures reported befare, Ninumber is necessary. We have also identified that the local
clusters with the decahedral-like structures and the fcc fragmentscompact structure in the cluster causes appearance of a high-
have been found. In particular, the structure of thes Niuster frequency vibration mode, and the disordered structure can lead
is found to be a truncated octahedron, which is in good to the emergence of the low-frequency modes.
agreement with the recent experiment. By analyzing the energy
difference between the ground state and its closest isomer, we Acknowledgment. X.Y. acknowledges W. Fan, M. Z. Li,
can conclude that structuresf= 13, 38, and 55 with a high  and S. Y. Wang for the stimulating discussions. This work is
symmetry are very stable, which is also confirmed by the partially supported by NNSF of China, Panden Project (973),
binding energy and their differentials. and CAS project.

IV. Conclusions
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