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Platinum clusters of up to 55 atoms were studied using density functional theory with a plane wave basis set.
The results show that planar platinum clusters of up to nine atoms are as stable as their three-dimensional
isomers and the six-atom planar cluster is, surprisingly, more stable than its three-dimensional isomers. Among
the three-dimensional platinum clusters investigated in this work, the layered clusters are found to be as
stable as their spherical close-packed isomers. The high stability of planar and layered clusters suggests that
it is easy to grow a platinum monolayer or multilayer. The existence of many energetically possible isomers
shows a fluxional structural characteristic of platinum clusters. The effect of the spin-orbit coupling was
investigated, and the results show that the relative stability of the Pt clusters is not affected although the
binding energy of the cluster increases if the spin-orbit coupling is included in the calculation. Most of the
platinum clusters studied here show good conductivity and ferromagnetism, which make them potentially
useful as high-density magnetic data storage materials. A quantitative correlation is provided between various
properties of platinum clusters and the structure and size.

1. Introduction

Small clusters have attracted great attention in recent years
due to their high ratio of surface area to volume and the finite
spacing of energy levels with respect to their bulk counterparts.1

In particular, transition metal clusters have been of special
interest both theoretically and experimentally because of their
potential as catalysts and high-density magnetic data storage
materials.2,3 Platinum is one of the ingredients in the catalyst
used in automotive catalytic converters to reduce toxic pollut-
ants, such as CO, NOx, and hydrocarbons, and is also an
important material for the heterogeneous catalysis of hydrogena-
tion. It has long been recognized that size and microstructures
of metal particles play important roles in their catalytic
performance, though little is known about how the catalytic
behaviors of these nanoparticles depend quantitatively on their
size and structures.3 In addition, tremendous effort has been
made toward increasing magnetic data storage capacity. The
evidence of ferromagnetism of metal clusters makes research
on these nanoparticles particularly attractive due to their potential
as high-density magnetic data storage materials.2,4,5 Therefore,
studies on the mechanical and electromagnetic properties of the
platinum clusters as well as their relationships to size and shape
will advance our understanding of these nanoparticles as well
as their applications in the chemical and materials industry.

Small Pt clusters (n ) 2-12) have been investigated in detail
by several groups using different methods.6-29 Theoretical
studies of Pt dimer show that the bond lengths of low-lying
electronic states are in the range of 2.4-2.6 Å, which are shorter
than the bulk Pt-Pt bond length of 2.77 Å, and the spin-orbital
effects are significant as demonstrated by complete active space
MCSCF (CASSCF) followed by first-order configuration in-
teraction calculations.6 The MP2 calculations show a hybridiza-
tion among 6s, 6p, and 5d atomic orbitals in the formation of

the Pt-Pt bond.7 On the other hand, studies on the electronic
states of platinum trimer using an ab initio generalized valence
bond method8 show that the Pt-Pt bonding is dominated by
delocalized s-s interactions and the overlap of a 6s-6s bond
is maximized by the s-d hybridization with a negligible s-p
hybridization.

Despite many studies of Pt clusters, there are controversies
with regard to the ground-state structures. A density functional
theory study of Pt clusters with four to six atoms based on the
non-self-consistent Harris functional version of the local density
approximation (LDA) indicates that the planar structure is more
stable than the three-dimensional structure.9 In contrast, the
results obtained from the B3PW91 calculations show that the
most stable structure is tetrahedral among four-atom Pt clusters
and square-based pyramidal among five-atom Pt clusters.10

Obviously, those structures need to be reexamined.
The 13-atom and 55-atom Pt clusters have also drawn much

attention because they can form closed-shell icosahedral and
cubooctahedral structures.31-38 Despite many studies on the 13-
atom Pt clusters, what is the most stable structure of the 13-
atom clusters is still an issue in debate. For instance, other
isomers with lower energies than the icosahedral and cubo-
octahedral structures are found using the many-body embedded
atom method.32 On the other hand, different embedded atom
method calculations show that the icosahedron is the most stable
structure.14,33

