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Abstract
We review the mechanical properties of defective roughened surfaces with the major emphasis
on nanoindentation work. We also report novel results in which force versus penetration curves
and AFM images of the nanoindented surface are compared for a flat surface of Au(001) and an
Ar+ bombarded one, both with a high and a low flux of ions. We have found that bombarded
surfaces yield at a lower stress than untreated flat ones. Surfaces bombarded at high flux show a
large roughness and their yield point, marking the onset of surface plasticity, decreases with
respect to that of the flat surface or of the surface bombarded with a low flux. The present
results are compared with earlier work on nanoindented vicinal surfaces in which the sole
surface modifications with respect to the flat surface were the presence of a high density of
steps. It is concluded that a softening effect due to the bombardment-induced nanostructure of
the surface dominates over the hardening one due to defect creation and interaction in the
surface neighbourhood.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent times, the role of surfaces in governing the mechani-
cal properties of solids is being increasingly recognized. This
role turns pre-eminent as the size of the sample falls into the
nanometre range. In the now prevailing realm of nanostruc-
tures, the study of surface mechanical properties becomes,
then, of paramount importance. A good example is provided by
the present surge in the development of microelectromechan-
ical devices (MEMS), a type of device in which a thorough
characterization of their mechanical properties is mandatory.
Most of our present understanding of those properties stems
from studies in metals, most conspicuously in gold. Apart from
being the metal which has been most thoroughly studied, gold
is interesting from the point of view of applications. Good ex-
amples are its continuous utilization in electronic nanostruc-
tures or in the shape of catalyst nanoparticles [1, 2]. In recent
times, nanoindentation has been developed as the technique
of choice to characterize surface mechanical properties [3, 4].
The combination of experimental indentation work [5–9]—
often carried out with the same tip which generates atomic

1 Author to whom any correspondence should be addressed.

force microscopy (AFM) images—with molecular dynamics
simulations has been especially fruitful.

Real surfaces are known to be rich in defects, either
intrinsic or introduced by external manipulation. The role of
pre-existing surface defects on surface mechanical properties
is a particularly important—albeit little analysed—issue. Early
studies [10, 11] have shown that a certain type of such
defects—surface steps—soften the crystal in their vicinity
and more recent research [12] has added support to that
result from experiments on more realistic surfaces, having
further disclosed mechanisms for the referred softening. Ion
bombardment is known to create a very diversified set
of surface point defects—either individual or clustered—
dislocations and changes of microstructure patterns and one
should be aware that all of those features can modify the
surface mechanical properties.

Much experimental and theoretical research has been
done during the last few years to investigate the basic
atomistic processes behind the morphological evolution of
the surface (for recent reviews see [13–15]). There has
also been much work focused on the study on the physico-
chemical properties arising from the structural modification.

0953-8984/09/224023+14$30.00 © 2009 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/21/22/224023
mailto:violeta.navarro@fis.ucm.es
http://stacks.iop.org/JPhysCM/21/224023


J. Phys.: Condens. Matter 21 (2009) 224023 V Navarro et al

For example, reactive [16] and magnetic [17] properties have
been investigated in surfaces previously modified by ion
bombardment. However, nanomechanical properties of these
ion-modified surfaces are probably one of the least studied
set of properties. Although much has been learnt about
the types of ion-induced surface modifications, particularly
in gold [18], the present gaps in our knowledge of defect
kinetics, interactions between point defects and dislocations
and cooperative effects result in the absence of a clear map of
surface and sub-surface defect distribution. In particular, much
would be gained by knowing this distribution as a function
of the external parameters, ion flux and substrate temperature.
A shortage of information about this dependence hinders the
possibility of establishing a clear pathway between surface
structural modifications and surface mechanical properties.

In the present work, we report on new experimental
and simulation results on the correlation between ion-
bombardment modification of metal surfaces and surface
mechanical properties in gold. To place these results in a more
general framework, in section 2 we review, first, our present
knowledge of surface mechanical properties, emphasizing
the information that can be obtained from nanoindentation
experiments. We also review the role of surface defects
on those mechanical properties, with special attention to
defects originated in ion-bombarded surfaces. In particular,
we compare surface defects induced by bombardment with
those introduced by alternative processes. After an overview
in section 3 of the experimental methods and simulation
procedures that we have used, we report in section 4 novel
experimental results on the mechanical behaviour of ion-
bombarded surfaces as compared to unbombarded ones. We
also include comparative results from the simulation analysis
in the different conditions. Specifically, nanoindentation
penetration curves in both types of surfaces are contrasted. The
implications of these results are fully discussed in section 5.
We discuss bombardment effects in terms of a competition
between two opposing factors, both of them arising from
surface bombardment: a hardening factor originating in the
sub-surface defect structure and a softening one originating
from the surface step stepping and patterning. We close with a
section 6 in which we summarize our present knowledge of the
role of surface defects on mechanical properties.

2. Surface defects and mechanical properties:
a review

2.1. Surface defects and nanopatterning with ion
bombardment

There is now a considerable body of knowledge concerning
the defect structure originated in the bulk as a consequence
of particle irradiation, for example, following neutron or high
energy (MeV) He+ irradiation [19]. Less detailed information
is available about irradiation involving ions in the low energy
range, in which the role of surfaces becomes of paramount
importance. On the other hand, low energy ion beam erosion
is, undoubtedly, a valuable tool for nanostructuring surfaces.
Usually, the surfaces are bombarded at saturation fluences

and, depending on the experimental parameters, such as
temperature, ion flux, material properties, incidence angle of
the beam, etc, a wide variety of different morphologies can be
obtained. The physics lying behind these phenomena is based,
basically, on self-organization processes taking place when two
competing trends occur simultaneously: ion bombardment,
which tends to damage the superficial region, and surface
diffusion, which tends to anneal out the generated defects.

