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Structure and thermodynamics of Fess, Coss, and Niss clusters supported on a surface
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We study the structure and thermodynamics of Fess, Coss, and Niss clusters supported on a surface. The
metallic bonding is described by a Gupta potential, and the surface is modeled by an idealized smooth plane
coupled to the cluster by a Lennard-Jones interaction, with a variable parameter to describe the strength of the
cluster-surface interaction. Optimum (lowest-energy) structures are determined by regular quenches, and the
caloric curve of the clusters is extracted via a microcanonical multihistogram fit as a function of the cluster-
surface interaction strength. The optimum structures are icosahedral for the free clusters and go through a
series of transformations as the cluster-surface interaction strengthens, becoming successively flatter. The
melting temperatures of the cluster correspondingly go through a series of steps with each change in optimum
structure, but with an average trend toward higher melting temperatures as the cluster-surface interaction

increases.
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I. INTRODUCTION

The physical and chemical properties of small atomic and
molecular clusters can be very different from those of the
corresponding bulk material.! For example, the enhanced ra-
tio of surface to volume for a small system and quantum
confinement effects can both play a significant role in modi-
fying bulk properties. The structural and bonding character-
istics of clusters can in consequence differ markedly from
those of the bulk.”? Experiments have also shown that the
thermodynamic and melting properties of small clusters can
have peculiar properties. Sodium clusters in the size range
N=50-200 atoms have melting temperatures that vary ir-
regularly with respect to the cluster size.>* Also, small clus-
ters of Sn and Ga have been shown to have melting tempera-
tures higher that of the bulk,>® in contrast to the usual
paradigm in which a small particle should melt at a lower
temperature than the bulk because of the effect of the sur-
face. The explanation for this has been traced to a change in
the nature of the bonding between the cluster and the bulk;
the former showing a bond of highly covalent character.”
The structural properties of small clusters supported on a
surface have also been demonstrated to be modified by the
interaction with the surface, both experimentally®~!?> and
theoretically,!0-11-13.14

In the present paper, we consider the effects of a support
on the structure and melting temperatures of three transition-
metal clusters. Supported transition-metal clusters such as
Ni, Co, Fe, and their alloys have important uses for cata-
lyzing the growth of carbon nanotubes (CNTs).!>1® The size
of the clusters, the temperature, and the nature of the cluster-
surface interaction, together with other experimental param-
eters such as the pressure, are important for determining the
characteristics of the CNTs, including their diameter and
quality. The detailed mechanism of CNT growth is not well
understood. For instance, different combinations of cluster
and surface materials can produce marked changes in the
efficiency of the process and it would be highly desirable to
find a way to control the chirality of the nanotubes that are
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produced. For these reasons, there has been considerable in-
terest recently in the simulation of the cluster-catalyzed CNT
growth process.!’2

With this motivation, Ding et al.'” and Shibuta and
Maruyama'® recently considered the effect of the cluster-
surface interaction on the melting temperatures of supported
Fe and Ni clusters, respectively. The clusters they considered
contained upwards of 150 Fe atoms!” or 256 Ni atoms,'® and
the surface was modeled as an idealized smooth plane
coupled to the cluster via an effective interaction of Lennard-
Jones type. They treated the cluster-surface interaction
strength as a variable parameter, finding that the melting
temperatures 7, of the clusters increased monotonically as
the strength of the cluster-surface interaction increased.

However, single-walled carbon nanotubes are often grown
from smaller clusters containing upwards of only several
tens of atoms.! At these small sizes, the clusters can have
distinct structures dominated by geometric effects.!> There-
fore, in this paper we study the structure and thermodynam-
ics of these smaller clusters. Our main aim is to consider the
possible effects on the cluster thermodynamics of the specific
structural changes that occur at these smaller sizes as a func-
tion of the cluster-surface interaction strength. We choose
clusters of size 55 because it is quite well established that
free metallic clusters (at least for classical interatomic poten-
tials) have a complete two-shell Mackay icosahedral struc-
ture for this size, conferring upon the clusters a certain de-
gree of geometrical stability.! Using a similar model to that
of Ding et al.'” and Shibuta and Maruyama'® for the cluster
and cluster-surface interaction, we first extract the optimum
(lowest-energy) structures of the cluster by means of a
method of regular quenches from high-temperature runs.
Next, by slowly heating the clusters from their optimum
structure, we extract the classical density of states ((E) for
the ionic motion by means of a microcanonical multihisto-
gram fit.?® We find a series of distinct structural changes as
the cluster-surface interaction strength increases, reflected in
a detailed pattern of steps in the melting temperatures asso-
ciated with each structural transformation.
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TABLE 1. Parameters of the SMA potential assumed for Fe, Co, and Ni clusters.

