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Foreword to the French Edition

Nanomaterials constitute an important branch in the burgeoning field of
nanoscience. Size reduction can lead to a whole range of new physicochemi-
cal properties and a wealth of potential applications. However, access to these
nanostructured entities requires the development of suitable methods for their
elaboration.

This book, aimed at MSc or PhD students and young engineers, research
scientists and teachers, provides a complete review of all relevant aspects from
the fabrication of nanomaterials able to carry out new functions to the self-
assembly of complex structures.

Part I provides a theoretical description of the basic principles and fun-
damental properties of nanomaterials, whilst Part I treats the physical and
chemical properties of nanoscale structures. Methods for designing and fabri-
cating such structures are then discussed in Parts IIT and IV.

In Part V, a great many industrial applications, some still under develop-
ment, are used to demonstrate the significant economic potential of these new
structures and their consequences in various areas of everyday life.

Supramolecular chemistry can provide novel ways of moving forward in
this domain. Indeed, molecular recognition phenomena, based on molecular
information, can be used to form supramolecular materials in a spontaneous
but controlled manner, by self-organisation starting from their components.
Self-organisation processes thus represent a powerful method for building func-
tional nanomaterials, which may provide a way of avoiding ever more delicate
and costly nanofabrication and nanomanipulation processes.

It seems fair to hope that the meeting of supramolecular chemistry with
materials science will soon open up new lines of development in nanoscience
and nanotechnology. The present work lays the foundations on which these
prospects may be pursued.

College de France, May 2006 Jean-Marie Lehn
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The present book Nanoscience II — Nanomaterials and Nanochemistry has
been designed as the natural continuation of Nanoscience I — Nanotechnology
and Nanophysics. It seemed to us to provide an essential complement, consid-
ering the significant developments and economic potential of nanomaterials.
Many applications of nanomaterials will undoubtedly use current technology,
with a few modifications. However, as work proceeds in this area, there is
every reason to think that the new properties they give rise to will also lead
to major industrial developments.
The chapters of the book are grouped into five main parts:

e The fundamental physicochemical principles and the basic features of mat-
ter on the nanoscale.
The basic properties relevant to this state of matter.
Methods for designing nanomaterials and nanoparticles.
Fabrication processes for nanostructured bulk materials and nanoporous
materials.

e A selection of current and future industrial applications.

As a guide to the layout of the book, let us recall a few general ideas.

First of all, what is meant by the term ‘nanomaterial’? From an etymo-
logical standpoint, it would not appear to be very explicit. Indeed, the prefix
‘nano’ used in scales of physical units means one billionth, or 10~?, of the rel-
evant unit. In the present case it refers to the nanometer, or one billionth of a
meter. When we use the term nanomaterial, we are thus specifying an order
of magnitude of a geometric dimension. But then what is it in nanomaterials
that is of nanometric dimensions?

To answer this question, we must now consider the second part of the term,
viz., ‘material’. A material is matter that has been transformed or adapted
to be able to fulfill some particular function. One can say that this matter
has been functionalised. Many materials we use and which appear to the
naked eye to be of a perfectly continuous constitution are in fact made up of
grains of crystallised matter with dimensions often of the order of the micron
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(one millionth of a meter, or 107%m). This is true in particular for most
metals and ceramics in common use, but it is not the case for glasses and
so-called plastics, which are amorphous, or can be considered as such for the
purposes of the present discussion. These micrometric grains are of course
very small compared with the dimensions of the objects generally made with
such materials. However, they are very large compared with the dimensions
of the atoms that make them up. Indeed, atoms have diameters ten thousand
times smaller than these grains. Consequently, there are some (10%)3 = 1012
or a thousand billion iron atoms in a grain of steel of diameter 1 micron.

Forty years ago, it was realised that the properties of certain materials
could be modified, improved or adapted in specific ways if, during the fabri-
cation process, the grains making them up could be made much smaller. The
first ‘nanomaterials’ were born. They can be found today in many and varied
fields of application, from cosmetics, through magnetic and electronic record-
ing devices to precision cutting tools. Further research and new developments
are under way to invent or improve novel nanomaterials, exploiting the way
their properties depend on grain sizes.

More recently, over the past twenty years or so, the term ‘nanomaterials’
has also sometimes been used to refer to matter in which the atoms make
up assemblages with dimensions of the order of a few nanometers. A priori,
these assemblages, known as clusters, have nothing in common with nano-
materials as they were previously defined. By their very nature, these new
materials, unlike their predecessors, can only be conceived on the nanometric
scale. However, they too can exhibit quite exceptional properties and are cur-
rently the subject of much scientific interest both on the level of fundamental
research and for their prospective applications. The elaboration of memory
cells on a quasi-molecular scale can be cited as one of the most exciting of
these prospects.

To get a clearer idea of the distinction between these two families of nano-
materials, let us take the example of solid architectures made from carbon
atoms:

e In the solid state, carbon is known to occur in two crystal forms: graphite
and diamond. Both can be produced in the form of very small grains, a
few nanometers in size. Carbon can therefore be produced at least in the
form of a powder, comprising nanograins of graphite or diamond. One thus
seeks to establish how the properties of graphite or diamond will vary with
the grain dimensions.

e Furthermore, it has now been known for around twenty years how to make
a type of molecule known as a fullerene, the most familiar being Cgq, which
comprises 60 carbon atoms. We have also discovered, even more recently,
how to create another special kind of architecture from carbon atoms,
namely carbon nanotubes. Cgg like the nanotubes is neither graphite nor
diamond reduced to the nanometric length scale. They are both entirely
novel entities, totally different from the traditional forms of solid carbon.
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Conceptually, therefore, there seem to be two large families of nanomaterials
and hence two communities of research scientists which have evolved inde-
pendently of one another. These two communities can be distinguished in the
following ways:

by the nature and spirit of the fundamental research they carry out,

by the applications, which are conventional for the first community because
they generally seek to improve or optimise the performance of a material
that is already known and used in the same field, e.g., greater data or
energy storage capacity, increased hardness or greater aptitude for plastic
deformation, etc. In contrast, the prospective applications are completely
novel in the second family of nanomaterials, e.g., carbon nanotube mem-
ories, implying basic computer processing units on the molecular scale!

However, this distinction cannot be so clearly made in the case of metals. After
all, is there a fundamental distinction between a cluster of silver atoms and
a nanometric silver grain? Can we not consider a silver nanograin containing
10 x 10 x 10 = 10? atoms as a rather large silver cluster? Is this not an
artificial distinction between the two communities and the two concepts of
what constitutes a nanomaterial?

From a historical perspective, the distinction between these two commu-
nities and the two concepts would appear to be justified. One community,
using the so-called bottom-up approach, started with the atom and built up
nano-objects from there, while the other, adopting a top-down approach set
out from standard bulk materials to design and produce the same materials
but made up from nanometric grains.

Likewise, the development of processes and products based on advanced
knowledge of the chemistry of molecular or particle synthesis, or supramole-
cular chemistry, will lead to a wide range of objects with novel properties as
regards strength, optics, electronics, magnetism, biology, and so on.

In the end we should therefore arrive at a single physicochemistry of nano-
objects, a multiscale physicochemistry that will take into account the organ-
isational state and properties of nanograins as a function of their size or the
number of atoms making them up.

Université de Bourgogne, Dijon, May 2006 Jean-Claude Niépce
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1

Size Effects on Structure and Morphology
of Free or Supported Nanoparticles

C. Henry

1.1 Size and Confinement Effects

1.1.1 Introduction

There are two ways of approaching the properties of nanoscale objects: the
bottom-up approach and the top-down approach. In the first, one assembles
atoms and molecules into objects whose properties vary discretely with the
number of constituent entities, and then increases the size of the object until
this discretisation gives way in the limit to continuous variation. The relevant
parameter becomes the size rather than the exact number of atoms contained
in the object.

In the second case, one considers the evolution of the properties of a sample
as its size is whittled down from macroscopic toward nanometric lengths. It is
this approach that we shall examine here, whilst mentioning zones of overlap
and exclusion between the two approaches.

1.1.2 Fraction of Surface Atoms

Consider a homogeneous solid material of compact shape (let us say spherical)
and macroscopic dimensions (let us say millimetric). Most of its properties will
be related to its chemical composition and crystal structure. This is what is
traditionally studied in the physics and chemistry of solids. For an object
of this size, the surface atoms comprise a negligible proportion of the total
number of atoms and will therefore play a negligible role in the bulk properties
of the material. Note, however, that surface atoms will nevertheless play a
predominant role in properties involving exchanges at the interface between
the object and the surrounding medium. This is the case, for example, when
we consider chemical reactivity (and catalysis) and crystal growth, which are
discussed later in the book.

It can be seen from Fig.1.1 that, when the size of the object is reduced
to the nanometric range, i.e., < 10nm, the proportion of surface atoms is
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Fig. 1.1. Proportion of surface atoms for a spherical particles comprising N, atoms
with Ny at the surface

no longer negligible. Hence, at 5nm (around 8,000 atoms), this proportion

is about 20%, whilst at 2nm (around 500 atoms), it stands at 50%. This

proportion can be estimated for the transition metals by the relation
Ny 1

N, N 3R (1.1)

where R is the radius in nm. This empirical law gives a proportion of surface
atoms of 100% for a size of 1 nm. Of course, (1.1) is no longer valid for smaller
dimensions. We shall see that the fact that a large fraction of the atoms are
located at the surface of the object will modify its properties. To tackle this
question, we shall need to review certain physical quantities associated with
surfaces, namely the specific surface energy and the surface stress.

1.1.3 Specific Surface Energy and Surface Stress

The specific surface energy v (J/m?) can be represented as the energy pro-
duced by cleaving a crystal divided by the surface area thereby created. More
generally, the specific surface energy can be defined as follows. In order to
increase the surface area of an object by an amount dA, e.g., by changing the
shape of the object, the work required to do this will be

AW = ~dA . (1.2)

7 is the specific surface energy. In this case, the area of the object has increased
by displacing atoms from the bulk to the surface. However, one could also
increase the area by stretching it, i.e., keeping the number of surface atoms
constant. The work required to do this will then be
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dW = gijdA s (13)

where g;; is the surface stress in J/m?. This is a tensorial quantity because
it depends on the crystallographic axes. The surface stress is related to the
elastic stresses resulting from deformation of the surface (strain). It is related
to the specific surface energy by

R (1.4)

where wu;; is the strain tensor and 6;; the Kronecker symbol. Note that for a
liquid there is no strain tensor and g;; = ~. Indeed, if one tries to increase the
surface area of a liquid, the bulk atoms will move to the surface to keep the
density constant. The surface stress reduces to the specific surface energy.

1.1.4 Effect on the Lattice Parameter

Let us now consider the effects of the increase in the surface-to-volume ratio as
the object size decreases. To do this, we consider first the very simple case of
a liquid sphere of diameter 2R. Due to the curvature of the surface, a pressure
is generated toward the inside of the sphere. The excess pressure AP inside
the sphere, in the purely hydrostatic case, is given by the Laplace equation

APAV = ~ydA (1.5)

where dV is the volume change corresponding to a change dA in the area of
the droplet. In the case of a sphere, (1.5) takes the form

2y
AP = — . 1.6
- (16)
For a spherical solid, the specific surface energy must be replaced by the
surface stress tensor g;;. To simplify the problem, consider the case of a solid
with simple cubic structure. In this case, 7y is isotropic and we have

d
gzv—s—Aﬁ. (1.7)

Moreover, we may recall the definition of the compressibility, viz.,

AV

-0 1.
X AP (1.8)

where v is the atomic volume of the solid, which can also be defined as a®,

where a is the lattice parameter. Combining (1.5) and (1.8), We obtain the

relative variation of the lattice parameter:
Aa 2 g

_ 9. 1.
- 3Xg (1.9)
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Fig. 1.2. Contraction of the lattice parameter of copper clusters as a function of the
reciprocal of their diameter. Circles correspond to measurements of electron energy
loss near an ionisation threshold (SEELFS). Taken from De Crescenzi et al. [1]. The
straight line shows measurements of X-ray absorption (EXAFS). Taken from Apai
et al. [2]

We thus find that there is a contraction of the crystal lattice due to the
pressure exerted toward the interior of the particle. This contraction is pro-
portional to the surface stress and inversely proportional to the particle size.
The lattice contraction in nanometric particles has been observed on many
occasions. Figure 1.2 shows the change in lattice parameter for copper clus-
ters, measured by the electron energy loss technique known as SEELFS and
also by X-ray absorption near an ionisation threshold (see below).

Determination of Local Order in a Material. EXAFS and SEELFS

These two techniques exploit the absorption of energy by an atom under the impact
of a beam of X-ray photons or high-energy electrons.

The first of these, also the oldest, goes by the name of extended X-ray absorption
fine structure (EXAFS). It refers to fine structure spectroscopy in the vicinity of
an X-ray absorption threshold. An X-ray photon is absorbed by a given atom in
the material, exciting an electron from an inner electron shell to an unoccupied
state above the Fermi level, which corresponds to a well-defined energy for each
type of atom, whence the chemical sensitivity of the method. The excited atom
relaxes by emitting an electron whose wave function interacts with neighbouring
atoms. If the atoms are in a crystal lattice, interference will occur between the wave
function of the photoelectron and the wave functions of neighbouring atoms. This
will cause a change in the absorption of X rays by the target atom (and neighbouring
atoms), which will be detected in the form of low amplitude oscillations in the X-ray
absorption spectrum near the chosen atomic absorption threshold. A full analysis of
this technique can be found in [3].

In practice, carrying out a Fourier transform of these oscillations, one obtains
the radial distribution of atoms in the vicinity of the target atom (up to a phase
factor). For example, if we consider a solid with NaCl-type structure and examine
a sodium threshold, we find a first peak in the radial distribution corresponding
to the Na—Cl separation, followed by a second peak corresponding to the Na—Na
separation, and a third peak corresponding to the second Na—Cl separation. The
intensities of the various peaks are proportional to the number of atoms in the
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considered coordination sphere. This technique can thus be used to measure the
local order in monatomic or multiatomic materials. In contrast to X-ray diffraction,
it can be used on objects with no long-range order or on small clusters. In the latter
case, it is extremely useful for determining the lattice parameter (see Fig.1.2).

The technique known as surface extended electron energy loss fine structure
(SEELFS) is analogous to EXAFS, except that the atom is excited by an electron of
well-defined energy (usually in the range 3-10keV) and the energy loss spectrum is
measured near an ionisation threshold of the relevant target atom. Since the electrons
do not penetrate very far into the material, this technique can only be used to study
surfaces or thin films. Spectra are analysed in an analogous way to those produced
by EXAFS, but for a quantitative analysis, one must take into account the fact that
the excitation is obtained by electrons. The reader is referred to [4] for more details.

As can be seen from Fig. 1.2, the contraction varies linearly with the reciprocal
of the particle size. For a diameter of 2nm, it is 2%. According to (1.9), the
gradient of the straight line yields the value of the surface stress as 3.35 J/m?.
The pressure exerted on the crystal lattice is then 6.7 GPa, which is extremely
high.

It is reasonable to ask how far (1.9) remains valid. Put another way, can
one still appeal to quantities like the specific surface energy and the surface
stress, quantities defined in the context of macroscopic thermodynamics, when
dealing with nanoscale systems? To address these questions, one may turn to
numerical simulation. Indeed, good (semi-empirical) interatomic potentials
are available for describing metals, i.e., n-body potentials in which each bond
depends on the local atomic environment, in contrast to the so-called pairwise
potentials [5-7].

Figure 1.3 shows the change in the lattice parameter as a function of the
reciprocal of the radius of spherical particles, obtained by numerical simulation
using EAM-type (embedded atom method) semi-empirical potentials [8]. The
relationship is linear down to a size of about 4ag, where ag is the lattice
parameter. This corresponds to a diameter of 2.5-3 nm. One might expect to
find that at smaller sizes the relationship expressed by (1.9) would no longer
be valid. However, it seems that this discrepancy is rather due to the fact that
the specific surface energy and surface stress are no longer constant. Indeed,
with the same kind of simulation, these two quantities have been calculated for
different (spherical) particle sizes and the results do indeed show that they are
no longer constant below a diameter of about 2-3 nm. In fact, they increase as
the size continues to decrease. One might think that these deviations are due
to the constraint, imposed in the calculation, of a spherical particle shape
which, as we shall see below, does not correspond to the equilibrium shape of
the crystal particles. In fact, this is not the case for, as we shall show in
Sect. 1.2.2, even for nanoparticles having their equilibrium shape, the surface
energy and surface stress nevertheless increase as the size decreases.
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Fig. 1.3. Change in lattice parameter, relative to the bulk solid, as a function of the
reciprocal of the radius for spherical clusters (with fcc structure) of Ag (stars), Au
(triangles), Cu (diamonds), and Pt (circles). Numerical simulations at 0 K. Taken
from Swaminarayan et al. [8]

1.1.5 Effect on the Phonon Density of States

Another effect of size reduction can be seen in the lattice dynamics of nano-
metric particles. When the surface-to-volume ratio reaches a certain value,
the phonon spectrum broadens [9,10]. Phonons are quasi-particles represent-
ing the vibrational modes of atoms in the lattice. On the low frequency side,
the broadening is due to the contribution of surface atoms which have softer
modes. The broadening toward higher frequencies is due to the lattice con-
traction which corresponds to increased rigidity in the system, itself the con-
sequence of increased interatomic forces. These changes in the distribution of
the phonon spectrum also affect the thermodynamic properties of the system.
Note in particular that there is an increase in the vibrational entropy and that
the specific heat deviates from a T2 dependence at low temperatures.

The increase in the surface-to-volume ratio when the size decreases also
has a significant effect on the melting temperature of nano-objects. This point
will be dealt with in the chapter on phase transitions.

1.2 Nanoparticle Morphology

1.2.1 Equilibrium Shape of a Macroscopic Crystal

The shape of a crystal generally depends on growth conditions, which are
usually very far from equilibrium, and for this reason it is not unique. However,
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Fig. 1.4. Wulff construction of the equilibrium shape of a crystal from the y-graph
(dashed curve). O is the center of the crystal. The hexagon represents a projection
of the equilibrium shape of the crystal (Wulff polyhedron). From [11]

under conditions of thermodynamic equilibrium, the shape of a crystal is
unique. This last result was first obtained by Wulff over a century ago [12].
The solution to this problem consists in minimising the total surface energy
FEs. For a liquid the result is immediate: one obtains a sphere. For a crystal,
the specific surface energy v depends on the orientation of the crystal face.
One must therefore minimise

E, = Z%»Ai , (1.10)

where the index i represents the different facets with areas A; and specific
surface energy ;. Wulff showed that the minimal energy is obtained for a
polyhedron in which the central distances h; to the faces are proportional to
their surface energies ;. This is the well-known Wulff theorem:

% = constant . (1.11)

Using this theorem, if we know the dependence of the surface energy on the
orientation, we can easily construct the equilibrium shape of the crystal (see
below).

Wulff Construction for the Equilibrium Shape of a Crystal

The Wulff construction provides an easy way of determining the equilibrium shape
of a crystal if one knows the dependence of the specific surface energy on the crystal
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orientation (y-graph). Consider a projection of the v-graph along an axis of sym-
metry of the crystal, as shown in Fig. 1.4. Starting from the center of symmetry O,
draw the radial vectors out to each point of the y-graph and then draw straight
lines normal to the radial vectors at these points. The inner envelope obtained from
the set of all these normals represents the projection of the equilibrium shape of the
crystal along the chosen crystal axis (a hexagon in the case illustrated). It is clear
from the figure that the facets of the equilibrium shape correspond to the cusps
of the ~-graph at the minima of the surface energy. When the temperature of the
crystal comes close to the melting temperature, the cusps will be less and less deep
(the anisotropy of the surface energy decreases) and the equilibrium shape tends to
spherical.

At OK, the equilibrium shape contains only a few different faces with the
lowest surface energies. For metals with face centered cubic (fec) structure,
the equilibrium shape is a truncated octahedron exposing the faces (111) and
(100) (see Fig.1.5). For a metal with body centered cubic (bce) structure,
the shape is a dodecahedron. For ionic crystals which have a high degree of
surface energy anisotropy, a single face shows up and the equilibrium shape
of crystals like NaCl or MgO is a cube.

1.2.2 Equilibrium Shape of Nanometric Crystals

The Wulff theorem can be rigorously proven for a macroscopic crystal. But
what happens for a nanometric crystal? From the theoretical point of view,
this problem can be handled using numerical simulation. As we have seen,
we now possess realistic interatomic potentials for most metals. Molecular
dynamics can then be used to seek the shape corresponding to minimal energy
for constructions of different sizes. Many calculations of this kind have been
carried out over the past few years (see for example [13]). Figure 1.5 shows the
four main shapes that arise for fcc metals, namely, the truncated octahedron,
the cubo-octahedron, the icosahedron, and the truncated decahedron (also
known as the Marks decahedron).

These calculations show that for very small sizes the icosahedron is the
most stable shape. This result is easy to understand, because it is the most
compact shape: it maximises the binding energy by having a shape very close
to spherical and it exposes only (111) facets which have the lowest surface
energy. However, this structure is not a crystal structure. It cannot there-
fore extend to macroscopic crystals. In an icosahedron, the central atoms are
subject to a very high degree of compression, whilst the surface atoms are re-
laxed. If an icosahedron is made to grow, the energy related to these stresses
becomes too large compared with the gain in compactness and the structure
tends to the normal one, i.e., fcc in this case. Figure 1.6 shows the stability
diagrams of copper, silver, gold, nickel, palladium and platinum clusters up
to 50,000 atoms [13].

It can be seen that, beyond a certain size, the equilibrium shape changes
from an icosahedron to a truncated octahedron. The cubo-octahedron (not
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Fig. 1.5. Morphology of nanoparticles. (a) Truncated octahedron with 201 atoms.
(b) Cubo-octahedron with 147 atoms. (c) Icosahedron with 147 atoms. (d) Trun-
cated decahedron with 146 atoms

Table 1.1. Magic numbers for different clusters: icosahedron, cubo-octahedron,
truncated (Marks) decahedron, and truncated octahedron (Wulff polyhedron for an
fce crystal)

Icosahedron,
cubo-octahedron 13 55 147 309 561 923 1415 2057
Marks decahedron 75 100 146 192 238 247 268 318

Truncated octahedron 38 116 201 225 314 405 807 1289

shown in Fig.1.6) is always less stable than the truncated octahedron for a
metal with fce structure. Note, however, that there is an intermediate struc-
ture, the truncated decahedron, which is slightly more stable than the trun-
cated octahedron over a certain size range. It is remarkable that the transition
from the non-crystalline structure (icosahedron, truncated decahedron) to the
fce structure occurs at very different sizes depending on the metal: below
200 atoms for gold and around 30,000 atoms for copper. Note also that the
calculated sizes correspond to closed shell polyhedra, i.e., with no vacancies
or adatoms at the surface. These closed shells are obtained for very precise
numbers of atoms called magic numbers (see Table 1.1). The magic numbers
correspond to clusters with higher stability than clusters with a neighbouring
number of atoms.
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Fig. 1.6. Stability of different structures of Cu, Ag, Au, Ni, Pd and Pt clusters as
a function of the number of atoms N . Black circle: icosahedron. Black diamond:
truncated decahedron. White square: truncated octahedron. Calculations made us-
ing molecular dynamics simulations with an N-body potential. Taken from Mottet
et al. [13]

For clusters with a number of atoms intermediate between two consecu-
tive closed shells, the shape can be different and it may even oscillate between
shapes with fivefold symmetry (icosahedron, decahedron) and shapes corre-
sponding to an fce structure [14]. In any case, it should be noted that the en-
ergy difference between the various structures for very small clusters is actually
very low, so that in practice, at finite temperatures, a range of shapes is ob-
served. In situ electron microscope observations show that the shape of small
metallic particles fluctuates incessantly between different structures, passing
through disordered structures. Figure 1.7 shows a series of high-resolution
electron microscope images of the same gold particle containing about 450
atoms. With the electron microscope, we visualise the projections of columns
of atoms. It can be seen that the particle alternates between an fcc structure
and a structure with fivefold symmetry.