The impact of an ion against a solid with an energy
of the order of 1 keV produces the ejection of atoms away
from the material and a cascade of events in a shallow
region below the surface. For fluences smaller than those
corresponding to damage saturation, new types of defects
are left behind after irradiation in both the surface and sub-
surface region of the sample. While the recombination of
the generated defects eliminates most of the damage, a few
defects remain. The most prevailing ones are vacancies,
interstitials and adatoms. Diffusion and atom sputtering
finally favours the relative population of surface vacancies.
In fact, the evolution of surface morphology during ion
irradiation can be explained, under the simplest assumptions,
in terms of the creation, diffusion and clustering of surface
vacancies. Their aggregation form critical nuclei which
usually evolve into larger vacancy islands and, then, to more
complex structures [20–22]. However, we have shown in
the past [18, 23, 24] that reconstructed surfaces show a
wider variety of defects induced by ion bombardment. For
example, in the case of the 5 × 1 hexagonal reconstruction
of the (001) surfaces of fcc Au, Pt and Ir, the first generated
defects resulting from the aggregation of individual vacancies
are not vacancy islands but two-dimensional dislocations.
They result both from the anisotropic character of surface
diffusion and from the relative decoupling between the first and
second surface atomic layers. Other surface defects associated
with the reconstruction appearing after larger ion doses
are orthogonal reconstruction domains and unreconstructed
patches. After increasing the ion dose, multiple atomic levels
are formed due to the clustering of new vacancy islands inside
previously existing islands. An example of the different surface
morphologies dependent on the ion dose is shown in figure 1
for an Au(001) surface.

If the ion flux is sufficiently high (its threshold value being
temperature-dependent), competition between the two trends
mentioned above takes place and a rough surface with a relative
good lateral order, in the form of ripples or craters and mounds,
may become apparent2. In the case of Au(001), we have
shown that, under normal beam incidence, a quite well-ordered
chequerboard pattern is recognized for high ion fluence and
flux [26]. A similar pattern has been reported for Ag(001) [27].

It is worth noting that the extent of the structural damage
is not limited to the upper layer. As is well known,
after a sufficiently high temperature annealing of a rough
surface, a flat surface is recovered. However, we have
observed [6, 18, 28] that, if this annealing is not large or
long enough, sub-surface interstitial loops are formed in the
otherwise defect-free pristine terraces. In an Au(001) surface

2 Other papers in the present issue of this journal are devoted to this
nanopatterning.
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(a) (b)

(c) (d)

Figure 1. STM images of the Au(001) surface bombarded with
increasing Ar+ doses (doses measured in units of ML+, equal to one
ion per unreconstructed gold Au(001) surface). The doses are
approximately, from (a)–(d): 0.05 ML+, 0.25 ML+, 0.5 ML+ and
5 ML+. The configuration of the defects are: (a) (83 × 83 nm2)
two-dimensional dislocation dipoles in the form of elongated defects
and pairs of single two-dimensional dislocations, indicated by A and
B in the figure. (b) (81 × 81 nm2) vacancy islands and other kinds of
defects stemming from them. (c) (45 × 45 nm2) unreconstructed
surface regions (A) and reconstruction domains rotated 90◦ with
respect to the original direction. The inset shows a profile. (d)
(86 × 86 nm2) multiple atomic levels, as a result of the nucleation of
vacancy islands inside previously existing vacancy islands.
Reproduced with permission from [25].

these loops have the structural configuration of a truncated
hillock (also called mesa). These loops are most likely
originated by the diffusion and aggregation of sub-surface
interstitials formed during ion irradiation. As we shall discuss
later in the text, the existence of both surface and sub-surface
defects in ion-bombarded surfaces must be considered for the
study of nanomechanical properties of these modified surfaces.

2.2. Mechanical properties of surfaces

As every textbook recognizes, mechanical properties of
solids are controlled by defects and, more specifically, by
dislocations [29]. Solids yield at a much lower resolved shear
stress, τc, than the one theoretically predicted for an ideal
crystal because pre-existing dislocations initiate glide at these
much lower stresses, resulting in an irreversible slip of compact
planes on each other. Had these dislocations not been present
in the crystal, the shear stresses necessary to trigger this slip
process—usually called theoretical resolved shear stress, τth—
would be of the order of τth ≈ μ/2π , where μ designates
the shear modulus of the crystal. Albeit, experimentally τc is
orders of magnitude smaller than τth. Hardness, H , is another
important mechanical property, if not the easiest one to define

accurately. It is supposed to be a property of the bulk, not of
the surface of the material. Hardness has been traditionally
measured by indentation tests. This is due to the fact that
traditional indentations involves penetrations of the order of
microns or more and are supposed to probe the bulk of the
sample. Size effects at the nanoindentation level are beginning
to be explored in nanostructures [30]. Bridging the gap
between bulk-and surface-dependent mechanical properties
has received comparatively little attention [31].

