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Surface relaxation and finite temperature properties of the (0001) Be surface are studied
using many-body potentials and classical molecular dynamics method. The calculations
show alarge surface relaxation, in excellent agreement with experimental results. We obtain
from the finite temperature simulations the melting point of bulk Be in good agreement
with the experimental value. Thermal stability of a 55-atoin Be cluster, both free and
supported by a (0001) Be surface, have been studied. The melting point of thefree cluster is
significantly lower than that of the bulk. We observe astructural transition in the supported
cluster at atemperature even lower than that of the free cluster. This transition, however,
cannot be interpreted unambiguously as a melting transition.

|. Introduction

In recent years, after the advent of techniques to
generate beams of atomic clusters and select them by
size, the study of these systems has received a great
deal of attention, mainly because of their potential ap-
plication as building blocks of new materialsi!!. Aside
from their technological appeal, microclusters can be
very useful tools for the understanding of basic prop-
erties of the condensed matter. For instance, how big
a system must be to start exhibiting characteristics of
the bulk phase, such as melting point, electrical and
thermal conductivity, magnetic susceptibility, etc.? An-
swers to these questions can shed light on several open
guestions in condensed matter physics.

It is known theoretically that perfect and infinite
crystalline substances have very high "melting point",
much higher than the actual melting point of actual fi-
nite and imperfect solids. For those theoretical solids,
"melting" only occurs when the atomic vibrations
are so large that the crystal lattice collapses ("Born

instability”)(?l.  Currently, there are experimentall®

and theoreticall¥l evidences that surfaces play a very
important role in explaining the melting point of actual
solids. Melting starts at the surface, at a temperature
lower than the melting point of the bulk, propagating
into the bulk as the temperature reaches the melting
point of the solid. This phenomenon can be explained
by the fact that the atoms at the surface layer have
reduced coordination compared to those of the bulk.
Since in particles and clusters, in the nanometer and
subnanometer scales respectively, most of the atoms
are surface atoms, their melting point is expected to be
lower than the bulk melting point. Experiments seem
to have confirmed this expectation(®%. However, the
interpretation of these experiments is not straightfor-
ward. Most of the experimental studies on the melting
of small particles are performed having the particles
supported by a substrate. Therefore, a good under-
standing of the interaction between the particle and
the substrate is crucial for the interpretation of the ex-
perimental observations. Another difficulty is related
to the order parameter used to characterize melting.
A change in the shape of the particle has been often
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used to define melting. One can argue, however, that
at a given temperature, the particle just changed to a
more stable structure (a different local minimum of the
energy surface) but it remains essentially "solid", with
the atoms having a small mean square displacement
and diffusivity.

A recent experiment!®! studied the thermal proper-
ties of Au and Ag clusters supported by a tungsten
substrate. The melting point of the clusters is deter-
mined by a change in the shape of the cluster. The
expected reduction of the melting point as the clus-
ters become smaller is observed. However, for clusters
with diameter smaller than 2 nm, the melting point
becomes stable. Thissaturation of the melting point is
completely unexpected, because in that size range their
stability is mainly determined by their electronic struc-
ture. Indeed, calculations show that the melting point
is a nonrnonotonic function of the cluster sizel”®!. This
saturation behavior is likely to be caused by the pres-
ente of the substrate, since the energy of adsorption of
Au and Agon W is quite high.

Most of the theoretical work on the thermal stabil-
ity of metal clusters has been done on clusters in the
gas phasel®]. There have been studies on metal clusters
supported by substrates®). However, they have been
restricted to clusters containing very few atoms, and
they were mainly concerned with the structure of the
clusters at 0 K and the determination of energy barri-
ersfor the migration of clusters on the surface. To our
knowledge, our work has been the first to address theo-
retically the question of the thermal stability of sup-
ported metal clusters!'']. We studied the thermal sta-
bility of a Be 55-atom cluster deposited on a Be (0001)
substrate. We also studied, for sake of comparison, the
same cluster in the gas phase. Sec. II describes the
many-body potential used for the interactions between
Be atoms and some technical details of the molecular
dynamics method used in the simulations. In Sec. III,
we discuss details of the thermal behavior of the clean
substrate, which are relevant to show the accuracy of
the many-body potential, as well as provide elements
for our analysis of the effects arising from the interac-
tion cluster-substrate. Sec. |V presents and discusses
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Table 1 - Theoretical and experimental results for co-
hesive energy, lattice constants, and compressibility of
bulk Be.