Atom A (eV) £ (eV) p q ro (A)
Fe? 0.13315 1.6179 10.50 2.60 2.553
Cob 0.0950 1.4880 11.604 2.286 2.497
Ni¢ 0.0376 1.070 16.999 1.189 2.490

4References 31 and 32.
PReferences 30 and 33.
‘References 30 and 34.

The paper is organized as follows. In Sec. II, we outline
our model and simulation methods. Then, in Sec. III, we
present the structures and thermodynamic results for the
clusters as a function of the cluster-surface interaction
strength. The conclusions are given in Sec. IV

II. MODEL AND METHODOLOGY

In this work we use classical molecular dynamics®’ (MD)
with the metallic bonding described by a many-body Gupta
potential derived within the tight-binding second-moment
approximation.”®-3" The total energy of a free cluster in this
approach is given by
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where R;; is the distance between ions i and j. The param-
eters that we use for Fe, Co, and Ni have been obtained by
fitting bulk cohesive energies, lattice parameters, and elastic
constants; they are summarized in Table I with references to
the original work where they were derived, as well as to
some related works.

Following Ding et al.'” (and the general approach of
Shibuta and Maruyama'®), we model the surface as an ideal-
ized smooth plane that interacts with the cluster via a
Lennard-Jones 9/3 potential, yielding an interaction energy

_A8s (e (zﬂ
Esurf_ 7 ,' |i(Zl> - Zi > (2)

where Z; is the coordinate of ion i perpendicular to the sur-
face. The cluster is in this way constrained to lie near the
minimum of the Lennard-Jones well, which is roughly a dis-
tance o above the Z=0 plane; we fix 0=0.3 nm. The param-
eter € controls the well depth and hence the overall strength
of the cluster-surface interaction. As in Refs. 17 and 18, we
treat € as a variable parameter, taken to lie the range O0=¢
=0.9 eV. The total energy of the cluster plus surface is

Eio = Efyee + Egury- (3)

The first step of our approach to simulating the melting
properties of the clusters is to search for the global
minimum-energy structure. We do this separately for each
value of the cluster-surface interaction strength &, which was

allowed to vary from O to 0.9 eV in steps of 0.05 eV. We first
determine crudely the melting temperatures for a given & by
performing short MD runs (of around 30 ps per temperature)
and looking for a step in the caloric curve. Then, we choose
a temperature slightly above the expected melting tempera-
ture, where the cluster is in a diffusive, liquidlike state, and
run a constant-temperature MD simulation (with a Nosé-
Hoover heat bath?’) of duration 200 ps. Structures from this
simulation are taken at regular 1 ps intervals and quenched to
the nearby local minimum. We repeat this whole procedure
three times at slightly different temperatures, giving around
600 local optimizations for each €. The method tends to be
more successful when the simulation temperature is only just
above the melting temperature. The best (lowest-energy)
three structures found for each & were retained and put to-
gether into a large library of candidate structures for the glo-
bal minima for all e.

As a final step, each structure in the entire library of can-
didate structures was then reoptimized for each value of . In
this way, even if our regular quenches missed the global
minimum for a particular value of &, there would still be the
chance that the structure was found at another (possibly
nearby) value of & and would therefore be revealed in this
final pass, as indeed happened in several instances. We only
miss the global minimum for a given ¢ if the corresponding
structure was not found in any of the quenches for any e.
While we cannot categorically rule out this possibility, we
note that we initially performed only 50 quenches per value
of & and later increased this to 200, with additional simula-
tion temperatures, finding no change in the lowest-energy
structures obtained.