In the present work, we are interested in exploring the
mechanical properties of ion-bombarded surfaces. As ion-
bombardment damage is relatively shallow, it is unlikely
that bulk-sensitive properties are much affected. Surface
mechanical properties, in contrast, are expected to be modified.
In order to specifically explore surface mechanical properties,
nanoindentation has been developed [3, 4, 32] and we shall
devote most of this section to reviewing the knowledge
obtained therefrom. Nanoindentation does not simply involve
a reduction of scale with respect to larger scale indentation
(including microindentation) but activates new mechanisms
which are not operating in the bulk [33]. Although the
details are still open to discussion [34], a combination of
experimental [35–40] and simulation [41–43] work discloses
the following trends. Locally, around a nanoindentation, yield
is controlled by dislocation-loop nucleation and the stress
required to nucleate a dislocation loop is much higher than the
one required to move pre-existing dislocations—as is the case
in the bulk, probed by indentations in the micrometre range. In
fact, the former resembles the value theoretically predicted for
an ideal crystal, τth. This special behaviour of surfaces is due
to the fact that the concentration of pre-existing dislocations in
the effective volume around the nanoindentation contact point
is practically free of defects [44]. One can naively state that
surfaces have mechanical properties which are similar to those
of an ideal (defect-free) solid.

In the present section, we shall discuss the information
on mechanical properties of surfaces which has been gathered
from earlier nanoindentation experiments. Most of the
quantitative information about the deformation processes
from nanoindentation experiments is obtained via penetration
curves, in which external force (also called load), F , is
recorded as a function of penetration, h. We shall compare
the properties of nearly-perfect flat surfaces of those of real-
crystal surfaces. Real crystals are not surrounded by ideal
surfaces, i.e. surfaces that correspond to perfect low-index
crystal planes. On the one hand, surfaces are seldom free
of steps, isolated or in bunches, resulting from either small
miscuts in the directions of cleavage or from the very process of
lapping. Also, many types of other surface defects, e.g. surface
vacancies, adatoms, vacancy islands, dislocations, etc, can be
present either as a left-print of the processing of the material or
from the intentional introduction of these defects by a number
of different methods. Those due to ion irradiation have been
described in section 2.1.

Along the penetration curve, one can distinguish two main
stages of the deformation process: elastic and plastic. For each
stage, we first review the current understanding of ideal (or
quasi-ideal) surfaces and then turn to the discussion of surfaces
with defects and/or nanopatterning.
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2.2.1. Elastic region. At the beginning of a penetration curve,
there is always an elastic stage. It is characterized by: (i) the
penetration curves are fully reversible and (ii) upon retraction
of the tip, there is no visible trace left in the surface. In
microindentation tests, often a spherical indenter is used. This
is not the case in nanoindentation where, most often, tips in the
shape of pyramids or conical shapes are employed. However,
for small penetrations—as is the case in the elastic region—
practically any tip can be approximated by a spherical sector;
we shall call R the radius of the corresponding sphere. As will
be shown later, this approximation is in good agreement with
the experimental data.

In terms of the theory of elasticity, a full analysis of the
penetration curve of a spherical tip on a plane surface has
been first performed by Hertz [45]. Although more recent
models, such as the JKR [46] or DMT [47] models, have
included adhesion terms in the tip–sample interaction, we have
neglected them in our study. Except for the jump-to-contact
and the pull-out forces, adhesion forces do not show up at
the elastic part of the indentation curve and this often shows a
good Hertzian behaviour. At the nanometric scale (with forces
well below 1 μN), the literature shows that, whenever the
elastic ranges of the nanoindentation curves have been fitted
to a model, this has been the Hertz model most of the times.
Furthermore, as we will show in section 3.1, we have used a
diamond tip to reduce adhesion effects.

Hertz, in his model, showed that the force, F , and
penetration, h, are related by

F = 4
3 R1/2 E∗h3/2 (1)

where E∗ is the reduced Young modulus, given by

1

E∗ = 1 − ν2

E
+ 1 − ν

′2

E ′ (2)

where the primes denote the elastic parameters of the tip. One
uses the reduced modulus E∗ to account for the deformation of
the tip itself. It can be shown that one can work the theory as
if the tip were infinitely hard on condition that equation (2) is
substituted for the Young modulus of the sample.

The geometry of the contact is shown in figure 2. From
simple geometry, the radius of the contact circle between tip
and sample, a, can be written in terms of hc, the distance from
that circle to the maximum penetration depth:

a2 = R2 − (R − hc)
2 = 2Rhc − h2

c (3)

which, for small penetrations, hc/2 � R, characteristic of the
elastic stage, reduces to

a2 = R2 − (R − hc)
2 = 2Rhc. (4)

A most important result of Hertz’s analysis is that the
contact circle is situated at the half-depth of the maximum
penetration, h [45]. Consequently, hc = hz = h/2 and one
can write

a2 = Rh. (5)

The strength of the nanoindentation is characterized by a
mean contact pressure (MCP), p̄, defined as the external force

surface
R

a

hc

hz

h

Figure 2. Geometry and basic parameters in spherical indentation.

divided by the area of the contact circle. In terms of the
penetration, one can write

p̄ = F

π Rh
. (6)

The value of the Young modulus, E , which is obtained by
fitting the experimental data to equation (1) and, further, using
equation (2), gauges the stiffness of the material. From the
physical point of view, it is worth noting that E is directly
related to the bonding of the atoms. Contrary to other
mechanical properties, such as the yield strength, stiffness is
relatively insensitive to the previous treatments of the sample.