This phenomenon of shape and structure fluctations, known as quasimelt-
ing, has been widely studied. It was first thought that it was an artifact of elec-
tron microscopy due to the large amount of energy transferred to the sample
by the electron beam (100-300keV). However, with the development of new
microscopes operating with very low currents, it was shown that, although
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Fig. 1.7. High-resolution electron microscope images of a 2-nm gold cluster compris-
ing 459 atoms. The structure fluctuates during the observation period. The particle
changes between an fcc truncated octahedral shape [(e), (f), and (j)], a polyhedron
with fce structure and a twinned structure [(a), (d), and (i)], and a multitwinned
icosahedral structure [(b) and (h)]. Taken from lijima and Ichihashi [15] with kind
permission of the American Physical Society (©)1986

in some cases the electron beam can accelerate the process, the quasimelt-
ing phenomenon is an intrinsic feature of the very small size of the particles.
Ajayan et Marks [16] calculated the free energy of metal particles with different
structures and morphologies using a continuous model based on macroscopic
thermodynamic quantities (surface energy, surface and bulk elastic energy,
entropy). Using their results, the authors were able to plot the phase diagram
shown in Fig. 1.8.

This shows once again that at small sizes the icosahedron is the most
stable, followed by the decahedron and finally the Wulff polyhedron (crystal
structure). At the smallest sizes, there is a new phase known as quasimelt-
ing. This corresponds to objects in which the energy difference between the
various structures is low enough to allow them, at finite temperatures, to fluc-
tuate between these structures (see Fig. 1.7). Doraiswamy and Marks tried to
check these theoretical predictions by making quantitative measurements of
the appearance of the different structures, observing gold particles with high-
resolution electron microscopy [17]. They showed that, for sizes in the range
2-8nm, observation frequencies agree with theoretical predictions. Icosahe-
dral particles are more frequently observed at very small sizes, whilst above
a size of 3-4nm, monocrystalline particles predominate. The frequency of oc-
currence of decahedral particles increases with the size up to about 7nm,
exceeding the frequency of icosahedra at about 4 nm.

We have seen that for very small clusters the crystal structure is not the
most stable. For larger particles, the thermodynamically most stable struc-
ture is the Wulff polyhedron, e.g., the truncated octahedron for a metal with
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Fig. 1.8. Theoretical structural phase diagram for gold particles. Stability of dif-
ferent structures as a function of size and temperature: Wulff polyhedron (SC), dec-
ahedron (Dh), icosahedron (Ic), quasimelting (QM), liquid (L). Taken from Ajayan
and Marks [16]
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(100)

(111)

Fig. 1.9. Wulff polyhedron for an fcc crystal (truncated octahedron). The edges
between (100) and (111) faces and between pairs of (111) faces have lengths m and
n and energies Ey and Fs, respectively. Taken from Marks [18]

fce structure which is the equilibrium shape of a macroscopic crystal. The
proportions of the different facets making up the polyhedron is defined by
the Wulff theorem and the associated construction (see p.9). However, it is
interesting to ask for what sizes these results are valid. In fact, there are two
reasons for raising this question:

e The values obtained for the surface energy of macroscopic surfaces may
no longer be valid.

e The edges separating the different facets are composed of atoms with lower
coordination than the atoms in the facets themselves, and the specific
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Fig. 1.10. Total surface energy for a truncated octahedron as a function of the rela-
tive extent of the (111) facets, given by the parameter n/m (see Fig. 1.9), calculated
for clusters of 5,000, 10,000, 100,000 and one million atoms. Taken from Marks [18]

surface energies (extending the notion to 1D here) are thus higher and
should perhaps be included in the total surface energy.

Marks tackled this question in 1985 [18]. Marks considered the case of an
equilibrium shape corresponding to a truncated octahedron like the one in
Fig. 1.9, whose faces are all (111) or (100) facets.

Edges separating two (111) faces have length n atoms whilst those sepa-
rating a (111) face and a (100) face contain m atoms. The total surface energy
is calculated for clusters comprising a variable number N of atoms and it is
then minimised with respect to n and m, which are coupled variables. For
this calculation, a simple ‘broken bond’ model was used. Figure 1.10 shows
the results obtained for several cluster sizes [18].

The values of the specific surface energy are respectively 3 and 4 for the
(111) and (100) faces, 5 for the edges, and 6 for the vertices. They correspond
to the number of broken bonds as compared with an atom in the bulk. For
large clusters, the minimum surface energy occurs for a value of the ratio n/m
between 1 and 2, and it increases as the cluster size is decreased. However,
below a size of around 50,000 atoms, i.e., a diameter of about 10nm, there
is no longer any minimum. The surface energy is minimised for n/m infinite,
i.e., the (100) facets must have disappeared and the minimal energy shape is
therefore an octahedron. This result is interesting because it shows that the
equilibrium shape of an fcc cluster can be different from the equilibrium shape
of a macroscopic crystal. Of course, the size at which this transition occurs
depends on the values attributed to the various surface energies. We shall see
in Sect. 1.2.3 on supported clusters that the disappearance of the (100) facets
can be observed experimentally.

To find out what effect the edges have on the specific surface ener-
gies of clusters, we have used the same model, taking an equilibrium shape
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in the edges for a Wulff polyhedron (n = m). The average specific surface energy of
an infinite crystal is normalised to unity. (Its actual value for the energy parameters
used here is 3.2)

corresponding to n = m. Figure 1.11 shows the dependence of the average spe-
cific surface energy (total surface surface energy divided by the total number
of surface atoms) on the cluster size.

We see that the specific surface energy does vary with the cluster size.
The variations are large below about n = 20, which corresponds to a size of
around 10 nm. For the smallest cluster, which contains 38 atoms, the surface
energy is about 56% greater than the surface energy of a macroscopic crystal,
which is not a negligible difference. Naturally, the results depend on the choice
of energy parameters, but qualitatively, the effects remain the same, i.e., an
increase in the specific surface energy of the cluster as the size decreases and
the disappearance of (100) facets at small sizes. These effects are due to the
presence of the atoms from the edges, a presence that is no longer negligible
at small sizes. Another consequence of edge effects is that, if we calculate
the anisotropy 7(100) /7(111) of the surface energy using the Wulff theorem as
expressed by (1.11), we find that it increases as the size decreases. For the
broken bond model, it is equal to

n—+m
33— .
\[n+2m

As we move toward large sizes, n/m tends to 1 and it converges to 2/v/3 ~
1.15, whereas for small sizes, n/m tends to infinity and it is equal to v/3.

Note that this model is only valid if the crystal structure remains because,
as we have seen, at very small sizes, a non-crystalline structure with fivefold
symmetry can occur. These morphological and structural changes depend on
the nature of the material.
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Fig. 1.12. Schematic representation of the equilibrium shape of a supported crystal.
In equilibrium, the crystal interacting with the substrate assumes the form of the
Waulff polyhedron (of the free crystal), truncated at the interface to a height of Ahs.
Taken from Henry [20]

1.2.3 Morphology of Supported Particles
Wulff-Kaichew Theorem

Having described what happens for free particles, i.e., not fixed to any support-
ing surface, let us now consider the equilibrium shape of a supported crystal,
i.e., interacting with some supporting surface. This problem was solved by
Kaichew [19], who showed that the equilibrium shape of a supported crystal
is the Wulff polyhedron (obtained for a free crystal), truncated at the interface
due to the existence of an interaction energy between the (crystal) particle
and the substrate (see Fig. 1.12). The amplitude Ahs of the truncation is given
by the Wulff-Kaichew relation
Ahs  Eaan

= 1.12
T vl (1.12)

where h; is the central distance to the facet parallel to the interface, which
has specific surface energy i, and F,qp is the adhesion energy. The latter is
defined as the energy required to separate to infinite distance two crystals
made respectively from the deposited material and the substrate material,
initially in contact over a unit area. Two extreme cases should be considered:
the case of zero adhesion energy, so that Ahg = 0, which amounts to the
case of a free crystal; and the case where E,q,, > 27;, which corresponds to
a truncation equal to 2h;, and a situation in which the crystal perfectly wets
the substrate, i.e., it forms a continuous plane film.

The size effects discussed for a free crystal will also be relevant for sup-
ported crystals and must therefore be taken into account.

Stress Effects

The Wulff-Kaichew theorem implicitly assumes that the crystal and substrate
have the same crystal lattice, i.e., the same structure and the same lattice pa-
rameter. In practice, this is rarely the case. The crystal may than be distorted
to fit onto the substrate lattice, thereby creating interface stresses. The stored
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Fig. 1.13. Equilibrium shapes of stressed crystals. The profile of the crystals is
represented for different values of the lattice mismatch m. Continuous curves rep-
resent the locus of intersection of the upper edge with the plane of the figure. (a)
Stressed crystals. (b) Above a critical size, the crystals relax plastically through the
successive appearance of dislocations. Dotted curves represent the thermodynamic
criterion for the appearance of dislocations of order N (= 0,1,2,...). Taken from
Miiller and Kern [22]

elastic energy must then be taken into account when calculating the equilib-
rium shape of the supported crystal. This problem has only been tackled
recently [21,22]. Miiller and Kern [22] gave an analytic solution in a simplified
case, using the laws of elasticity. They considered a parallelipiped equilibrium
shape with base [ and height H. Figure 1.13 shows half the crystal in profile.
The continuous curves represent the loci of the upper edge as a function of the
size for different values of the lattice mismatch m (Fig. 1.13a). The lattice mis-
match is equal to the difference between the values of the lattice parameters
divided by the value of the lattice parameter for the substrate.

For perfect lattice matching (m = 0), we obtain a straight line (see
Fig.1.13a), which indicates that the aspect ratio (the ratio H/I of the height
to the size) is constant, i.e., the equilibrium shape is independent of the size.
We then recover the Wulff (or Wulff-Kaichew) theorem. For nonzero lattice
mismatch, the aspect ratio is no longer constant. In fact it grows with the size
of the crystal, i.e., the equilibrium shape does now depend on the crystal size.
Moreover, the greater the lattice mismatch, the more the aspect ratio will
increase. This result can be understood quite simply from the fact that the
crystal tries to reduce the stresses, localised near the interface, by reducing
the area of that interface. However, when the size of the crystal increases, the
stored elastic energy increases and, at some point, it becomes more economical
energywise to undergo plastic relaxation by creating dislocations.

Figure 1.13b shows that, beyond a certain size, the crystal relaxes by emit-
ting a dislocation. The upper edge then moves toward a curve corresponding
to a lower lattice mismatch, before a second dislocation is introduced and the
process starts over again. It can be seen that the height of the crystal oscil-
lates around a certain value. This process will continue until a regular network
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Fig. 1.14. Molecular dynamics simulation for Pd/MgO (100). Equilibrium shape
of a 5-nm cluster. Taken from Vervisch et al. [23]

of interface dislocations has been created which relaxes the crystal toward
its normal lattice parameter. Very recently, this problem of the equilibrium
shape of stressed crystals has been studied for a specific system, Pd/MgO
(100), using molecular dynamics simulation [21]. For Pd, the authors used
a semi-empirical potential based on the tight-binding method in the second
moment approximation, where the electron density of states is characterised
only by the average bandwidth, which provides a good representation of the
transition metals [6].

To simulate the Pd-MgO interaction, potential curves had to be con-
structed using ab initio energy calculations. Using these potentials, the au-
thors were able to simulate Pd crystals of different sizes, treating the support
as fixed. Figure 1.14 shows the equilibrium shape obtained for a 5-nm Pd par-
ticle. The equilibrium shape is indeed that of the truncated Wulff polyhedron.
The calculation gives the adhesion energy directly. This energy is graphed as
a function of the size of the Pd cluster in Fig. 1.15a.

As the size of the Pd particle increases, the adhesion energy drops (in
absolute value), starting from a value of about 1J/m? (this energy being
graduated in eV per atom in Fig.1.15a), down to a roughly constant value
of 0.85J/m?. Below a size of about 7nm, this trend is no longer followed
monotonically. For sizes of about 3.5 and 7nm, there are minima as indicated
by the arrows in the figure. Figure 1.15d shows the occupation percentage of
oxygen sites on the substrate, these being the most favorable absorption sites
for isolated atoms or a monolayer pseudomorphic to the substrate. The drop
in (the absolute value of the) adhesion energy corresponds to a reduction in
occupation of the oxygen sites. This is easily understood from the fact that
the metal-substrate binding energy is maximal at oxygen sites, so that the
total energy of metal-substrate bonds, which represents most of the adhesion
energy, is then reduced (see Fig. 1.15b).

But how do we explain these strange minima in the adhesion energy?
We can obtain a better understanding of what is happening if we examine
Fig. 1.16, which shows variations of the lattice parameter in the first Pd layer,
at the interface, in the directions parallel and perpendicular to the substrate.
Parallel to the substrate, the Pd lattice is dilated, which one would have
expected, since Pd has an fcc structure like MgO, but with an 8% smaller lat-
tice parameter. The contraction in the direction perpendicular to the interface
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Fig. 1.15. Adhesion energy (expressed by negative values in the calculation) and
occupation of oxygen sites on the surface as a function of the size of the Pd cluster
supported on MgO (100). The adhesion energy (a) has two parts: the contribution
from Pd-MgO bonds (b) and the contribution from Pd-Pd bonds at the interface
(c). The occupation percentage of oxygen sites (black circles) and magnesium sites
(stars) is shown in (d). The variation of the epitaxy parameter Lp4/amgo — 1
between the Pd and MgO lattices at the interfaces is shown in (e). It is equal to zero
if all the Pd atoms are above oxygen sites (coherent epitaxy) and decreases linearly
(dotted curve) for an incommensurable interface. Taken from Vervisch et al. [23]

respects the tetragonal deformation predicted by the theory of elasticity. Note,
however, that these deformations are not uniform throughout the Pd particle.
Indeed, in the direction parallel to the substrate, the first layer is considerably
dilated, whereas the center of the cluster is slightly compressed.

The minima of the adhesion energy at 3.5 and 7nm (see Fig.1.15a) cor-
respond in fact to minima in the distortion of the crystal lattice due to the
appearance of dislocations in the Pd crystal lattice. When dislocations occur,
this reduces the elastic stress and the total energy of the system with it, but
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Fig. 1.16. Average strain in the first Pd layer in contact with the MgO surface (a)
parallel and (b) perpendicular to the MgO (100) substrate. Taken from Vervisch
et al. [23]

also the adhesion energy, because the (partial) relaxation of the Pd crystal
lattice at the interface causes a drop in the number of Pd—O bonds.

Some Experimental Results

We shall now discuss some examples to see how the structure and morphology
of supported clusters can be studied experimentally, relating the experimental
results to the above theoretical predictions.

Morphology and Internal Structure

The oldest and most highly developed technique for studying the structure and
morphology of supported clusters is transmission electron microscopy (TEM),
and especially a variant of this known as high-resolution transmission electron
microscopy (HRTEM). Let us note to begin with that the most delicate stage
in these techniques is the preparation of the sample (see below).

Sample Preparation for TEM Observation

In order to observe a sample under the transmission electron microscope, it must be
thin enough (of the order of a few tens of nanometers) to be transparent to electrons.
If the supporting substrate is thick, the sample can be mechanically and/or chemi-
cally thinned, before ion milling. The last step can damage the crystal structure. One
then has recourse to the carbon replica method. In this case, a thin film of carbon
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Fig. 1.17. Electron microscope image of cubic MgO nanocrystals, exposing the
(100) faces, obtained by burning a strip of Mg in the presence of oxygen in a vacuum
chamber. The surface of the MgO nanocrystals is partially coated with gold clusters
obtained by growth in ultrahigh vacuum. Taken from Giorgio et al. [24], with kind
permission of Elsevier

is deposited (10-20nm) on the sample surface by vacuum vapour deposition. The
substrate is then dissolved in some solvent and the carbon membrane is transferred
to the electron microscope with the metallic particles emprisoned within it. When
layered crystals such as mica, molybdenite or graphite are used as substrate, it is
then easy to cleave the sample to obtain thin enough substrates. Another method
uses thin samples transparent to electrons as support for particle growth. These
may be thin films prepared by vacuum vapour deposition or nanocrystals. MgO
nanocrystals are often used because they are easy to produce by burning a magne-
sium strip. In addition, they are cubic in shape (see Fig. 1.17). One may then observe
the particles in two different directions at right-angles to one another, thereby re-
constructing their 3D shape. Figure 1.17 shows gold clusters obtained by growth
on MgO nanocrystals. The atomic planes in both the substrate and the deposited
particles can be visualised using high-resolution electron microscopy.

Figure 1.18 shows the morphology of Pd particles obtained by growth at
high temperature (450°C) on an MgO (100) surface [25]. These samples have
been annealed in ultrahigh vacuum at the same temperature for 5 hours to
ensure that the shape is indeed at thermodynamic equilibrium. Note that, at
this temperature, the vapour pressure of palladium is negligible and, for this
reason, equilibrium can only be reached by surface diffusion of atoms in the
particle.

Figure 1.18a shows a side view of a particle obtained by electron micro-
scope imaging. Clearly visible are the incurving angles at the interface, unde-
tectable in a top view (normal observation mode), as attested by Fig. 1.18b.
The latter image, obtained by high-resolution TEM, shows the atomic planes
within the particle, whence the crystal orientation of the Pd on the MgO sub-
strate can be determined: Pd particles grow along a (100) plane on the MgO
surface. By measuring the direction of the projections of the edges in the two
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Fig. 1.18. Equilibrium morphology of Pd clusters grown epitaxially on MgO (100).
(a) Side view of a 10-nm cluster in a (110) direction, obtained by TEM on a folded
carbon replica. (b) HRTEM image of a 17-nm Pd particle, visualising {200} atomic
planes separated by 0.2nm. (¢) Equilibrium shape (schematic) of Pd particles with
a size of at least 10 nm, grown epitaxially on MgO (100). The observation direction
is (100). Taken from Graoui et al. [25] with kind permission of Elsevier, and Prévot
et al. [26]

perpendicular views of Figs. 1.18a and 1.18b, it is easy to reconstruct the 3D
shape of the Pd particles, as shown schematically in Fig.1.18c. The equilib-
rium shape of Pd particles on MgO is a truncated octahedron, as predicted
by the Wulff-Kaichew theorem. According to this theorem, viz., (1.12), the
adhesion energy is equal to the amplitude of the truncation of the equilibrium
shape at the interface, i.e., Ahgs = hy — hs, divided by the central distance
hy of the upper facet and multiplied by the specific surface energy v of this
facet. hy and ho are obtained by a simple geometric construction, as shown
in Fig. 1.18¢, which applies to a side view in the (110) direction (Fig.1.18a).
The upper facet, parallel to the MgO surface, is a (100) plane because the
Pd particles are grown in (100) epitaxy. Given that the surface energy of Pd
(100) is 1.64J/m? [27] and that Ahs/h; = 0.55, the adhesion energy of Pd
on MgO (100) is equal to 0.90J/m?2. This value should be compared with
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Fig. 1.19. Dependence of the surface energy anisotropy on the size of the Pd par-
ticles supported on MgO (100). Taken from Graoui et al. [28]

the one obtained by molecular dynamics simulations (see p.17) which give
Eadh =0.85 J/m2.

The anisotropy v(100)/7v(111) of the surface energy is obtained from the
Wulff theorem (1.11) by measuring the central distance to the corresponding
facets on the profile images in the direction (110). Figure 1.19 shows that the
surface energy anisotropy falls slightly as the particle size increases from 10 to
30nm [28]. At 10nm, it is equal to 1.15, close to the value predicted for a face
centered cubic crystal at 0 K. However, we know that, when the temperature
increases, the surface energy anisotropy falls (see Sect. 1.2.2) [29]. It tends to
1 as one approaches the melting temperature for which the shape becomes
spherical. The value measured for large sizes, i.e., 1.05, is close to the values
measured for metal clusters with sizes from one to a few microns [30].

The equilibrium shape for particles with sizes greater than or equal to
10nm is thus the same as the one predicted by thermodynamics for a macro-
scopic crystal. For smaller particles, we have seen in the theoretical discussion
that changes are predicted in the equilibrium shape for two main reasons: the
influence of edge and vertex atoms which change the surface energies, and in
the case of supported particles, the existence of stresses due to the difference
in lattice parameter between crystal and substrate. Figure 1.20a shows a high-
resolution electron microscope image in profile of a 5-nm Pd cluster supported
on MgO (100). The cluster no longer has incurving angles at the interface with
the substrate, signalling a greater wetting between the particle and the MgO
substrate. However, as we shall see, it cannot necessarily be concluded that
the adhesion energy is greater than for 10-nm particles. Using high-resolution
electron microscope images (Fig. 1.20a), one can measure the average value of
the interatomic distance (in fact, the distance between two columns of atoms)
in each atomic layer parallel to the interface [31]. Figure 1.20b shows that the
first plane of Pd atoms at the interface is accommodated to the MgO lattice,
indicating that the Pd lattice is dilated by 8%. In subsequent layers, the lat-
tice parameter decreases to reach the value in bulk Pd after just 3 atomic
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Fig. 1.20. Equilibrium shape of small Pd nanoparticles, grown epitaxially on MgO
(100), observed in profile by high-resolution electron microscopy in the direction
(100). (a) 5-nm particle. (c) 1.2nm particle. (b) and (d) Variation of the lattice
parameter in planes parallel to the interface, measured for particles of 5-6 nm and
less than or equal to 2nm, respectively. Taken from Giorgio et al. [31]

layers. In contrast, larger particles (10nm or more) are completely relaxed.
In this case the accommodation between the two lattices is achieved via a
network of interface dislocations, this maintaining a perfect epitaxy [32]. The
dilation observed at the top of the particle is an artifact of the high-resolution
imaging [31].

The presence of stresses at the interface stores elastic energy in the particle
and the equilibrium shape of the particle is no longer given by the Wulff-
Kaichew theorem. The adhesion energy cannot therefore be calculated in this
case. Very small particles (< 2 nm) have pyramidal shape (half an octahedron)
and the (100) facets disappear (see Fig. 1.20c). The surface energy anisotropy
is then greater than or equal to v/3, agreeing with theoretical predictions.
Figure 1.20d shows that these very small Pd particles have their crystal lattice
dilated by 8% throughout. They are completely accommodated to the MgO
lattice. As before, the Wulff-Kaichew theorem cannot be applied, because of
the elastic energy due to stresses.

Electron microscopy is a very powerful technique for studying the struc-
ture and morphology of supported nanostructures. However, it is handicapped
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by the fact that it is generally an ex situ technique. In principle, it cannot
therefore be used to monitor nanoparticle growth in situ. Note, however, that
there are some electron microscopes operating in ultrahigh vacuum that have
been used to study in situ growth. These microscopes are usually normal
microscopes operating in a medium vacuum, but transformed to create an
ultrahigh vacuum in the vicinity of the sample [33]. Around the world, there
are also a few high-resolution transmission electron microscopes of commercial
manufacture operating in ultrahigh vacuum [34]. At the present time, a new
generation of transmission electron microscopes is being developed. These so-
called environmental TEM can carry out in situ studies under pressures up
to 10-50 mbar. They are more specifically destined for catalysis studies [35].

