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An investigation of the shape of small platinum 
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The equilibrium shape and structure of small platinum clusters with 5-60 atoms was 
investigated using the embedded atom method (EAM). An analysis of the stability of the 
clusters with polyhedral symmetries indicated that, except at the magic number sizes, the 
clusters spontaneously reconstructed to more stable shapes at 0 K. Even the magic number 
icosahedra and cubo-octahedra were unstable upon annealing at 500 K. The clusters which 
reconstruct to lower energy structures appear to be highly asymmetric and irregular. Many 
different structures were found to have similar energies. The annealed clusters also display 
surface features not found in bulk platinum. 
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1. Introduction 

The shape and structure of small metal particles is quite important in the 
understanding of supported metal catalysts. Even though substantial advances in 
the theoretical and experimental techniques for studying small clusters have 
been made in recent years [1,2], the results from a classic and thorough analysis 
of small argon clusters performed by Hoare et al. [3-5] have sel~led as the 
models for the structure of ideal small metal particles in supported metal 
catalysts. A primary outcome from this previous investigation was that the 
icosahedron and the cubo-octahedron were the most stable symmetries available 
to small clusters or  particles.  Yet ,  in exper imenta l  observa t ions  of  s u p p o r t e d  

meta l  catalysts mos t  of  the symmetr ies  o f  the  small meta l  part icles  t end  no t  to 
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be these ideal polyhedral types but instead display structural features such as 
twinning, stacking faults and other defects [6-8]. These findings are particularly 
true in studies of small fcc metal particles formed by vacuum evaporation. 

In this study a modern calculational procedure called the embedded atom 
method (EAM) was used to examine the equilibrium shape and structure of 
small platinum clusters. In a previous investigation Bigot and Minot [9] used 
extended Hiickel theory to determine the shapes of platinum clusters up to 13 
atoms in size. In the work described here, we have extended these calculations 
to larger clusters. We chose to use the embedded atom method rather than the 
extended Hiickel method because previous workers have found that the EAM 
gives better agreement with experimental values. The EAM method has been 
used to reproduce the experimental shapes of 3-6 atom Pt clusters adsorbed on 
field emitter tips [10,11]. It has also been found to reproduce the surface 
reconstructions in bulk platinum systems [12]. Therefore, the EAM seemed 
useful for our studies. 

In the work reported here we calculated the energies and stabilities of 
clusters ranging in size from N = 5-60 atoms with various polyhedral symme- 
tries. In addition a series of simulated annealing runs were undertaken to search 
for lower energy structures at each cluster size. 

2. Methods 

All the calculations in this paper were done using techniques described 
elsewhere [13]. We started with a 5-60 atom cluster with an icosahedral, 
cubo-octahedral, tetrahedral or octahedral symmetry and calculated its energy. 
Conjugate gradient minimization [14] was then used to relax the cluster to its 
local minimum energy configuration. A search for lower energy structures was 
performed using simulated annealing. The result was a plot of the structure and 
energy of clusters as a function of cluster size. 

All of the calculations used the embedded atom method (EAM) to calculate 
cluster energies. Detailed explanations of this technique can be found elsewhere 
in the literature [15,16]. In the EAM procedure the contribution to the total 
energy of an atomic system is determined from two components, namely the 
embedding energy and the electrostatic pair repulsion term. The embedding 
energy is defined as the energy required to introduce an atom into the local 
electron density created by the presence of the neighboring atoms. The electro- 
static pair repulsion term is essentially the two body repulsion term between 
adjacent atomic cores. The EAM has proved to be successful in evaluating the 
energetics and structures of various surfaces of transition metal elements 
including platinum [12]. We used standard EAM functions from the literature; 
one is referred to Sachdev et al. [13] for further details. 