Although much effort has been devoted to understanding
the variations of elastic moduli following ion irradiation in
insulators and semiconductor thin films, metallic surfaces have
not conveyed much interest. As we mentioned above, elastic
moduli depend basically on the bonding of each atom to
its neighbours and, in the case of insulators, bond-breaking
following ion irradiation is expected to be very efficient.
However, in the case of metals, electron screening would tend
to reduce bombardment effects and the high mobilities (at
room temperature) of point defects would also minimize the
contribution of bond-breaking to the elastic moduli.

In some cases, the values of E∗ obtained from
nanoindentation experiments by using equation (1) are seen
to decrease upon surface irradiation [12]. Note that in those
experiments the surface acquires a nanostructured pattern,
equivalent to a high density of steps, resulting in many surface
atoms with a distorted environment. Consequently, intrinsic
changes in E would not have been entirely unexpected.
However, care has to be taken in the interpretation of the data as
the measured value of E∗ can be affected by external elements;
for example, the formation of surface steps might considerably
reduce the area of contact, leading to a real value of p higher
than the corresponding one on the flat surface. This would
result in an underestimation of E∗. On the whole, although
there are hints, one cannot conclude that there is convincing
evidence of a variation of the stiffness in irradiated surfaces.

2.2.2. Plastic region: flat surfaces. The transition from
an elastic to a plastic regime is marked by the appearance
of a series of discontinuities [37] in the penetration curve,
which are usually named ‘pop-ins’ [48, 49]. In figure 3 we
show an example of our recent work in Au(111) where the
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Figure 3. Discontinuities (‘pop-ins’) in the nanoindentation curve of
Au(111) at the onset of plasticity. Inset: penetration curve in the
plastic region. Note that the slope (a measurement of hardness) is
practically constant. Reproduced with permission from [8].
Copyright 2006 by the American Physical Society.

appearance of those pop-ins has been unequivocally associated
to dislocation generation around the nanoindentation point.
Permanent traces visible by AFM are also left behind upon tip
retraction. While the appearance of the pop-ins can be directly
related to dislocation processes, the reciprocal is not necessary
true [50, 51].

Nanoindentation allows us to explore a very small
effective volume around the nanoindentation where surface
properties are effectively probed. The yield point marks
the transition from the elastic to plastic regimes. The
corresponding MCP, p̄Y can be obtained from the penetration
curve by using equation (6), leading to

p̄Y ≈ F

π RhY
. (7)

The experiments show that the surface yields at a value
of the mean contact pressure similar to the one expected
from an ideal crystal. There are a number of examples in
different metallic surfaces, namely in gold [8, 10, 37] or
aluminium [52]. In figure 3 we show an example from our
work in Au(111) [8]. There, by using equation (7), one
obtains, for Au, a value of 2.5 GPa < p̄Y < 6 GPa,
which indeed is comparable to the ideal crystal value μ/2π .
Simulations carried out by us and other groups confirm that
homogeneous nucleation of dislocations take place below the
terraces precisely when the maximum shear stress reaches the
region of values corresponding to the critical resolved shear
strength of an ideal crystal. This viewpoint is consistent with
the measurements of Kiely and Houston [37] on the value
of p̄Y as a function of surface normal orientation in Au.
Although they obtained different values of p̄Y for the three
main orientations, the projected maximum shear stress was
found to be the same within experimental error.

Insight into the mechanisms involved in the different
stages of the penetration curves is much reinforced when

AFM images corresponding to these stages are brought into
comparison. Our systematic studies using both scanning
tunnel microscopy (STM) and AFM have shown that there
are different types of dislocation configurations which are
generated following surface nanoindentation. We have
discussed their morphology and dislocation fundamental in
previous publications [53] and shall not go into them in detail
here. A particular type of defect is worth remarking though:
dislocation loops with some of their sides in a screw orientation
(called ‘screw-loops’). Once they are generated, these screw-
loops can glide and cross-slip, resulting in the creation of
surface steps that can be used as landmarks of their kinetics.
An example of these processes is shown as figure 4. Note that
not all the dislocations loops generated by the nanoindentation
are visible by these techniques. Loops that, after being
generated, glide into the bulk do not leave that kind of steps
behind although they may certainly contribute to the concave
traces remaining in the surface after tip retraction.

2.2.3. Plastic region: surfaces with defects. There is a wide
variety of surface defects, either intrinsically generated in the
course of sample preparation or deliberately inserted following
specific treatments. The simplest ones are, perhaps, surface
steps. There are well-established procedures to create them,
even in ordered arrays, and their characterization is easier than
that of point defects.

When surfaces are cut with a slight miscut angle with
respect to a compact plane normal, the system relaxes to a
periodic array of steps. These arrays can be identified either by
the split of their LEED spots or by direct imaging with STM
(or, at times, with AFM). LEED data also indicate long-range
order and homogeneity of the surface. This is a adequate model
system for a real surface, which commonly consists of more or
less wide terraces separated by (often monoatomic) steps, the
latter frequently clustering in bunches. Therefore, steps tend to
be ubiquitous in all surfaces.

