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Mechanical Instability of Oxidized Metal Clusters
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A mechanism to explain the complete oxidation of small metal clusters is proposed, based on the
occurrence of a mechanical instability driven by the expansion of the progressively oxidized cluster
surface and the subsequent stress relaxation. Molecular dynamics simulations of spherical Pd clusters
show that an expanded surface layer is capable of straining the inner core of the cluster up to the point
of inducing cavitation. These findings allow the interpretation of recent experimental results in which
oxidized Pd clusters exhibit a hollow spherical shape. [S0031-9007(96)01155-6]

PACS numbers: 61.46.+w, 62.40.+i, 81.05.Bx

The properties of metal clusters have been investigateduster core can be largely enhanced [9] leading to the
in a number of different experimental conditions, signifi-complete oxidation of the cluster.
cantly increasing our knowledge of the evolution of the In the experimental data on Pd clusters recently pub-
solid state from the aggregation of isolated atoms [1]lished by Catalancet al. [4] complete oxidation of the
Oxygen reactivity of metal clusters has recently attractednetallic Pd into perfectly crystalline, stoichiometric PdO
interest [2—5] because of the possible use of noble-metalas reported. They estimated an initial compact particle
clusters in heterogeneous catalysis, sensor technology, admeter o#.5 = 0.5 nm and a final particle outer diame-
other applications. The direct oxidation of 4—10 nm di-ter of 5.5 = 0.5 nm, enclosing an inner empty zone of
ameter Cu clusters appears to involve a fast process about 1.5 nm diameter. Considering that the volume per
Cu to CuQyg; and a slow process of Cug; to CuO Pd atom in the tetragonal unit cell of PdO is 1.69 times
[2], while in indirect co-implantation experiments a £ larger than in the fcc elemental unit cell, the above dimen-
shell is found to cover the Cu core [5]. In the same tem-ssions are consistent with the picture of a spherical shell of
perature range (300—600 K) the oxidation of Cu thin flmsPdO containing the same number of atoms of the initial
mainly results in CyO [6]. From the structural point Pd metallic cluster.
of view, a number of interesting experiments have been The typical process of oxidation of bulk metal surfaces
carried out on Pd clusters of 5—10 nm diameter by twds rate limited by the diffusion of oxygen atoms into the
different groups. Datyeet al.[3] characterized metal bulk once the surface layers of the metal are saturated
Pd particles subjected to oxidation-reduction treatmentsjuring the early stages of chemisorption [10]. The
while Catalanoet al. [4] studied the PdO particles ob- oxidized surface layers expand upon the metal-oxide
tained after in-air oxidation of Pd clusters@t~ 700 K. transition, while the underlying bulk layers relax into an
In both cases the final clusters exhibit a hollow sphericakquilibrium configuration, somewhat strained with respect
shape. While the results based only on high resolutiono the unperturbed crystal, as elsewhere demonstrated
electron microscopy imaging could not unambiguously atby the increase without shift in ion-scattering yields
tribute the image contrast to an empty cavity inside thg11]. Under such conditions further penetration of oxygen
cluster, the electron holography technique [3] clearly conatoms into the bulk is difficult, as the O diffusion
firms the presence of a central void zone in the expandecoefficient is relatively small and the underlying metal
particles after oxidation. does not easily accommodate further deformation. While

In this Letter we propose a dynamic interpretation ofin bulk oxidation only a minor fraction of the atoms at
the process of the complete oxidation of metallic clusterdhe metal-oxide interface are affected by the misfit strain,
and, more generally, address the issue of mechanicél oxidation takes place at the surface of a nanometer-
stability of finite-size systems under strain [7,8]. It turnssize cluster the hydrostatic strain induced by the metal-to-
out that the lattice expansion induced at the clustepxide lattice expansion covers a length scale affecting the
surface by the oxidation process brings the cluster corevhole system.
to a severely strained condition which is capable of Two ideal, limiting relaxation kinetics can be considered
inducing a mechanical instability. Molecular dynamicsin cluster surface oxidation: (A) the structural metal-oxide
simulations of strained Pd clustersft= 700 K clearly transformation at the surface region is slow enough to
show that, when the cluster is isotropically expandedllow a progressive, homogeneous strain accommodation
above some critical strain value, the inner cluster corén the rest of the cluster; (B) the structural transformation
becomes structurally unstable and develops cavitatiorgccurs on a time scale short with respect to relaxation
accompanied by the formation of point and extendeddynamics, resulting in a strain initially localized at the
defects. Under such conditions oxygen diffusion into thecluster surface. In both cases the cluster is subjected

0031-900796/77(12)/2495(4)$10.00 © 1996 The American Physical Society 2495



VOLUME 77, NUMBER 12 PHYSICAL REVIEW LETTERS 16 BPTEMBER1996

to an unusual state of isotropic stress deriving from the -3,65 ;
expansion of the surface layers upon oxidation.