Moreover, for systems involving Pt atoms, relativistic effects
are expected to be important.12,18a,30 However, spin-orbit
coupling was not taken into consideration in most previous
calculations. In this paper, we present our investigation of 70
Pt clusters that consist of 2-55 atoms using density functional
theory (DFT) calculations with a plane wave basis set. We will
focus on investigating the following three issues. First, is the
planar or three-dimensional isomer more stable? Second, is the
icosahedral or cubooctahedral structure or the other layered
structure more stable? Third, how does the spin-orbit coupling
affect the binding energy of the Pt cluster? Furthermore, the
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large number of Pt clusters studied here allows us to correlate
the electromagnetic properties of Pt clusters with the cluster
size and structure. This work also provides us the data to be
used for constructing a potential energy surface that is necessary
in our future dynamics studies on the catalytic behaviors of Pt
nanopaticles and allows us to correlate the catalytic activities
of these nanoparticles with their magnetic properties.

2. Computational Details

Among 70 Pt clusters investigated in this work, many isomers
have been studied and compared for the stability, the energy
gap between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO-LUMO), and the
magnetic moment. In addition to the three-dimensional struc-
tures, the one-dimensional and two-dimensional structures were
also studied. Initial structures were chosen according to our
experience on studies of other transition metal clusters39-41 and
were relaxed without imposing any symmetry constraints.

The simulation techniques used here are similar to those in
our previous studies.39-41 The calculations were carried out using
the DFT method with a plane wave basis set, implemented in
the Vienna Ab initio Simulation Package (VASP).42-44 The
electron-ion interactions were described by ultrasoft pseudo-
potentials.45 Scalar relativistic electron wave functions for an
atomic reference configuration of 5d96s were used to construct
the Pt pseudopotential. The Projector augmented wave (PAW)
method46 is also used to test the accuracy of the ultrasoft
pseudopotential calculations. The exchange and correlation
energies were calculated using the Perdew-Wang 91 form of
the generalized gradient approximation (GGA).47 Spin polariza-
tion was included in the calculations to account for the magnetic
properties of Pt clusters. Finally, spin-orbit coupling was also
included in some calculations to assess its effect on the
calculated relative stability of Pt clusters.

Below we summarize the parameters that were used in the
simulations. A cutoff energy of 300 eV was used for the plane
wave basis, which was demonstrated to be sufficient by the
convergence test. Onek point was used in the finite-cluster
calculations. For the infinite clusters, such as a cluster of infinite
number of atoms aligned linearly, onek point was used in the
nonperiodic directions and eightk points were used in the
periodic directions. To eliminate interactions between neighbor-
ing clusters, we set the nearest distance between images to no

less than 1.0 nm in the calculations of finite clusters and in the
nonperiodic directions for infinite cluster calculations. Initial
geometry of a cluster was set with bond distances of 0.27 nm.
To test the sensitivity of the initial input of bond length to the
result, we used two different initial bond distances for the Pt
dimer. The same equilibrium geometry and total energy were
obtained. Normal-mode analysis was performed to ensure that
the structures we obtained are minima. To explore the Jahn-
Teller effect on the stability of various structures, we also
distorted the perfect symmetry of initial geometry of a cluster.
All the parameters used in the simulations were tested to ensure
the calculated binding energy is converged to within 0.01 eV/
atom.

The binding energy per atom (EB) is calculated using

whereEatom and Ecluster represent the total energy of a single
platinum atom and of the cluster ofN platinum atoms,
respectively. We note that the binding energy as defined in eq
1 is also denoted as the atomization energy per atom.

We defined a bonding energy per bond (Ebond) to explore the
strength of bonds in a cluster as

whereNbondrepresents the total number of bonds in the cluster.
For infinite structures, such as the one shown in Table 1, each
of the edge bonds is counted as a half bond. As such, the infinite
one-atom Pt nanowire (L∞) in Table 1 has two bonds. The unit
of Ebondis electronvolts (eV) per bond. We note that the bonding
energy defined in eq 2 is an average bonding energy per bond.

The HOMO-LUMO band gap (EG) is the difference between
the energy of the highest occupied level and that of the lowest
unoccupied level. The unit ofEG is eV. The magnetic moment
per atom (µ) is calculated by

wheremu andmd are the number of electrons of different spin
states, withmu > md. The unit ofµ is Bohr magneton (µB) per
atom.