Steps are expected to locally modify plastic behaviour.
In particular, the nucleation of a dislocation loop near a
step might be expected to require a smaller energy than on
the centre of a wide terrace. Experiments carried out with
different configurations involving steps have confirmed those
expectations. On an Au surface, Corcoran et al [10] found that,
at the onset of the plastic region, the penetration curve near
a bunch of steps ran below (softer surface) the corresponding
one at the centre of a terrace. These results were confirmed
by Kiely et al [54], which carried out the same type of
measurement on a terrace near to and far from a single step.
They measured a yield about 35–45% lower near the single
step. They also found that the extension of the influence zone
of the step far exceeded the diameter of the contact circle of
surface and tip. Some of these results were reinforced by
atomistic simulations [11], in which dislocations were seen to
nucleate at lower stresses near the step. Whereas the critical
resolved shear at the terrace was found to be of the order of the
theoretical shear strength of the material, the value at which
loops nucleated in the neighbourhood of the step was found to
be about 40% lower.
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1 12
2

[110]

[110]

Figure 4. STM images of two successive nanoindentations superimposed on the same point of an Au(001) surface (the two frames below are
magnified images). One can see (1) a screw dislocation which stays immobile after the second nanoindentation whereas a second screw
dislocation (2) cross-slips in different {111} planes. Both the one-interatomic-distance high terrace steps and the superposition of terraces act
as landmarks of the process. The scale of the top images is (530 × 530 nm2). Reproduced with permission from [53]. Copyright 2003 by the
American Physical Society.

(a) (b)

Figure 5. (a) Force, F , versus penetration, h, nanoindentation curves on flat (circles) and stepped (squares) Au surfaces; (b) statistics of yield
stress values in both surfaces. Inset: indentation curve followed by retraction. Reproduced with permission from [12]. Copyright 2008 by the
American Physical Society.

To create an environment more akin to real surfaces, we
compared a flat Au(111) surface with a neighbouring Au(788)
vicinal surface, in which a periodic range of steps covers the
whole surface [12]. For either orientation, we carried out
force versus penetration curves, at different maximum loads,
and analysed the resulting surface damage by AFM. At the
same time, we carried out atomistic simulations in order to
visualize, at the atomic level, the processes taking place during

dislocation nucleation and motion. The main results can be
summarized as follows: (1) after a plastic, reversible, stage
in which both surfaces follow a Hertzian model, the vicinal
(stepped) surface yields—departs from a Hertzian curve—at a
smaller load, p̄Y, than the flat one (see figure 5). (2) The flat
surface transits directly between the elastic and plastic stages
at p̄Y, the transit being marked by the generation of a series of
pop-ins. The stepped surface has a different response: along a

6
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region which we named the intermediate stage, the penetration
curve gradually bends down, deviating continuously from
the Hertzian shape, with no detectable pop-in. The parallel
simulations carried out show that this behaviour arises from
preferential dislocation nucleation beneath the surface steps.
Progressing in the load, one ends up in the fully plastic stage,
with ordinary pop-ins appearing in the penetration curve. (3)
When the tip is withdrawn at a point in the intermediate state—
before the full plastic state is reached—most of the dislocation
loops generated beneath the surface steps retract and vanish,
leaving behind a perfect crystal.

Three main conclusions can be drawn: (a) surface steps act
as dislocation-loop nucleation sites with low activation energy,
providing a clear example of heterogeneous defect nucleation
under mechanical stress, (b) there is substantial dislocation
activity prior to the appearance of pop-ins in the penetration
curves and (c) contrary to common belief, a considerable
fraction of the dislocations generated by the nanoindentation
is unstable, being in equilibrium only in the presence of the
indenting tip.

The above results are relevant to the subject of the
present report because bombarded surfaces are rich in surface
and sub-surface defects. In particular, surface steps arising
from the interaction of ion-induced surface point defects are
conspicuous, either in an ordered or in a disordered state.
These steps are expected to co-exist with other types of surface
and sub-surface defects also induced by the bombardment
and the results shown hereafter aim at discriminating those
contributions.

It is, then, expected that bombarded surfaces can have
a different response to nanoindentation than normal-perfect
ones. The experiments discussed for the first time in sections 4
and 5 of the present paper aim at analysing that different
behaviour.

3. Experimental and computational details

3.1. Experimental details

Indentations are usually performed by applying a perpendic-
ular force onto a surface with an appropriate tip (indenter).
The relative geometry of tip and sample in a surface with de-
fects is shown in figure 6. In order to quantify the mechanical
properties of the solid under analysis, the mechanical proper-
ties of the indenter and its geometry must be known before-
hand. Traditionally, macro- and microindentation tests have
been performed with relatively large tips and mechanical actu-
ators, whereas, more recently, indentation with nanoindenters
or atomic force microscopes (AFM) have allowed indentations
at the nanometric range. In this case, the size of the indenta-
tions is of the order of nanometres, while the size of the applied
forces may be as small as tens of nanonewtons. Since the me-
chanical properties of a material, such as its hardness or Young
modulus, may depend on the length scale, in some cases they
need to be specifically determined for the nanoscale. A suit-
able tool for performing nanoindentations is the AFM, using
the tip as the indenter although one should be aware that care
has to be given to a number of checkings and corrections [55].

45 nm
AFM tip

40 nm 4 nm

(100)

(100)

Au(100) nanostructured

Figure 6. Geometry and basic parameters of the indentation on
ion-bombarded surfaces. See details in the text.

AFM data have been treated with WSxM software [56]. The
radius of the AFM tip is of the order of tens of nanometres and
in special cases even smaller. In most cases, the same tip used
for indenting can also be used to image the surface before and
after performing the indentations. By analysing the modifica-
tion of the surface after having performed the indentations, we
can get a qualitative and quantitative idea of the mechanisms
governing the deformation of the material [57].

