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Nanosized Metal Clusters:

Challenges and Opportunities

Jeff Th.M. De Hosson, George Palasantzas, Tomas Vystavel, and Siete Koch

This article presents challenges
and opportunities to control the
microstructure in nanostructured
coatings using ananocluster source. The
cluster size distribution is monodisperse
and the kinetic energy of the clusters
during deposition can be varied.
Interestingly, the clusters are grown
in extreme non-equilibrium conditions
leading to metastable structures of
metals and alloys. Because one avoids
the effects of nucleation and growth on
a specific substrate, one may tailor the
properties of the films by choosing the
appropriate preparation conditions.

INTRODUCTION

In the microstructure of a nanostruc-
tured coating, two key factors determine
material strength: the concentration
of lattice defects and the details of
the numerous interfaces, including the
topology of the triple points between
the interfaces. The challenge to design
a nanostructured coating that is free of
defects that degrade the structural and
functional behavior. For hard coatings,
the key is to avoid grain boundary
sliding. For toughness, however, more
compliant (amorphous) boundary layers
might be more beneficial: Boundary
sliding may have a positive effect on
wear-resistant coatings by optimizing
the ratio of hardness to stiffness.!* Grain
boundary sliding seems to limit the
furtherincrease in hardness of superhard
nanostructured coatings that are mainly
used for dry machining tools. Also,
Coble creep may occur at the higher
temperature of dry machining.’ Initially,
dislocation motion is thought to become
suppressed upon grain refinement but
softening is expected if grain bound-
ary diffusion dominates over bulk
diffusion.

As a rule, all the phases in a nano-

structured coating must be made of
strong material and the grain boundar-
ies made sharp by optimizing the
hardness/stiffness ratio. However, this
rule may not always apply. For instance,
grain boundary ledges that generate
dislocations may become increasingly
important in the production of disloca-
tions at smaller grain sizes. When the
grain size drops below 20 nm or so in a
homogeneous nanostructured material,
the number of triple junctions per unit
volume becomes appreciably large.
Since the triple points possess disclina-
tion character, they may contribute
substantially to the ductility of nano-
composites and softening is expected
at the smallest grain sizes.!? The
misorientation across short grain
boundaries in nanostructured materials
may only be partly accomplished by
grain boundary dislocations, and at
small sizes the number of disclination
dipoles will be increased. Further,
crack deflection, crack branching,
intergranular fracture, and transgranular
fracture are probably much different in
these nanostructured materials than in
their micrometer-sized counterparts.

In evaluating the performance of a
nanostructured coating, it is essential to
examine the defect content as well as
the microstructural features, namely,*
grain size dispersion, distribution of
interface misorientation angles, and
internal strains. Clearly, defects such as
microcracks can completely mask the
intrinsic strength of the nanostructured
coatings. In the past, the low E-modulus
of nanostructured materials often has
been attributed to the unusual grain-
boundary structures present, but this
phenomenon is actually determined by
the defect structure, such as porosity.
Further, that control of the grain-size
dispersion is extremely important in the

experimental design of these coatings.
A nanostructured material with a broad
grain-size dispersion will exhibitalower
overall flow stress than a material with
the same average grain size but with a
much smaller grain-size distribution.
Consequently, experimental control over
the grain-size distribution is important
when investigating materials design of
nanostructured coatings.

This article presents challenges
and opportunities to control the
defect content and microstructure in
nanostructured coatings via a relatively
new approach: using a nanocluster
source. An important point is that the
cluster size distribution is monodisperse
and that the kinetic energy of the
clusters during deposition can be varied.
Interestingly, the clusters are grown
in extreme non-equilibrium conditions
that result in metastable structures of
metals and alloys. Moreover, because
one avoids the effects of nucleation
and growth on a specific substrate one
may tailor the properties of the films by
choosing the appropriate preparation
conditions of the preformed clusters.

In general, the crystal structure
of nanosized particles depends on
temperature and composition. In many
cases, the particles have a polyhedral
form with various degrees of truncation.
These shapes occur due to surface energy
minimization for particles formed at
equilibrium, or because of kinetics
where the shape is determined by the
rate at which different crystal faces
grow. The combination of factors such
as temperature, kinetics, impurities, and
surface energy effects could lead also
to unusual nanoparticle shapes and size
distributions. Therefore, it is crucial to
study these controlling factors in detail
with high-resolution transmission-
electron microscopy (TEM).
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Figure 1. (a) A TEM picture of one iron
cluster exposed to air. Lattice fringes
correspond with {110} planes of bulk
o - iron; (b) elemental mapping using
energy-filtered TEM.