The scattering of X rays at small angles has proved to be a choice technique
for studying supported nanoparticles. The grazing incidence version, known
in full as grazing incidence small angle X-ray scattering (GISAXS), is a very
powerful technique for in situ study of nanoparticle growth.

Grazing Incidence Small Angle X-Ray Scattering (GISAXS)

The working principle of this technique is illustrated schematically in Fig.1.21.
A beam of X-rays intercepts the surface at grazing incidence (angle ), close to
the critical angle. The angles ay and 20 (= 20; + 20¢) determine the directions along
which the X rays are scattered. These three angles are related by the conservation
of momentum ¢, and ¢, parallel or ¢. perpendicular to the sample surface:

Gz = |ki|(cos 20 cos oy — cos o) , Gy = |ki| sin 20 cos o ,

q- = |ki|(sin o + sin o) .

The sample can rotate around the normal to the surface through an angle w which
thereby defines the orientation of the incident X-ray beam relative to the crystal
planes in the sample. To a first approximation, the average height h of the parti-
cles, their average size d, and their average separation D can be obtained from the
reciprocals of the height, width and separation, respectively, of the scattering peaks.

The GISAXS technique has been used at the European Synchrotron Research
Facility (ESRF) to study, for the first time in situ, in ultrahigh vacuum and
in real time, the growth of metal nanoparticles on an MgO (100) surface [37].

Figure 1.22a shows a series of GISAXS images in a direction (110) of MgO,
obtained during the growth of Pd nanoparticles on MgO (100). From about
0.2nm, a scattering peak appears at 54.7° from the normal, corresponding to
(111) facets on the Pd particles. Quantitative analysis of the images yields the
average separation D between particles, their average height h, and their aver-
age size d (see Fig.1.22b). Up to an equivalent thickness of about 1.5 nm, the
aspect ratio h/d is constant and equal to 0.62. The images can be modelled
quantitatively by truncated octahedra which correspond to the equilibrium
shape of Pd particles observed ex situ by electron microscope (see Fig.1.18).
The observed aspect ratio can be used to obtain the adhesion energy, which
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Fig. 1.21. Schematic of GISAXS experiment on supported clusters. Angles ai, s,
and 26 are defined in the text. Taken from Renaud et al. [37]
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Fig. 1.22. Grazing incidence small angle X-ray scattering (GISAXS) in situ during
growth of Pd nanoparticles on MgO (100), in ultrahigh vacuum. (a) Sequence of
GISAXS images in the [110] direction of MgO as a function of the equivalent thick-
ness of Pd deposited. The vertical direction is perpendicular to the surface and the
horizontal direction is parallel to it. The intensity of scattered X-rays is on a loga-
rithmic scale, each colour level corresponding to a factor of ten. See also the colour
plate. (b) Average values of the distance D between particles (black diamonds),
their size d (black squares), their height h (black circles), and their aspect ratio h/d
(white circles) as a function of the deposited thickness, extracted from the GISAXS
images. Taken from Renaud et al. [37], AAAS © 2003

is found to equal 1.1J/m?, in fairly good agreement with the value obtained
by electron microscope (0.90J/m?). The reduction in the aspect ratio above
an equivalent deposited thickness of 1.5 nm is due to the coalescence of parti-
cles by growth. Once they have coalesced, the particles cannot spontaneously
recover the equilibrium shape for kinetic reasons. The GISAXS technique is
very promising because it can be used to monitor growth kinetics in real time
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Fig. 1.23. STM images of supported Pd clusters. (a) Pd cluster containing 27 atoms
on an MoSz (0001) surface. Taken from Piednoir et al. [40], with kind permission of
Elsevier. (b) Ball model of the cluster in (a). (c) 5-nm Pd particle on an ultrathin
film of alumina on an NiAl (110) surface. Taken from Hansen et al. [41]. (d) Equi-
librium shape of Pd clusters on alumina. Taken from Hansen et al. [41], American
Physical Society (©)1999

with a time resolution better than one second, and it can in principle be used
in a gaseous environment. It would then be possible to monitor in situ the
change in equilibrium shape of nanoparticles in the presence of a gas. This
technique complements electron microscopy, since it provides statistical data
for a macroscopic population of clusters.
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Fig. 1.24. Gold nanoparticles grown epitaxially on mica (100), visualised in situ
in ultrahigh vacuum by AFM and ex situ by electron microscope. (a) 3D AFM
image. (b) 2D AFM image. See also the colour plate. (c) Size histogram obtained
from AFM images. (d) TEM image. (e) Size histogram obtained from TEM images.
Taken from Ferrero [42]
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Fig. 1.25. Determining the morphology of gold nanoparticles supported on mica
(100) by (contact mode) AFM. (a) 2D AFM image of a 27-nm hexagonal particle.
(b) Profile of the particle in (a) in a direction perpendicular to the lateral facets,
corrected for the convolution with the AFM tip. (¢) Morphology of gold particles
in (111) epitaxy. The upper facet is a (111) plane and the opposing lateral facets
are (111) and (100) planes. (d) High-resolution image of the upper edge of the gold
particle. The AFM tip scans the particle from the upper (111) facet toward a lateral
(100) facet (see Fig.1.25¢). The dashed line indicates the edge separating the two
types of facet. Taken from Ferrero et al. [42,43]

Morphology and Surface Structure

The morphology of supported nanoparticles can also be obtained in situ
by near-field microscopy techniques such as scanning tunneling microscopy
(STM) or atomic force microscopy (AFM) (see Chaps. 3 and 4 in Vol.T of this
series). These techniques can observe surfaces in 3D with resolution better
than 0.1 nm. They are usually used to observe surfaces of monocrystals, re-
vealing their atomic structure and defects such as steps, point defects, and
so on. We shall see that in some circumstances, they can be applied to the
study of supported nanoparticles. Scanning tunneling microscopy, which pre-
dates atomic force microscopy, was used for atomic scale observation of 2D
gold and silver clusters on graphite substrates [38], and then a little later, 3D
Pd clusters on graphite [39]. Figure 1.23a shows an STM image of a Pd clus-
ter on an MoSs (0001) surface. The arrangement of the sulfur atoms can be
seen on the substrate. The palladium cluster at the center is resolved on the
atomic scale. It is two layers high and contains 20 atoms in the first layer and
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7 in the second, arranged in (111) planes (see the ball model in Fig. 1.23b).
The epitaxial relations can then be determined directly. Scanning tunneling
microscopy is limited to the use of metallic or semiconducting samples, and
cannot be used with insulating substrates like MgO or alumina. However, one
can get round this difficulty by using ultrathin layers of oxides (thinner than
2nm), obtained by epitaxial growth on metals. Figure 1.23c shows a 5-nm
Pd cluster on an ultrathin alumina layer grown epitaxially on an NiAl (110)
surface. The upper facet is resolved on the atomic scale and displays a (111)
plane. The 3D shape can be determined. It corresponds to a truncated octa-
hedron with aspect ratio 0.15 (see Fig. 1.23d). Assuming that the equilibrium
shape has been reached, an adhesion energy of 2.8 J/m? is determined. This
is about three times as great as for MgO, which shows that the interaction of
Pd with alumina is very strong.

Unlike STM, atomic force microscopy (AFM) can be used on any substrate
and in particular on insulating substrates. Figure 1.24 shows AFM images
of gold nanoparticles on a mica substrate. One of the advantages of near-
field microscopy is that 3D images can be obtained directly (see Fig.1.24a).
Height measurements are extremely accurate (better than 0.1 nm). However,
size measurements are subject to systematic error due to the convolution of
the object shape with the tip shape (see below). This is particularly clear in
Fig.1.24.

Figures 1.24b and d show two views of the same sample obtained by AFM
and electron microscopy, respectively. It is clear that the particles appear big-
ger in the AFM images. The size distributions obtained by the two techniques
(Figs. 1.24c and 1.24e) show that by AFM the particles have an average size
of 22 nm, whereas by electron microscopy the average size is only 18 nm. If the
tip shape is known, the true particle size can be recovered (see below). After
correcting for the convolution effect, the particle profile can be obtained very
precisely. Figure 1.25b shows the profile of a gold particle of diameter 27 nm
(Fig. 1.25a), obtained by AFM and corrected for the convolution with the
AFM tip. Electron diffraction shows that the particles are in (111) epitaxy.
In the (corrected) AFM profile, it can be seen that the lateral facets have
slopes of 54° and 70°, which does indeed correspond to the angles between a
(111) plane parallel to the substrate and (100) and (111) facets. The particle
morphology is shown schematically in Fig. 1.25¢c. By AFM, the atomic lattice
can be imaged on the facets of 30-nm particles [43]. Figure 1.25d shows an
AFM image of the region around the upper edge of a particle. At the bot-
tom of the image, which corresponds to the upper facet, we see the atomic
lattice of a (111) plane of gold on part of the upper facet. Passing over the
edge joining the lateral face, atomic resolution is lost and, beyond the edge,
moving down a lateral facet, fringes can be seen perpendicular to the edge.
These are in fact the [110] rows of a (100) plane. These observations provide
sound confirmation of the particle morphology (Fig.1.25¢) deduced from the
particle profiles.
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Fig. 1.26. Distortion of the image of a 3D particle due to the shape of the tip in
near-field microscopy. Taken from Ferrero [42]

Convolution Between the Tip Shape
and the Shape of a 3D Object Imaged by Near-Field Microscopy

Figure 1.26 (top) represents a line scanned by the tip of the microscope as it passes
over a particle with fcc structure in (111) epitaxy, displaying lateral (111) and (100)
facets. The projections of two of these facets (perpendicular to the plane of the
figure) form straight lines at angles of 70.53° and 54.74° to the horizontal. The tip
profile, assumed parabolic, is also illustrated. The line imaged is the locus of points
of contact between the tip and the surface of the particle. It is clear that the height
is correctly determined by the measurement, but the edges are rounded off and the
size of the particle is increased. The convolution effect (not a convolution in the
mathematical sense) increases as the radius of curvature of the tip increases and as
the slopes of the facets increase. If the shape of the tip is known, the images can
be corrected, as shown in the lower part of Fig. 1.26. On the corrected profile, the
mid-height size of the particles is now correct, but information has been lost at the
base of the particle, up to a height equal to the radius of curvature of the tip.
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2

Structure and Phase Transitions
in Nanocrystals

J.-C. Niepce and L. Pizzagalli

2.1 Introduction

As shown in Chap. 1, the physical properties of conventional materials may
change with the size of the grains making them up, even becoming totally
different from what is observed in the bulk solid system. One then speaks of
grain size dependence. This dependence can be put down to two more or less
related effects:

e A size effect, or confinement effect. The nanograin behaves like a kind of
box, within which the property may or may not exist [1]. Below a certain
critical size, characteristics of the property depend on the grain size. This
is the size or confinement effect. The way these characteristics change as
a function of size is often non-monotonic and can exhibit extrema.

e A surface or interface effect. In the nanograin, the contribution from layers
close to the surface occupies a more and more important place in the overall
behaviour of the material as the grain size decreases [1]. The surface energy
gradually becomes the dominating contribution to the total energy of the
material. Such a property will evolve monotonically with size and can be
treated within the framework of thermodynamics.

Barium Titanate

Barium titanate BaTiOs will be referred to often in the context of experimental
results presented in this chapter. Thanks to its crystal structure and dielectric prop-
erties, it is a material with a wealth of applications, especially with regard to passive
components in electronics and electrotechnics (see Chap.28). Its crystal structure
derives from the crystal structure known as perovskite (see Fig.2.1). However, de-
pending on the temperature and in normal atmospheric pressure, barium titanate
can occur in four different crystal states, all derived from the perovskite structure
(see Fig. 2.2).

Above about 120°C, BaTiOs adopts the ideal perovskite structure (space group
Pm3m, centrosymmetric cubic, paraelectric), whereas below this temperature,
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Axe a

Fig. 2.1. Undistorted, i.e., cubic, perovskite crystal structure of BaTiO3 above the
Curie temperature. (a) Origin at a Ba®T ion. (b) Origin at a Ti*t ion. (c) and (d)
Schematic representation of the tetragonal distortion of the latter below the Curie
temperature

called the Curie temperature, the three crystal states of BaTiOgs are no longer cen-
trosymmetric. Owing to this feature in particular, BaTiOgs then displays the inter-
esting property of being ferroelectric. This fact and the consequences with regard to
the dielectric properties of the transition between the ferroelectric and paraelectric
states near the Curie temperature are the source of many applications for BaTiOs.
In particular, during the transition, the average dielectric constant reaches very high
values, whence its use in ceramic capacitors (see Fig.2.3).

Several properties, like magnetism for example, are grain size dependent. But
what about the structure of the nanograins itself? In other words, is the re-
duction of grain size in the material accompanied by any modification, or even
a complete transformation, of this structure? Consider the example of barium
titanate BaTiO3 in powder form, hence made up of nanograins of various
sizes. Figure 2.4 shows the crystal lattice parameters at constant temperature
T = 25°C and pressure P = latm as a function of the dimensions of these
nanocrystals [2]. It is clear from the figure that there is a critical diameter
@, = 80nm for the elementary nanocrystals in the powder:
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Fig. 2.2. Temperature dependence of the lattice parameters of a BaTiOg single crys-
tal at standard atmospheric pressure, revealing the three phase transitions between
the four most common crystal states of barium titanate
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Fig. 2.3. Temperature dependence of the average dielectric constant in a pure
BaTiOs3 ceramic, revealing the spectacular increase as it transits from the ferroelec-
tric to the paraelectric state

o Ifd > ., BaTiOgz crystallises with a tetragonal perovskite lattice, which
is the same crystal structure as in the bulk solid. The tetragonal aspect
ratio ¢/a gets smaller as the size of the nanocrystals decreases. However,
it is a remarkable fact that the volume v = a?c of the unit cell remains
constant [3].

o If & < @, on the other hand, BaTiOj3 crystallises with a cubic perovskite
lattice, i.e., ¢ = a. Here, in contrast to the tetragonal state, a increases,
and so therefore does the volume v = a® of the unit cell, when the size of
the nanocrystals gets smaller.
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Fig. 2.4. Size dependence of the crystallographic lattice parameters a and c for
BaTiOs, at 25°C and standard atmospheric pressure in the powdered state [2]

In the light of this example, it is thus clear that the structure of nanomaterials
depends on their characteristic dimensions. Phase transitions and variations
in lattice parameters can be observed.

The dimensions of nanocrystals thus seem to play an important role in their
structure in the broadest possible sense:

e with regard to the nature of the ‘stable’ phase, causing phase transitions
at constant temperature and pressure,

e with regard to the geometry and volume of the unit cell, for a given
crystal symmetry.

There are two further pieces of data characterising nanocrystals as compared
with the bulk solid: the dimensions and also the state of the outer surface or
interface. Transitions in nanomaterials are studied by varying these parame-
ters. Hence one can either reduce the size of the nanocrystals whilst keeping
the surface in the same state, or one can modify the state of the surface or
interface whilst conserving the size of the nanocrystal. The studies described
here as examples use one or other of these methods. Note that, in the case of
a size reduction, only the chemical composition of the surface or interface can
be conserved. Indeed, the energy of the surface or interface will necessarily be
modified owing to the reduction in the radius of curvature. We may say that,
in this case, size reduction effects and surface effects are closely related.
Grain size dependence is a general property and we shall see below that it is
relevant to a wide range of materials such as oxides, ceramics, semiconductors,
and also metals. The size reduction of nanograins will also have a significant
influence on the difficulty with which phase transitions can be brought about,
by modifying the transition energies. Finally, structural states that do not
exist in bulk solids, such as liquid—solid equilibria with segregation, have been
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Fig. 2.5. Temperature of the phase transition in zirconia ZrOs as a function of the
average diameter of nanocrystals in powders at standard atmospheric pressure [4,5]

observed for nanoparticles. In the rest of this chapter, we shall return to these
various points and illustrate them with examples.

2.2 Crystalline Phase Transitions in Nanocrystals

2.2.1 Phase Transitions and Grain Size Dependence

There are many examples of phase transitions occurring whenever the char-
acteristic dimensions of a material go beyond a certain critical value. More
interestingly, such transitions are not restricted to any particular type of ma-
terial. In the following, we shall give some examples, chosen among ceramics,
metals, and also semiconductors.

Ceramics

The grain size dependence of a phase transition in a ceramic can be illustrated
by the monoclinic-tetragonal transition occurring in zirconia. This property
has been known and exploited for a long time now [4]. At standard atmospheric
pressure and room temperature, zirconia crystallises in a monoclinic (low tem-
perature) form, whereas at high temperature, above 1100-1150°C, its crystal
structure is tetragonal. If ZrOs is in the form of ‘crystals’ of the order of 10 nm,
it is the tetragonal form that is stable at room temperature. The transition
temperature, somewhere between 1100 and 1150°C for micrometric crystals
becomes lower as the dimensions of the nanocrystals decrease (see Fig. 2.5) [5].
In fact it has been shown recently that, for temperatures below those illus-
trated in Fig.2.5, the tetragonal-monoclinic transition is still present and
occurs for grain sizes of the order of 6.9nm (at 175K) [6].

Another situation where there is grain size dependence has been estab-
lished in the case of the Verwey transition, first observed in 1939 by the
discontinuous change in conductivity it causes. This transition occurs in mag-
netite Fe3Oy4, with the so-called spinel crystal structure. Although there is a



40 J.-C. Niepce and L. Pizzagalli

wealth of literature on the subject, the mechanisms have not yet been clearly
understood. However, a study for nanometric grains has been able to throw
some light on the matter [7]. Experiments have also demonstrated a spectac-
ular difference between the temperature predicted for large grains and that
observed for nanometric grains (a difference of more than 70 K). It would thus
appear that the Verwey transition constitutes another example of grain size
dependent phase transition.

Metals

An example of a grain size dependent phase transition in metals is provided
by nickel. In the bulk solid, this metal has fcc structure. However, recent
experiments have brought to light a grain size dependent phase transition
for very small Ni nanoparticles, chemically synthesised in solution [8]. Indeed
for diameters less than 4 nm, the structure is still crystalline, but it becomes
hexagonal close packed (hcp) rather than fcc. In the bulk material, an hep
structure is metastable, although it can be obtained in thin films in certain
conditions. It should also be noted that the melting temperature of various
metals is well known to depend on grain size [9)].

Semiconductors

As far as semiconductors are concerned, it is likely that a crystal phase tran-
sition depending on nanoparticle size can occur in certain cases. However, the
systems investigated as yet have not produced conclusive results. The case of
CdS nanoparticles is worth mentioning in this context. These are obtained
with a wurtzite-type structure (as in the bulk solid) for diameters greater
than 5nm, whereas for very small sizes (3nm), a zinc blende structure is
observed [10]. However, the latter is apparently metastable and seems to be
obtained for purely kinetic reasons during formation.

Grain size dependent crystalline phase transitions exist for a wide range of
materials. This is therefore an intrinsic property of nanomaterials.

2.2.2 Elementary Thermodynamics of the Grain Size Dependence
of Phase Transitions

Theory

The various examples described above show that the phase transitions, and
more generally the phase diagrams of a material should be considered in a
temperature—pressure—grain size space (or rather, reciprocal radius of curva-
ture R for the latter degree of freedom). However, a general theory has not
yet been put together. In this context, it is interesting to see what standard
thermodynamics has to say about the matter [11]:
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Fig. 2.6. Temperature of the tetragonal-cubic phase transition in BaTiO3 as a func-
tion of the grain size. Calculated result from [11] and experimental result from [12]

e The stable states of the system are no longer governed by the free enthalpy
G at constant 7" and P. This role is fulfilled by a generalised free enthalpy
function G* given by

G"=G—-2vV/R.

e (™ is no longer a state function of the system.  is the surface energy, V'
the molar volume of the material, and R the radius of the nanocrystal,
assumed spherical.

e The equilibrium state of a system made from nanometric grains is no
longer obtained by the condition dG = 0, but rather by dG* = 0.

e There is therefore equilibrium between the phase a and the phase § of the
same body if G, = G}.

e For given temperature and pressure, there is a critical radius R, at which
the phase transition occurs in nanometric grains.

e So the temperature T, of the phase transition is, in particular, a function
of the radius R of the nanocrystals:

Tc - T(P7 Ra ’Von’)/ﬁ) .

This relation has been clearly demonstrated for the tetragonal—cubic tran-
sition in BaTiOj3 (see Fig.2.6).

Instability of the Crystal State

It has long been known that, beyond a certain size, the crystal becomes un-
stable, favouring an amorphous, hence disordered structure. The critical size
obviously depends on the material. For example, in the case of silicon, a the-
oretical study has shown that this crystalline-amorphous transition occurs
for sizes of the order of 3nm [13]. This same study stresses that this phase
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transition is discontinuous. It is therefore quite appropriate here to speak of
a grain size dependent phase transition.

The size of a nanocrystal thus plays the role of a kind of intensive quan-
tity imposing the crystalline or amorphous state in the same way as the
temperature or the pressure.

2.2.3 Influence of the Surface or Interface on Nanocrystals

Changes can thus be observed in the phase diagram of a material by varying
only the size of the constituent grains. In the same way, one may expect to
obtain similar effects by altering the surface state of these nanograins whilst
keeping their dimensions constant. The modification of this surface or inter-
face energy can be achieved in different ways: either by adsorption of various
chemical species or molecules in the case of powdered systems or systems in
solution (solid—gas or solid-liquid interface), or by compacting the nanograins,
or embedding them within a matrix (solid-solid interface).

A Simple Example

Let us return to BaTiO3. Quite recently, the role of the outer interface on tran-
sition temperatures in barium titanate has been investigated [14] (Fig.2.7).

A T'état de poudre : interface solide-gaz

130l N . Cubique
¥
E 80t Quadratique
2 30 - -
s —_ el bl - 3
2 -201 Orthorhombique Taille
R énoyenne
O TN P es grains
=

120 : Rhomboédrique (1m)

0,1 1 10
A I'état de céramique : interface solide-solide
200 —

:G 150 Cubique
S 1003 ¢ )
E 50 Quadratique
\E 0 = >
2 ~504 Orthorhombique Taille
g 100 )} moyenne
= _IS(‘- Rhomboédrique des grains

-150 t m

0,1 1 10 (um)

Fig. 2.7. Transition temperatures for BaTiOg3 as a function of grain size [14]. Upper:
In the powdered state (solid—gas interface). Lower: In the ceramic state (solid—solid
interface)
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In the first case, BaTiOj3 is in powdered form and hence has an outer surface
which is a solid—gas interface. In the second case, the material is in the form of
a microstructure composed of agglomerated grains, i.e., a ceramic with vary-
ing degrees of density. In this case, there is a solid—solid interface between
grains.

The two phase diagrams are clearly different. Thus, for a given grain size
and temperature, different phases can be stabilised depending on the state of
the interface.

Still in the second case, for a solid—solid interface, a very slight variation is
observed in the transition temperatures as a function of grain size. Nanograins
in a bulk solid material would therefore appear to behave like large grains.
The surface effect would thus seem to disappear if the nanocrystal is bounded
by an outer interface with nanocrystals that are identical to it.

A More Complex Example

Phase transitions on the nanoscale and in ternary systems have rarely been
studied, despite the fact that quite spectacular modifications are to be ex-
pected in equilibrium diagrams established for large grains. Indeed, since the
energy contribution of the interface between the phases increases when the
grain size goes down, the phase separations observed in micrometric crystals
should disappear at the nanoscale, leading to a single phase. New materials
can thus be expected.