When indenting with the AFM, the tip is placed on a
specific point of interest over the sample located in the AFM
image mode. To switch to the indentation mode, the feedback
that controls the oscillation of the tip, or the deflection of the
cantilever, is switched off as well as the cantilever oscillation
in the case of the amplitude modulation mode. As the
piezoelectric moves the sample towards the tip, the latter
penetrates into the sample. The cantilever supporting the tip
can be modelled as a spring which obeys Hooke’s law with a
spring constant k, characteristic of the cantilever and usually
supplied by the manufacturer. In order to obtain an F versus
h curve, the voltage, V , of the photodiode is measured as a
function of the displacement of the piezoelectric �. Figure 7
shows an example of this data for a diamond tip penetrating
in an Au(001) flat surface, with the loading and unloading
sections. Adhesion effects are negligible compared to the
indenter force as deduced from the absence of clear jump-
to-contact or pull-out forces. To account for the cantilever
deformation, a second penetration curve using a reference
diamond surface is used. When pushing against this reference
surface, the piezoelectric displacement �′ is assumed to be
due only to the cantilever deflection. For every value of the
deflection voltage, the force, F , is then obtained as F = k�′
and the effective penetration h = � − �′. The choice of
the origin of force is the most conspicuous source of error.
The origin of the curve is chosen when tip and surface sample
are far away, so they do not interact. One would not expect,
then, any deflection of the cantilever. However, the attractive
component of the tip–sample interaction and related adhesion
phenomena complicate the selection.
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an Au(001) surface being indented by a diamond tip, with loading
and unloading sections.

The tip and cantilevers used for indenting need to be
carefully chosen depending on the material under study. There
are two factors to take into account: the material from which
the tip is fabricated and the stiffness of the cantilever. The tip’s
material should have both a Young modulus and a hardness
much higher than that of the material under study; otherwise
most of the deformation would take place in the tip, leading
to unacceptable errors. Also the cantilever has to be stiff
enough to let the tip penetrate inside the solid without excessive
spring deformation. We have used silicon and diamond tips.
The former, because of the spring constant and small radius,
have the advantage of resolving the surface topography and
the generated defects better. But quantitative results, such
as those shown in figure 5, from which the yield stresses
are determined, have all been obtained with the diamond tip.
This reduces possible artifacts related to tip deformation and
adhesion. The spring constant for the diamond tip is k =
223 N m−1, as measured by the manufacturer individually
for each tip. All AFM experiments have been carried out in
ambient conditions.

To carry out the ion bombardment in UHV conditions, an
Ar+ ion beam is generated with a differentially pumped ion
gun, its direction being normal to the surface. The sample is
then transferred outside the chamber to perform the mechanical
tests. To ensure a uniform dose in a square area of the sample
with a side of a few millimetres, the beam is scanned in
two perpendicular directions. The beam current density is
measured with a Faraday cage. Because of the beam rastering,
the ion current at a given point in the surface is not constant.
The values for the fluxes appearing in the present work refer
to the average value during a complete scan. In the present
work we refer to a high flux (� = 4 × 1013 ions cm−2 s−1)
and to a low flux (� = 2 × 1012 ions cm−2 s−1). We
usually measure the fluences, θ+, in units of ML+, where
ML+ = 1 stands for a fluence of one incident atom per
surface atom on the Au unreconstructed surface (1 ML equals
1.20 × 1015 atoms cm−2). In all bombardment experiments,
the fluences were high enough to ensure that sub-surface defect

saturation had been reached. For both high and low ion fluxes,
the fluences exceeded θ+ > 30 ML+.

3.2. Computational details

The simulations carried out in the present work are atomistic.
The interatomic potential used is the embedded atom method
for Au [58], which belongs to a wide and extensively used class
of potentials, suitable for metallic systems. Computational
atomistic simulations using this interatomic potential have
already been carried out in our group to simulate surface plastic
deformation in flat [18] and defective [12] surfaces, having
shown a close agreement with the experimental measurements
carried out in parallel.

Simulation cells, with lateral periodic boundary conditions
and (001) top surface orientations, contain up to a few million
atoms, depending on the specific simulation. The bottom
layer is kept rigid, so that the whole system is not displaced
downwards during indentation. Cell lateral dimensions are
continuously scaled to keep the diagonal lateral components
σxx and σyy of the stress tensor equal to zero. The nanoindenter
is simulated as a spherical purely repulsive potential, thus
ignoring all possible attractive and adhesion forces during
approach and contact. The indenter radius varies between
40 and 100 Å. In every indentation step the nanoindenter
position is lowered in steps of 0.01 or 0.02 Å. The whole
system is then fully relaxed in this new configuration with a
conjugate gradient minimization algorithm until system energy
is minimized.

Sub-surface defects, in particular interstitials, are
introduced in the simulation cell by randomly choosing their x
and y coordinates and by generating a Gaussian distribution in
z, centred around z0 = −10 Å. Interstitials are initially placed
in octahedral sites. Then a mild annealing at 300 K is applied
during a few picoseconds to relax the structure. To visualize
the simulated system the software AtomEye [59] is used.