Theory Experiment

cohesive energy (eV)  3.57 3.35
|lattice constants (A)

a 2.25 2.27
b 3.68 3.59

compressibility

(102 cm?/dyn) 1.001 0997

our results for the thermal stability of the supported
and the free cluster.

II. Interatomic potential and molecular dynam-
ics

Until now, completely ab initio, e.g. Car-Parrinello
method, molecular dynamics simulations of large sys-
tems at finite temperature are prohibitively expensive.
To overcome these limitations several effective poten-
tialshave been proposed in order to describe the atomic
interactions. The molecular dynamics simulations pre-
sented in this paper were performed using the many-
body interatomic potential for Be proposed by Blaisten-
Barojas and Khannal'?l. This potential was developed
from parameter free LDA (local density approximation)
calculations of Be small clusters. No experimental pa-
rameters are used in its derivation. The nature o the
chemical bonding in Be depends crucially on the size of
the system. For instance, the dimer Bes is very weakly
bonded. As the number of atoms increase the bind-
ing energy also increases due to the increasing s-p hy-
bridization. Beryllium in bulk phase is metallic. This
potential, specially tailored for clusters, can reproduce
quite well some parameters of bulk Be asshown in Ta-
ble 1.

We use classical molecular dynamics in the simu-
lations. Newton's equations of motion are integrated
using Verlet's algorithml'®. Simulated annealing and
constant temperature simulations were done by rescal-
ing the atomic velocities. Constant energy molecular
dynamics (microcanonical) was used in the simulations
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of thefree cluster. Periodic boundary conditionsin the
directions parallel to the surface were imposed, follow-
ing the minimumimage convention, in the calculations
involving the substrate. The typical timestep used was
around 5.0 X 107** 5. More details of the simulations
are provided in the following sections.

III. Substrate

A recent experiment shows that the (0001) surface
of Be exhibits a large and anomalous relaxation of in-
terplanar spacing of the top layersi!¥l. It is observed
a large outward relaxation of the first and the second
layers. This result is somehow unexpected, because for
other metals a contraction of the spacing between these
layers is observed. We study this relaxation using a
slab containing 392 atoms in seven layers'®!. In order
to mimic the presence of the semi-infinite crystal un-
derneath, we kept the two layers at the bottom rigid
and separated by the theoretical bulk interlayer dis-
tance dp = 1.8 A. The remaining five layers are allowed
to relax freely. The energy is then minimized using the
simulated annealing technique until the forces acting
on the atoms are of the order of 1072 eV/A. In order
to make the calculation feasible, a cutoff in the poten-
tial wasintroduced. In order to assess the effect of the
cutoff in the calculations it was varied from 9 a.u. to
13 a.u.. The effects on the relaxation of the first and
second layers were negligible. We compare our results
with the experimental findings in Table 2. The cal-
culated outward relaxation of 5.9% in the first-second
layers spacing isin excellent agreement with the exper-
imental result of (5.8+ 0.4)%. We calculated a small
expansion in the second-third layers spacing of 0.9% in
contrast with a small contraction observed experimen-
tally of (—0.24 0.5)%. However, since the experimen-
tal error is substantial, our result can be considered as
quite good. According to our calculations, the spacing
between the subsequent layers are not affected by the
surface. We increased the number of layers to 11 in
order to check the convergence of our results. In this
case, the two bottom layers were kept fixed and the
remaining nine were allowed to relax. Negligible differ-
ences were noticed. Our results show a better agree-

Table 2 - Relaxation in the interplanar distances given
in percentage of the bulk Be interplanar distance dg.

Theory  Experiment?
Adiy  +5.9% (+5.8+0.4)%
Adys  +0.9% (—0.240.5)%
Adsy 0%  ($0.2 +0.5)%
Adis 0%
% See Ref. [14.]

ment with the experimental results than a recent cal-
culation using the LAPW (linearized-augmented-plane-
wave) method('®] This large outward relaxation of the
first layer isentirely consistent with the behavior of the
interatomic distance in Be clusters. As the clusters in-
crease in size the bonding evolvesfrom a Van der Walls
type of interaction, due to the closed shell of the Be
atom, to a rnetallic bonding due to the s-p hybridiza-
tion. As the atoms become more strongly bonded the
interatomic distance decreases. The clusters of Na, for
instance, have the opposite behavior, their interatomic
distance increases with the number of atomsin the clus-
ter.

We now turn to thefinite temperature properties of
the (0001) Be surface. Our interest is twofold. First,
we need to know the thermal behavior of the clean sub-
strate in order to understand the effects caused by a
deposited cluster. Second, from simulations of the free
surface at high temperature one can infer with reason-
able accuracy the melting point of bulk Be. From what
we have seen so far, the many-body potential is able to
reproduce very well static properties (T = 0 K) of bulk
Be, however, still remains the question whether or not
it is able to reproduce dynamical (finite temperature)
properties.