An interesting example is provided by nanometric titanium ferrites, which
have the formula (Fes_,Ti;)1-sO4, where § (a parameter related to the aver-
age valency of cations) represents the deviation from the oxygen stoichiome-
try of the material [15]. Figure 2.8 shows the phase diagrams of the Fe-Ti-O
system obtained for monocrystals that are at least micrometric (Fig.2.8a),
and for nanometric elementary crystals with solid—solid or solid—gas inter-
faces (Figs. 2.8b and c, respectively). In the latter case, the stability region of
the spinel phase extends from § = 0 to § = duax for titanium compositions
with z in the range 0.25-0.75. For other compositions, only metastable spinel
phases can be synthesised over the whole range of § owing to their much larger
grain sizes (> 30 nm), and for which the spinel phase is not stable. Because of
the grain size, but also due to the particular interface, a unique face-centered
cubic phase is thus stabilised over a wide range of phase diagrams, in contrast
to the mixture of phases that occurs for micrometric crystals. Indeed, for the
latter, an orthorhombic phase and a rhombohedral phase, or a rhombohedral
phase and a face-centered cubic phase coexist over a large part of the diagram,
depending on the titanium composition and the deviation from oxygen stoi-
chiometry (see Fig.2.8a). This phenomenon is explained by the fact that the
surface energy that would be created by the fine grains, if these two phases
were to coexist, would be too great, so that the system prefers to crystallise
in a single phase in the case of nanometric grains.
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Reducing the size of a nanocrystal increases the relative importance of the
surface or interface between grains. Consequently, the state of the surface
or interface also predetermines the properties of the nanomaterial.

2.2.4 Modification of Transition Barriers

In some cases, exotic crystalline phases have been observed unexpectedly in
nanoparticles. For the main part, these phases are not the most stable struc-
tures, but are obtained during the formation or synthesis of the nanoparticles,
probably for kinetic reasons. It is nevertheless remarkable that it is generally
easier to produce these phases in nanocrystals than in the bulk solid. These
phases are also generally more stable. For example, Ge nanoparticles formed
via a vapour deposition technique possess a certain crystal structure known
as ST12 whenever the particle size is less than 4nm [16], whereas it is the
diamond-type cubic structure of the bulk solid that is observed for larger
nanoparticles. This ST12 structure also exists for the bulk material, but to
obtain it, a considerable pressure must first be applied (around 10 Gpa), this
causing the formation of a 3-Sn type structure, before returning suddenly to
atmospheric pressure. This ST12 structure is also metastable in the bulk solid
and one only needs to anneal the system in order to recover the cubic diamond
structure. What is interesting here is that this annealing stage need only be
carried out at 200°C in the bulk solid, whereas one must go to temperatures
above 800°C for nanoparticles! We may conclude that the reduction in size
of nanocrystals is accompanied by a modification of the transition barriers
between the phases.

The effect of size on phase transition barriers can be simply explained
using the elementary thermodynamic model discussed above. We assume to
begin with that the barrier height is directly proportional to the free energy
difference AG* between the two phases. Assuming that the molar volume of
the two phases is the same, we obtain

AG* = AG — 2A7% .

The variation of AG* as a function of R thus depends only on the difference
of surface energy A~y between the two phases. A reduction in the barrier
height, and hence of the transition temperature, may thus occur when the
size of the nanocrystals decreases. But it may also increase, as happens for
the rhombohedral-orthorhombic transition in BaTiO3 powders.

It has also been possible to explain modifications in transition barriers us-
ing criteria related to crystal defects in nanoparticles. In the bulk solid, phase
transitions are helped by the presence of defects in the crystal structure. These
facilitate nucleation of the new phase. In contrast, the smaller the nanocrys-
tal, the less likely it is to contain any such defects. It may thus be assumed
that size reduction will hinder the transition. However, for low or zero defect
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densities, recent work has shown that an increase in the size of Si or CdSe
nanoparticles is accompanied by an increase in the pressure required to bring
about the phase transition [17,18]. There are therefore several mechanisms
here and the variation of the transition barrier may be somewhat complex.

Phase transition barriers depend on the size of the nanocrystal, but in a
complex way. This variation depends on the state of the surface or interface
and the presence or otherwise of crystal defects.

2.3 Geometric Evolution of the Lattice in Nanocrystals

2.3.1 Grain Size Dependence

Reducing the size of nanocrystals changes the stability of the various crystal
phases, so it is reasonable to ask whether this reduction is not also accom-
panied by some change in the lattice parameters for a given phase. For the
moment, this question has received less attention than the phase transitions
themselves, largely because experimental determination of lattice parameters
is difficult in nanocrystals and requires high accuracy. This means that few
data are yet available.

Lattice Geometry
Demonstrating Grain Size Dependence

Let us return to the example of BaTiOg, already illustrated in Fig. 2.4 on p. 38.
It has been observed that, in the case of the tetragonal perovskite lattice
obtained for nanocrystal diameters ¢ > 80nm, the tetragonal aspect ratio
given by c/a falls off as @ decreases. However, the volume V = a?c of the
unit cell remains constant [3]. This is therefore a grain size dependence in
the geometry of the crystal structure. This phenomenon was first discovered
about fifty years ago [19] and then investigated further [3,20].

Demonstrating the Absence of Grain Size Dependence

Despite the spectacular and entirely repeatable nature of this observation, it is
not universal. Indeed, in the case of zinc oxide, for example, which crystallises
according to a hexagonal system, no variation of the ratio ¢/a has been ob-
served here when the dimensions of the elementary crystals are reduced from
a few microns to a few nanometers [21].

This difference of behaviour is not yet understood. An explanation should
probably be sought in the structural differences which induce major differences
in physical properties, especially with regard to ferroelectricity. Indeed, the
BaTiOs3 lattice is polar, thereby contributing to the ferroelectric nature of
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tetragonal BaTiO3, whereas the ZnO lattice is not polar. It would seem that,
in ferroelectric materials, size effects are relevant even for relatively large sizes
and, in these materials, one must take into account changes in the polarisation
at the interface between the solid and the surrounding medium. For small
crystals of BaTiOs and considering only the effects on the crystal state, it is
thus observed that the tetragonality of the lattice is already affected for sizes
of the order of 1pum.

Lattice Parameter

Beyond the critical diameter of 80 nm, BaTiOg stabilises in a cubic structure.
Figure 2.4 shows an increase in the lattice parameter when the average grain
size goes down. It would thus seem that there is a grain size dependence in the
volume of the unit cell of the crystal lattice. In fact, as we shall see later, this
phenomenon is not, at least not for the main part, related to the reduction
in size of the nanocrystals, but is due rather to the action of certain heat
treatments used on their surfaces to control their size.

In some cases, a grain size dependence is observed in the parameters specify-
ing the crystal structure. However, the few available examples are insufficient
to conclude that this is a general effect, and a fortiori, cannot yet provide a
full understanding.

2.3.2 Theory

Grain size dependence due to the surface or interface can be described us-
ing a thermodynamic approach, by considering the surface or interface as a
whole, or using a microscopic approach, describing in detail the relaxation
and reconstruction effects. For very small nanocrystals, there are also quan-
tum confinement effects.

Thermodynamic Approach

Laplace’s law is often used to describe the dependence of the lattice parameter
on grain size. This law relates the pressure P, inside the grains to the pressure
Pyt outside, the surface energy v, and the grain size ¢:

Pint:Pext+47/¢-

The term 4v/¢ is positive, since y is an excess energy at the surface of the solid
and hence necessarily positive. Hence, when the grain size ¢ goes down, the
term 4v/¢ grows larger, leading to an increased pressure inside the grains.
This would mean that the lattice parameter should decrease in every case.
This is indeed what is observed for the ferrites of Co and Mn [22]. However,
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in both BaTiOg [3] and -FeaO3 [23], the lattice parameter actually increases,
in direct contradiction with the above law!

A more careful analysis can explain this apparent paradox, showing that
it is the surface stress I' that should appear in the last equation, rather than
the surface energy [24]. So there is no longer any contradiction between re-
ducing the grain size and observing an increase in the lattice parameter, since
the pressure within the grain can be diminished if the stress I is negative.
Note that the energy, which depends on the square of the stress, does remain
positive. The thermodynamic approach shows that, depending on the state of
the surface, one may see either a contraction or an expansion of the atomic
bonds within the nanocrystal.

Microscopic Approach

When a surface is created, the atomic planes near the surface are usually
displaced. The direction and magnitude of this relaxation depends on the
type of material and also the orientation of the surface. In rare gas crystals or
ionic crystals, for example, the bonds between the atoms are relatively long-
range. In the bulk, the relative position of the atoms is determined by the
competition between the mutual repulsion of the nuclei and long-range forces
(Coulombic in the case of ionic crystals). In this case, the atomic planes at
the surface expand [25,26]. In the case of face- or body-centered cubic metals,
the situation is generally different: for close-packed planes without defects,
a very small surface relaxation is generally observed. On the other hand, if
a close-packed surface has a certain degree of roughness due to the presence
of defects such as steps or islands, or if the surface is not close-packed, the
outermost layer will relax considerably towards the core of the material, whilst
certain layers further in will move toward the surface. As an example, Fig. 2.9
shows the various motions of the (210) surface planes in platinum [27]. These
different relaxations compensate for the fact that the atoms at the surface have
fewer near neighbours, whence the electron density is lower there. Relaxation
is thus a way of compensating for changes in the electron density in each
plane, in such a way as to make it as homogeneous as possible right out to
the outermost surface.

Consider now a nanocrystal with approximately spherical shape. Relax-
ation of the first atomic planes will lead in this case to a pressure exerted
by the surface on the core of the nanocrystal, and hence to an increase or a
decrease in the lattice parameter. An effect is therefore induced not only by
the adsorption state of the surface, but also by the surface itself. This effect
is even more marked in semiconductors, where surfaces are generally recon-
structed, in order to minimise the number of dangling bonds, which generates
large stresses in the first layers. In a nanocrystal, these stresses will also con-
tribute to the surface pressure and to the contraction or expansion of atomic
bonds. For example, simulations of Ge nanocrystals with surface composed of
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Fig. 2.9. Schematic description of surface relaxation effects in the case of a Pt
(210) surface. These relaxations are deduced from models based on LEED (low
energy electron diffraction) studies [26]

reconstructed layers have indicated a reduction in the structure parameter of
up to 6% for 2-nm nanoparticles [28].

We have limited the discussion here to clean surfaces. In the more compli-
cated case where there is adsorption on nanocrystal surfaces, it is not possible
a priori to guess whether one will observe a contraction, or rather an expansion
of the surface planes, i.e., a reduction or an increase in the lattice parameter.
In the present state of our understanding, only a detailed analysis in each
particular case can provide an answer to this question.

Quantum Confinement

A priori, there is no reason to expect any particular variation in the structure
parameters due simply to a reduction in the volume of the nanocrystal. How-
ever, for very small dimensions, of the order of a few nanometers, a quantum
confinement effect occurs, leading among other things to a change in the elec-
tronic structure. This change is accompanied by a shortening of the atomic
bonds within the nanocrystal. This effect is relatively small and difficult to
demonstrate experimentally. However, although this variation is small, it has
been obtained in simulations for Ge nanoparticles (see Fig. 2.10) [28,29]. The
surfaces, passivated by hydrogen, have little influence in this case, and the
bond contraction observed does indeed arise as a consequence of quantum
confinement. The effect nevertheless remains very slight, even for very small
nanocrystals with diameters of the order of 2 nm.

The variation of the parameters describing crystal structure can be under-
stood in relation to the nanocrystal surface using either thermodynamic or
microscopic approaches.
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Fig. 2.10. Calculated variation of the atomic volume and the associated pressure

as a function of the size of Ge nanocrystals. Two types of structure are considered:

diamond cubic (black symbols) and ST12 (white symbols); and two surface states:
hydrogen passivated (circles) and with reconstructed layers (squares)

2.3.3 Influence of the Nanocrystal Surface or Interface
on the Lattice Parameter

Several experiments have shown a relationship between the adsorption state
of nanocrystal surfaces and the change in the lattice parameter. Hence, for
nanocrystals in ceramic powders like BaTiO3 [30] or SrTiOg [31], the pres-
ence of water molecules and OH™ ions on the surface causes an increase in
the lattice parameter. After desorption of the molecules by a suitable heat
treatment, the values for the bulk solid are recovered.

Figure 2.11 shows how one may adjust the lattice parameter in y-Fe;O3 by
varying the surface energy of the nanocrystal. There are two clearly distinct
regimes: first a contraction of the nanocrystal, and then an expansion. The
first regime corresponds to a phase in which OH™ and H5O are chemisorbed
on the surface, and an initial water monolayer is formed, with water vapour
pressures below a certain critical value. The second regime, on the other hand,
corresponds to the formation of water multilayers by physisorption, and the
relaxation of the oxide by strengthening of the bonds between the water layers
[32]. The existence of two distinct regimes has also been demonstrated for iron
nanoparticles coated with a thin layer of v-FeoO3 [33], and also when oxygen
is adsorbed on carbon nanotubes [34].

The state of the surface or interface of a nanocrystal can affect the crystal
structure parameters. However, it is still difficult to predict this effect or
estimate its importance.




2 Structure and Phase Transitions in Nanocrystals 51

8,350

8,348}

@ »
w w
= =
= =
—ot
| —
—o—

Paramétre de réseau (A)
—
-
o
—o—

«m «m Et
) ) )
% = =
& S o

8336001 02 03 04 05 06 07 08 09 1

P/P, (mbar)

Fig. 2.11. Dependence of the lattice parameter for a nanometric vy-Fe2 O3 powder on
the state of adsorption of water vapour on the powder. For water vapour pressures
below a critical value (around P/Py = 0.1), the formation of a monolayer appears to
compress the oxide, whilst for high pressures, the formation of multilayers of water
would appear to relax the oxide by strengthening the bonds between water layers
[32]. (1) 630kJ/mol: chemisorption of OH?>~ and physisorption of H2O (monolayer
on -Fez03). (2) 45kJ/mol: physisorption of HoO (multilayer on Hz0)

2.3.4 Is There a Continuous Variation of the Crystal State Within
Nanocrystals?

Experimental results using X-ray diffraction have shown that there is prob-
ably, in BaTiOgs, a gradient in the crystal organisation as one moves from
the surface toward the core of a grain. The average state of the solid is all
the more affected by this gradient as the grain size goes down [20]. However,
some doubt has been raised concerning this result regarding the evolution of
the microstructure in ferroelectric domains, because this too is influenced by
grain size and this too shows up in the X-ray diffraction diagram [35,36].

Simple Theoretical Approach

The simplistic idea of obtaining a nanometric grain by ‘cutting’ a nanometric
chunk out of an infinite crystal leads one to distinguish the crystalline or-
ganisational states in the core of the grain and in those layers influenced by
the proximity of the surface (see Fig. 2.12). Following the argument discussed
above with regard to surface relaxation, it is easy to imagine that the lattice
parameters may vary continuously as one moves away from the surface, inside
the crystal.
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Fig. 2.12. Schematic representation of the distortion of the crystal lattices in layers
close to the surface of a nanometric grain. (a) Infinite undistorted 2D lattice. (b) A
chunk is cut from the undistorted 2D lattice. (c) Isolated chunk, held in the shape
of the undistorted lattice by virtue of fictitious stresses equal to those that were
exerted by the rest of the lattice on the same chunk before it was cut away. (d)
Isolated chunk after removal of stresses exerted by the rest of the lattice: the case of
an expansion after freeing from stresses. (e) Isolated chunk after removal of stresses
exerted by the rest of the lattice: the case of a contraction after freeing from stresses

Simulation

The possibility of bond length variations within nanocrystals as a function
of the distance of the bond from the surface has been investigated recently
using ab initio simulations for Si and Ge [37]. Figure 2.13 shows the way the
bond length changes as one moves away from the center of the nanograin. It
turns out that, whatever the size of the nanocrystal considered, the crystal
structure undergoes a slight dilation at the center which gradually diminishes
to become a compression as one approaches the surface. This effect is more
important here for Ge than for Si.

In certain cases, simulation predicts an inhomogeneous distribution of the
structure parameters within nanocrystals. However, experimental determi-
nation remains difficult.
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3

Thermodynamics
and Solid—Liquid Transitions

P. Labastie and F. Calvo

The thermodynamics of nanosystems differs significantly from the thermody-
namics of macroscopic systems, because a certain number of variables such
as the energy, entropy, etc., are only extensive in the thermodynamic limit,
i.e., when the number of particles making up the system tends to infinity.
Likewise, the equivalence of the Gibbs ensembles (microcanonical, canonical,
and grand canonical) is only valid in this same limit. We shall see later (see
Sect. 3.2) how thermodynamics can be applied to small systems.

In the framework of statistical thermodynamics, Gibbs defined three so-called en-
sembles, corresponding a priori to different physical situations [1]. However, these
ensembles provide completely equivalent descriptions of macroscopic systems in the
thermodynamic limit. Let us recall their main features:

e Microcanonical Ensemble. The system is assumed isolated so that its energy is
constant. All the microscopic states corresponding to a given macroscopic state
are equiprobable.

e (anonical Ensemble. The system has fixed composition, but it can exchange
energy with a thermostat at temperature 7. The probability of occupation of an
energy state E is proportional to the Boltzmann factor exp(—E/ksT).

e Grand Canonical Ensemble. The system can exchange energy with a thermostat
of temperature 1" and components with a reservoir of particles having chemical
potential p. The occupation probability of an N-particle state with energy FE' is
proportional to exp [ — (E — uN)/ksT].

Even if size effects such as structural changes or the influence of the surface
can be quantitatively important, they do not lead to a qualitative change in
the thermodynamic properties of single phase systems. On the other hand,
phase transitions can be considerably altered:

e reduction of the transition temperature,
e reduction of the latent heat,
e broadening of the temperature range over which phases can coexist.

Moreover, phase transitions are a typically polyatomic effect. To characterise
a phase, a certain minimum number of constituents is required. It makes no
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sense, for example, to ask whether a diatomic molecule is liquid or solid. But
then, is there a size or size range for which phase transitions disappear?

The theme of this chapter on thermodynamics is thus the solid-liquid tran-
sition, which typifies the idea of phase transition. Beginning with macroscopic
systems, we shall investigate their evolution with decreasing dimensions. We
shall then see how thermodynamic concepts must be modified in order to un-
derstand what happens at very small scales. We shall find that a hypothesis
is required regarding the stability of nanoparticles, and that this hypothesis
is not always satisfied. We shall then treat the question of unimolecular evap-
oration, and use the results to specify the time span over which it is safe to
assume that these particles are stable in the condensed state.

3.1 Size Dependence of the Solid—Liquid Transition

3.1.1 From the Macroscopic to the Nanometric
The Macroscopic Solid—Liquid Transition. Generalities

Given its importance in everyday life as well as in industrial processes, it
is understandable that the solid-liquid transition should have been the sub-
ject of many studies, in both macroscopic and nanometric systems. However,
there is no satisfactory theory for this transition. A good introduction to the
phenomenology and empirical theories is given in [2, Chap. 3]. In the present
context, we shall limit the discussion to the main ideas required to understand
this chapter.

Inp

Liquide

N

InT

Fig. 3.1. Schematic phase diagram of a simple body
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T,

Fig. 3.2. Schematic caloric curve for a simple body at constant volume. Low tem-
perature quantum effects are not represented

The phase diagram of a simple body is shown schematically in Fig. 3.1.
Three phases are apparent:

e Solid. Below the melting temperature corresponding to the solid-liquid
equilibrium and above the sublimation pressure corresponding to the solid—
gas equilibrium curve.

e [Liquid. Below the melting temperature and above the vaporisation pres-
sure corresponding to the liquid-gas equilibrium curve.

e (as. At low pressure, below the two previous curves. Above the critical
point (P.,T¢), there is no difference between liquid and gas.

The region that concerns us here is of course the liquid-solid equilibrium
curve, or more precisely, its lower end, the so-called triple point (Ps,T53), cor-
responding to the coexistence of three phases. Indeed, as we shall see shortly,
an isolated nanoparticle is closer to a constant volume system than a con-
stant pressure system. We thus begin by examining what happens when a
solid macroscopic particle is heated at constant volume. We first follow the
sublimation curve, a certain amount of matter being vaporised in order to
maintain the low saturated vapour pressure in the container. If the volume of
the container is not too large, so that not too much matter is vaporised, we
end up at the triple point. At this point, although heat is still being supplied
to the system, the temperature and pressure remain constant as long as the
three phases coexist. When all the solid has been transformed into a liquid,
we then follow the vaporisation curve, leaving it at a point depending on the
volume chosen and on the size of the particle. A calorimeter is used to measure
the energy supplied to the system. We then have a curve giving the internal
energy as a function of the temperature, of the kind shown in Fig. 3.2, and
called the caloric curve or heat curve.

The discontinuity in the energy at the transition is called the latent heat
L. With the transition temperature Ti, the parameter L characterises the
macroscopic transition in the context of thermodynamics.
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Microscopic Theory of the Solid—Liquid Transition

At the present time, there is no satisfactory microscopic theory of the solid—
liquid transition. Although it is not a recent discovery, the Lindemann crite-
rion provides a simple and fairly reliable estimate of the melting temperatures
of monatomic solids such as metals and noble gases. The key idea is that the
amplitude of vibration of atoms in the crystal about their equilibrium position
will increase with temperature. When this amplitude reaches a certain frac-
tion f of the distance between nearest neighbours in the crystal lattice, the
solid can no longer maintain its crystal structure and it subsequently melts.
Experimentally, it is observed that for all monatomic solids f ~ 0.07 [2].
In order to apply this to nanoparticles, we shall state this criterion in the
form: a monatomic solid melts when the fluctuations in interatomic distances
are of the order of 14%. Indeed, bond length fluctuations are equal to twice
the vibrational amplitude of atoms located at each end of the bond. These
fluctuations are given by the relative squared deviation ¢ defined by

9 (r3;) — (rij)?
a5 D Dy o

1<j

(3.1)

where ( ) stands for a time average and r;; is the distance between atoms 4
and j. J is in fact also an average over all bonds of the relative fluctuation of
each bond.

The solid-liquid transition is characterised by two thermodynamic parame-
ters: the transition temperature 7 and the latent heat L. The Lindemann
criterion provides a phenomenological prediction of the melting tempera-
ture, viz., the solid melts when the relative fluctuation in the interatomic
distances reaches about 14%.

Size Effects on the Solid—Liquid Transition

The distinction between solid and liquid is obvious on our scale, in the sense
that we can see immediately whether a glass of water is frozen or not. However,
if we think about this for a moment, it is not so easy to find measurable criteria
capable of distinguishing between the two states. An elementary school book
gives the following definition: a liquid adopts the shape of the container in
which it is held. But it would be hard to transpose this idea to the nanoscale!
This is why, even though the reduction in the transition temperature of small
particles was predicted as early as 1909 [3], experimental techniques have only
been developed rather recently. Two types of method are currently available:

e observation of the structure of deposited particles by electron diffrac-
tion [4],
e calorimetric measurements on deposited [5] or free particles [6].
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Fig. 3.3. Dependence of the solid-liquid transition temperature of gold on particle
diameter. Taken from [4]. The transition is detected by the disappearance of Bragg
peaks in the electron diffraction pattern. Dots represent experimental values. The
continuous curve is fitted to (3.3) by the least squares method

We shall begin with deposited particles, containing at least a few thousand
atoms. Measurements are usually made for a size distribution centered on a
given radius.

Figure 3.3 shows the variation in the temperature of the solid-liquid tran-
sition for gold particles with sizes in the range 2-25nm. The drop in the
melting point is striking, from 1336 K (melting temperature of solid gold) to
around 300 K! As the transition is directly detected by a change in the elec-
tron diffraction pattern, it is not possible to measure the latent heat. This has
been done recently, however, by Lai and coworkers [5], thanks to progress in
nanocalorimetry.