NANOCLUSTER SOURCE

In this study, cluster deposition was
performed using a NC200U nanocluster
source manufactured by Oxford Applied
Research.’ It is based on the gas-
aggregation technique developed by
Haberland and co-workers,® using a
magnetron-sputtering device to create an
atomic vapor. Briefly, due to collisions
with argon atoms, metal atoms lose
energy and combine to form clusters,
which are subsequently jet-propelled
through a nozzle to form a cluster beam.
The sputtered atoms combine in a flow
of argon at a pressure of 4 - 1072 Pa. The
chamber base pressure in this study
was ~107¢ Pa, and the magnetron power
was set to ~75 W (300 V and plasma
current ~0.25 A).

The morphology and properties of
cluster films depend strongly on the
cluster impact energy. Generally, three
regimes can be distinguished: low
energy (~0.1 eV/atom), medium energy
(~1-10 eV/atom), and high energy (>10
eV/atom).” The low and medium energy
deposition produces films with clusters
that stay rather intact upon impact.

However, these are porous (preserving
their high surface-to-volumeratio, which
isimportant for other applications such as
catalysis) and weakly adhering films. On
the other hand, high-energy deposition
may lead to cluster disruption and strong
anchoring with the substrate.

In this study, clusters were deposited
directly on Si,Ni, and carbon support
films with a thickness of 20 nm for
TEM analysis.® Growth-front aspects of
copper nanocluster films deposited with
low energy (soft landing films) onto
silicon substrates at room temperature
were investigated by atomic force
microscopy (AFM).?

STRUCTURE AND
COALESCENCE OF
NANOSIZED CLUSTERS

Iron-Based Systems

Studies of nanometer-scale magnetic
clusters are of particular interest because
of potential applications in high-density
magnetic recording media. Because a
large fraction of atoms in nanoclusters
(~5 nm) are surface atoms, the mechani-
cal, thermal, and magnetic properties'®-'2
are quite different from their bulk
counterparts. Although many investiga-
tions of low-temperature physical
properties of magnetic nanoclusters have
been performed,'>'° only a few studies
have been conducted on nanosized
cluster properties at higher tempera-
tures.?° The latter are necessary because
device operation might lead to heating
and alteration of structural components
that may affect performance. The
challenge is to study the structure of
nanometer-sized iron clusters and their
response to high temperatures with
in-situ TEM experiments.

Transmission-electron microscopy
observations showed clearly a uniform
cluster size. The TEM analysis of the
as-grown clusters indicates that an
oxidation process occurs as long as the
sample is exposed to air, even during
sample transfer from the cluster-source
apparatus to the transmission-electron
microscope. The typical cluster, shownin
Figure 1a, is composed of an iron-oxide
shell?! with a thickness of approximately
2 nm and the iron core with a typical
diameter a 5 nm. Based on electron-
diffraction studies as well as lattice-
spacing measurements of the metallic

core, the crystal structure is found
to correspond to body-centered cubic
(bee) iron.

However, the original shape of the
clusters is altered by the oxide shell
formation. Various types of oxide shell
can form around the iron clusters. The
most abundant form of iron oxide is y
— Fe,0,,” while in the present system
Fe,O, can not be excluded, either.
Indeed, Dupuis et al.?! studied iron thin
films (<100 nm) composed of 2—-6 nm
diameter clusters and found that 20%
of their sample had been converted to
both Fe,0, and y—Fe,O,. The oxidation
ofironrequires the addition of oxygen to
the cluster, which results in an increase
of the cluster size. However, the shell
of oxide is thermally unstable due to
its nanometer-scale thickness (~2 nm)
against even moderate cluster annealing
at temperatures T~T /3, in which
T, . is the melting temperature of bulk
iron (T . = 1,538°C). In-situ TEM
annealing at a pressure of ~10-2 Pa was
performed to study the development of
the cluster structure. At 500°C, cluster
fusion starts to take place. There is no
evidence for surface diffusion of the
individual clusters. Figure 1b shows
the decomposition of the iron-oxide
shell during annealing. No iron-oxide
phase is detectable either by elemental
mapping or by diffraction studies.
Nevertheless, an elemental map of
oxygen indicates that it is present
beyond the cluster area (Figure 1b). A
sample drift during elemental mapping
can be excluded as the orientation of the
oxygen areas clearly indicates (arrows
in Figure 1b). After annealing and