We considered in our calculations a slab of 420
atoms exposing the (0001) surface, arranged in 12 lay-
ers. The two bottom layers were kept fixed, in order
to simulate the presence of the semi-infinite crystal un-
derneath. The thermal effects on the structure were
monitored layer by layer using as order parameter the
absolute square of the structure factor S(k), where k is
the reciprocal lattice vector in the plane of the layers
and along the row of atoms. Beginning at 0 K, the tem-
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perature is dowly raised in intervals of 50 K, allowing
the system to equilibrate at each new temperature for
at least 10 picoseconds. Around 1200 K the first va-
cancies are thermally created. At 1500 K thefirst layer
is completely molten. In Fig. 1, we show the order
parameter for the seven layers. The order parameter is
practically zero for the first layer only, indicating that
the first layer is molten. Fig. 2 shows the order pa-
rameter layer by layer at 1600 K. One can see that at
this temperature the second layer is also molten. This
indicates that the liquid phase is propagating into the
solid one, however, at a very low speed. Note that at
the melting point, the boundary between the solid and
liquid phases is stationary. In Fig. 3, we display the
order parameter layer by layer at 1700 K. Now the first
three layers are molten, indicating afaster propagation
of the liquid phase. From these results one can esti-
mate the melting temperature to be 1600450 K, where
the error bar is taken to be standard deviation of the
desired temperature. This estimate agrees quite well
with the experimental melting point of Be of 1562 K.
These results all together indicate that the many-body
potential describes very well the atomic interactions in
beryllium.
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Figure 1: Absolute square d the structure factor d ain-
layer reciprocal lattice vector for the top saven layers 0 a
Be substrate at 1500 K.
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Figure 22 Absolute square d the structure factor o a in-

layer reciprocal lattice vector for the top seven layers of a

Be substrate at 1600 K.
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Figure 3: Absolute square d the structure factor d ain-
layer reciprocal lattice vector for the top seven layersd a
Be substrate at 1700 K.

I'V. Supported cluster

We now turn our attention to the case of the cluster
deposited on a substrate. We consider a 55-atom Be
cluster deposited on a (0001) Be surface. Since we are
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not interested in the process of collision itself, only the
case Of extreme soft-landing was considered. The 55-
atom icosahedric Be cluster, as shown in Fig. 4,

Figure 4: Atomic structure d the free Bess cluster.

is placed nearby the substrate at T = 0 K. In this case,
the substrate was simulated by a slab containing 504
Be atoms arranged in three layers. The bottom layer
was kept rigid. The second layer had its temperature
controlled by rescaling the atomic velocities. In order
to mimic the experimental conditions, the atomsin the
top layer and in the deposited cluster were not submit-
ted to any external force or constraint, their motion
determined only by the interatomic forces. The energy
is then minimized using the simulated annealing tech-
nique. The whole system, except the bottom layer, is
allowed to relax until the interatomic forces are about
10-%eV/A. Fig5 showsthefinal atomicstructure. The
atoms represented by black balls belong to the cluster,
the "white" atoms belong to the substrate top layer,
and the "gray" atoms belonged to the substrate and
have been removed from it. From thefigure one can see
that the atomic structure of the deposited cluster has
now a layered structure, bearing no resemblance with
the original icosahedral cluster. This dramatic change
is caused by the strong interaction between ciuster and
substrate.

Figure 5: Equilibrium structure d a Bess cluster deposited
on a (0001) Besurfaceat T = O K. The "white" atoms are
substrate atoms, the "gray" atoms dso belong to the sub-
strate but have been removed fromit "wetting" the cluster,
and the “black” atoms belong to the cluster. Only the first
layer of the substrate is shown.