Figure 3.4 shows the measured caloric curves for tin particles of different
radii. To show the energy discontinuity at the transition more clearly, the
authors have subtracted the linear evolution due to the heat capacity of the
system as a whole. The graph has a similar shape to the one in Fig. 3.2, ex-
cept that the energy is no longer discontinuous and the transition stretches
over a certain temperature interval AT. In fact, one reason for this in the
experiment cited is that, since each size corresponds to a specific transition
temperature, a size distribution automatically leads to a distribution of tran-
sition temperatures. We shall see below that there are also intrinsic reasons
for the transition to broaden, although these concern much smaller sizes, i.e.,
a few hundred atoms (see Sect.3.1.2).

Using the curves in Fig. 3.4, the thermodynamic parameters Ty and L can
be extracted as a function of size. These are shown in Fig.3.5. As for gold,
there is a considerable reduction in the melting point at small sizes. More-
over, the latent heat also drops, by almost 70%. Now the classical thermo-
dynamic models used up to recently to describe the change in melting point
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Fig. 3.4. Amounts of heat measured by calorimetry during the melting of deposited
tin nanoparticles with average radii 5.3, 6.7 and 8.2nm. Taken from [5]. The heat
due to the heat capacity of the system as a whole has been subtracted so that only
the contribution from the latent heat of transition of the clusters appears on the
graphs. Curves are translated vertically for clarity

with particle size assumed that the latent heat was constant. This experi-
ment demonstrates that such an assumption is unjustified, as had also been
predicted by numerical calculations [7]. We shall nevertheless present these
classical models in the next section, since they provide a simple interpretation
of observed phenomena.

Classical Models

In order to model a small particle, surface effects cannot be ignored. The first
effect due to the presence of a surface is to add a surface tension term to the
thermodynamic potentials. If this correction is taken into account, assuming
furthermore that the thermodynamic parameters do not depend on the size,
the so-called classical models for the melting of small particles are obtained.
All these theories are based on the Gibbs—Duhem equation, expressing the
chemical potentials of the solid and the liquid, and the Laplace equation for
the surface, taking surface tension into account. A first order expansion gives
an expression of the form

Tw(r) 2«
Twm(c0)  psL(co)r

where T),(r) is the melting temperature of the particle of radius r, Ty, (00)
is the melting temperature of the bulk solid, ps is the density of the solid,

1— (3.2)
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Fig. 3.5. Dependence of the thermodynamic melting parameters of deposited tin
nanoparticles on the particle radius. Taken from [5]. (a) Solid-liquid transition tem-
perature. Points represent experimental values. The continuous curve is fitted to
(3.4) by the least squares method. (b) Latent heat per unit mass. Points represent
experimental values. The continuous curve is fitted to (3.5) by the least squares
method

L(c0) is the latent heat of fusion of the bulk solid, and « is a function of the
solid-liquid surface tension 7y, the solid—vapour surface tension -, and the
liquid—vapour surface tension 7.

To obtain a more precise expression for «, one must choose a model for the
solid-liquid equilibrium at the transition. There are two main choices here:

e [irst Model. This assumes a chemical-type equilibrium between entirely
solid particles, entirely liquid particles, and the vapour. One then has

Tw(r) 2 s 2/3
1= Tm(c0)  psLrg [VS N <p1> ] . (3.3)

where pj is the density of the liquid and r4 the radius of the solid particles.
This expression has been used in [4] to interpret the curve in Fig. 3.3.

e Second Model. This assumes that, at the transition temperature, each par-
ticle, still in equilibrium with its vapour, contains a solid core surrounded
by a layer of liquid of thickness 6. One then has

Tm(r) 2 Vsl " Ps
1-— = —(1—-= . 3.4
Tm(0)  psL [ré + r nl (3-4)
Note that, even if 0 is zero, this equation does not reduce to (3.3). We do
have vs = 751 + 1, but the ratio of the liquid and solid densities is not at
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the same power. This correction is nevertheless negligible compared with
the many approximations made in these models.

The same type of model involving surface tension energies can be used to
understand the change in the latent heat of the solid—liquid transition for
particles of different radii 7. In the framework of the first model (equilibrium
between entirely solid and entirely liquid particles), we obtain

L(oo) — L(r) = > (% - m)

Tin(o0)
+ Cp1ig(T) — ¢p. g1 (1) |dT" . 3.5
-2 [T @) — )AL (35)

T (r)

Quite generally, the parameters determining the transition vary steadily with
the size. The dominating term in these variations goes as 1/r, i.e., as N-1/34f
we refer to the number of particles N. This is why the graphs showing these
variations are often plotted as a function of N~'/3 rather than N.

Uncertainty in the Solid—Liquid Transition Temperature

As mentioned above, the transition seems less abrupt for small particles than
in the bulk solid. Although the size dispersion of the sample, leading to a
distribution of width AT in the transition temperatures, can in part explain
this broadening effect, Imry [8] has demonstrated another more fundamental
reason why the transition should broaden, which arises even if the particle
sizes are perfectly selected.

Consider a particle with N constituents and neglect variations in the tran-
sition temperature and latent heat due to size differences. The probability
p(E) of an energy state E at temperature T is given by the Einstein formula

ptm) = SIS e = Blln] (5:6)

where kg is the Boltzmann constant and Z(7T') is a normalisation factor called
the partition function. Now, if sg and ey are the entropy and energy per
molecule in the solid, the energy per molecule in the liquid is given by e =
es + L and the entropy by s; = sg + L/Ty,, where L is the latent heat per
molecule. We can now calculate the ratio of the probabilities of having a liquid
particle and a solid particle:

P1 NL 1 1

P e 3.7

Ds P |: kB <Tm T ( )
It can thus be seen that this ratio goes from 0 to a very large value over an
interval AT such that A(1/T)NL/kg ~ 1. We may deduce that

_ ksTZ

AT
NL

(3.8)
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Fig. 3.6. Solid-liquid transition temperatures and latent heats (Eo) for sodium
clusters, measured by Haberland and coworkers [6]. (b) is a magnified view of (a).
Given the broadening of the transition, no exact value can be attributed to the latent
heat. However, the experiment provides the differences from one size to another in

a precise manner. The Ey scale is thus a relative scale

For tin particles with diameter 5.3 nm, Fig. 3.5 implies that the latent heat per
atom is about 4 x 102! J for particles of around 20,000 atoms. We may deduce
that the width of the transition is of the order of 0.03 K, which is impossible
to observe. However, for very small particle sizes, this width can become
significant. For example, provided that the latent heat and the transition
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temperature do not vary too much, the width of the transition for 20 atoms
would be of the order of 30 K. It remains to check that some meaning can be
attached to the transition for such small sizes.

3.1.2 From Nanoparticles to Molecules

We shall now discuss experiments carried out on very small particles, con-
taining only a few tens to a few hundreds of atoms, with size selection. There
are very few methods available to do this and experimental results are scarce.
This explains why numerical simulation experiments have been used to sup-
plement the few available methods. The behaviour of a system is modelled
and calculated by computer. Without wishing to exaggerate the scope of this
kind of experiment, they have nevertheless proved extremely useful for study-
ing universal phenomena like melting. Indeed, even though the model may
be rather far removed from a real system, one may still hope that similar
mechanisms and qualitative features will be generated.

Experiments

One of the great achievements of the last decade has been the possibility of car-
rying out nanocalorimetry experiments on size-selected clusters of a hundred
or so atoms, by Haberland and coworkers in Freiburg (Germany). Figure 3.6
shows the latest results from this group [6]. In contrast to what is observed for
larger particles, the evolution of the thermodynamic parameters now exhibits
no regular trend with changing particle size. In fact, in this size range, more
than half the atoms are at the surface. There is therefore no hope of basing a
theory on any simple extrapolation of macroscopic parameters. Hence, certain
sizes corresponding to some particular geometrical shape may be more stable
than others. This happens for instance with the cluster of 147 atoms, which
corresponds to a regular icosahedron. Moreover, the quantum confinement of
electrons can have significant consequences, leading to stabilisation at certain
sizes due to the closing of electron shells. This happens for the cluster with 138
valence electrons, for example. But in any case, the transition temperatures
lie well below those for the bulk material (370.95K), as do the latent heats
(27meV /atom for the bulk material). It would be interesting to see whether
(3.3)-(3.5) give the right orders of magnitude here.

In a second recent experiment [9], the transition temperatures of tin clusters
of a hundred or so atoms have been determined by gas phase chromatography.
The basicideais that the transition from solid to liquid changes the overall shape
of the particle, which becomes spherical, whereupon it has a different mobility
within a gas. Figure 3.7 compares this temperature with the temperature for
bigger particles measured by various methods. The remarkable thing in this case
is that the transition temperature is higher than in the macroscopic material.
This result is attributed to a change in the solid structure in small tin particles,
which is not directly revealed by the experiment.
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Fig. 3.7. Transition temperatures of tin clusters. White circles are measurements
by Jarrold et al. [9]. Black circles are measurements by Lai et al. [5]. Black squares
are measurements made by Kofman et al. using optical methods [10]

Numerical Results

When discussing the results of numerical experiments, it no longer suffices to
simply cite the name of the element under investigation. The model must also
be described. Here we present a model which has been so often studied that
it has been given its own name: Lennard-Jonesium! It is a simple but realistic
model, first used to simulate condensed phases, then applied to clusters since
the beginning of the 1970s [11]. It was Berry et al. [12] who first used it to
try to understand phase transitions in finite systems. In this model, material
points interact in pairs through the Lennard-Jones (LJ) potential

) = ()" -2 (2)7] (39

This potential is zero at infinite distances, has a minimum with a value of
—eg for r = ry and grows very fast as r — 0. In simulations, ey = 1 and
ro = 1, but well chosen values for these parameters provide an excellent model
for the noble gases. A cluster of n atoms interacting by the Lennard-Jones
potential will be denoted by LJ,, in the following. Many other models, realistic
to varying degrees, have been used to calculate the properties of clusters of
atoms or molecules. They are all more complicated than the LJ model and
lead therefore to much heavier numerical calculations. For the qualitative
investigation of melting, they provide no great advantage.
There are two main types of simulation method:

e Molecular Dynamics. The differential equations of motion are solved, gen-
erally in Hamiltonian form.
e Monte Carlo. Statistical averages are calculated directly.

To avoid evaporation during the simulation, a confinement term v.(r) which
becomes infinite when the atoms wander too far away is generally added to
the potential. One thus ends up with a Hamiltonian of the form
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the heat capacity for Lennard-Jones clusters. Taken from Frantz [13]
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where 7;; is the distance between atoms ¢ and j, and r; is the distance between
atom ¢ and the origin. The atoms are thereby enclosed in a spherical cavity.

Figure 3.8 shows the calculated melting points of Lennard-Jones clusters
containing a few tens of atoms. As in the Haberland experiment, the results
reveal no regular trend for changing cluster size. Of course, certain types of
structure can be related to the change in transition temperature from one size
to another, but the diversity of these structures means that no general law
can be given. Figure 3.8 also shows the maximum value of the heat capacity.
This can only be related to the heat capacity if one also knows the transition
width, as given approximately by (3.8). The small size of the clusters here
makes it difficult to extract the latter parameter accurately.

The smallest cluster for which Frantz found a peak in the heat capacity
and to which he attributes a transition temperature contains only 6 atoms!
For such sizes, simulations are fast and reliable. One should still ask what this
peak represents. Can we still speak of a phase transition? But if not, what
criterion should we adopt? This is where theory can provide some answers, and
this is why we shall devote the next section to some theoretical considerations
concerning the thermodynamics of small systems.
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3.2 Thermodynamics of Very Small Systems

3.2.1 General Considerations

Consider a simple thermodynamic system with volume V' and containing N
particles. This system is characterised by a function called the density of
states, given in classical mechanics by an integral over the phase space, viz.,

d
Q(E,V,N) = 7/ dqdp . (3.11)
dE H(q,p)<E,qcV

where g stands for all position coordinates, p stands for the generalised mo-
menta, and E is the total energy of the system. In quantum mechanics, the
density of states is defined rather differently, but raises no particular difficul-
ties in this context. We consider the following Gibbs ensembles:

e Microcanonical Ensemble. Variables (E, V', N). Entropy and temperature
given by

Su(E,V,N) = kg In [Q(E)] (3.12)
-1
T.(E,V,N) = (gg) . (3.13)

e (Canonical Ensemble. Variables (T, V, N). Setting 8 = 1/kgT, the parti-
tion function Z(3,V, N) is defined by

Z(B,V,N) = /Q(E,V,N)e—ﬂEdE . (3.14)
The entropy S and internal energy U are given by

/ EQ(E,V,N)e PEdE
Z(B,V,N) ’

S(B,V.N) = w + kaln [Z(B,V,N)] . (3.16)

U(B,V,N) =

(3.15)

e Grand Canonical Ensemble. Particles have variable size N. Since we wish
to obtain the behaviour of a cluster of given size, we shall not consider
this ensemble here.

Note that all the physics of the system is contained in the density of states
N(E,V,N), whatever ensemble is considered. So by looking at the energy
distribution in the canonical ensemble, one obtains the Boltzmann distribu-
tion, and hence the density of states, whereupon one may trace back to the
microcanonical effects.

In the thermodynamic limit, i.e., when N — oo with U/N — wu and
V/N — v (u and v finite), the microcanonical and canonical ensembles lead
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to the same predictions. This is what is meant by the equivalence of the ensem-
bles. Moreover, there is a function s(u,v) such that, as N — oo, the entropy
per molecule S/N — s. This is why the entropy is treated as an extensive func-
tion. However, for finite IV, neither of these two properties is satisfied. The
non-extensive nature of the system is already extant in the classical models
mentioned above, since one adds a surface tension (energy proportional to
N?/3) to the bulk energy (proportional to N). In small clusters, the thermo-
dynamic properties can vary enormously from one size to another, and there
is really no place for extensivity here.

3.2.2 Non-Equivalence of the Gibbs Ensembles

One of the most spectacular effects of the non-equivalence of ensembles for
finite systems is manifested in the convexity properties of the entropy. Indeed,
in the thermodynamic limit, it can be shown that the entropy is a concave
function of the energy (negative second derivative), and this is what explains
the stability of the system. Moreover, it is easy to see that this concavity holds
in all cases for the canonical ensemble, even in small systems.

The demonstration is straightforward. We begin by relating the heat ca-
pacity C, to this second derivative. We have

%8 91 19T

vzl OUT T2 09U

__ ! (3.17)
VN T2C, .

We must therefore show that C, > 0. Now,

U ou
Co(B,V,N) = ——| =—ksf® —
(B ) T |,y B 98 |y
= kp/? {I/EQQ(E V,N)e PFPdE — UQ}
VGRS a
_ 2 1 _ 2 —BE
= kpp [Z(ﬂ,v,N) /(E U)2Q(E,V,N)e dE} . (3.18)

The last term in square brackets represents the mean squared deviation of the
Boltzmann energy distribution, with the probability distribution 2(F,V, N)
xe PE/Z(3,V,N). It is thus always positive.

In the microcanonical ensemble, C', can no longer be expressed as a squared
deviation and we shall see below that the entropy can contain convex regions
in some cases. This implies a negative heat capacity in those regions. In other
words, the temperature of the cluster can then be reduced by heating it!
This counterintuitive effect occurs in other branches of statistical physics,
e.g., self-gravitating systems [14] and nuclear physics [15]. We shall discuss
the relationship between this effect and phase transitions below.

In fact, the absence of convex portions in the entropy in the canonical case
arises due to the different nature of this ensemble. The microcanonical ensem-
ble represents a single isolated system. In contrast, the canonical ensemble can
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be viewed in two different ways, either as describing a single system in con-
tact with a thermostat, or as a statistical ensemble of isolated systems with
Boltzmann energy distribution. In both cases, it is the result of a distribution
imposed by an external agent.

These differences provide a useful guide in choosing the most suitable
ensemble for experimental conditions. Hence, for deposited clusters or clusters
embedded in a matrix, the canonical ensemble is the natural choice. Likewise,
when observing a trapped cluster, one must use the microcanonical ensemble.
Needless to say, however, some experiments can be more difficult to interpret.

As an example, consider a molecular beam of clusters. Each cluster is isolated
and hence accurately described by a microcanonical ensemble. However, single
clusters are rarely observed and experimental results are generally expressed as
averagesover alarge number of individuals. Now the way the clusters are prepared
influences their energy distribution. If the latter comprises a narrow peak around
some given energy, we will be close to the microcanonical ensemble. On the
other hand, if this distribution is more spread out, it may be more difficult
to draw any conclusion. In practice, it is always possible to pass the beam
through a thermalisation cell, where the distribution is rendered canonical. As
mentioned above, microcanonical effects can be ascertained by looking at the
energy distribution.

3.2.3 Dynamically Coexisting Phases
Observations

The aim here is to characterise phase transitions in nanoparticles. We begin
with a numerical experiment using molecular dynamics to simulate a simple
calorimetry experiment. Starting from the solid state (very low energy), a
particle of size N is heated in a stepwise manner to higher energies, and the
instantaneous kinetic temperature defined by

2K (1)

Hell) = Gy = o

(3.19)
is observed, where K (t) is the kinetic energy of the cluster at time ¢. For
constant total energy E, the time average of Ty, (t) gives a value very close
to the microcanonical thermodynamic temperature T'(F). Figure 3.9 shows
the result for a Lennard-Jones cluster of 55 atoms. At low energies, it is clear
that the kinetic temperature fluctuates around an average value correspond-
ing to the temperature of the plateau. Successive plateaus are clearly visible.
When the total energy increases, the average temperature and its fluctuations
increase proportionally, until the plateaus disappear. Moreover, when the to-
tal energy reaches a certain threshold, obtained here after about 250 ps, the
temperature drops sharply, then begins to grow again. This drop in temper-
ature is accompanied by a sharp increase in the relative squared deviation of
the bond lengths, § given by (3.1), which goes from small values (< 0.05) to
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Fig. 3.9. Left: Instantaneous kinetic temperature of an LJs5 cluster heated in stages.
Right: Mean squared deviation § of the bond length calculated for the accumulated
time averages
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Fig. 3.10. Instantaneous kinetic temperature of an LJs5 cluster held at constant
energy near the solid-liquid transition

more than 0.15. The Lindemann criterion mentioned above indicates that the
system then becomes liquid. We are thus led to the paradoxical situation in
which the liquid is colder than the solid at the energy at which the transition
occurs.

When the simulation is left to evolve over a very long time at this energy
(see Fig.3.10), it turns out to be impossible to reach a stable regime. The
temperature alternates at random between a ‘hot’ state (fluctuations about
a high kinetic energy) and a ‘cold’ state. The cluster thus spends a certain
time in each of these states, which we may identify with the solid and liquid
phases. This phenomenon is called dynamic phase coexistence.

Furthermore, the sudden increase in § is preceded by a more linear growth
over a rather short time span. This increase is due to the greater mobility of
the outer atoms of the cluster, an effect known as surface melting.



3 Thermodynamics and Solid—Liquid Transitions 71

0,5 g
4
0,4F
)
5 03F
3
£
Aol
f="
g 0,2F
=
—— Microcanonique
0.1 —-== Canonique
0,0
=300 -250 -200 -150
Energ’ie

Fig. 3.11. Canonical and microcanonical heat curves for the LJs5 cluster

Interpretation

Heat curves can be plotted by making a detailed statistical analysis of the
above simulation results. Figure 3.11 shows two curves obtained with micro-
canonical and canonical ensembles for the 55-atom cluster denoted by LJss.
The first shows the behaviour of the isolated system, whilst the second is
associated with a Boltzmann distribution of clusters. For the microcanonical
curve, we observe the drop in temperature between two values of the internal
energy. We deduce that, in this interval, the heat capacity is negative. For its
part, the canonical curve is monotonic, in agreement with the fact that the
heat capacity is positive in this ensemble, as given by (3.18).

As we saw above, a negative heat capacity is associated with a convex
region of the entropy. Figures 3.12a and ¢ summarise the situation. Once the
entropy has been obtained, the probability distribution of the energy in the
canonical ensemble can be constructed. Indeed, the logarithm of the proba-
bility p(E,T) at temperature T is, up to an additive constant, equal to the
difference between the entropy and the straight line of slope 1/7. Each time
the derivative of the entropy is equal to 1/T, the probability p(E,T) is ex-
tremal, as can be checked by working out the derivative of In p:

olp 9(S—E/T) 1 [ 1 1] |

OE — 0kgE  kp

5 T (3.20)

where T),(E) is the microcanonical temperature. In general, the probability
only has one maximum, unless 7" is in the interval AT of Fig. 3.12a. The above
derivative then vanishes at three points, and it is easy to see that these points
correspond to two maxima on either side of one minimum. This is referred to
as bimodality. The distribution shown in Fig. 3.12d illustrates this property
when the slope 1/T is such that the straight line is tangent to the entropy
curve at two points, in which case the two maxima have the same height.
Bimodality reflects the coexistence of phases in the canonical ensemble.
This is closely connected to the phenomenon of dynamic coexistence discussed
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Fig. 3.12. Typical microcanonical properties as a function of the energy. (a) Tem-
perature. (b) Heat capacity. (c) Entropy. The straight line tangent to the entropy
curve at two points shows the construction of the canonical probability distribution
represented in (d)

above. However, it is of a rather different nature, since what we have now is
a statistical coexistence within a population of clusters, similar to a chemical
equilibrium. This observation means we can relate each maximum of the distri-
bution to a phase. Since the temperature is constant here, it is the high-energy
(respectively, low-energy) phase which is associated with the liquid (respec-
tively, solid). Moreover, the interval AT in Fig. 3.12a measures the width of
the phase transition. It is effectively nonzero, as predicted from macroscopic
considerations [see (3.8)].

According to what has been said so far, the following properties are equiv-
alent:

e The microcanonical entropy is convex over a certain energy interval.
e The microcanonical heat capacity is negative in this interval.
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e The canonical probability distribution is bimodal in a certain temperature
interval.

These properties imply a coexistence between two states that can be called
phases and hence provide a way of defining a phase transition in a finite
system. Since they are all based on an intrinsic property of the system (the
density of states), they fulfill the need for a criterion expressed at the end
of Sect. 3.1.2. However, dynamic coexistence can sometimes be observed even
when the entropy is never convex [16]. But this is a borderline case as far as
phase transitions are concerned. The above properties have the advantage of
being simple and can be used to identify phase transitions in astonishingly
small systems where they remain valid.

3.2.4 Stability of an Isolated Particle.
Thermodynamic Equilibrium

In the above discussion, we did not raise the question as to whether a thermo-
dynamic treatment of nanoparticles remains valid. Such a treatment is based
on the notion of a stable, hence enduring, equilibrium. Now it is easy to see
that no finite canonical system in an infinite space is stable with respect to
evaporation. A first difficulty in an infinite space arises from the fact that
the motion of the center of mass is not restricted, so that the integral (3.11)
includes a term proportional to the volume V| which will affect the partition
function in (3.14). This problem is simply overcome by restricting to the cen-
ter of mass frame. However, contributions from situations where the atoms
are widely separated from one another each include once again a term pro-
portional to V. They thus totally dominate in the limit V' — oo, whatever the
temperature (provided it is not zero). The system thus has zero probability of
remaining bound together. In other words, the saturated vapour pressure of
our particle is never strictly zero. It thus seems unjustified to base a study
of very small particles on a thermodynamic equilibrium that does not exist.

This argument is not restricted to the canonical ensemble. It can be applied
to the microcanonical ensemble, provided that the total energy is greater,
no matter how slightly, than the dissociation energy. Indeed, in this case,
dissociated situations make an infinite contribution to the density of states
and are thus infinitely more probable than bound situations. In practice, the
dissociation energy is usually much smaller than the heat energy. For example,
for a particle containing N = 100 atoms, a dissociation energy Ej of the order
of 0.8eV (value for sodium clusters) corresponds to a temperature of the
order of Ey/3Nkg ~ 30K. Such a low temperature is difficult to achieve in a
beam of metal clusters.