4. Mechanical properties of ion-bombarded surfaces:
experimental results

We have compared the response to nanoindentation, and in
particular the onset of plasticity, in three types of Au(001)
surfaces: flat (untreated) and bombarded with a high or low
flux (numerical values above). We have measured by AFM
the surface roughness after ion bombardment at saturation;
comparative images are shown in figure 8. The differences
between the two levels of flux are obvious. Measuring
the surface roughness, σ by the peak-to-peak amplitude
of the maximum vertical atomic displacement, for surfaces
bombarded at high flux the surface roughness is σ = 4 ±
1 nm. This roughness is one order of magnitude smaller after
bombardment at low flux, about σ = 0.4 ± 0.1 nm.

Nanoindentation F versus h curves have been obtained on
the three types of surfaces. Results for mechanical parameters
such as yield stress are known to exhibit a broad scattering.
In part, this is due to the inhomogeneities of the surface but,
also, to the intrinsic stochastic nature of the indentations [39].
To minimize the errors and to check reproducibility, we have
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Figure 8. AFM images of (a) a flat Au(001) surface, (b) the same surface bombarded at saturation with low flux and (c) high flux of Ar+.
Quantitative scans of surface profiles along the dotted lines are shown as (d) for the low flux and (e) for the high flux. In each case, height (z)
versus horizontal (x) coordinate are shown. Note that the roughness of (c) is an order of magnitude larger than that of (b).

usually carried out matrices of indentations. An example is
shown in figure 9 in which nine nanoindentations with the same
nominal maximum penetration are shown. Note the excellent
reproducibility of the permanent traces left behind upon tip
retrieval.

An example of the AFM images after indentation with a
matrix involving successively increasing maximum penetration
depths is shown in figure 10. The corresponding penetration
curves for some of the matrix indentations are shown on its
right-hand side. It is worth remarking that, below a certain
threshold, no permanent trace is left behind after retrieval and
this coincides with the absence of pop-ins in the penetration
curves. The correlation between the appearance of pop-ins and
the existence of permanent traces is patent.

It is worth remarking that piled-up material and terraces
formed after indentation follow the preferential directions
corresponding to the most compact atom rows 〈110〉. This is
evidence that re-location of material is due to the movement
and gliding of dislocations [26, 60, 61]. Notice also that, for

not too large penetrations, the rearrangement of the dislodged
material around the indentation is controlled by the geometry
of the atomic arrangement at the (100) surface.

The first stage of the force versus penetration curves
corresponding to indentations for all three materials follows
a Hertzian behaviour. The point at which these curves deviate
from the Hertz model is taken as the yield point. In figure 11
we compare the penetration curve on a flat surface with the
corresponding curve on a surface bombarded with a high flux.
Note the significant descent in the yield stress of the latter.
More quantitatively, the yield points of many indentations on
the flat and modified surfaces are plotted in the same figure as
a FY versus hY diagram. Although the scattering is significant,
some trends emerge. Bombardment of the surface at high flux
reduces the yield point of the surface with respect to the flat
one whereas there is, at most, a slight change when the surface
is bombarded at low flux. Comparing with the AFM images,
one concludes that there is a significant correlation between
surface roughness and decrease of the surface yield stress.
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Figure 9. (a) AFM image of nine indentations performed at the same maximum applied load with a diamond tip on Au(100) surface sputtered
at low flux, (b) and (c) force versus distance curves for loading and unloading of two of the indentations. These show the excellent
reproducibility on both the traces left and also on the force–distance curves.

A large scattering of the data is characteristic of this kind of
experiment, partly due to the intrinsic stochastic character of
the yielding process [39].

5. Mechanical properties of ion-bombarded surfaces:
analysis and discussion

In order to analyse surface mechanical properties, we propose
the existence of two main competing mechanisms in ion-
bombarded surfaces. Each mechanism is associated with a kind
of structural defect, either at the surface or below it. The ion-
induced roughness is, at the atomic level, constituted by many
surface steps along the two equivalent directions, arranged to
form a network of nanometric mounds and pits. We have
already argued that stepped vicinal surfaces tend to lower the
yield stress, but one must keep in mind that in vicinal surfaces
all steps are equivalent [12]. The consequence is that the
most incipient half-loops are nucleated in the same slip plane,
leaving little chance for dislocations to interact. In contrast,
for the case of ion-modified surfaces, all four types of steps co-
exist: two (one ascending and one descending) for each 〈110〉
direction. No specific slip plane is thus preferred and all are
active in a spatial range of a few nanometres. This, in principle,
allows that half-loops nucleated along different slip planes may

intersect below the surface and form locks [62, 63]. Thus, a
mechanical softening behaviour of rough surfaces, as has been
shown in the case of stepped ones, cannot be ascertained a
priori.

The other contribution to the mechanical response comes
from sub-surface defects such as interstitials and vacancies.
The interaction of point defects with dislocations is one of
the most studied topics in the field of mechanical properties
of materials [64]. Apart from the equilibrium spatial
distribution of point defects around dislocations, based on
elastic and thermodynamic criteria, their mutual interaction
also affects dislocation motion. In general, point defects tend
to lock dislocations through different mechanisms [65] and,
consequently, augment the hardness of the solid. This idea
is behind many of the technical processes aimed at hardening
materials.