100 nm

Figure 2. A dense iron nanocluster film at
650°C. At this temperature, nanocluster
fusion takes place.
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Figure 3. Lattice imaging of an iron
nanocluster after in—situ annealing in
TEM. The drawings are a<100> projection
of truncated rhombic dodecahedron with
a schematic explanation of the truncation
fraction A,/ A,.

thermal break up of the oxide shell that
surrounds the iron clusters, the crystal
structures of the remaining clusters
remain bce. Clusters that are in contact
merge to form larger ones (see also
Figure 2), while isolated clusters stay
intact and are rather immobile.

The most stable structures® for
medium-sized clusters (100-10,000
atoms) calculated using an empirical
many-body potential function are
the bce rhombic dodecahedron with
12 pseudo-close-packed {110} faces
(having lowest surface energy for
bce structures,? as is supported by
calculations using density functional
theory?), and the icosahedron, which
is favorable for smaller clusters. A
transition from icosahedron to bcc
rhombic dodecahedron is predicted for
cluster sizes of approximately 2,000
atoms.? Another possibility for stable
iron clusters can be cuboctahedron
(face-centered-cubic [fcc]) and truncated
decahedron,?* which could be feasible
for clusters smaller than those in the
present work.

A typical iron cluster observed after
the in-situ heating experiments is shown
in Figure 3. The actual shape of the
cluster is difficult to identify in the case
of the <111> projection. In contrast, the
shape of the <100> projection (Figure 3)
leads clearly to the principal possibility
that this shape corresponds to truncated
rhombic dodecahedron exposing 12
{110} faces, six {100} faces, and eight
{111} faces. The truncation of theoreti-
cally envisaged rhombic dodecahedron
increases the spherical shape of the
cluster although it also increases the

fraction of the energetically less favor-
able faces. The degree of truncation
can be described by A /A, (Figure 3)
based on the Wulff construction. When
AJA, = 0, there is no truncation of the
rhombic dodecahedron, while A/, =
1 represents a fully truncated shape
(i.e., a cuboctahedron). An average
experimental value of the A/, fraction
is A /A, = 0.565 + 0.05, which yields
the fraction of surface energies ¥,,/Y,,,
= 1.02. The ratio between the surface
energies can simply be derived from
AN, =2 — A/2(Y,,/ Y, Tor a rhombic
dodecahedron. This result confirms
comparable surface energies of {100}
and {110} planes found by quantum
mechanical calculations.? Structural
characteristics of reformed clusters
(either isolated or generated by fusion
of other clusters) differ from former
theoretical predictions regarding calcula-
tions of stable structural forms since
the results of this study favor truncated
polyhedron for relatively large cluster
sizes. The theoretical calculations
concern static properties at 0 K of free
clusters, ignoring temperature effects
and cluster dynamics.?

Niobium-Based Systems

Niobium is used as an example of
cluster coalescence because it is a non-
magnetic transition metal and offers
relative simplicity in the relationship
between structure and functional cluster
properties. Niobium atoms form strong
directional chemical bonds that lead to
well-defined structures. The majority of
studies on niobium clusters thus far have
focused on systems with a rather small
number of atoms per cluster (<30), their
special physical properties (ionization
potential, electron affinity, and atomiza-
tion energy as a function of cluster
size),”?’ and structural properties.?
Research on the dynamic aspects of
larger niobium clusters as a function
of temperature has been very limited.
It has been suggested that niobium
nanoparticles possess a truncated
rhombic dodecahedron crystal.? The
authors explored the crystallography of
nanometer-scale niobium clusters, in
addition to any cluster-cluster interac-
tions and structural transitions that
might occur under in-situ heat treatment
up to a temperature of 800°C.

To ensure that the niobium remained

intact with a bec structure, as diffraction
analysis indicated, deposition occurred
at room temperature and at low energy.
No oxide shell was detectable as in
the previous case of iron clusters,
and the deposited clusters did not
collapse or exhibit structural instabilities
under electron-beam irradiation. The
temperature of 800°C is the highest that
the Si,N, substrate can withstand.