3. Results and Discussion

The calculated structures and properties of Pt clusters are
given in Tables 1-3. Following our presentations for the Pd39

TABLE 1: Binding Energies (EB), Bonding Energies (Ebond), HOMO -LUMO Band Gaps (EG), Magnetic Moments (µ), and
Bond Distances of Linear Pt Chains

EB ) Eatom- Ecluster/N (1)

Ebond) (NEatom- Ecluster)/Nbond (2)

µ ) (mu - md)/N (3)
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and Ru clusters,41 the Pt clusters are discussed below according
to the dimensionality to which the cluster belongs. For the clarity
of our presentation, we use LN, PN-i, and TN-i to represent one-,
two-, and three-dimensional Pd clusters, respectively, where the
subscriptN is the number of atoms in the cluster (also denoted
as cluster size) and the subscripti is the ith structure among
the structures studied here at a given size and dimensionality.
Further, we omiti in the notation if only one structure is studied
at a given size and dimensionality. Thus, the notation P4-2

represents that this cluster is the second among all the two-
dimensional four-atom structures studied here.

In what follows, we present the effect of spin-orbit coupling
on the binding energy of the Pt cluster and then discuss the
linear, planar, and three-dimensional Pt clusters.

A. Effect of Spin-Orbit Coupling. To explore the effect
of spin-orbit coupling on the binding energy of Pt clusters,
we studied Pt clusters consisting of two to six atoms. The cluster
of a particular size was chosen as the most stable isomer among
the structures shown in Tables 1-3. The results obtained with

and without including spin-orbit coupling in the DFT calcula-
tions are plotted in Figure 1 as dashed and solid lines,
respectively.

Figure 1 shows clearly that, regardless of the size and
structure of the Pt clusters, the binding energy increases by about
0.45( 0.04 eV/atom when spin-orbit coupling is included in
the calculation. The results show that spin-orbit coupling does
not affect the relative stability of various isomers, though the
binding energy of Pt clusters increases by the inclusion of spin-
orbit coupling. In addition, the results obtained from using the
pseudopotential and PAW methods are essentially the same, as
also shown in Figure 1, which agrees with results from studies
on the Rh clusters.40

B. Linear Pt Chains. For the linear Pt configuration, many
researchers focused on the dimer and trimer. To the best of our
knowledge, little is known about the Pt chains with more than
three atoms. This is due to the fact that the linear structures are
not considered as stable structures. However, a molecular
dynamics simulation shows that the tendency for chain formation

TABLE 2: Binding Energies (EB), Bonding Energies (Ebond), HOMO -LUMO Band Gaps (EG), Magnetic Moments (µ), and
Bond Distances of Planar Pt Clustersa

a The data for P4-1 (*) were taken from ref 51.
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TABLE 3: Binding Energies (EB), Bonding Energies (Ebond), HOMO -LUMO Band Gaps (EG), Magnetic Moments (µ), and
Bond Distances of Three-Dimensional Pt Clusters

8608 J. Phys. Chem. A, Vol. 108, No. 41, 2004 Xiao and Wang



is strong for Pt.48 Furthermore, a recent experiment demonstrated
that there exists a long-range ferromagnetic order for one-
dimensional nanostructures of Co on a surface.49 This inspired
us to investigate linear Pd and Pt chains and to explore the
electromagnetic properties of these structures. In our previous
work we found that the linear Pd chains are indeed ferromagnetic
with chain length up to infinite.45

The results for linear Pt chains are given in Table 1, which
presents the calculated bond distances, binding energies, bonding
energies, HOMO-LUMO band gaps, and magnetic moments
of eight finite chains and one infinite chain.

As shown in Table 1, the binding energies of the linear Pt
chains increase with cluster size except for L6, which is only
as stable as L5. This unusual behavior is also accompanied by
the following phenomenon: namely, the bonds at the edge
become shorter than the middle bonds for the linear clusters
with chain lengths longer than six atoms. Furthermore, the five-
atom Pt chain as shown in Table 1 has the shortest bond lengths
among all the linear clusters, which provides maximum overlap
among bonding orbitals and may explain the formation of
stronger bonds in this cluster.