Next we determine the caloric curve of the cluster for
each & by sampling the classical density of states via a mi-
crocanonical multihistogram fit, following the general proce-
dure described in Refs. 26 and 35. Briefly, for each &, we
start from the lowest-energy structure found by the above
procedure and slowly heat the cluster. Microcanonical simu-
lations are performed at 40-50 different total energies within
a kinetic temperature range of roughly 200-2500 K. About
half of these simulations are distributed between 600 and
1250 K in steps of around 30 K, since this is typically where
a meltinglike transition occurs. We perform constant-total-
energy (microcanonical) simulations of 200 ps duration for
each total energy; the final coordinates and velocities, after
scaling, are then used as the initial condition for the next-
higher-energy run so that in effect we slowly heat the cluster.
Following the microcanonical multihistogram procedure,”® a
least-squares fit to the overlapping histograms of the poten-
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FIG. 1. (Color online) Lowest-energy structures found for Fess
for different values of the cluster-surface interaction strength &, Eq.

(2).

tial energy visited during the simulations allows one to ex-
tract the classical density of states ()(E) for the ionic motion.
This in turn permits the evaluation of thermodynamic aver-
ages in a variety of ensembles. For instance, the mean energy
(potential plus kinetic) in the canonical ensemble is

f EQ(E)e P¥4E

<E>T: > (4)

f Q(E)e F¥T4E

and an expression for the canonical specific heat may be
derived by differentiating this with respect to the temperature
T.

III1. RESULTS AND DISCUSSION
A. Lowest-energy structures

The lowest-energy structures that we have found for Fes;
are shown in Fig. 1 and the variation with & of the total
energy E,, of each of these structures is shown in the upper
panel of Fig. 2. We calculated the total energy in this figure
by performing a local optimization for each &, starting with
the cluster geometry shown; we checked that the geometry
did not change during this optimization. In Fig. 2, we have
plotted for each ¢ the difference between the total energy of
a given structure and the total energy of structure (a), so that
the relative energies of the various structures are easier to
visualize. Within the range of & considered, there are cross-
overs among these energy curves, so that each of the struc-
tures shown becomes the lowest-energy one for a particular
range of &, as indicated in the figure. Within that range, the
structure shown in Fig. 2 had a lower energy than any other
structure that we were able to find by our procedure of regu-
lar quenches.

The free Fess cluster (¢=0) is found to be a two-shell
Mackay icosahedron, Fig. 1(a). This is in agreement with
numerous studies of metallic clusters using the Gupta and
Sutton-Chen potentials and is also the case for the Lennard-
Jones clusters.*® For small values of the cluster-surface inter-
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FIG. 2. (Color online) Top panel: Total energy of a Fess cluster
on a surface as a function of the cluster-surface interaction strength
e, Bq. (2), for each of the structures in Figs. 1(a)-1(d). Energies are
expressed relative to that of the two-shell Mackay icosahedral struc-
ture of Fig. 1(a), which is the lowest-energy structure for 0=g
<0.24 eV. Structure 1(b) (solid line) is the lowest-energy structure
for 0.24=£<0.29 eV, structure 1(c) (dashed line) for 0.29=¢
<0.65 eV, and structure 1(d) (short dashed line) for 0.65=¢
<0.9 eV. Bottom panel: Melting temperatures as a function of e.

action strength e, when the cluster-surface interaction is
much weaker than the internal interactions within the cluster,
the icosahedral geometry remains intact and the cluster ori-
ents itself so that one face is parallel to the surface. Eventu-
ally, for sufficiently large &, the icosahedral symmetry breaks
and it becomes energetically more favorable to have a
slightly elongated, though still quite compact structure [Fig.
1(b)]. As & increases further, the lowest-energy structure
eventually flattens, first into a structure with three ionic lay-
ers [Fig. 1(c)] and finally into a two-layer structure [Fig.
1(d)]. The flatter structures lower their energy by increasing
the contact area between the cluster and the surface for larger
E.