Some caution would thus seem to be in order when applying the results of
equilibrium thermodynamics to nanoparticles, since these particles can only
exist for a finite lapse of time. However, this lapse of time can in practice
be longer than most realistic experiments. In many cases, the cluster can be
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considered to be in a metastable equilibrium. One must then ensure that the
duration of this state is long enough to allow the particle to reach an internal
equilibrium, and that it has time to thermalise. The thermodynamic theory
is thus valid whenever the observation time lies between the thermalisation
time and the evaporation time. In the next section, we shall discuss several
theories that can be used to estimate the lifetime of a nanoparticle.

3.3 Evaporation: Consequences and Observations

A diatomic molecule will dissociate whenever its excitation energy exceeds
the binding energy during a single vibrational period. The situation is rather
different on the macroscopic scale. Indeed, even if a material such as a gram
of metal at room temperature contains a huge amount of thermal energy
compared with the binding energy of a single atom, the typical dissociation
time is extremely long due to the statistical distribution of this energy over
all degrees of freedom of the system.

It is thus understandable that the time taken by an atomic or molecular
cluster to dissociate will depend strongly on its internal energy, and also on its
size. As in condensed matter, the phenomenon of evaporation will therefore
be considered as a rare event for clusters.

Dissociation and evaporation are fundamental aspects of the study of small
clusters, since they give access to one of the key properties of these systems,
namely the binding energy. Binding energies and more generally the degree of
stability of nanosystems are deduced using statistical theories able to relate
them to certain experimental observables, such as the dissociation rate and
the distribution of kinetic energy released.

3.3.1 Statistical Theories of Evaporation
The Rice—Ramsperger—Kassel Theory

The theory proposed by Rice and Ramsperger [17], then by Kassel [18], called
the RRK theory, provides a simplified treatment of the dissociation of mole-
cules containing an energy excess. It assumes that the molecule can be de-
scribed as an ensemble of s harmonic oscillators that can exchange energy
between them, in such a way that dissociation occurs whenever one of these
harmonic modes has enough energy, i.e., more than the dissociation threshold
FEy. The value of s depends on the entities making up the cluster:

e For a system of N atoms, s = 3N — 6.
e For a system of N linear (rigid) molecules, s = 5N — 6.
e For a system of N nonlinear (rigid) molecules, s = 6N — 6.

The problem then reduces to estimating the number of ways of distributing
the total energy over the system, with an amount greater than Fj in just one
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of the modes. In this framework, the reaction rate one seeks is this number
normalised by the number of ways of distributing the total energy, whatever
energy is deposited in the dissociating mode. Now the number of ways of
distributing the energy E over s oscillators is given by [E*~!/(s — 1)!]. The
dissociation rate is therefore given by

BB (28

An improvement suggested by Kassel replaces the classical description of the
oscillators by a quantum description. If v is the frequency of vibration of the
oscillators, then p = E/hv and ¢ = Ey/hv represent the number of quanta
contained in the total energy and the dissociation energy of the cluster, re-
spectively. The number of ways of distributing j quanta among s oscillators
is given by (j + s — 1)!/4!(s — 1)!. The dissociation rate is therefore given in
the quantum formulation by

P—gt+s-—D/p—gls-1)! _ pp—g+s—1)
(p+ 5= Dl/pl(s1)! Yts—Dip—q)!”

where the constant of proportionality 14 is usually treated as an adjustable
vibration frequency.

It is easy to check that the last equation gives back the classical formula
(3.21) when h tends to zero, or equivalently, when p and ¢ tend simultaneously
to infinity.

Unfortunately, the RRK theory often compares badly with experimental
data, even in the quantum formulation, because it underestimates the disso-
ciation rates by several orders of magnitude. A basic criticism that is often
aimed at the RRK theory concerns the harmonic hypothesis for the oscilla-
tors. Anharmonicity is in fact crucial if an atom is to dissociate, and it is
also likely to significantly alter the number of ways of distributing the energy
among the various modes.

These difficulties led Marcus [19] to extend the predictions of the RRK the-
ory and introduce the concept of transition state. When an atom moves away
from the rest of the system, its potential energy may exhibit a non-monotonic
profile with distance, including for example a so-called activation barrier rela-
tive to the equilibrium point of the reactants. The region in which this barrier
is located, which characterises the transition state, is shown schematically in
Fig. 3.13.

The Marcus theory, known as RRKM, assumes that all states available
to the energy F are accessible and equiprobable (ergodicity). It also makes
the hypothesis that dissociation is slower than the redistribution of energy
over the ensemble of all modes in the system. With these approximations,
Marcus was able to show that the reaction rate can be expressed in terms of
the properties of the reactants and the transition state:

kE(E) =y

(3.22)
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Fig. 3.13. Transition state along a dissociation path
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k(E) = W2 (E)

where N(E*) is the sum of the vibrational states at the transition state of
energy £, = E — E* and 2(E) is the density of vibrational states of the
reactants. The sum over states is the integral of the density of states with
respect to the energy.

The first RRK theory is in fact a special case of the framework established
by Marcus, in which the densities and sum of vibrational states are taken in
the harmonic approximation, assimilating the transition state with the disso-
ciation products. This last hypothesis is not generally justified, if only because
the reactants have nonzero angular momentum, which induces a centrifugal
barrier during dissociation.

(3.23)

Phase Space Theory

While the RRK and RRKM theories consider only the reactants undergoing
dissociation, the phase space theory is concerned with the products and uses
the principle of microreversibility. The foundations of this theory were laid by
Weisskopf [20] in nuclear physics, before it was extended to physicochemistry
by Light et al. [21], Klots [22], and Chesnavich and Bowers [23].

Consider the dissociation reaction

A=B+C. (3.24)

At equilibrium, the relative quantities [A], [B] and [C] of reactants and prod-
ucts satisfy the equation of microreversibility, viz.,

ki[A] = ko[B] x [C], (3.25)
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where k1 and ko are constants associated with the above dissociation reaction
(3.24).

Let F and Ej be the total available energy and the difference in binding
energies of A and B+4C, respectively, and let J be the total angular momentum
of A. By the principle of microscopic reversibility, the total rate of reaction
from A to B+4C is the same as the total rate of the reverse reaction, from
B+C to A:

Ra_pic(E,J) = Rpyca(E — Eo,J) . (3.26)

The left-hand side can be written as the product of the dissociation rate of A
with the density of vibrational states {2 at energy F, not forgetting a factor
to account for the rotational degeneracy of A:

Ra_pic(E,J) = ka(E,J)Q(E - EMS!, (3.27)

where EA is the rotational energy of A and S its rotational degeneracy factor,
which depends on symmetry considerations. For example, if the molecule A
can be modelled as a spinning top, then S& = (2J + 1)2.

For the reverse reaction B + C — A, the relative energy of the products
must also be taken into account. It can be shown that the total reaction rate
takes the form

Rpica(E — Ey,J) (3.28)
= gA Sl{ // kBC(ErvEta J)pt(Et)dEt X Q/(E — EO — Etr)dEtr .
oBoC

Here kpc(FEy, Et, J) is the partial evaporation rate at the relative translational
energy Fy and at the rotational energy E, for the formation of a collision
complex with angular momentum J. pi(E;) is the density of translational
states per unit volume, and ('(F — Ey — Ey,) is the density of vibrational
states of the products B+C at the energy F — Fy — E,, with Ey, = Fy + F;.
Ey is the energy difference between reactants and products and S/ is the
rotational degeneracy factor of the products. Finally, oa /oo is the ratio of
the symmetry factors for each species.

After eliminating py(Ft) (analytic) and introducing the sum of rotational
and orbital states [yo(Ey;, J), a few further manipulations lead to the following
expression for the dissociation rate:

E—E,
/ Q(E ~ By — Eu)Too(Evr, J)AE,
oan Sy JE]

E,J)= Sl
Fa(E,J) opoc SA hQ(E — EN) ’

(3.29)

where EtT]r is the minimal accessible value of E, for fixed E and J, and the
quantity [}, is calculated by treating the products as solids with a specific
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symmetry, taking care to consider mechanical constraints related to conser-
vation of total energy and angular momentum.

The Marcus theory is the same as the phase space theory if the transition
state is taken at the maximum of the centrifugal barrier! and conservation of
angular momentum is strictly taken into account. However, the distinguishing
feature and the usefulness of the phase space theory come from the fact that its
predictions are based purely on the properties of the reactants and products,
rather than on the transition state. The latter is often difficult to localise and
study, both in theory and in experiment.

Kinetic Energy Released During Dissociation

Apart from the dissociation rate, another very important observable, partic-
ularly from the experimental point of view, is the kinetic energy carried away
(or released) during dissociation, and its statistical distribution. For example,
in the phase space theory, the probability that a dissociation releases a kinetic
energy in the interval from FE, to E;, + dFy, is given by

Q'(E = Ey — Ey) o (Eup, J)d By
P(By, B, J)ABy = — e &= B0 = Bl (B B g 5,

Q/(E - EO - Etr)Fro(Etra J)dEtr

El,

This quantity, and the average

<Etr> - /EtrP(Etran J)dEtra

thus depends only on the properties of the products, and not those of the
reactants.

Canonical Formulations

The expressions given in the last few sections are valid for a microcanoni-
cal system with fixed constant total energy and angular momentum. When
the energy has a Boltzmann distribution, a canonical reaction rate k(7") can
be defined by the probability of finding the state of energy FE at tempera-
ture 7. Now the latter is nothing other than 2(F) x exp(—FE/kgT)/Z(T),
where Z(T') is the normalising partition function. In the framework of the
RRK theory, 2(E) < E*~! and one obtains an Arrhenius-type formula, viz.,
k(T) = vy exp(—Ep/ksT). In the RRKM theory, one must define the partition

' The effective potential of the interaction between two bodies includes a repul-
sive term J2/2/u“2 which dominates at long range. At shorter ranges, the potential
becomes attractive again. The maximum of the effective potential then defines the
centrifugal barrier.
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function Q(T) of the reactants and the partition function QT(T') restricted to
the transition state:
QI(T)

E(T)rRrxM = hO(T)

(3.31)

The ‘simple’ statistical theories of evaporation (RRK) consider the problem
from the point of view of the reactant and are not concerned with the final
state of the products. They generally contain adjustable parameters.

The phase space theories treat the reactants and products on a par by
introducing the microreversibility hypothesis. In principle, all parameters
can be calculated a priori. However, various approximations lead to the
Weisskopf, Engelking and Klots theories.

3.3.2 Link with the Solid—Liquid Transition. Numerical Results

The anharmonic statistical theories presented above show that the evapora-
tion rate and the kinetic energy released depend explicitly on the vibrational
density of states. Now we found in Sect. 3.2 that the density of states charac-
terised the thermodynamic behaviour, in particular, during a phase transition
in the system. Some connection is therefore to be expected between the solid—
liquid transition and the observables related to dissociation.

In particular, in the framework of the phase space theory applied to evap-
oration, the study of the kinetic energy released during evaporation involves
only the properties of the product cluster. If the latter exhibits the phenom-
enon of dynamical coexistence associated with the solid-liquid transition, then
the large variations in the density of states are likely to have consequences for
the variations in (Ei,).

In fact, just such a connection was shown for the first time in a simulation
by Weerasinghe and Amar [24] for argon clusters. On the basis of a consider-
able amount of theoretical work and molecular dynamics simulations, it was
subsequently concluded that the phase space theory seems to be quantitatively
appropriate for describing unimolecular evaporation of arbitrary atomic and
molecular clusters.

Figure 3.14 shows the predictions of this theory, compared with numerical
data for atomic evaporation of the KrXe;3 cluster. This heterogeneous system
can dissociate along two channels, either by emitting the krypton atom, or by
emitting one of the xenon atoms. The distributions of released kinetic energy
differ in the two cases. However, the difference is not only quantitative, but
also qualitative. Indeed, when a xenon atom is emitted, the KrXe;s cluster
produced has richer thermodynamic behaviour than Xe;s, due to the fact
that a krypton atom can migrate from the core of the icosahedral cluster to
its surface. This causes a slight inflection in the density of states that is more
clearly visible in the microcanonical temperature.



80 P. Labastie and F. Calvo

0,7 - - —

0,04

0,02

0,4 0,00
P

@)y,

—— PST ; anharmonique

-=-=-=-PST ; harmonique

(&g,
5 2 2
.
\
.
Température
=
®
T

0,4 0,00

E —— PST ; anharmonique 0,1F
-=-=-=-PST ; harmonique
0,1 . . 0,0 . . . \
-45 -40 =35 =30 =25 -45 -40 -35 -30 -25 -20
Energie Energie

Fig. 3.14. (a) Average kinetic energy released during the dissociation
KrXeis —Kr+Xers calculated using molecular dynamics (circles) and by apply-
ing the phase space theory (PST) in the harmonic and anharmonic approximations.
Insert: Derivative of this quantity. (b) Average kinetic energy released during the
dissociation KrXeis —Xe+KrXeis calculated using molecular dynamics (circles)
and by applying the phase space theory (PST) in the harmonic and anharmonic
approximations. Insert: Derivative of this quantity. (¢) Microcanonical temperature
of the KrXeis cluster. In (b) and (¢), arrows indicate core/surface isomerisation of
the krypton atom in the KrXej2 cluster

3.3.3 Experimental Investigation of Evaporation

Mass spectrometry is an ideal tool for studying free clusters. In particular,
at the beginning of the 1980s, it revealed the existence of the so-called magic
numbers characterising certain sizes of enhanced stability. In fact, as men-
tioned above, an isolated cluster or a cluster in a molecular beam is no longer
perfectly stable once its internal energy exceeds the dissociation energy. Even
if the cluster is large, it is condemned to evaporate an atom, even though this
may take a very long time compared with the vibrational period. By evapo-
rating an atom, the cluster loses energy and cools slightly. A system that is
initially in a highly excited energy state will be able to evaporate on several
occasions (sequential evaporation), cooling down at each stage in the process.
Between two evaporations, cooling has the effect of reducing the dissociation
rate. In practice, it is often considered that consecutive evaporation times in-
crease at each step by an order of magnitude. This situation led Klots [25] to
suggest the hypothesis that only the last evaporation before the observation
of a cluster will have taken a nonzero time to occur. Klots also introduced
the idea of an evaporative ensemble to describe the situation arising in time-
of-flight spectrometry. In this ensemble, clusters with high energy dissociate
before reaching the spectrometer exit. Below another limit, the evaporation
rate becomes too low and clusters remain stable. It can be shown that the



3 Thermodynamics and Solid—Liquid Transitions 81

~ 0,06 +
e +T

g -+

g 0,04f + +

\g +

B A
5 —+

) oo [t %
% 0,02} R . o_o

2 o™ ] =28
s

() PR I NS B | 1

35 7 9 11 1 15 17 19 21
n
Fig. 3.15. Translational (O) and total (+) kinetic energies released during evapora-

tion of Na, clusters. The anharmonic PST calculation is shown by triangles. Taken
from [26]

energy distribution of the evaporative ensemble is significantly different from
the initial canonical distribution and that it depends only on the time of flight
from one end of the spectrometer to the other.

The Klots approximation also allows one to relate the relative abundance
Z(N) of a size measured by spectrometry to the separation energy D(N) =
E(N—-1)—E(N), i.e., the energy required to remove an atom from the cluster
of N atoms. This relation can be written

I(N)=D(N+1) — % [D(N +1) — D(N)] (3.32)

where G is the Gspann factor, equal to about 23.5 for monatomic clusters.
By analysing the spectrometer signals, one can also estimate the total and
translational kinetic energy distributions resulting from the last fragmenta-
tion. These distributions and their averages can then be compared with the
theoretical predictions of the statistical models discussed earlier.

Figure 3.15, taken from [26], shows an example of the way the average
translational and total (i.e., including the rotational component) kinetic en-
ergies of evaporation vary depending on the size of an Na,’ cluster, together
with the results as calculated from the phase space theory.

Many very refined experiments, especially those of Mérk et al. [28], seek to
carry out accurate measurements of the distributions of kinetic energy released
during the dissociation of molecules or clusters by combining spectrometry
with analyses based on statistical models. One may thus reasonably expect
to obtain experimental evidence for the solid-liquid transition in very small
systems using observables relating to evaporation.

3.3.4 Beyond Unimolecular Evaporation

The dissociation phenomenon is omnipresent in the study of free clusters and
is in no way restricted to evaporation alone. We shall limit ourselves here to
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listing certain situations involving very different mechanisms to those that
underlie thermal evaporation.

In general, several fragmentation channels will be simultaneously available
to an energetically excited cluster. For example, charged systems may prefer
to emit an ion rather than a neutral atom. The investigation of these channels
is particularly important in metals and van der Waals clusters. For the latter,
measurements of the energy released provide indirect information about the
nature and intensity of the chemical bonding in the core of the cluster. In
metals, it has been suggested that dissociation may be possible by fission
rather than evaporation for certain sizes. In particular, the case of symmetric
fission M;@j —M;"+M;" has inspired a great many theoretical studies, but
experimental evidence remains elusive.

As illustrated by the numerical example of KrXe;3, it should be possible
to probe the structure of mixed clusters through their dissociative behav-
iour. However, competition between the main fragmentation channels raises
a problem for statistical theories, because they cannot be applied without
knowing the vibrational and rotational densities of states for a wide variety
of subsystems.

Finally, certain metal clusters have been characterised as being able to
evaporate not only atoms, but also electrons. This phenomenon is similar to
thermionic emission and has been observed in tungsten [29].

Apart from ‘natural’ thermal fragmentation, much work has sought to
describe and understand dissociation induced by short pulses, such as pho-
toabsorption or photoionisation, or collision with an electron, an atom or a
surface. The time scales for redistribution of energy are often longer than
the exciting phenomenon itself and the hypotheses underlying conventional
statistical theories are no longer justified.

3.3.5 Toward the Liquid—Gas Transition
Strontium Clusters

The temperature of clusters can be estimated from the released energy dis-
tribution and statistical models. When the quantity of energy E deposited
in the cluster is controlled, spectrometric analysis reveals a maximal cluster
temperature as a function of E, whose variations with £ can be interpreted
as those of a microcanonical heat curve. This is precisely what was achieved
by Bréchignac et al. using small strontium clusters, as shown in Fig. 3.16.
Although the full interpretation of such an experiment remains delicate,
data obtained for the larger clusters show that there is a plateau in the tem-
perature variation, compatible with the existence of a vaporisation transition.
Owing to the fact that they are nevertheless very small, it is not easy to char-
acterise the initial condensed phase and the change of state detected here may
in fact correspond to sublimation. It is interesting to observe in this context
that other very different systems from a chemical point of view, viz., molecular
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Fig. 3.16. Heat curves of Sr;’ determined from kinetic energies released by evapo-
ration of strontium atoms. Taken from [27]

clusters of Cgp, may tend to sublimate molecules rather than melt [30]. This
would be consistent with the known instability of the liquid phase of fullerite.

Sodium Clusters

The experiment carried out by Haberland and coworkers to measure the heat
curves of Na clusters has been extended beyond the melting point [31]. The
idea here complements the one used by Bréchignac et al. [26], in the sense that
it is the measured temperature that reaches a limiting value when the system
approaches the liquid—gas transition, owing to evaporative cooling. The va-
porisation point is thereby identified by considering the average temperature
as a function of the excitation energy (see Fig.3.17).

The main problem relating to liquid—gas and solid—gas transitions in finite
systems lies in the importance of the time factor: a free finite system is always
condemned to vaporise, even if the time scales become ever longer as sequential
evaporation proceeds. The stability of the condensed form can therefore only
be defined relative to some previously specified observation time. In addition
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to this restriction, it is difficult to define the pressure (and the volume) in the
vicinity of a free system, although these two problems are in fact related [31].

Multifragmentation and the Theory of Nucleation

Evaporation and the liquid-gas transition are mainly distinguished by the
magnitude of the initial excitation. These two phenomena correspond to two
facets of a single situation, insofar as vaporisation can be described as a series
of sequential evaporations, in which case the evaporative phenomenon may be
slow.

In reality, when a cluster is strongly excited vibrationally, the excess en-
ergy can be rapidly dissipated via almost simultaneous dissociations. One then
speaks of multifragmentation. It is worth trying to evaluate the subsequent
evolution of such a cluster and to characterise its final state. As for evapo-
ration, the observation time is a decisive parameter. It is possible to adopt
a rather different point of view, doubtless more suitable for clusters in con-
tact with a heat bath, describing an equilibrium situation in a given volume or
pressure. This point of view is the one adopted in nucleation theories, outlined
below.

Multifragmentation and nucleation theories do not seek to characterise
the fine details of energy distributions or reaction rates associated with each
elementary stage in the process, but are concerned rather with describing the
matter distribution, given the initial (or total) size and the general conditions
of excitation, i.e., energy or temperature, total volume, etc. In contrast to
studies of unimolecular reactions, these theories are based on the concepts of
macroscopic thermodynamics. It should be said, however, that many atomistic
simulations have confirmed the conclusions whilst correcting certain hypothe-
ses [32].

In the classical nucleation theory (CNT) [33], the system is shared into
n) atoms forming a liquid nucleus in equilibrium with n, atoms forming a
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vapour around it. The liquid nucleus is treated as spherical and the interface
with the vapour is assumed rigid. With these approximations, the free energy
of the system is given by

G = m + ngptg + 4mr?y (3.33)

where 7 is the radius of the liquid drop, v is the surface tension, and p; and
e denote the chemical potentials of the liquid and vapour, respectively.
The energy of formation of the droplet from the vapour is

_ Ar .
AG =G — pg(m +ng) = — <Mgvﬂl> %r‘i + 4nriy (3.34)
1

with
43
v = =7mr’/n
1= 3 /m
the volume of the droplet. Formation of the droplet requires j11 < pg, allowing
the free energy to reach a maximum at the critical radius r* given by

2
pr= (3.35)
Hg — H

The value of AG at r = r* is called the nucleation barrier. The saturated
vapour pressure ps.¢ in the presence of a plane interface must be corrected
when the interface is spherical. It can be shown that its value is given by the
Kelvin relation

P 2y
n

= . 3.36
Dsat kBTT* ( )

Given the ratio S = p/psat, the above relation can be used to find the critical
radius 7*. Let us now determine the mass distribution {NV;} at equilibrium. For
reasonable hypotheses, the chemical activity a; of a cluster of ¢ atoms can be
taken as the relative amount of these clusters with respect to the monomers,
ie., a;/a; = N;/Ny. If p; is the chemical potential of the cluster of i atoms
and pu; — pup = AG;, we obtain an Arrhenius law for NV;:

Ni = N1 exp(—AGi/k:BT) . (337)
Now AG; is also given by
AG; = pi — pg(ng +m) = dmr?y — (g — )i

Moreover jig — 41 is the change in the chemical potential when an atom moves
from the vapour phase at pressure p to the bulk liquid in equilibrium with its
saturated vapour. This quantity is thus also equal to kg7 In S. If the droplet
is considered homogeneous, we then have n; = i and r? = i/, where « is a
positive constant. We thus obtain the equilibrium distribution
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i2/3
N; = Ny exp <z InS — ak‘BT> . (3.38)

It is also possible to determine a nucleation rate which includes both sticking
and evaporation phenomena at equilibrium [33]:

CONZ (29 \'? 16773
1= (%) oo srmrrmsr] (339

™m

However, the predictions of the classical nucleation theory do not generally
compare well with experimental measurements. Various corrections have been
proposed to improve agreement:

e The correction for the law of mass action considers the mechanical conser-
vation of the position of the center of mass of the droplet, replacing the
term —ikgT InS by (1 —¢)kgT In S.

e Restricted self-consistency refers to the fact that the free energy of the
liquid droplet should vanish when it contains only one monomer, replacing
ai?/3 by a(i?/® —1).

e Taking into account the internal translational degrees of freedom of the
liquid drop leads one to correct the prefactor of the exponential in (3.39)
by 1/A2, where A; is the de Broglie thermal wavelength.