Figure 2a depicts the HOMO-LUMO band gap and magnetic
moment as a function of cluster size for the linear Pt clusters.
The band gaps of the clusters change in an oscillatory manner
with cluster size. A similar trend holds for the magnetic
moments of these clusters. Furthermore, highly magnetic clusters
tend to have large band gaps except for L5. These observations
are very similar to those observed for the palladium linear
chains.39 However, the infinite and L5 Pt chains are paramag-
netic, while all of the linear Pd clusters studied in ref 39 are
ferromagnetic. In addition, the overall magnetism of linear Pt
clusters is less pronounced compared to that of the linear Pd
clusters.39

In the effort to explore whether a zigzag quasi-linear structure
would be preferred energetically than its linear isomer listed in
Table 1, we investigated the stability of a zigzag Pt trimer. This
was done by arranging three Pt atoms initially in a geometry of
120° among three atoms with two bonds of 2.50 Å and then
allowing it to relax. The result shows that this zigzag structure
is relaxed to a bond angle of 141.6° with two bonds of 2.33 Å

TABLE 3 (Continued)a

a The data for T4, T8-2, T9-2, T12-1, T13-2, T13-3, and T13-4 (*) were taken from ref 51.

Figure 1. Binding energy (EB) of Pt clusters as a function of cluster
size obtained using the ultrasoft pseudopotential method (b), PAW
method (O), and PAW including spin-orbit coupling (1). For each
size, the most stable isomer among Tables 1-3 is chosen.
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and has a binding energy of 2.14 eV/atom, which is less stable
than the linear trimer shown in Table 1. In addition, this zigzag
Pt trimer possesses a magnetic moment and HOMO-LUMO
energy gap of 0.67µB/atom and 0.11 eV, respectively. These
values are smaller than those of the linear trimer shown in Table
1.

Before discussing the other types of Pt clusters, we compare
our results with those obtained for the Pt dimer and trimer in
the literature. For the Pt dimer, our calculated bond distance is
2.34 Å and the binding energy per atom is 1.76 eV. These values
are in excellent agreement with the experimental bond length
of 2.34 Å and dissociation energy of 1.83( 0.08 eV/atom.11

However, the bond length is shorter than the 2.40-2.45 Å
reported using different computational methods.6,9,10Our binding
energy agrees less satisfactorily with 1.92 eV from a full
multiple scattering, real-space Green’s function calculation,21

1.15 eV using the B3PW91 with a Guassian (3s2p2d) basis set,10

1.57 eV from the dispersed fluoresence spectroscopy,29 and 1.65
eV from the non-self-consistent Harris functional version of
LDA.9 For the Pt trimer, our calculated bond length of 2.35 Å
is slightly shorter than the previously reported results of 2.389

and 2.40 Å.10 The binding energy per atom of 2.18 eV agrees
with 2.16 eV9 but is larger than 1.45 eV.10

C. Planar Pt Clusters. Twenty-one planar Pt clusters were
investigated in this work, and their results are summarized in
Table 2.

The ground-state geometry of the planar Pt cluster P3 is an
isosceles triangle with two bond lengths of 2.47 Å and one of

2.48 Å. Its binding energy is 2.33 eV/atom and the ground state
is singlet. Our calculated bond lengths are in good agreement
with the value of 2.45 Å obtained from the DFT-GGA
calculations,20 but are shorter than the 2.52 Å value from the
nonlocal DFT calculations16 and 2.58 Å.9 Our calculated binding
energy is slightly less than 2.40 eV/atom.9 Wang and Carter8

also reported a singlet ground state, but Lin et al.20 reported a
triplet ground state.

Our results for the planar Pt tetramer show that the stabilities
of square and rhombus structures are essentially the same,
although their bond lengths are different. This trend agrees with
the results by Yang et al.9 In our previous studies of Pd39 and
Rh40 clusters, the square Pd and Rh clusters were found to be
slightly more stable than their corresponding rhombus isomers.

The planar Pt clusters shown in Table 2 can be divided into
three classes according to the composition of two basic building
blocks, i.e., triangular unit (P3) and square unit (P4-1). The first
class consists of structures of triangular units only, such as P3,
P4-2, and P5-1. The second is the structures consisting of square
units only, such as P4-1, P6-3, and P8-1. The third class is the
structures with a mixture of triangular and square units.
Examples of this class include P5-3 and P6-4. In Figure 3a we
plot the binding energies of these planar Pt clusters as a function
of size according to this classification. It shows that the stabilities
of isomers that belong to different classes are very similar.
However, the bonding energies of these planar Pt isomers,
shown in Figure 3b, illustrate that the bonding energies of
square-unit-only clusters (the second class), are substantially
higher than those of triangular-unit-only isomers (the first class).
On the other hand, less coordination numbers per atom are in
the square-unit-only clusters. Since the stability of a cluster is
determined by two factors, namely coordination numbers and
bonding energy, the similar stability among the three classes
of planar clusters shown in Figure 3a is thus the consequence
of the balance between these two factors.