These conditions have been casted into an atomistic
model of Pd clusters of size comparable to the experimen-
tal samples of Refs. [3,4], whose structural properties have
been studied by means of molecular dynamics (MD) com-
puter simulations under the hypothesis of either homoge-
neous (A) of localized (B) strain. A system of 8851 Pd
atoms was arranged in a truncated-octahedron initial fcc
geometry, resulting in a quasispherical cluster with diame-
ter of about 6.3 nm. The interatomic potential adopted in
this study is derived by a second-moment approximation
of the tight-binding scheme faZ-band transition metals
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shown that the truncated-octahedron fcc geometry is the Isotropic strain

minimum energy configuration in this size range. We de-

fine a “surface region,” comprising the atoms within a shell 20,0 ' ' ' '

of thickness 0.615 nm from the surface (i.e., one potential 0.00+ —e— homo. strain (A)

cutpf!c length) ar)d a “core region,” comprising .aII the re- T o local stain (B)

maining atoms in the cluster. The slow-kinetics mecha- 8 ool

nism (A) was reproduced by imposing a homogeneous, =~ ’

isotropic strain to the whole cluster. To reproduce the g 00

fast-kinetics mechanism (B), in turn, the deformation was 2 ’

initially localized by imposing a homogeneous, isotropic §~ 60,0

strain only to the surface region. In both cases, thermal g

equilibration MD runs af" = 700 K were performed only fg -80,0-

for the atoms in the core region, holding the surface region =

fixed. Thermal equilibration runs lasted about®1ne -100[

steps (1 time step- 10~ 15 sec). (b)
A first series of simulations was performed for the -120 ' ' ' ' '

mechanism (A) at increasing strain valuesThe potential 0 001 002 0’_03 0j04 0,05 0,06

energy per atont/(g) and the internal pressu(¢) (the Isotropic strain

trace of the atomic-level stress tensor [15]), averaged ovefiG, 1. Potential energy (a) and internal pressure (b) for the
the core region, are shown with full symbols in Figs. 1(a)atoms in the cluster core region as a function of the isotropic