For the Coss cluster the situation is qualitatively similar.
The structures and energy variation for Coss are shown in
Figs. 3 and 4, respectively. After the icosahedral structure
breaks, one finds a compact structure [Fig. 3(b)] which is
however different from the corresponding Fess structure
[Fig. 1(b)]. This difference is a consequence of the different
Gupta parameters assumed for Fe and Co (see Table I). The
structure that we found for Fess is found to be stable also for
Coss, but it has a higher energy than the one shown in Fig.
3(b) (by a few tens of meV, depending on the value of &). For
Coss there are two relevant three-layer structures. The first of
these [Fig. 3(c)] is quite close to the three-layer structure
found for Fess [Fig. 1(c)]. A rather different three-layer ge-
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FIG. 3. (Color online) Lowest-energy structures found for Coss
for different values of the cluster-surface interaction strength &, Eq.

(2).

ometry [Fig. 3(d)] becomes more stable for larger e, while
for larger e still one finds the same diamond-shaped two-
layer structure [Fig. 3(e)] that occurred for Fess.

The structures and energy variation for Niss are shown in
Fig. 5 and 6, respectively. The situation is slightly more com-
plex for Niss. A close inspection of the upper panel of Fig. 6
reveals that, in the range of e considered, there are six
lowest-energy structures (according to our global optimiza-
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FIG. 4. (Color online) Top panel: Total energy of a Coss cluster
on a surface as a function of the cluster-surface interaction strength
g, Eq. (2), for each of the structures in Figs. 3(a)-3(e). Energies are
expressed relative to that of the two-shell Mackay icosahedral struc-
ture of Fig. 3(a), which is the lowest-energy structure for 0=g
<0.28 eV. Structure 3(b) (solid line) is the lowest-energy structure
for 0.28=£<0.39 eV, structure 3(c) (dashed line) for 0.39=¢
<0.70 eV, structure 3(d) (short dashed line) for 0.70=eg
<0.79 eV, and structure 3(e) (dotted line) for 0.79=<0.9 eV.
Bottom panel: Melting temperatures as a function of e.

FIG. 5. (Color online) Lowest-energy structures found for Niss
for different values of the cluster-surface interaction strength e, Eq.

).

tion procedure), which are shown in Figs. 5(a)-5(f). We note
from this figure that there is a richer variety of compact
structures than for Fe and Co and that Niss clusters are more
robust against flattening, forming only a three-layer structure
at the highest & considered.

We have so far presented only the lowest-energy struc-
tures as a function of &, but the regular quenches revealed
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FIG. 6. (Color online) Top panel: Total energy of a Niss cluster
on a surface as a function of the cluster-surface interaction strength
e, Eq. (2), for each of the structures in Figs. 5(a)-5(f). Energies are
expressed relative to that of the two-shell Mackay icosahedral struc-
ture of Fig. 5(a), which is the lowest-energy structure for 0=g
<0.35 eV. Structure 5(b) (solid line) is the lowest-energy structure
for 0.35=e<0.43 eV, structure 5(c) (dashed line) for 0.43=<¢
<0.54 eV, structure 5(d) (short dashed line) for 0.54<e
<0.66 eV, structure 5(e) (dashed line) for 0.66<¢e<0.68 eV, and
structure 5(f) (solid line) for 0.68=£<0.9 eV. Bottom panel:
Melting temperatures as a function of e.
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FIG. 7. (Color online) Examples of some excited structures
found during the regular quenches. Structures (i)—(v) were found for
Fess and structure (vi) for Coss.

many excited structures as well, some examples of which are
shown in Fig. 7. A commonly occurring excited state of the
icosahedral structure has one atom from a vertex of the
icosahedron (the least tightly bound of the surface atoms)
positioned instead above one of the faces, as shown in Fig.
7(i). In general, there are many excited structures that can be
regarded as an asymmetric distortion of a lowest-energy
structure. For instance, Figs. 7(ii), 7(iii), and 7(iv) are asym-
metric distortions of Figs. 1(b)-1(d), respectively. Interest-
ingly, in all the cases we have observed, the lowest-energy
structure was found to be one with a high degree of
symmetry—thus those in Figs. 1(b)-1(d) rather than Figs.
7(ii), 7(iii), and 7(iv). However, there are also excited struc-
tures that are highly symmetric, such as those shown in Figs.
7(v) and 7(vi). All the structures shown have typical excita-
tion energies of order tens of meV or less.