Our experimental results, displayed in figure 11, show
a decrease of the yield point in ion-bombarded surfaces at
high flux. To gain insight into the balance between the two
competing mechanisms in ion-bombarded surfaces, we have
performed atomistic simulations of nanoindentation processes
under two different conditions. Here we report on simple but
realistic cases which help to understand the observed trends
and which may contribute to the bridging of the gap between
model and real surfaces. In the first group of calculations, we
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Figure 10. (a) and (b) show AFM images of indentations performed with a silicon tip with increasing maximum applied load on (a) Au(100)
flat surface and (b) bombarded at high flux. Piled-up material around the indentations follows the two preferential directions 〈110〉
characteristic of this surface. This indicates a gliding mechanism of the dislocations formed upon indenting for the propagation of the
dislodged material. (c) and (e) show force versus distance curves within the elastic regime for indentations at the lowest load. These
indentations do not leave traces on the surface. (d) and (f) show force versus distance curves at the highest applied load where the two
regimes, elastic and plastic, can be observed.

have simulated the surface roughness with model protrusions
in the form of stepped pyramids (see figure 12). In the second
group, we have modelled the role of sub-surface defects by
introducing vacancies and interstitials below an initially flat
and structurally perfect surface. Three different pyramids
with different inter-step separation have been indented. The
inter-step distance is constant for every pyramid, governing
also its constant slope. In this way we simulate protrusions
or asperities with different slopes defined by their faces,
i.e. with different local roughnesses. During the indentation
simulations, the indenter has initiated the mechanical contact
directly onto the centre of the pyramid, which is first elastically
and then plastically deformed. Figure 13 shows the simulated
indentation F–h curves for the four cases. If we define
surface hardness as being proportional to the force required to
penetrate a given depth, we can conclude from figure 13 that a

protrusion always shows a reduced hardness compared to a flat
surface. Moreover, the more stepped the pyramid is (the shorter
their inter-step distance is), the softer it is. In this respect
pyramids show, qualitatively, a similar mechanical response to
stepped surfaces [12]. No dislocation interaction, eventually
leading to local hardening, seems to show up. Dislocation
kinetics, monitored with the snapshots during the simulation,
show the interaction of the loops nucleated in all four different
slip planes, but they do not seem to form stable locks under
the applied pressure of the indenter. These results extend the
general idea of a reduced hardness in stepped surfaces to the
case of nanostructures such as the pyramids under study.

To simulate nanoindentation on surfaces with previous
sub-surface point defects, we use a simplifying model
involving either single vacancies or single interstitials. We
have already referred to the difficulties in knowing the exact
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Figure 11. Comparison of force versus penetration curves for flat (open green circles) and sputtered (closed red circles) at high flux Au(100).
Elastic regime for both fits well to a Hertzian behaviour (dashed black line), which terminates at the yield point for each surface. (b)
Distribution of the yield points for various curves corresponding to the flat (green triangles), sputtered at high flux (red circles) and low flux
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before after

Figure 12. Example of a simulated pyramid, before (left) and after being indented (right). The top atomic levels are squashed by the indenter
and traces of plastic deformation are visible in the faces.

configuration of sub-surface defects. In any case, the presence
of interstitials after irradiation is demonstrated by the fact that
we have observed, after mild annealing, surface defects of the
mesa type [6, 18]. These type of defects derive from interstitial
half-loops whose nucleation requires diffusion and clustering
of individual interstitials. The initial interstitial disc forms
a dislocation half-loop, which subsequently gives rise to the
mesa. The number of interstitials in the latter is of the order of
≈103.

In the present simulations, interstitials are observed to split
in a dumbbell configuration during the simulated annealing.
In this arrangement, the extra volume of the interstitial is
shared by two atoms along a 〈110〉 direction. In other words,
two equivalent atoms share one regular lattice site. The
dumbbell is a frequent configuration known to take place in fcc
metals. The indentation curves indicate a surface hardening
behaviour. They reflect a slightly increasing hardness for the
surfaces with self-interstitials and vacancies, with respect to
flat surfaces. Moreover, this hardness increases with increasing
defect concentration. The same qualitative behaviour is

observed for sub-surface vacancies, although the effect is not
as large as for self-interstitials.

From the results obtained by experiments and simulations
we can conclude that the mechanical softening effect of
surface defects associated with its roughness dominates over
the hardening effect of sub-surface defects.

6. Conclusions

The main conclusion of the present work is that surface
irregularities, deviating the position of the surface atoms from
those of an ideal surface, always decrease the yield stress
of a surface, the controlling mechanism being related to a
lowering of the barriers required to nucleate dislocation loops
at the surface. Previous work, reviewed here, had shown that
multiple-stepped surfaces had a lower yield stress than low-
index flat ones. In ion-irradiated surfaces, two competing
mechanisms operate: one of increasing surface roughness—
somehow equivalent to stepping the surface—and another one
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Figure 13. Simulated F–h curves of nanoindentation on (a) stepped pyramids (left) and (b) surfaces with interstitials placed below the surface
(right). In the case of the pyramids, their inter-step distance decreases from P1 to P3 (and thus their steepnesses increase from P1 to P3). A
nanoindentation curve on a flat surface is shown for comparison. For the case of the interstitials, two different defect concentrations are
compared, again together with the case of the flat surface (with no defect concentration).

of increasing the concentration of defects at the surface and
sub-surface level. Whereas the first one tends to soften the
material, the second one tends to harden it and it is not
obvious which one will prevail. We have shown that ion
bombardment at high flux indeed reduces the onset of surface
plasticity in ion-bombarded gold and, consequently, that the
softening contribution of the roughening of the surface is
dominating. Simulations of model systems involving surface
defects confirm that trend.
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