A. Sachdev et aL / Shapes of small platinum clusters 59 

3. Results and discussion 

3.1. CLUSTER STABILITY 

In order to test the relative stability of the various cluster symmetries and 
sizes we carried out conjugate gradient minimizations on them and evaluated 
the changes in the cluster structure. We began with a polyhedral cluster, such as 
an icosahedron, with bulk lattice parameters and relaxed it to its local minimum 
configuration. The results of these calculations showed that the clusters retained 
their basic shape only at their magic number sizes. The 13 and 55 atom 
icosahedral and cubo-octahedral clusters contracted when they were relaxed, 
but did not change their symmetry. The 45 atom octahedron and the 57 atom 
tetrahedron clusters underwent only a slight distortion. However, all of the 
other icosahedral, cubo-octahedral, octahedral and tetrahedral clusters were 
found to be unstable and readily relaxed into structures which did not resemble 
the initial polyhedral symmetry. For example, fig. 1 shows an example of a 14 
atom truncated icosahedron which spontaneously reconstructed into a structure 
with a highly irregular symmetry. The 14th atom, which was initially located on 
the second shell of the icosahedron was found compressed into the first layer 
after the reconstruction. 

Even though the non-magic number clusters were unstable we were still 
interested in obtaining their energy values as a means of making quantitative 
comparisons between differing cluster symmetries and sizes. This was accom- 
plished by devising a cluster growth sequence. In this algorithm a polyhedral 
cluster was grown from its first shell structure by adding additional atoms 
sequentially at the most favorable available second shell position. The sequence 
was terminated when the second shell coordinates were completely occupied. 
For instance, the icosahedral growth sequence was initiated from the first shell 
cluster core, consisting of N- -  13 atoms; the subsequent sites were filled from 

Fig. 1. An example of the reconstruction which takes place after relaxing a non-magic number 
truncated icosahedron. (a) Initial 14 atom truncated icosahedron, E = -60.78 eV, (b) minimized 

14 atom cluster, E = - 62.87 eV. 
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Fig. 2. The  average  ene rgy  of  var ious  po lyhedra l  clusters  as a func t ion  of  c luster  size. T h e  energ ies  
of the lower energy structures are also plotted. 

the remaining positions of a separately relaxed N = 55 or two shell icosahedron. 
The criterion at each step was the lowest possible energy for the overall cluster. 
It should be emphasized that all the intermediate size or truncated polyhedral 
clusters were not completely stable; they would certainly reconstruct into vastly 
different structures when re-relaxed. 

Fig. 2 shows the growth sequence plots for the different polyhedral symme- 
tries considered. In addition average energy values of liquid clusters obtained at 
2000 K by Monte Carlo simulation were acquired for all cluster sizes. The 
icosahedral and the cubo-octahedral clusters were the most energetically com- 
petitive of the polyhedral clusters. The additional stability at the magic numbers 
is evidenced by a slight dip in the growth sequence plot. The tetrahedra and the 
octahedra can be seen to be especially unstable at the smaller sizes, however, at 
the intermediate sizes of growth sequences all clusters appear to have very 
similar energy values. 

3.2. L O W E R  E N E R G Y  S T R U C T U R E S  

A simulated annealing procedure was followed to examine the structure of 
any clusters which may happen to have total energy values lower than the 
previously determined low energy structure, i.e. the magic number icosahedra. 
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Fig. 3. A 13 atom icosahedron and the lower energy cluster obtained after simulated annealing. 

As mentioned earlier, the cluster was annealed at 500 K for 2000 Monte Carlo 
steps followed by quenching to 0 K using the conjugate gradient minimization. 
This sequence was iterated for a total of 2 million MC jumps. There is no 
guarantee that the lowest energy structure found is the global minimum for the 
system, however precautions were taken to make sure that our lower energy 
structure was independent of the starting configuration as well as the number of 
iteration steps. 