In order to investigate the thermal stability of the
supported cluster the temperature of the substrate is
raised very dowly. Figs. 6 and 7 show the snapshots of
thesystem at 300 K and 500 K, respectively. These two
figures are very similar and also very closeto the struc-
ture at 0 K, except for the larger number of atomsre-
moved from the substrate. As the temperature contin-
ues increasing the system undergoes a structural tran-
sition. In Fig. 8 we display a snapshot of the system
at 700 K. The cluster spreads out and its top layer dis-
appears at this temperature. In order to quantify these
structural changes we used as order parameter theratio
given by

n=1, 1)
where R is the mean cluster radius and h is the height
of the center of mass of the cluster from the sub-
strate. This parameter has been used in the experi-
mental determination of the melting point of supported
clusterst]. In Fig. 9 we display the order parameter 7
asafunction of temperature considering only the atoms
in the original cluster. One can see that 5 remainsprac-
tically constant from 0 K up to 500 K. Above 500 K it
rises abruptly indicating a transition. In Fig. 10 we
include the atoms that were pulled out of the substrate
("black" atoms) in the determination of 7. In this case,
7 rises between 0 K and 300 K because of the atoms
coming from the substrate to "wet" the original clus-
ter. It remains constant from 300 K to 500 K. At 600
K it rises abruptly as in the case of the "dry" cluster.
From these results it is clear that the atoms that are
pulled out from the substrate "wetting" the cluster do
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not affect the transition temperature. We also have to
emphasize that the "wetting" process is not an artifact
of our simulation, because, aswe mentioned in our anal-
ysis of the free surface, the vacancies are only created
at temperatures around 1200 K. Thus, the "wetting"
process is caused by the presence of the cluster.

Figure 6: A snapshot of the atomic structure of a Bess
cluster deposited on a (0001) Besurface at T = 300 K. The
color code is the same asin Fig. 5.

Figure 7: A snapshot of the atomic structure of a Bess
cluster deposited on a (0001) Besurface at T = 500 K. The
color code is the same asin Fig. 5

Figure 8 A snapshot of the atomic structure of a Bess
cluster deposited on a (0001) Be surface at T = 700 K. The
color code is the same asin Fig 5.
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Figure 9: Parameter 5 [Eq. (1)] as a function of tempera-
ture, considering only atoms of the original cluster.

24 =

8

/
/
L

14

T T T T T T

T LI
0 100 200 300 400 500 600 700 800 00 1000
T(K)

Figure 10: Parameter 5 [Eq. (1)] as afunction of temper-
ature, considering atoms of the original cluster plus those
removed from the substrate.

We now consider the case of the thermal stability
of the free 55-atom Be cluster. The root-mean-square
fluctuation of the interatomic distance given by

2 N2
9 \[< rh > — <1 >

6= Z , (2

N(N —-1) &= < rij >,
2,3

where r;; is the distance between the i*" and j** atoms,
has been used as a order parameter to investigate the
thermal stability of free clusters. We performed molec-
ular dynamics simulations at constant energy (micro-
canonical) for a55-atom Be cluster at several energies.
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The order parameter 6 is obtained from the simula-
tions and the results are shown in Fig. 11 as a func-
tion of temperature, which in this case is obtained from
the mean kinetic energy of the particles. At low tem-
peratures the order parameter 6 has a +/T behavior.
Around T = 1000 K it rises very rapidly indicating the
softening of the cluster!). Above 1400 K the liquid be-
havior is very clear. From these results we estimate
the melting temperature to be around 1200 K. This
estimate for the free cluster is about twice the transi-
tion temperature of the supported cluster. From our
simulationsit is clear that the substrate can play an
important role in the thermal stability of the cluster.
The simulations indicate that, when there is a strong
interaction between cluster and substrate, thestructure
of the deposited cluster bears no resemblance with the
free cluster. This dramatic structural change may be
a clue for the constant transition temperature behav-
ior observed experimentally for clusters with diameter
below 2 nm(®].

040

0.30- ¢

w 0201

0.10 7 .

0.00

o —

0 500 1000 1500 2000
T (K)

Figure 11: Parameter 6 [Eq. (2)] as afunction of tempera-
ture.
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V. Summary

The many-body potential for Be proposed by
Blaisten-Barojas and Khannal*? derived from LDA cal-
culations describes very wdl both zero and finite tem-
perature properties of the free (0001) Be surface. The
large and unexpected expansion of the first-second layer
spacing determined theoretically agrees very well with

recent experimental findings. The melting point esti-
mate of 1600 4 50 K for the melting point of bulk Be
obtained monitoring the propagation of the liquid the
phase into a thick slab of Be is also in good agreement
with the experimental melting point of 1562 K.

Our simulations show that the supported cluster
has a layered structure which is very different from the
icosahedral structure of the free Be 55-atom cluster, due
to the strong coupling between cluster and substrate.
As the temperature of the substrate is raised, the sup-
ported cluster undergoes a sharp structural transition
around 550 K, which is much smaller than the transition
temperature for the free cluster of 1200 K. These re-
sults show that comparisons between experiments per-
formed on supported clusters and calculations involving
free cluster have to be done very cautiously, specially
when there is a strong interaction between cluster and
substrate.
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