The differences among the observed lowest-energy struc-
tures for Fe, Co, and Ni clusters may be attributed, in a
complex way, to the differing Gupta parameters in Table I.
Now, the Gupta parameters that we have assumed have been
obtained by fitting to bulk properties rather than those of
finite-sized clusters and these properties also include some
bulk elastic constants. However, in the cluster structures we
have found, the coordination between a given atom and its
neighbors is in general rather different from that found in the
bulk periodic lattice. There may also be other finite-size ef-
fects related to the surface energy or even to quantum effects
(such as shell effects) in the metallic bonding. Since there are
evidently many possible structures, with closely spaced en-
ergies, it is reasonable to say that the specific lowest-energy
structures we have found should be regarded as indicative
only. If the assumed interatomic potential is refined slightly,
it is possible that some of the lowest-energy structures may
change.

As a particular example, we note that the flat structures
for Fess in Figs. 1(c) and 1(d) appear to have fcc(111) layers,
while in the bulk the stable low-temperature form of Fe is
bee. In fact, our SMA parameters for Fe (see Table I) have
been fitted to properties of bulk y-Fe (fcc).3' The SMA po-
tential is well known to be unreliable for bec structures®
(which, even if stable at zero temperature, are generally un-
stable with respect to transformation into fcc at any finite
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FIG. 8. (Color online) Canonical specific-heat curves of Fess for
various values of the cluster-surface interaction strength &, Eq. (2),
in eV. The specific heat is given as a multiple of the zero-
temperature classical limit C.

temperature and pressure within the SMA parametrization®).
It is therefore indeed possible that the packing of atoms in
Figs. 1(c) and 1(d) will change if the potential is refined. One
way of investigating this possibility might be to use an
embedded-atom potential of the type proposed for Fe in Ref.
37, in which the bcc structure is stable; another, more time-
consuming approach would be to use first-principles density-
functional molecular dynamics.

There exist recent scanning tunneling microscope (STM)
images of Fe clusters,®%* Co clusters,***! and Ni
clusters*>*? in a size range including N=55 atoms on a va-
riety of substrates, but to our knowledge there are no STM
images with which we can critically compare our structures
in Figs. 1, 3, and 5.

B. Thermodynamics

A sample of specific-heat curves for the clusters is shown
in Fig. 8 and two caloric curves are shown in Fig. 9. In most
cases, the specific-heat curve has a single dominant peak
with a width of about 100-200 K, although in some cases
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FIG. 9. (Color online) Canonical caloric curves of Fess for two
values of the cluster-surface interaction strength &, Eq. (2): &
=0.2 eV (solid line) and £=0.7 eV (dashed line). The quantity
plotted on the ordinate is the mean total excitation energy (kinetic
energy plus potential energy minus global-minimum potential en-

ergy) in the canonical ensemble.
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there are also side features. For example, the curve for &
=0.3 eV in Fig. 8 shows a small side peak at higher tem-
peratures, while that for e=0.85 eV has a shoulder on the
low-temperature side of the main peak. Inspection of the
ionic trajectories suggests that the main peak in these ex-
amples corresponds to a “meltinglike” transition.** That is, at
low temperatures, the ions in the cluster vibrate about fixed
points (together with an overall rotation of the cluster), while
on the high-temperature side of the peak the cluster is in a
diffusive state in which each ion can diffuse throughout the
entire volume of the cluster. The meltinglike process is not a
sharp phase transition because of the finite number of de-
grees of freedom of the cluster, and the peak in the specific-
heat curve is broadened; one can identify the area under the
peak with an approximate latent heat for the process. The
side features correspond to additional transformation pro-
cesses, such as surface rearrangements at low temperatures,
and are rather typical for smaller clusters with up to 20
atoms.** For the purposes of subsequent discussion, we shall
define the “melting temperature” 7,, of the cluster as the
highest point on the dominant peak of the specific-heat
curve.