As is shown in diffraction analysis,
considerable structural changes occur
as a result of the heat treatment. The
first, detectable at 300°C, is the slight
shift of the 110 peak. The maximum
shift is observed at 500°C, where the
shift represents an expansion of the
lattice parameter by approximately 7%,
which is at the initial stage of the
bee-to-fee structural transformation.
The structural changes are due to
oxidation of the clusters, with NbO
(cubic monoxide) to be the most likely
structure since it is known to form under
low oxygen pressure.* This is typical
for the ambient vacuum of ~10~7 Torr
during in-situ heat treatment inside the
TEM. In addition, the electron energy
loss spectroscopy (EELS) performed
after annealing shows clearly the pres-
ence of the oxygen in an analyzed area,
leaving no doubt of the formation of
niobium oxide.

The crystal structure at room tem-
perature, shown by the <111>projection
having a hexagonal shape, corresponds
to a rhombic dodecahedron, while
hexagonal <110> and square <100>
projections were also found. The case
of untruncated dodecahedron yields
surface energies of v,,/v,,, = \/2, and

Figure 4. Two niobium nanoclusters after
heat treatment at 800°C; no coalescence
is observed.
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this is in agreement with the fact that
the {110} faces have the lowest surface
energy for bec structures.?

Figure 4 illustrates that cluster
coalescence events were not observed
even at rather elevated temperatures of
T =T,/3 (with T,; = 2,750 K and T,,
= 2,210 K, the melting temperatures of
bulk niobium and NbO, respectively),*!
although the melting temperature of
clusters will be lower than T,, due to
its dependence on cluster diameter.323
The driving force for coalescence is the
diffusion of atoms on the cluster surface
from the regions of high curvature
(where they have fewer neighbors
and therefore are less strongly bound)
toward the regions of lower curvature.
The absence of coalescence supports
the hypothesis that the cluster melting
temperature is close to the bulk value.
Long coalescence times have also been
attributed to the presence of facets on
the initial cluster surface that persist and
rearrange during coalescence.?

Indeed, for faceted nanosized clusters,
the diffusion of surface atoms has
been observed to be slow even at
temperatures 200°C below the melting
point, allowing very few atoms to move
a significant distance away from the
contactregion. Experiments have shown
that shape evolution is very slow
in the presence of facets for three-
dimensional crystallites.®> Both experi-
ments*® and computer simulations® on
two-dimensional islands suggest that
the presence of facets can be effective
in slowing down the coalescence
process. More work is underway to
get a quantitative understanding of
nanoparticle coalescence by including
crystalline anisotropy in the surface dif-
fusion theory of Mullins and Nichols.?’

Comparison of Iron and Niobium

When comparing nanosized clusters
of niobium andiron (both corresponding
to a bee system) prepared with the same
source under identical conditions, the
as-depositediron clusters were enclosed
by an oxide shell of thickness ~2 nm
while, for niobium, any oxide shell is
undetectable with oxidation occurring
upon further heat treatments at elevated
temperatures. Indeed, upon heat treat-
ment up to temperatures as highas T /3,
the iron cluster coalescence was fast
with the clusters fully fused into larger

ones. After disintegration of the oxide,
the crystal habit of the annealed iron
nanosized clusters was a truncated
rhombic dodecahedron. Nevertheless,
no significant change was observed in
niobium cluster size after heat treatment.
Indeed, even if the whole cluster was
oxidized forming NbO, since for the
niobium and NbO the volume per atom
is 1.808-102 nm? and 2.541-10-2 nm’,
respectively, that would lead to a size
of Dy,/dy, = 1.12. The latter yields an
incrementin size of, at most, 12%, which
could be observed by high-resolution
TEM. However, the presence of the
delocalization effect around the cluster
edges can hide small size increments of
the order of 10%.38

GROWTH OF NANOSIZED
CLUSTER FILMS

Few studies have explicitly considered
scaling aspects of the surface morphol-
ogy for nanosized cluster films and their
relation to microscopic film growth
mechanisms. Moseler et al.** reported an
Edwards-Wilkinson type of growth for
highly energetic (~5 eV/atom) copper
clusters onto silicon. Growth studies for
low-energy (<0.5 eV/atom) deposited
carbon clusters on silicon and copper
by Buzio et al.,* using AFM, yielded
roughness and growth exponents of,
respectively, H = 0.64-0.68 and [
= 0.42-0.50 (largely independent on
the average cluster size, although
the presence of large particles within
the cluster beam induced significant
morphology fluctuations). For carbon
particles the covalent bonding prohibits
cluster coalescence.