Furthermore, we found that the triangular-unit-only clusters
P4-2 and P9-2 are nearly as stable as their corresponding square-
only isomers P4-1 and P9-1, respectively. However, the infinite
triangular-unit-only structure, Pd, becomes substantially more
stable than the infinite square-only structure, Ps. The binding
energy of the most stable isomer is plotted as a function of
cluster size in Figure 4. The binding energy of planar Pt clusters
(see the open circles) increases with cluster size except for the
six-atom cluster, which is more stable than the seven-atom
cluster. This may be due to an optimal combination of triangular
and square units in the six-atom Pt cluster.

The comparison of the relative stability of planar and linear
clusters shown by the open circles (O) and filled circles (b),
respectively, in Figure 3 demonstrated clearly that the planar
clusters are much more stable than their linear isomers. This
can be understood by the fact that the coordination numbers
per atom in planar structures increase substantially. Furthermore,
the difference in binding energy between the linear and the
planar isomers increases more dramatically with the increase
of cluster size.

The electronic and magnetic properties of the planar Pt
clusters are depicted in Figure 2b. Similar to the linear ones,
the planar clusters of higher HOMO-LUMO band gaps possess
higher magnetic moments in most cases.

D. Three-Dimensional Pt Clusters.Results obtained for 38
three-dimensional Pt clusters are given in Table 3, where their
structures, bond distances, binding energies, bonding energies,
HOMO-LUMO band gaps, and magnetic moments are pro-
vided.

Figure 2. HOMO-LUMO energy gap (EG, solid line) and magnetic
moment (µ, dashed line) as a function of cluster size for linear (a),
planar (b), and three-dimensional (c) Pt clusters. In each dimensionality,
when more than one structure is available, we plot the most stable one.
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We first discuss the binding strength of these three-
dimensional Pt clusters and the relative stability among them
and over other lower dimensional structures, in particular planar
structures. As we expected, the binding energy of these three-
dimensional clusters increases with cluster size, which is clearly
illustrated by the triangular symbols in Figure 4. The same
observation was made from our studies on Pd39 and Rh40

clusters. More interestingly, Figure 4 shows similar binding
energies between the planar and three-dimensional isomers up
to at least nine-atom clusters. It also shows that the planar
structure P6-4 of the six-atom Pt clusters was more stable than
its three-dimensional isomers.

We should point out that a similar conclusion was also drawn
by Yang and co-workers in ref 9. However, their conclusion
was based on the comparison between the binding energies of
P6-2 and T6-1, which is opposite our results shown in Tables 2
and 3.

The fact that small planar Pt clusters are as stable as their
three-dimensional isomers suggests that a lot of stable isomers
may be found since many different but possible ways of bonding
Pt atoms exist. One immediate prediction is the existence of

stable layered structures. Therefore, two sets of clusters were
designed and investigated. They are the 13-atom and 19-atom
clusters, and the results are given in Table 3. The layered
structures T13-1 and T13-2 are indeed more stable than their
spherical close-packed isomers T13-3 and T13-4. For the 19-
atom clusters, the bilayer structure T19-2 is as stable as the
spherical close-packed structure T19-1. These results are different
from our observations on the Pd clusters, where spherical
clusters, such as the 13-atom icosahedral Pd cluster, are more
stable than other three-dimensional ones.39 It is also worthwhile
to point out that the tetrahedral structure of the 10-atom Pt
cluster shows substantial stability over its other isomers.

Among many highly symmetric structures, the relaxed Pt
clusters are mostly distorted from their perfect symmetry due
to the Jahn-Teller effect. For instance, the tetrahedral structure
of T4 with Td symmetry is distorted toCs symmetry. This has
been shown by Lin et al. from their DFT calculations, even
though their calculated T4 structure had aD2d symmetry.20 This
symmetry reduction also occurs for clusters such as 13-atom
and 55-atom Pt clusters.