Examples of these lower energy structures of sizes 13, 20, 40, 55, and 60 are 
illustrated in figs. 3 and 4. As can be observed, these new clusters are highly 
asymmetric, irregular and defected compared to the polyhedral clusters. They 
also happen to be more compact than their non-magic number polyhedral 
cluster counterparts which could partially account for their enhanced stability. It 
is not feasible to obtain what could be construed as a nearest neighbor distance 
from the central atom in these clusters. Instead a radial distribution histogram 
provides us with some way of quantifying the cluster structure by plotting the 
frequency of the interatomic distances within an individual cluster. Fig. 5 
displays these distributions for a representative polyhedral cluster as well as for 
the corresponding lower energy structure. The histograms for the lower energy 
structures show a more gradual distribution in the interatomic distances than a 
icosahedron which indicates distribution with more discrete peaks. Although 
these histograms indicate traits characteristic of liquids, we find that the cluster 
shapes are relatively stable. In dynamical calculations we do not observe the 
rapid changes in shape characteristic of liquids. As a result, we suggest that the 
dynamical behavior of these clusters is more solid-like than liquid-like. A 
detailed investigation of the dynamical properties is currently in progress. 

Another result of interest is the existence of clusters at the smallest sizes 
which have very comparable energies but very dissimilar shapes and structures. 
In the N = 13 atom system an entire series of clusters is within 0.4 eV of the 
lowest energy cluster found. This trend of the presence of many different cluster 
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Fig. 4. Lower energy structures for a few representative cluster sizes. 

shapes with similar energies or isomeric structures was also observed in the 
extended Hiickel calculations of small platinum clusters [9]. 

This result has an important  implication in catalysis. If we have several 
different structures with very similar energies then small changes due to the 
presence of  a support  or an adsorbate can cause one structure to be favored 
over the other. In our previous publications [17,18] we have shown that particles 
can reconstruct in the presence of  adsorbates. Our  E A M  calculations are fully 
consistent with our previous experimental findings. For  example fig. 6 shows 
how hydrogen changes the shape of a Pd cluster. The icosahedral symmetry was 
found to be the most stable for a clean N = 13 palladium cluster. However,  after 
including the interactions of approximately one monolayer of hydrogen, the 
icosahedral palladium cluster was found to undergo a change to a more 
cube-like shape. 
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Fig. 5. Radial distribution histograms indicating the distribution of interatomic distances within a 

cluster (a) N = 55 icosahedron, (b) N = 55 lower energy structure. 

4. Conclusions 

W e  have  b e e n  able to f ind the  s t ruc tu re  of  a ser ies  of  p l a t i num clusters  
consist ing of  up  to 60 a toms  which  are  m o r e  s table than  the  i cosahedra l  or  the  
c u b o - o c t a h e d r a l  symmetr ies .  T h e s e  lower  ene rgy  s t ruc tures  which a p p e a r  to be  
highly de f ec t ed  and  asymmet r ic  are  also very  var iable .  S t ruc tu ra l  defec ts  are  
also charac te r i s t i c  of  the  small me ta l  par t ic les  c o m m o n l y  obse rved  in T E M  
images  of  s u p p o r t e d  meta l  catalysts.  At  p r e sen t  ou r  ca lcula t ions  do not  take  into 
accoun t  the  e f fec t  of  the  suppor t  on  the  s t ruc tu re  of  the  p l a t i num clusters.  I t  is 
conce ivable  tha t  such an in te rac t ion  could  lead to vastly d i f fe ren t  c lus ter  
symmetr ies .  Yet ,  this E A M  invest igat ion does  d e m o n s t r a t e  tha t  some of  the  old 

Fig. 6. The effect of adsorbed hydrogen on the equilibrium shape of a palladium cluster. (left) A 
clean N =  13 Pd cluster indicating the icosahedral symmetry, (right) a N = 13 Pd cluster after 
accounting for the interactions with 42 adsorbed hydrogen atoms on its surface. A cube-like 

morphology is indicated. 
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the  s table shapes  of  small meta l  clusters  do  not  apply to 
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