This example provides an analysis
of low-energy copper nanosized cluster
deposition with a narrow size distribu-
tion. The film surface morphology was
characterized in air (relative humidity
~45%) using a Digital Instruments
Dimension 3100 AFM, which was
operated in tapping mode*' to mini-
mize damage of the film surface. The
cantilever oscillation amplitude was
maintained by a feedback loop with
a set-point value of ~1.0 V. Clusters
could be attached to the tip resulting
in distorted images due to multiple-tip
effects. Image reproducibility was
verified by repeated scans over the
same area to exclude any tip effects.
The AFM tip and cantilever are an

integrated assembly of single-crystal
silicon (produced by etching). The
tip radius is <10 nm with a side
angle of <10°. Transmission electron
microscopy on simultaneously exposed
Si,N, membrane substrates revealed
a supported cluster size of the order
of 10 nm, comparable to the AFM tip
radius. Although isolated clusters can be
resolved with AFM, tip convolution has
a significant influence on the observed
lateral size of such clusters.*?
Uponimpingement of copper clusters
on the silicon substrate, cluster coales-
cence and partial submersion into the
substrate surface occur. Figure 5 is a
deflection image that shows the change
of the cantilever deflection amplitude
recorded simultaneously with the height
data. The time T can be estimated for
two spheres of radius R, to coalesce
and form one sphere by grain boundary
diffusionas t=[A(k,T)/V v, (OD)IR.*
(X/R)%* in which A= 0.0125 V=
9.1 x 1073° m? represents the volume
of one copper atom, Y, = 1.75 J/m? is
the surface energy of copper (for Cu
(001)), and (8D) =2 x 10"* exp(-105
kJmol-!/RT) m?/s is the grain boundary
diffusivity of copper, and & is the
interface width along which diffusion
occurs.** The factor (X/R) is the ratio
between the neck size and the cluster
radius. In the initial stage with a small
X/R, such as 0.1, T = 0.25 s at room
temperature for R, = 5 nm. Therefore,
sucha process occurs reasonably quickly
during cluster deposition. Furthermore,
the presence of a rim around the
clusters (see Figure 5) indicates a partial
submersion into the substrate, whereby

150 nm

Figure 5. An AFM deflection image (scan
size 1 um) of an open copper nanocluster
film showing partial submersion into the
silicon surface.
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clusters are partly covered by substrate
material. This can be explained by the
higher surface energy of copper than that
of silicon (y5,= 1.4 J/m?). Submergence
is driven by large capillary forces
on the clusters, and it occurs if the
cluster has sufficient kinetic energy and
significantly higher surface energy than
the substrate.*

For each film, the height-difference
correlation function g(x) = <[h(x) —
h(0)]?> > in the fast scan direction was
computed, with h(x) the surface height
at lateral position x (<h(x)> = 0). The
results were averaged over five AFM
topography images (with 512 points/line
scan) acquired at different locations
on the film surface (Figure 6). For a
self-affine rough morphology, g(x) =
p2x2 for x << & and g(x) = 2w? for x >>
& (with & the lateral correlation length
and p o< w / £ the average local surface
slope). The rms roughness amplitude
w can be obtained from the saturated
regime of g(x), while a double log-plot
at shorter length scales yields the
roughness exponent H. As H decreases,
the surface becomes more irregular
(jagged) at short length scales (x << &).
Finally, the intersection of power-law
and saturation lines gives the correlation
length & = 2w?2/ p?)H,

The height distribution P(h) shows
deviations from pure Gaussian behav-
ior. To quantify this point further,
the authors calculated the skewness
S= j h3[P(h)/J P(h)dh]dh / w?, which
isameasure of the distribution symmetry
around a reference surface level. For a
Gaussian distribution S = 0, while in the
present case for all film thicknesses
of S >0, indicating that the h <> —h sym-
metry is broken. This can be attributed
to a non-linearity associated with the
dependence of growth on the local
surface inclination.*®

The growth of the rms amplitude w

Figure 6. The height-difference correla-
tion function vs. lateral scale x. The
actual scan size in the measurement
of g(x) is 2 um. The linear fit yields the
roughness exponent H = 0.49 + 0.03.
The saturation regime is w = 6.7 nm,
and the correlation length is & = 31 nm,
which is comparable with the average
particle size in (a), the AFM image
(scan size 500 nm). (b) shows that
the rms roughness amplitude w grows
as a power law with deposition time
t. The fit yields an exponent § = 0.61

4 8 12 16 20
b t (min.)

is quantified by the growth exponent
=0.62 +0.07 as w t# (see Figure 6b).*
The roughness exponent H was found to
be H = 0.45 + 0.05. The average local
surface slope p (< w /EM ) increases
with deposition time as a power law p
o< t¢ with ¢ = 0.73 = 0.09, which is even
more evidence of surface roughening.
Although the rms amplitude w increases
with growth time, the correlation length
€ saturates to a value ~34-40 nm for later
stages of growth, indicating the develop-
ment of limited lateral correlations.