The HOMO-LUMO band gap and magnetic moment of
three-dimensional Pt clusters as cluster size are plotted in Figure
2c. Very similar to the linear and planar clusters, a highly
magnetic three-dimensional Pt cluster tends to have a high
HOMO-LUMO band gap.

To further correlate the structure and electronic properties,
we plot the spin-resolved total density of states (DOS) for seven
clusters in Figure 5. As we expected, the DOS increases with
cluster size as shown clearly from top to bottom in Figure 5.
To assist our discussion, we divide six of the seven clusters in
Figure 5 into two groups. The first group consists of T6-1, T8-3,
and T12-2, which has maximum triangular units. The second
group includes T6-2, T8-2, and T12-1, which has maximum
square units. One interesting feature is that the clusters of the
first group have the lowest energy states compared to their
isomers in the second group. For instance, the lowest energy
state for T6-1 occurs below-6 eV, while that for T6-2 occurs
above -6 eV. This normally indicates that the first group
clusters are more stable than the second group members.
However, the significant contribution from the other widely

Figure 3. Binding energies (EB) (a) and bonding energies (Ebond) (b)
as a function of cluster size for planar Pt clusters. The symbols3, 0,
andb represent clusters composed of triangular, square, and triangular-
square units, respectively.

Figure 4. Binding energy (EB) as a function of cluster size for linear
(b), planar (O), and three-dimensional (1) Pt clusters. In each
dimensionality, when more than one structure is available, we plot the
most stable one.
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distributed states to the cluster stability as shown in Figure 5
also determines the cluster stability. As such, these two groups
of clusters have similar binding energies.

We also investigated the charge distribution of these two
groups of clusters. All the atoms in the six-atom and eight-
atom clusters in Figure 5 are neutral. In contrast, atoms in the
middle layers of the 12-atom clusters are slightly negatively
charged while the atoms in the other two layers are positively
charged. Furthermore, the difference in the charge distribution
among atoms occurs only in the p characterized charges.
Therefore, we focus our discussion on the distribution of these
p characterized charges. There are two types of atoms in T12-1,
namely the atoms in the middle layer and the others, and three
types of atoms in T12-2, namely the atoms in the middle layer
and the other two types in the top and bottom layers as shown
in Figure 6. Figure 6 also shows the distribution of the p charges
on these atoms. For both clusters, the charge distribution in the
middle layer atoms is substantially higher than those of the other
layer atoms. The same charge distribution of the s and d
characters but different distribution of the p character for all
the atoms in the T12-1 and T12-2 clusters indicates that the s
and d orbitals are hybridized while the p orbitals remain in their
atomic form in these clusters.

We discuss now the possible changes in DOS if a cluster is
distorted by a comparison between the T8-1 and T8-2 clusters

in Table 3. The T8-1 cluster can be considered as a distortion
of the T8-2 cluster by pushing the two diagonal atoms in the
same layer toward each other. Our calculation shows that the
distorted T8-1 cluster is only slightly less stable than its original
structure, T8-2. However, such a distortion changes the semi-
conductor T8-2 into a conductor T8-1. Furthermore, their DOS
values in Figure 5 show clearly that the DOS has changed
dramatically if a distortion occurs. These energetically possible
Pt isomers with different HOMO-LUMO band gaps and DOS
could be very promising candidates as fluorophores in photo-
electron transfer sensors, because substantial change in the
HOMO-LUMO band gap of a system under certain structural
distortion is one of the critical quantities for fluorophores.50

Following our previous work on the Pd clusters,39 we correlate
here the binding energy, HOMO-LUMO band gap, and
magnetic moments of Pt clusters with their size and structures.
The structure factor,Sf, is used to quantify the Pt structures
shown in Tables 1-3 and is calculated by

whereNh c is the coordination number per atom of the cluster
andgs andgd are the factors to account for symmetry and the
dimensionality of the structure, respectively. For the linear,
planar, and three-dimensional structures, we setgd ) 0.8, 0.9,
and 1, respectively. The introduction ofgd is to distinguish
isomers of the same averaged coordination number but with
different dimensionality. In cases that one cannot distinguish
two isomers after taking the averaged coordination number and
dimensionality into account, the introduction of another sym-
metry factor,gs, is needed. In most of the structures encountered
here, we setgs ) 1 except for P5-1, P6-1, T7-5, T9-1, T10-2,
T10-6, and T11-4, where we setgs ) 1.05, and T7-2 where we
setgs ) 1.1.