Despite these corrections, the theory of nucleation remains rather unreliable.
Deeper criticisms, due in particular to Dillmann and Meier [34], have led to
a generalised expression for AG; using an expansion in powers of i'/3, along
the lines of the liquid drop model in nuclear physics. The increased number of
parameters is used to obtain quantitative agreement for the nucleation rates.

Another criticism concerns the rigidity of the liquid/vapour interface. It is
sometimes important to take into account a finite thickness for this interface,
especially in very small systems. The diffuse interface theory due to Grandsy
[35] and theories based on the classical density functional for liquids [36] have
been more successful, confirmed by atomistic simulations, allowing them to
be extended to the case of solid nucleation.
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4

Modelling and Simulating
the Dynamics of Nano-Objects

A. Pimpinelli

4.1 Introduction

The shape of an object is one of its most fundamental attributes. In our
macroscopic world, shape is closely related to the very function of an object.
It is difficult to imagine a fork having a very different shape, or for that matter,
a function very different to the one it is usually used for.

But can the same be said in the nanoworld? More precisely, is there any
correlation between the shape of a nano-object and its physical properties?
We do not yet have a definitive answer to this question. In some cases, it is
clear that such a correlation does exist. For example, it has been discovered
that roughly spherical nanocrystals of cadmium selenide (a semiconducting
material) can emit light of different colours depending on their size. More re-
cently, we have learnt how to make rod-shaped nanocrystals (Fig. 4.1). These
nanocrystals emit light just like their spherical relatives, but this time it is
polarised along the rod axis. The energy interval between emission and ab-
sorption is also modified by altering the shape of the nanocrystal.

But what determines the shape of nano-objects? And is this shape always
stable? Indeed, statistical physics teaches us that all physical characteristics
of an object containing N atoms will fluctuate around its average value, with
the relative fluctuations of extensive or additive quantities being proportional
to v/N/N (see below). If N = 1000, the fluctuations are of the order of 3%,
and if N = 100, they are more like 10%! So is it justified to speak of shape for
objects in which all physical quantities are affected by thermal fluctuations,
often having an amplitude almost as great as the quantity itself?

Fluctuations in Statistical Physics

The so-called additive quantities play a special role in the physics of macroscopic
systems. A quantity A is said to be additive if, decomposing the system into N
subsystems, the quantity A can be expressed as the sum of the values Ay, Az, ..., An
taken by A in the corresponding subsystems, i.e.,
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Fig. 4.1. Rod-shaped gold nanocrystals obtained by an electrolytic method whereby
the shape of the crystallite can be controlled. From Wang et al. [6] with kind per-
mission from Elsevier. Semiconducting nanocrystals of this shape have also been
fabricated

A=A +Ay+-- -+ AN .

Since A1, As, ..., Ax are random variables, the central limit theorem stipulates that
their sum be a random variable with Gaussian distribution, and that its squared
fluctuations increase linearly with the number N of subsystems. The fluctuations are
therefore proportional to the square root of N. Since the average values increase as
N, the relative fluctuations, i.e., fluctuations divided by average values, will decrease

as 1/\/ﬁ

To attempt to answer these questions, we shall discuss two cases: first, a free
cluster, and then a pyramidal island on a crystal surface.

4.2 Free Clusters of Atoms.
Molecular Dynamics Simulations

Clusters, particularly metal clusters, can be fabricated by collisions of atoms
in a gas of neutral atoms. Once the seed has formed, other atoms will stick
onto it and the cluster will grow. This cluster has a perfectly well ordered
structure, but not always crystalline. Indeed, clusters of silver, which has
an fcc crystal structure in the bulk, are often icosahedral or decahedral on
nanometric scales. It is only at large (sic) sizes, around 9nm in diameter
(N =~ 27000), that nanoclusters assume an fcc structure. This is due to the
fact that the equilibrium shape of an atomic cluster is determined by its
surface.

At equal volumes, the shape that actually occurs is the one minimising
the free energy. A crystal structure automatically minimises the bulk free
energy, so it remains only to minimise the surface free energy. This is the
Wulff theorem.
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Molecular Dynamics Simulations

One method used to simulate the behaviour of a system containing up to a few
hundred atoms is molecular dynamics (MD). This method is nothing other than
the solution of Newton’s dynamical equations describing the motion of the atoms
making up the system. One needs to know the interaction potentials between atoms.
The equations are then solved numerically by computer to obtain the positions and
velocities of the particles at all times.

Newton’s equations are integrated by taking discrete time steps. Typical du-
rations for the time steps are of femtosecond order (107*°s) and the total lapse
of time covered by a simulation is anything between a few picoseconds and a few
nanoseconds. In the simulations shown in Fig.4.2, an atom was deposited on the
cluster at a certain time. All the atoms were then free to move for 7ns, at which
point another atom was added to the cluster, and so on. In this way, cluster growth
rates are obtained that are close to experimental values.

The advantage of an MD simulation compared with kinetic Monte Carlo simu-
lations, for example (see p.94), is that the cluster structure can be obtained in a
realistic manner, this structure being chosen by the atomic dynamics rather than
simply imposed at the outset. Metastable structures stabilised by the kinetics of
the system can then emerge spontaneously during the simulation. However, today’s
computers can only simulate a few thousand atoms and only problems with a very
high growth rate can be tackled.

However, when clusters have nanometric dimensions, the surface may some-
times play a more important role than the bulk. Indeed, an icosahedron, which
gives rise to a perfectly ordered but non-crystalline structure, is bounded by
facets of type {111}, with minimum energy. The latter are thus able to min-
imise the free surface energy very efficiently, at the expense of a large internal
distortion. Since the surface energy dominates over the bulk energy, the icosa-
hedron is the shape of lowest free energy for small clusters.

The next shape that turns up is the decahedron, with lesser internal de-
formation, followed by face-centered cubic nanocrystals (in fact, truncated
octahedra with broad {100} facets) at larger sizes. (For the latter, crystalline
now, there is no internal deformation.) For example, for nickel, it has been
calculated that the icosahedral structures are stable for N < 2300 and the
decahedra for 2300 < N < 17000, whilst the fcc polyhedra minimise the
energy for higher values of N. However, during fabrication of metal nanoclus-
ters, icosahedral particles with diameters greater than 10 nm are often found,
and these are sizes for which such structures are not in principle stable, and
hence observable.

These are therefore likely to be metastable structures, brought about by
the growth kinetics of the cluster during its fabrication. Indeed, when an
atom adheres to the growing cluster, it must diffuse across its surface to find
a suitable low-energy site and incorporate itself into the system. Since surface
diffusion is a thermally activated phenomenon, at low enough temperatures,
it will only be efficient over a short range. Small clusters will thus be able to
reach their minimal energy shape, but the larger ones will not. Instead, they
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Fig. 4.2. Silver clusters obtained by numerical
simulation of molecular dynamics type

Fig. 4.3. Simulated growth of silver clusters
using molecular dynamics at T = 450 K. The
clusters shown contain N = 146, 181, 309 and
324 atoms, from top to bottom. An icosahe-
dral stack (black atoms) can be seen to form
on a facet of the N = 181 cluster. From
this point on, the cluster, which started as
a metastable decahedron, transforms into a
metastable icosahedron

will be frozen into the structure, e.g., an icosahedral structure, produced when
they were much smaller. Numerical calculations of molecular dynamics type
(see above) confirm this scenario, showing that large silver icosahedra form
more easily than octahedra, in suitable conditions of temperature and cluster
growth rate (see Figs.4.2 and 4.3).
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Fig. 4.4. Rod-shaped cluster of N = 6000 atoms.
Kinetic Monte Carlo simulations have been used to
investigate the relaxation of this nanocrystal toward
its equilibrium shape

Fig. 4.5. The same cluster as in Fig.4.3, but at
higher temperature. Relaxation occurs by diffusion
of atoms between non-facetted parts and is therefore
easier than at low temperatures

The nucleation of metastable phases or shapes should come as no sur-
prise. Even in the eighteenth century, Ostwald had already formulated his
‘rule’ stating that the phase which forms first is not necessarily the one which
minimises the free energy, but is rather the one with the smallest nucleation
barrier. The transition to the stable phase or shape is once again determined
by a free energy barrier, which means that this transition can be difficult to
accomplish.

In fact, when clusters have facets, as they do at low temperatures (Fig. 4.4),
it is very difficult for them to change shape. Indeed, in order for the nanoclus-
ter to change from one shape to another, the facets must be destroyed and
new ones created. The problem consists in nucleating the new facet in the
right place, which requires the system to overcome a free energy barrier, the
nucleation barrier. Consequently, the time required for a change in shape to
occur will depend on the nucleation barrier, whether it be the time for a fluc-
tuation to damp down or to appear, or for metastable shapes to evolve toward
the equilibrium shape (see Fig.4.5).

4.3 Evolution of Free and Supported Nanoclusters
Toward Equilibrium. Kinetic Monte Carlo Simulations

The thermally activated nature of nucleation means that the time required for
a large enough fluctuation to destroy a metastable shape becomes astronom-
ically long if the temperature is low enough. For this reason, the rod-shaped
nanocrystals mentioned above can exist with aspect ratios as high as 35. Dy-
namical studies over the very long time scales (from an atomic point of view!)
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required for a nano-object to relax toward equilibrium mean that one must
adopt another tack.

Kinetic Monte Carlo Simulations

Another numerical method, an alternative to molecular dynamics simulations, which
provides a way of studying certain features in the evolution of a nano-object, is
kinetic Monte Carlo simulation. The Monte Carlo method was invented to calculate
the equilibrium properties of statistical systems such as the Ising model for magnetic
systems. Local variations in the state of the system are made at random by drawing
random numbers (hence the name ‘Monte Carlo’), thereby sampling the whole phase
space of the system and calculating averages for physical quantities such as the
magnetisation. Indeed, the method allows one to weight each explored configuration
with its statistical weight exp(—FE/ksT), where E is the energy of the relevant
configuration.

Kinetic Monte Carlo associates a time scale with each transition from one con-
figuration to another. These transitions thus occur at a frequency (probability per
unit time) v proportional to the Arrhenius exponential of the free energy barrier E
which separates the initial and final configurations, i.e., v « exp(—FE/ksT). Once
the frequency of each possible event has been fixed, the Monte Carlo simulation
can calculate the temporal evolution of the system and estimate the value of any
relevant statistical quantity as time goes by.

Less ‘microscopic’ than molecular dynamics, in the sense that atomic motions
are not calculated using Newton’s equations, but rather according to an effective
dynamics, kinetic Monte Carlo can handle very large systems containing as many as
several million atoms, not to mention coexisting phenomena characterised by very
different time scales. Kinetic Monte Carlo can thus simulate the epitaxial growth of
a thin film which may actually take several minutes or even hours (the deposition
rate is typically one monolayer per minute for molecular beam epitaxy), whilst
considering motions of atomic diffusion that may only last for a few tenths of a
thousandth of a second.

Molecular dynamics calculations are totally unsuited to this type of problem,
where one is concerned with the statistical properties of the objects as a func-
tion of time. One then turns to the so-called kinetic Monte Carlo simulations
(see above).

These simulations make it possible to study morphological changes in a
nanocluster which does not have the equilibrium shape and which evolves
toward that shape if the temperature allows it (see Figs.4.4 and 4.5). Con-
trolling the morphology is also a major issue when patterning a crystal surface
on the nanoscale, e.g., by etching, or by manipulating surface atoms one by
one using a scanning tunneling microscope. Imagine stacking atoms over a
region about 10nm across and to a height of a few nanometers on a silicon
surface (see Fig. 4.6).

At room temperature, the nanocluster is stable and its shape, whatever
it may be, will barely change as time goes by. At higher temperatures, the
structure survives but adopts its equilibrium shape, which is a sort of pyramid
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Fig. 4.6. Nanopyramid comprising roughly 12 levels on a (111) silicon surface.
Heated to T = 465°C, the pyramid evaporates atom by atom and level by level.
After about 7min, only the bottom level remains. Taken from Ichimiya et al. [4],
with kind permission from Elsevier

whose precise shape is dictated by the symmetry of the crystalline substrate
that serves to support it. If the substrate temperature is raised further, the
pyramid begins to evaporate. At a temperature of T = 440°C, the pyramid
disappears at a rate of 3 atoms per second, then twice as fast at T = 465°C (see
Fig. 4.6), and twice as fast again at T' = 485°C. Indeed, at these temperatures,
the atoms can detach themselves from the pyramid and diffuse far away from
it, allowing the surface to get rid of this rough feature and return to its
equilibrium state, i.e., approximately smooth.

The island is not stable at any temperature, but as long as the heat energy
remains low compared with the interatomic binding energy, the time required
for it to evolve to any appreciable extent is very long. Paradoxically, the lower
the temperature, the less stable the island becomes (at T' = 0K, the surface
wants to be perfectly smooth), and the longer its lifetime becomes!

An engineer would ask whether these characteristics might be compatible
with the operating conditions of a component. The physicist, on the other
hand, seeks to establish how these characteristics arise from the individual
behaviour of the atoms, and seeks also to quantify this relationship. It turns
out that a very powerful tool is provided by the so-called scaling laws gener-
ated by the kinetics. For example, it has been found that the characteristic
time 7 required for one level of the silicon pyramid to disappear varies with
the number N of atoms initially contained in the level according to a power
law:

T(N) ~N”.

Experimentally, one obtains 3 ~ 3/2.
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Fig. 4.7. Square-based pyramid. The top level has side L

This relation implies that an expansion of the size N of the system by a
factor of b will change the characteristic time 7(NN) by a known factor of b°.
If a level contains twice as many atoms as the one above, its lifetime will be
about 23/2 ~ 3 times as long (at least), provided that one remains within the
range of validity of the relation itself.

Apart from any practical use, it is very important to understand this
type of scaling law, because such laws are directly related to the microscopic
kinetic mechanisms that determine the physical phenomena they describe.
For example, consider a pyramid comprising square levels of decreasing area
stacked one on top of the other (shown schematically in Fig.4.7). Let L be
the length of the side of the top level, which is the first to start evaporating.

If the atoms evaporate mainly from the corners of the square, which are
at distance L from one another, the evaporation rate of the square is then
proportional to 1/L. (The bigger the square, the fewer atoms are contained,
proportionally, in the corners.) Since L ~ N 172 the rate of change of the
number of atoms in the square level is therefore

dN 12

7~ 1/NY*~—-N/T,
which immediately implies that 7(N) ~ N3/2. However, if the atoms evaporate
uniformly all along the perimeter of the square level, we will have instead

4N

~-N"~_-N
dt /T7

and hence 7(N) ~ N'/2. The observation and understanding of a kinetic
scaling law thus provides a way of deducing the atomic behaviour which de-
termines the stability (or lack of it) of a nanostructure, and this in turn may
provide a way of controlling it.

We began with the shape of nano-objects and we have come to speak of the
kinetics underlying their formation. Other factors are also involved in deter-
mining the shape of a nano-object. For example, the existence of magic values
for the number of atoms making up a cluster. These are sizes at which the
cluster is a perfect polyhedron, in which all atoms have maximal coordination
number and the energy is therefore minimal. Another factor is the presence of
surface reconstructions, or atomic rearrangements in nanocrystals, or again,
the presence of impurities which affect the value of the surface energy.
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Understanding and accounting for all these factors (often present at the

same time) is one of the challenges that nanotechnology must face up to in
order to achieve a perfect mastery of nanoclusters, the elementary building
blocks of the nanoworld.
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5

Magnetism in Nanomaterials

D. Givord

5.1 Introduction

This chapter is devoted to magnetic nanomaterials, i.e., systems with sizes be-
tween 1 nm and 100 nm. Such dimensions are of the same order of magnitude
as the range of the various interactions that define magnetism in matter. This
is the main reason why the properties observed in nanomaterials differ from
those in the bulk state, and new magnetic effects can be created. Extremely
interesting behaviour can be produced in functional materials, with potential
applications in information technology (magnetic recording), telecommunica-
tions (non-reciprocal systems), energy transformation (high-performance soft
materials and magnets), biology (functionalised magnetic particles), and med-
ical engineering (mini- and microsensors or actuators).
Magnetic nanomaterials fall into two categories:

systems with nanometric dimensions,
e systems with macroscopic dimensions, but made up of crystallites with
nanometric dimensions.

We shall use the terms ‘cluster’ or ‘nanoparticle’ to refer to the first category,
and ‘nanostructured’ or ‘nanopatterned materials’ to refer to the second.

In the first two sections, we review the main elements required to analyse
magnetism in matter, without special reference to nanometric dimensions. The
discussion of the properties of nanomaterials in Sects. 5.4-5.6 is then organised
around the three main categories of properties by which these differ from bulk
materials:

e Intrinsic properties of isolated clusters and nanoparticles (magnetisation,
magnetic temperature, magnetic anisotropy) are described in Sect. 5.4.

e (Coercivity and remanent magnetisation, which govern the process of mag-
netisation reversal and are referred to as extrinsic because they depend on
the microstructure or nanostructure, are described in Sect. 5.5.



102 D. Givord

e The specific properties of nanostructured materials, resulting from the
coupling between constitutive nanocrystallites, are the subject of Sect. 5.6.

Research on this type of material makes use of recent and remarkable exper-
imental developments. However, it is not the aim of this chapter to describe
these things, although we shall occasionally mention a new technique for elab-
orating or characterising nanomaterials if it is important for displaying some
particular effect. Neither shall we discuss the applications of nanomaterials
in any detail. The diversity of applications for these systems is illustrated in
Sect. 28.2, which describes magnetic recording, and also in Sect.31.3, which
deals with applications in biology.

5.2 Magnetism in Matter

In this section, we review the three main phenomena that characterise mag-
netism in matter:

the formation of the magnetic moment on the atomic scale,
the occurrence of magnetic order, resulting from the strong interactions
existing between atomic moments,

e the alignment of moments along some favoured crystallographic axis, lead-
ing to the phenomenon of magnetic anisotropy.

Iron, cobalt and nickel belong to the first series of magnetic elements, the
3d series, whilst the second series comprises the 14 rare earth elements. In
the following sections, we describe the properties of materials composed of
elements belonging to one or the other of these two series. Behaviour specific
to each category of material is related to different characteristic properties of
the 3d and 4f electronic shells.

5.2.1 Magnetic Moment
Magnetic Moment of an Atom

A moving electric charge is the source of a magnetic field and a magnetic
moment can be associated with it. On the atomic scale, magnetism results
from electron motion. There are two contributions to the magnetic moment
m of an electron:

e The orbital moment m;, due to the motion of the electron in its orbit.
This has the form m; = —ugl, where [ is the orbital angular momentum
and pp is the Bohr magneton. The values [ = 0, 1, 2 and 3 are attached
to electrons in the s, p, d and f shells, respectively.

e The spin moment my = —2ups, where s is the spin, of purely quantum
origin. It can be thought of as a spinning motion of the electron about its
own axis. The spin is characterised by the value of s, which can only take
two possible values, +1/2 and —1/2.
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A different set of electrons rotating about the nucleus is associated with each
element of the periodic table. In a given electron shell, there are 21 + 1 states
available for each spin state, making a total of 2(2] + 1) states (10 for a d
shell, 14 for an f shell).

The distribution of the electrons over the available orbits of the given
shell aims to minimise the energy associated with their mutual electrostatic
repulsion. This energy contains the so-called exchange term, which depends
on the spin and for this reason is responsible for magnetism in the matter.
(The mechanism underlying exchange interactions is explained in Sect. 5.2.2.)
The electron shells fill up progressively according to the Hund rules. The first
of these rules says that the total spin S associated with all the electrons in
the same electron shell is maximal, under the constraint that Pauli’s exclusion
principle be taken into account. This rule thus expresses the fact that all the
electron spins tend to be parallel to one another. The second Hund rule states
that the total orbital angular momentum L is maximal, with the restriction
that the first rule takes precedence.

Viewed by the electrons, the motion of the nucleus creates a magnetic field
acting on the spin moment. This field is the source of the spin—orbit coupling
between the orbital and spin moments. The energy of the spin—orbit coupling
is given by

Espinﬂrbit = ALS ) (51)

where A is the spin—orbit coupling constant.

The orbital and spin contributions associated with all the electrons in a
full (closed) electron shell tend to balance one another so that the resulting
magnetic moment is zero. Magnetism is characterised only by partially filled
electron shells.

Magnetic Moments in Matter. 4f and 3d Moments

In the solid state, the mixing of orbitals that results from covalence or the
formation of energy bands often leads to the disappearance of the atomic
magnetic moment. There are only two series of elements in which magnetism
remains in the solid state. It is the internal structure of an unfilled electron
shell which preserves magnetic effects in the solid state.

e The series of elements known as the rare earths, which goes from cerium
to lutetium, corresponds to the progressive filling of the 4f shell. The
electrons, localised in their atomic orbits, are essentially subject to the
same exchange interactions as in an isolated atom. The magnetic moment
is defined by the Hund rules described above (see Fig. 5.1a).

e The second series of magnetic elements, containing iron, cobalt, and nickel,
corresponds to the filling up of the 3d shell. In insulating systems such as
oxides, the 3d electrons are localised and the magnetic moment is still de-
fined by the Hund rules. In metals, the 3d electrons are said to be itinerant,
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Fig. 5.1. Magnetic moment. (a) Localised system of electrons (dysprosium Dy).
The 4f shell of dysprosium contains 9 electrons. The way they are distributed, as
explained in the diagram, is governed by the Hund rules. S (= 5/2) is maximum
in agreement with the Pauli exclusion principle and L (= 5) is maximum in agree-
ment with the S maximum rule. (b) Itinerant electron system. The electrons are
distributed in energy bands. The diagrams show the energy of states as a function
of the density of states, i.e., the number of states per energy interval. Schematically,
bands consist of two lobes, associated with bonding states at the bottom of the band
and anti-bonding states at the top of the band. Electrons occupy available states
up to the Fermi level. Left: There are as many spin-up (1) electrons as spin-down
(1) electrons and the system is non-magnetic. Right: There are more spin-up (7)
electrons than spin-down (] ) electrons and the system is magnetic

forming an energy band with width of the order of 5eV (about 50 000 K).
The magnetic moment is no longer produced strictly on the atomic scale.
Stoner showed that an alternative approach can be used to describe most
of the observed behaviour. The whole set of electrons is considered, dis-
tributed over two half-bands, each containing 5N states, where N is the
total number of atoms (see Fig. 5.1b), and characterised by the value of the
electron spins +1/2 (T) and —1/2 (|). In the absence of exchange interac-
tions, the minimal energy corresponds to equal filling of the two half-bands
and the system is non-magnetic. Under the effect of exchange interactions,
however, one half-band will be favoured because of the tendency for the
electron spins to line up. The state of the system is defined by competition
between these two terms. In the five elements Cr, Mn, Fe, Co and Ni, the
minimum energy configuration is magnetic.

Despite the itinerant nature of the 3d electrons, they nevertheless remain
essentially localised at each atomic site and at the end of the day many prop-
erties of 3d metals can be described by treating the magnetic moments as
atomic. However, the distribution of moments considered at two different
times will not be strictly the same, since the electrons can hop from one
atom to another. The non-integral values of the magnetic moments per atom
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(2.2up for Fe, 1.74up for Co, 0.60up for Ni) basically reflect the fact that they
correspond to an average value taken over all the atoms making up the given
system.