and 1(b), respectively. Lattice stability is expressed bystrain: (A) homogeneously applied to the whole cluster (full
nonvanishing second-order variations of the elastic poterfyMbols), or (B) initially localized to the atoms in the surface
tial [16], such that the discontinuity in the curves at about €9'°" (open symbols).
e = 0.04 points to a mechanical instability of the system.inequalities is related to the occurrence of a mechanical
Above this critical value stress relaxation results in the forinstability due to bulk decohesion, “tetragonal” shear (or
mation of a large void inside the cluster core, as verifiedBorn instability”), and “rombohedral” shear, respectively.
by direct inspection of atomic configurations. This quali- Figures 2(a) and 2(b) report the left-hand side of the three
tative behavior is characteristic of lattice decohesion [7]stability criteria at increasing values of strain and at two
the appearance of quasispherical cavitation being the relifferent temperatures. As expected, based on the fact
sult of the hydrostatic stress relaxation [8]. that the strain eigenvector corresponding to hydrostatic
In order to verify the mechanical instability origin of expansion has the same symmetry of the undeformed
this effect, we studied the behavior of the elastic moduliattice, the first instability to occur is always the bulk
of a perfect, infinite Pd crystal at different levels of decohesion, (i) above. The critical strain level which at
hydrostatic pressure. Once the finite-temperature cubi€ = 0 K in absence of thermal fluctuations has the value
elastic moduliCy;, Cj,, andCy4 are determined by means . = 0.080, decreases with increasing temperature. We
of the fluctuation formula of Ray and Rahman [17], thefound, by linear extrapolatiory,. = 0.048 at7 = 300 K
finite-strain stability criteria for a homogeneously imposedand . = 0.040 at T = 700 K. Since the strain value
isotropic expansion derived in Ref. [7] can be expressetharking the discontinuity af" = 700 K in Figs. 1(a)
as (i)(Cy; +2Cpp) + P >0, (i) (C;;y — C12) — P >0, and 1(b) is roughly consistent with the. bulk value,
and (iii) C44 — P > 0, whereP < 0is the pressure value we infer the bulk lattice instability to hold also for the
for a state of hydrostatic tension corresponding to thdhomogeneously strained cluster. The above elastic moduli
imposed isotropic strain. Violation of any of the aboveanalysis demonstrates that, in the considered temperature
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6 T T T T lishes through propagation of a pressure wave, tending
@ to concentrate the free volume towards the cluster cen-
5 . ter. The presence of a centripetal pressure wave has been
£) —O0—bulk clearly detected by evaluating, as a function of time, the
g 4 —O0—Born radial pressure distribution in the core region [18]. For
= —e— shear e < 0.025 the core region keeps its solidlike behavior
'§ 3 . and no stable point or extended defects are found, while
& the centripetal pressure wave is dispersed into homoge-
g 9 4 neous deformation. Above that strain value, in turn, the
< nucleation of a void becomes possible. Figure 3 shows
H 1 A two subsequent equilibrium states of the central section
s of the cluster projected on a {100} fcc symmetry plane:
0 1 L ! at a straine = 0.025, when a small central void is nucle-
0 001 002 003 004 005 ated together with several lattice defects [Fig. 3(a)], and
isotropic strain at a straine = 0.04, vyhen cavitatiqn has taken over _the
whole cluster core [Fig. 3(b)]. While the results obtained
6 . : : . by the application of a homogeneous strain in mechanism
(b) (A) are independent on the system size, the above de-
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FIG. 2. Elastic stability criteria as a function of the homo- '4_4 .3 -2 -1 0 1 2 3 4
geneous isotropic straim in a bulk Pd crystal at different
temperatures: (af = 300 K; (b) T = 700 K. The elastic X [100] (nm)
moduli referred to in the caption dmuilk, Born,and shearare
the left-hand sides of criteria labelled (i), (i), and (iii) in the 4 — ,
text, respectlv.e?y. | o ) L ....:.:.:.:.:.... .
range, the cr|t'|cal _stram'fc.)r mechanical |nstab[l|ty through ..:.;.;oggg%;g;gggg.:..
bulk decohesion is sufficiently low to be attained during 2F ..:.;ogggg‘égogogogogoggo;.:.. .
the cluster expansion. CE eee00 000030000 0 0 Sete, |
A second series of simulations was performed for the = Seaes500” 000005 eses
mechanism (B) at increasing strain valugs Open sym- T of eqedoioos Ot ogeee
bols in Figs. 1(a) and 1(b) show the behavior fs) = *es o0’ LT e
and P(e) in this case. For < 0.25 the negative pres- > -1 ;.;.C;ogooogogogggooogogog@g.;.; )
sure of the inner core decreases and the internal energy ok '-:-20320ggggggﬁogoog%gof.;: i
monotonically increases because the imposed strain in- .0:0222020202828302.:0.
troduces a positive elastic energy contribution. Beyond -3 I 1
e = 0.025 the internal pressure starts decaying to a small, " N L)
finite value, while the energy curve experiences a smooth -4 -3 -2 -1 0 1 2 3 4

inflexion. In this case the stress relaxation mechanism
cannot be associated to the onset of a mechanical insta-

X [100] (nm)

bility because of the absence of any discontinuity. How-IG. 3. Snapshots of thermally equilibrated MD states of

ever, a direct inspection of the atomic structures obtaine
by MD runs ate = 0.025 shows a cavitation phenome-

fhe central section of the cluster, projected on a {100} fcc
symmetry plane, at different values of the strain imposed to the
surface region (represented by the black atoms)z (&) 0.025,

non qualitatively similar to that occurring in mechanism (p) ¢ = 0.04. The position of some lattice defects such as
(A) beyonde.. The equilibrium structure in (B) estab- vacancies{) and dislocationsT) is marked in (a).
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scribed kinetics for mechanism (B) is peculiar to finite-a large spherical void and the tendency to redistribute the
size clusters. Based on the fact that beleyv= 0.025  deformation homogeneously among the system. In this
the strain is always homogeneously redistributed for botlsense, the two values ande,. acquire a meaning and a
mechanisms (A) and (B), we infer that above this (pos{physical origin similar to the thermodynamic melting tem-
sibly size-dependent) limiting strain valeg the enthalpy perature and the “mechanical melting” temperature at zero
of a single, large void inside the cluster becomes smallepressure [19].
than that of a homogeneously strained cluster. The fact The authors with to thank Dr. M. Catalano and Dr. E.
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