In Figure 7, the binding energy, HOMO-LUMO band gap,
and magnetic moments of Pt clusters of less than 13 atoms are
plotted as a function of cluster size and structure factor. The
top contour is the binding energy as a function of cluster size
and structure factor. This plot shows clearly that many isomers
are energetically possible, which leads us to conclude a fluxional
characteristic in the structures of Pt clusters. The middle contour
shows how the HOMO-LUMO band gap changes with cluster
size and structure. It illustrates that most of the Pt clusters

Figure 5. Spin-resolved total density of states (DOS) of seven Pt
clusters. The vertical dashed line is the Fermi level. The intensity of
the DOS is in an arbitrary unit.

Figure 6. Distribution of 5dz2 electrons for T12-1 (left) and T12-2 (right)
clusters. The distribution of 5dz2 electrons for the atoms in the top,
middle, and bottom layers are represented by green, red, and blue bars,
respectively. The four atoms in each layer in the T12-1 cluster have
identical distribution. In the T12-2 cluster there are two types of atoms
in the top layer labeled as a and b and in the bottom layer labeled as
c and d. The a-a and c-c distances are longer than the b-b and d-d
distances, respectively. The four atoms in the middle layer of the T12-2

cluster are identical.

Sf ) gsgdNh c (4)
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studied here are good conductors. The bottom plot in Figure 7
depicts the magnetic moments of Pt clusters as a function of
cluster size and structure. Most of the Pt clusters are ferromag-
netic. More interesting is the comparison between Figure 7 and
that for Pd clusters.39 Two major differences can be found
between the clusters formed by these two elements. First, the
stability of Pt clusters is less dimensionally dependent. This is
reflected by the wide spread of the same intensity in the top
contour in Figure 7 compared to a rather narrow distribution of

the intensity for Pd clusters. Second, the Pt clusters of higher
dimensionality tend to have higher magnetic moments. In
contrast, the linear Pd clusters tend to have high magnetic
moments. Therefore, Figure 7 could be used as fingerprint to
identify clusters formed from different elements.

4. Conclusions

Structural, energetic, electronic, and magnetic properties of
70 platinum clusters were calculated using DFT with a plane
wave basis set. The effect of spin-orbit coupling on the binding
energy of the cluster was investigated. The results show that
the relative stability of Pt clusters is not affected with the
inclusion of spin-orbit coupling, but the binding energy of the
cluster increases when spin-orbit coupling is considered in the
calculations.

The binding energies of planar and three-dimensional isomers
are very close to each other at least within nine-atom Pt clusters.
This is different from the Pd clusters, where the planar Pd
clusters are less stable than the three-dimensional ones. Due to
the similar stability between planar and three-dimensional Pt
clusters, many isomers are energetically possible. Some layered
structures are at least as stable as the spherical isomers.
Moreover, the six-atom Pt cluster has very surprising properties.
Its linear structure represents a characteristic change in the bond
distances. This means that the bond lengths of the edge atoms
are the shortest after the linear cluster size becomes larger than
six. Furthermore, the six-atom planar structure is more stable
than its three-dimensional isomers. We also found that the 10-
atom tetrahedral Pt cluster is substantially more stable than its
other isomers investigated in this work. Our calculations showed
that there exist more stable structures than the icosahedron and
cubooctahedron for 13-atom Pt clusters.

Both the HOMO-LUMO band gap and magnetic moment
change in an oscillatory manner with cluster size. Strong
correlation is also observed: Highly magnetic clusters tend to
have large HOMO-LUMO band gaps. The DOS and detailed
analysis of the charge distribution show that the middle layer
atoms are slightly negative charged in the T12-1 and T12-2

clusters.
Using the structure factor to quantify each Pt cluster structure

studied in this work, we are able to correlate the binding energy,
HOMO-LUMO band gap, and magnetic moment of the Pt
clusters with their size as well as structure. Comparison between
the contour plots of Pt and Pd clusters indicates that this contour
plot (Figure 7) could be used as a fingerprint for identifying
clusters formed by different elements.
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