The melting temperatures 7, for the clusters are shown at
intervals of Ae=0.05 eV in the lower panels of Figs. 2, 4,
and 6. For the icosahedral structures at small &, the T, are to
a first approximation roughly independent of € to within the
expected statistical error on 7,,, which we estimate to be of
order 5%. However, there is for each cluster an abrupt drop
in T,, by 100200 K when the icosahedral geometry breaks.
This is indicative of the particular thermal stability associ-
ated with a closed-shell Mackay icosahedron, which has
been noted before for free Lennard-Jones* and sodium™
clusters with respect to variations in the cluster size around
the “magic” numbers of atoms corresponding to a complete
Mackay icosahedron. There also appears to be a trend in
which the melting temperature 7,, of the icosahedral struc-
ture decreases slightly as e increases even before the icosa-
hedral structure finally breaks. This trend is particularly no-
ticeable in the data for Coss [Fig. 4] for ¢ in the range 0.05—
0.2 eV. The slight decrease in melting temperature is
presumably indicative of a weakening of the icosahedral
structure as it distorts slightly in the presence of the external
field due to the surface.

As ¢ increases further, the variation of 7, is not mono-
tonic, as found for the larger clusters of size several hundred
by Ding et al.'” and Shibuta and Maruyama.'® Instead, in
most cases there are distinct steps in the melting temperature
whenever the lowest-energy structure changes. The steps are
most apparent in the plots for Co in the lower panel of Fig. 4,
where the change in 7, across a step can be of order 100 K.
The steps reflect the differences in thermal stability that re-
sult from the distinct changes in geometry we observe.
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Aside from the initial drop in 7,, when the icosahedral
structure breaks, most of these steps are toward a higher 7,
at larger e, as the lowest-energy structure becomes flatter.
There is also, in many cases, a general trend toward higher
T,, as € increases for a given structure. In these respects, the
results are analogous to those of Ding et al.'” and Shibuta
and Maruyama'® for larger clusters of size in several hun-
dreds, who found that 7, increased monotonically as & in-
creased.

IV. CONCLUSIONS

Using a simple nonatomistic model of a surface also em-
ployed in earlier work,'”!® we have investigated the struc-
tural and melting properties of supported Fess, Coss, and Niss
clusters. For these small clusters, one finds a rich variety of
distinct lowest-energy structures as a function of the cluster-
surface interaction strength. The two-shell icosahedral geom-
etry of the free cluster breaks for a sufficiently strong cluster-
surface interaction, and the optimum geometry becomes
increasingly flatter as the cluster-surface interaction strength
increases further. This pattern of structural changes is re-
flected in a detailed way in the melting temperature of the
cluster, which undergoes stepwise changes. Nevertheless,
there is an average trend toward higher 7,, as the cluster-
surface interaction increases, in general agreement with ear-
lier studies'”! on clusters of size in several hundreds.

While displaying qualitatively similar behavior, the clus-
ters of Fe, Co, and Ni showed differences in the detailed
structures and melting temperatures that, within our model,
may only be attributed to the different Gupta parameters as-
sumed. The complexity of the problem and this sensitivity to
the parameters suggests that the precise details of the struc-
tures we have found may not hold in practice in all cases. A
possible way to improve upon the present work would
be to use a density-functional-based molecular-dynamics
method,*® which can take account in an ab initio way of the
size-dependent effects that can be important at these small
sizes. While density-functional approaches are orders of
magnitude more expensive than the classical MD used here,
it has still proved possible to extract caloric curves for free
clusters with reasonable statistics.” Explicit consideration of
the atomistic nature of the surface is likely to modify the
detailed structural and thermodynamic properties further.

Nevertheless, the present work gives an indication of the
richness of the structures and melting behaviors that are
likely to result for these small transition-metal clusters sup-
ported on a surface.
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