Due to the influence of the finite
AFM tip curvature, the actual roughness
exponents H might be slightly smaller
than the obtained values of H = 0.45
+ 0.05,% but they appear to be close to
thatpredicted by the KPZ (Kardar-Parisi-
Zhang) model, H = 0.4.51:32 In this model
the dominant relaxation mechanisms are
desorption or the formation of pores.*
However, the different growth exponent
(B = 0.62) than that of the KPZ scenario
(Bgp, = 0.25) can be attributed to local
diffusion processes that eventually lead
to cluster coalescence.

Surface diffusion of deposited clusters
(as a whole) would result in a different
roughness exponent (i.e., H > 0.6).5354
Moreover, during early deposition stages
(prior to film closure) the diffusion
coefficient of a deposited cluster scales
with the size or number of atoms n
within the clusteras D, =D, /n¢ (¢ > 0).
This will lead to very small diffusion
coefficients (D, << D, ) for clusters
much larger than 10 nm. In fact, for
¢ = 0.3-1.7 and n = 3.6 - 10° (for
cluster diameter 10 nm), the ratio can
be estimated at D /D, = 0.02, which
excludes the diffusion of entire copper
clusters to play a predominant role as a
surface relaxation mechanism.

The asymmetrical height distribution
and the measured scaling exponents
indicate a complex non-linear roughen-

+0.07.

ing mechanism, dominated by porosity.
The film-growth mode has similarities
with the KPZ scenario, where a deposited
cluster becomes part of the aggregate
when it meets another cluster. However,
it appears that subsequent local cluster
coalescence effects cause deviations
from a pure KPZ type of growth. The fact
that the low-energy deposited films may
have asignificant porous structure is also
revealed by mechanical nanoindentation
tests (Figure 7). The hardness and
modulus values lie below those of solid
copper. Clearly, these findings are related
to the internal film structure, which is of
significant complexity. Analysis by TEM
indicates that the deposited clusters
might be composed of sub-grains (see
Figure 7b).

CHALLENGES AND
OPPORTUNITIES

Aninteresting route for future research
is to explore the energy of deposition
as an experimental parameter. High-
impact energy deposition has been more
than a shining success in producing
exceptionally good (smooth and highly
adhering) coatings.>® This is because
diffusion and local rapid annealing of
the constituent atoms follow cluster
fragmentation. As a consequence, hills
and valleys are removed, producing
very smooth films. Moreover, the cluster
fragmentation enhances the formation
of nucleation sites and adatom diffusion,
allowing the formation of epitaxial
coatings at room temperature despite a
25% lattice misfit (i.e., AlI/Si(111)).%

Besides these more or less granular
structures of nanosized grains in the
design part of nanocomposite coatings,
one can also change the dimensional-
ity in the system, (e.g., a significant
enhancement of the mechanical stability
can be expected in nanostructured
multilayers with different chemical

44

JOM e January 2004



102

101 -

100 -

H (GPa), M (GPa)

5nm

Figure 7. (a) The nanoindentation measurement of hardness and modulus for a 110 nm
thick copper film as a function of nanoindentor penetration depth. (b) A high-resolution
TEM image where arrows indicate within a cluster the presence of different crystallographic
orientations suggesting a sub-grain polycrystalline structure.

compositions). The design parameters
are the wavelength of the compositional
modulation and amplitude. At smaller
wavelengths (several nanometers),
coherence strain effects may dominate
the hardness increase rather than the
image forces of dislocations, which
become partially cancelled across the
interfaces between very thin layers or do
not exist because of the dislocation line
tension problem. The authors contend
that the physical idea of long-range
stress fields of dislocations should be
dropped at these dimensions. This aspect
provides interesting opportunities for
challenging theoretical and experimental
research. In nanocluster deposition,
multilayers with and without a graded
structure in the direction perpendicular
to the surface can be produced and offer
largely unexplored areas.
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