5.2.2 Magnetic Order
Exchange Interactions and Magnetic Order

The main interactions between electrons in matter are due to electrostatic re-
pulsion. In quantum mechanics, the Hamiltonian describing them contains the
so-called exchange term, resulting from the indistinguishability of electrons.
As Heisenberg showed, magnetism then arises naturally as soon as the Pauli
exclusion principle is taken into account. This states that two electrons cannot
occupy the same quantum state defined by the space and spin variables, and
thus requires the wave function for the electron ensemble to be antisymmetric
in those variables. This in turn means that the interaction energy between
electrons depends on their spin states. As mentioned above, it is the exchange
interactions that cause the atomic magnetic moment. Then, insofar as the
electrons in different atomic sites affect one another by exchange interactions,
a magnetic coupling exists between the atomic moments of different atoms,
and this is the source of magnetic order in a material.

The exact nature of the coupling between moments depends a great deal
on the elements that are present, but also on the crystallographic arrange-
ment of the atoms. For this reason, a whole range of what one might refer to
as magnetic structures, i.e., arrangements of magnetic moments, can occur.
When all the moments are parallel, the structure is said to be ferromagnetic
(see Fig.5.2a). In this case, the moment per unit volume of matter is called
the spontaneous magnetisation and denoted by M.

In another case known as an antiferromagnetic arrangement, the moments
are organised into two groups. Within the same group (called a sublattice),
the moments are all parallel to one another. However, the moments of the two
sublattices couple in an antiparallel manner and the resulting magnetisation
is zero (see Fig. 5.2b).

In yet other systems, called ferrimagnetic systems, the numbers of atoms
or the value of the magnetic moments are not the same in each sublattice.
This time, cancellation is not complete and there remains some spontaneous
magnetisation, as in the ferromagnetic materials (see Fig. 5.2c).

The exchange energy can be expressed phenomenologically by

1
Eexch = _§ Z Jl]SZSJ ’ (52)
i,j#i
where J;; is the exchange integral, representing the coupling force between

spins, and \S; and S; are the spins carried by atoms ¢ and j. The exchange
interactions are assumed to be very short range. If all the atoms are identical



106 D. Givord

(@) (b) ©

e 1 Tl

Ferromagnétisme  Antiferromagnétisme Ferrimagnétisme

Fig. 5.2. Magnetic structures. (a) Ferromagnetic structure. All moments are par-
allel, with the same orientation. (b) Antiferromagnetic structure. Moments are
arranged into two sublattices. The orientations of the moments alternate from one
sublattice to the next. (¢) Ferrimagnetic structure. Moments are arranged into two
sublattices as in an antiferromagnetic structure, but the magnetisations in each
sublattice are no longer equal and do not cancel one another completely

and considering only nearest neighbours, J;; can be replaced by J, and S; and
S; by S. The exchange energy per atom then becomes

1
Coxch = 7&752 , (5.3)

where z is the number of nearest neighbours of a given atom.

When J is positive, (5.3) implies that the minimal energy configuration
corresponds to parallel coupling between all spins. This gives rise to ferromag-
netism. More generally, the exchange interactions J;; can vary for one atom i
depending on its neighbours j, and from one atom ¢ to another. When there
are negative terms J;;, they favour antiparallel coupling between moments ¢
and j. Such terms are required to explain non-ferromagnetic structures, such
as occur in antiferromagnetic or ferrimagnetic materials.

Mbolecular Field Model. Properties at Nonzero Temperature.
Spin Waves

Equations (5.2) and (5.3) implicitly assumed a temperature of 0 K. At nonzero
temperatures, thermal vibrations tend to destroy magnetic order. At a certain
temperature (the Curie temperature in ferromagnetic and ferrimagnetic ma-
terials and the Néel temperature in antiferromagnetic materials) a transition
occurs from the ordered magnetic state to the paramagnetic state, in which
the magnetic moments are randomly oriented.

To first order, the effects of thermal vibrations can be described using the
so-called molecular field model. Consider a ferromagnetic material. Since the
spin is in fact proportional to the magnetic moment, (5.3), valid at 0 K, can
be rewritten in the form

1

€exch = *Q,Uath,O ) (54)

where ji5¢ is the atomic magnetic moment, proportional to the spin, and Hy, o
is a fictitious magnetic field representing the exchange interactions and called
the molecular field, first introduced by Weiss:
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Fig. 5.3. Temperature dependence of spontaneous magnetisation Ms. In a nanopar-
ticle, the magnetisation at low temperature is often greater than in the bulk solid. It
varies more slowly at low temperatures than in the bulk, but more quickly at higher
temperatures, since the the Curie temperature is lower than the Curie temperature
in the bulk material

Hm,O = nMS70 . (55)

In this expression, n is the molecular field coefficient and Mj o the spontaneous
magnetisation at 0K, called the magnetisation at absolute saturation.

A central assumption in the molecular field model is that, when the tem-
perature increases, the properties of the matter remain strictly homogeneous.
The molecular field at temperature T' can be expressed as a function of the
spontaneous magnetisation at this temperature:

Hy, = nM . (5.6)

It can then be shown that the spontaneous magnetisation decreases steadily as
the temperature increases (see Fig. 5.3) and vanishes at the Curie temperature
Tc, which is given by

2JS?  np2,

Tc = = .

where k is the Boltzmann constant. The value of the Curie temperature pro-
vides a measure of the strength of the exchange interactions.

As was originally shown by Néel, the molecular field model can be extended
to describe the behaviour of antiferromagnetic and ferrimagnetic materials.
To go beyond this model, the disorder of the moments is considered to be
produced at finite temperatures by collective excitations called spin waves.
As far as magnetic moments are concerned, these are perfectly analogous to
the collective vibrations of atoms known as phonons. For the same entropy as
in the molecular field model, the loss of exchange energy is lower. When the
wavelength A of a spin wave increases, the angle between consecutive magnetic
moments within the wave is reduced. The loss of exchange energy is therefore
reduced. In a ferromagnetic material, the energy Egw of the spin waves can
be written in the form
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Esw = D¢? , (5.8)
where D is the rigidity constant of the spin waves and ¢ = 27/ is the wave
vector.

Magnetic Order in Different Categories of Material

Localised 4f electrons are located in an electronic shell that is well protected
from the effects of the environment by the presence of the outer 5s, 5d and 6s
shells. Interactions between 4 f electrons located on different atoms are there-
fore negligible. The kind of interactions we appealed to above to explain the
exchange coupling mechanism cannot be invoked here to account for the mag-
netic structures observed in metallic systems composed of rare earth elements.
In fact, an indirect form of exchange coupling does exist in these systems, in-
volving electrons in the outer 5d and 5s shells as intermediaries. This coupling,
known as RKKY (Ruderman—Kittel-Kasuya—Yoshida) coupling, is relatively
weak and is said to be long range. Indeed, it can extend as far as 1-2nm,
whereas in other exchange coupling mechanisms, the range of the interactions
never exceeds one or two times the interatomic distance. The magnetic order
temperatures are always lower than room temperature. RKKY interactions
tend to stabilise the various types of magnetic order, i.e., ferromagnetic, an-
tiferromagnetic, and also helimagnetic, characterised by a spiral arrangement
of moments.

In 3d transition metal systems, the exchange coupling is intimately related
to the itinerant nature of the electrons. When they hop from atom 1 to atom
2, the electrons conserve their spin. They then interact with electrons present
on atom 2, their spin tending to lie parallel with these, according to the
first Hund rule (see Sect. 5.2.1). The resulting ferromagnetic coupling force is
explained by the intra-atomic nature of the exchange terms coming into play.
In iron, cobalt and nickel, the Curie temperature is much higher than room
temperature, reaching 1380 K in cobalt.

In insulating transition metal compounds, the exchange mechanism in-
volves a mixture of the 3d wave functions and the p wave functions of the
anions, such as oxygen. The hybridisation of the wave functions depends sig-
nificantly on the type of crystallographic background. Hence, the mechanism
known as superexchange gives rise to coupling of different signs and the mag-
netic arrangements are very often antiferromagnetic (MnO, CoO, NiO) or
ferrimagnetic (v-FesOg, Fe3Oy4). In some cases, several coupling mechanisms
compete and non-aligned magnetic arrangements of moments can exist (man-
ganates).

5.2.3 Magnetocrystalline Anisotropy

Origins of Magnetocrystalline Anisotropy

Electrons in a magnetic shell are often subject to interactions with charges
in other atoms in the neighbourhood, which constitute the crystalline field.
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The corresponding electrostatic interaction depends on the orientations of
the orbits of the magnetic electrons in this crystalline field. To the favoured
orientation of the orbit there corresponds a favoured orientation of the mag-
netic moment, since magnetic moment and electron orbit are closely related.
The difference in energy of the crystalline field between orientations of the
magnetic moments constitutes the energy of magnetocrystalline anisotropy
between the two associated crystallographic axes.

In a so-called uniaxial system, there is just one easy direction of magneti-
sation. To lowest order, the uniaxial anisotropy energy per unit volume can
be written in the form

Ep = Ksin?6 (5.9)
where K is the magnetocrystalline anisotropy constant and 6 is the angle
between the moments and the easy axis of magnetisation. The anisotropy

field Hp is defined by

Hy =" (5.10)

It represents the field strength required to align the moments along a field
applied perpendicularly to the easy axis of magnetisation.

Magnetocrystalline Anisotropy of Transition Metals
and Rare Earth Metals

The magnetic anisotropy can be one or two orders of magnitude stronger in
materials composed of 4f elements than in those made from 3d elements. To
discuss this phenomenon, two important facts need to be considered. On the
one hand, the 4f shell, further in than the 3d shell, is much less sensitive
to the background crystalline field. On the other, the spin—orbit coupling
force, approximately proportional to the square of the atomic number, is much
stronger in rare earth elements than in 3d transition metals.

In order to understand a physical phenomenon, one must consider the com-
peting interactions in decreasing order of importance. In the present case, the
exchange interactions are taken to determine the maximal value of the spin
moment, and the magnetocrystalline anisotropy results from competition be-
tween the spin—-orbit coupling and the crystalline field. In rare earth materials,
the spin—orbit coupling dominates the crystalline field. It favours a maximal
value of the orbital moment, aligned with the spin moment. Now a strong
orbital moment indicates a highly asymmetric electron orbit. (There is an
analogy with a current loop, whose magnetic moment increases in proportion
to its area.) The energy of an orbit placed in a given environment depends all
the more on its orientation as it becomes more asymmetric. This is basically
why rare earth compounds and alloys often exhibit strong magnetocrystalline
anisotropy.
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Fig. 5.4. Magnetic domains and walls. In order to minimise the energy of the
demagnetising field, matter tends to divide up into domains which differ in the
orientation of the magnetisation. On the boundary between two such domains, a wall
is formed, within which the magnetisation gradually rotates to provide continuity

For materials made from transition elements, the crystalline field must be
considered before the spin—orbit coupling. Electron orbits adopt shapes that
follow from the symmetry of their surroundings and the associated orbital
moment is often small, e.g., zero for cubic symmetry. The spin—orbit coupling
tends to induce an orbital moment in the direction of the spin moment, but the
associated distortion of the electron orbit is not favourable for the crystalline
field. The orbital moment induced by this mechanism is thus small, e.g., a few
percent of the spin moment in the metals Fe, Co, and Ni, and the magnetic
anisotropy, which is roughly proportional to it, is likewise small.

5.3 Magnetisation Process and Magnetic Materials

On the basis of the ideas introduced so far, the moments in a ferromagnetic
material should all turn out to be parallel in order to minimise the exchange
energy, lined up along the easy axis of magnetisation in order to minimise
the anisotropy energy. In reality, matter is observed to divide up into so-
called magnetic domains (see Sect. 5.3.1), within which the moments do indeed
adopt the expected configurations, but such that, from one domain to another,
the direction of the magnetic moments actually alternates (see Fig.5.4). This
division into domains allows the system to minimise an energy term that we
have neglected up to now, namely the demagnetising field energy which results
from the action of the magnetised matter on itself.

When the magnetic domains are formed, magnetic domain walls also come
into being between them (see Sect.5.3.1). The formation of a wall has a cer-
tain cost in anisotropy and exchange energy. The magnetisation process (see
Sect. 5.3.2) describes the action of a magnetic field on magnetised matter.
What is observed results from complex competition effects between all the
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energy terms so far described. Various families of magnetic materials can be
distinguished, depending on their response to an applied magnetic field. In soft
materials, the magnetisation follows the field easily, whereas in harder mate-
rials, it tends to resist the effects of the field. In materials used for magnetic
recording, the saturated magnetisation state constitutes one bit of information
which can be reversed from state 1 to state 0, or the opposite.

5.3.1 Energy of the Demagnetising Field. Domains and Walls
Division into Domains. Demagnetising Factors

The energy of the demagnetising field is given by
1
ED:_§MO/ MI‘IDd‘/7 (511)
1%

where M is the local magnetisation, Hp is the demagnetising field at the
relevant point and V' is the volume of magnetic matter. It can be shown that
FEp can also be written in the form

1
Ep = 5“0/ (Hp)*d*R , (5.12)
R3

where the symbol fR3 indicates that the integral is taken over the whole of
space. Equation (5.12) shows that Ep is always positive. The configuration of
moments that minimises Ep is such that Hp = 0.

The energy of the demagnetising field, although less than the exchange
energy, is not involved in establishing magnetic order. However, the associ-
ated interactions are long range and impose the division of the matter into
domains with dimensions of micrometric order (see Fig.5.4). On the scale of a
material element big enough to contain several domains, the magnetisation is
practically zero and the demagnetising field likewise, being proportional to it.

The energy density of the demagnetising field in a uniformly magnetised
object can be expressed in the form

1
Ep = 5MONM%/ , (5.13)

where M is the magnetisation and V the volume. In the general case, it is
no simple matter to calculate the coefficient V. For an object with ellipsoidal
shape, one may introduce a tensor IN. Let x, y, and 2z be the principal axes
of the ellipsoid. Then N has three components, N, N,, and NN, known as
the demagnetising factors, which satisfy N, + N, + N, = 1. For a sphere, for
example, we have N, = N, = N, = 1/3. The magnetic demagnetising field is
uniform and given by

Hp=-NM . (5.14)

In an object with arbitrary shape, it is often justifiable to treat the demag-
netising field as homogeneous to the first order of approximation.
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Domain Walls

The region of transition between two neighbouring domains is called a domain
wall, or Bloch wall. In this region, the moments gradually rotate round from
an initial position in which they are parallel to the direction of the moments in
one domain, to a final position in which they are parallel to the direction of the
magnetisation in the adjacent domain. To a first approximation, the domain
walls form planes running right across the sample. It can be shown that the
energy of the demagnetising field resulting from the formation of these walls is
actually very small. However, the moments within the walls are neither strictly
parallel to one another, nor aligned with any easy axis of magnetisation. The
energy lost in wall formation, called the wall energy, is thus determined purely
by competition between anisotropy energy and exchange energy. For a uniaxial
system with anisotropy constant K, the wall energy expressed per unit area
of the wall is equal to v = 4V AK, and the thickness of the wall is given by
d = my/A/K. The constant A in the expressions for v and ¢ is the exchange
constant, a parameter representing exchange interactions and proportional
to the Curie temperature: A oc Nk&?Tq, where N is the number of atoms
per unit volume and £ is the distance between nearest neighbour atoms. In
iron, A ~ 18 x 107 J/m and K ~ 50kJ/m3, whence v ~ 3 x 1073 J/m?
and § ~ 100nm. The Curie temperatures of all magnetic materials used in
applications are higher than room temperature, generally lying in the range
500-1 000 K. The value of A is therefore always of the order of 1071 J/m. In
contrast, K may vary over several orders of magnitude, so that K ~ 10%J/m?
in ultrasoft materials, whereas K ~ 107 J/m?® in hard materials. The wall
energy thus has values between one tenth and ten times the value for iron, with
wall thicknesses between 300 nm in soft materials and 5 nm in hard materials.

Note that the energy of a wall increases rapidly when its thickness cannot
take the equilibrium value §. The most important case is that of a confined
wall. The increase in energy e of the wall is due to the loss of exchange energy
resulting from the fact that the magnetic moments must rotate rapidly from
one atomic plane to the next in order to complete the 180° rotation over the
available distance.

5.3.2 The Magnetisation Process
Displacement of Walls

When a magnetic field H,;p, is applied to a ferromagnetic material, the Zeeman
energy of coupling with the field is given per unit volume by

EZ = _MOMHapp . (515)

Equation (5.15) states that magnetisation tends to occur along the field di-
rection, starting from the initial situation resulting from the division into
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Fig. 5.5. The magnetisation process. (a) Variation of the magnetisation due to
wall displacement. The magnetisation varies linearly with the field. The slope of
this variation is 1/N, where N is the demagnetising factor. It is independent of
temperature. (b) Magnetisation reversal in a coercive system. The magnetisation
resists the applied field, until this field reaches the value of the coercive field H.

domains and characterised by M = 0. The magnetisation increases by dis-
placement of the walls in such a way that domains with magnetisation along
the field grow larger to the detriment of the others. In a homogeneous material
and assuming that the energy of the demagnetising field is correctly given by
(5.13), the total energy density can be written (note the omission of the index
on the factor N)

1
Er = 5NM2 — oM H,opp, - (5.16)

The wall energy does not depend on the position of the wall and this is why
it does not enter into (5.16). Minimising, one deduces that the magnetisation
has the linear dependence

1
M= H. (5.17)

The slope of the functional dependence here, given by 1/N, is known as the
demagnetising gradient. It depends only on the shape of the sample and is
independent of temperature.

Wall displacement proceeds until a state is reached in which all moments
are aligned with the field. This happens for H,,, = NM;. In stronger fields,
the magnetisation remains constant and is said to be saturated (see Fig. 5.5a).

Coercivity

Suppose a new field is applied to a sample in the saturated magnetisation
state, but in the opposite direction to the initially applied external field. Ac-
cording to (5.17), the magnetisation should grow in the opposite direction
in order to minimise the Zeeman energy. However, the initial nucleation of
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Fig. 5.6. Coercivity. In a saturated material, magnetisation reversal, assumed to
proceed by coherent rotation of all the moments at the same time, involves transit
through an unfavourable intermediate state where the moments are actually per-
pendicular to the easy axis of magnetisation

a new domain in the saturated state requires the system to overcome an en-
ergy barrier. Indeed, a moment taking part in the magnetisation reversal must
necessarily go through a situation in which it lies perpendicular to the easy
axis of magnetisation. In this unfavourable situation, the anisotropy energy is
maximal (see Fig. 5.6).

The coercivity of a material is its capacity to resist the effect of an applied
field. When the applied field is exactly antiparallel to the initial magnetisation
direction z, the coercive field H, at which the magnetisation swings into line
with the field (see Fig. 5.5b), is equal to the anisotropy field:

H, =2K/M, = Hy . (5.18)

As soon as nucleation occurs, all the moments reverse in phase in the process
known as coherent rotation, first described by Stoner and Wohlfarth. More
generally, the coercive field of such a system is a function of the angle 6
between the applied field and the z axis (with the convention that § = 0
corresponds to a field antiparallel with the initial direction of the moments):
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Hy

H.(6) = Hew(6) = .
(6) sw(6) (sin/3 0 + cos?/3 9)3/2

(5.19)

Equations (5.18) and (5.19) express the fact that it is the magnetic anisotropy
that underlies coercivity. However, in the vast majority of real systems, the
coercive field is much weaker than the anisotropy field. This discrepancy with
the coherent rotation model is due to the presence of structural defects. Since
the anisotropy is reduced at defect sites, nucleation is thereby facilitated, and
nucleation is accompanied by the formation of a wall separating the nucleus
from the rest of the material with opposite magnetisation. Complete rever-
sal of the magnetisation proceeds by the propagation of the wall through the
material. In this case, the angular variation of the coercive field, very differ-
ent from what would correspond to coherent rotation, is given rather by an
expression of the form

H(0)

He(0) ~ cos 0

; (5.20)

where H(0) is the coercive field obtained for § = 0. Equation (5.20) means
that only the projection of the applied field in the initial magnetisation di-
rection plays an active role in the reversal process. Since the coercive field is
much weaker than the anisotropy field, the reversible rotation of the moments
toward the applied field can be neglected.

5.3.3 Magnetic Materials

Magnetic materials based on iron, cobalt, or nickel (see Sect.5.2.3) have the
behaviour of soft magnetic materials owing to their weak anisotropy. The co-
ercivity is low and the variation of the magnetisation with the applied field is
dominated by the wall displacement process described by (5.17). The magneti-
sation induced by a weak excitation field is in turn the source of a magnetic
field or flux. When the applied field is time dependent, the induced magnetisa-
tion is also time dependent. The voltage thereby generated provides the signal
exploited in transformers or sensors.

The magnetocrystalline anisotropy characteristic of the 4f electrons is
much stronger in rare earth materials. However, the magnetic properties disap-
pear below room temperature (see Sect.5.2.2). In rare earth—transition metal
compounds, there are strong 3d—4f interactions. They result from hybridisa-
tion between 5d electrons in the rare earth atoms and 3d electrons in the tran-
sition atoms. By this mechanism, the magnetism of the rare earths is preserved
at high temperature. In systems where the magnetocrystalline anisotropy is
uniaxial, there may be a strong coercivity. This kind of hard magnetic mate-
rial is used in high-performance permanent magnets. The best known are the
compounds SmCos, with hexagonal symmetry, and NdsFe 4B, with quadratic
symmetry. Potential energy can be stored in an applied field antiparallel to
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the magnetisation, weaker in strength than the coercive field. It is transformed
into mechanical energy in motors and actuators.

In materials used for magnetic recording, the coercivity must be great
enough to ensure the stability of the stored data, but it must not be so strong
that the magnetisation cannot be reversed, as required during the writing
process, when a field of moderate strength is applied. Most of the materi-
als used here are cobalt alloys, this being the element most likely to exhibit
coercivity in the 3d series.

5.4 Magnetism in Small Systems

The various interactions causing magnetism in matter and discussed in the
previous sections are all very short range interactions:

e Exchange interactions at atomic sites, leading to the Hund rules and the
formation of the atomic moment.

e Exchange interactions between electrons on different atoms, which lead to
magnetic order. The range of these interactions depends on the system,
going from roughly the interatomic distance in transition metal oxides, to
a few interatomic distances in transition metals, and up to 1-2nm in the
rare earth metals.

e The spin-orbit coupling, an atomic phenomenon, and the crystalline field,
dominated by the interactions of electrons at one site with the charges
on nearest neighbour atoms, which together underly the phenomenon of
magnetic anisotropy.

In this section, we shall discuss the properties of clusters and nanoparticles,
using the term ‘cluster’ to refer to very small objects, up to about 1nm, and
nanoparticles for larger nanometric dimensions. Their properties may differ
from those in the bulk solid state, owing to the fact that their dimensions
are of the same order of magnitude as the range of the relevant interactions.
In clusters, studied in flight, only the magnetic moment can be measured.
Deposition on a substrate produces an agglomeration and hence an increase
in the volume of the objects. Magnetic order and anisotropy can then be
examined.

5.4.1 Magnetic Moments in Clusters
Enhancement of the Magnetic Moment in Clusters

In localised electron systems, the atomic magnetic moment obtained by ap-
plying the Hund rules is determined purely by electrons localised on the same
atom (see Sect.5.2.1 and Fig.5.1a). Due to the strictly local character of the
interactions, there is no reason why the value of the magnetic moment should
depend on the size of the objects.
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Fig. 5.7. Theoretical band structure of a cluster comprising 15 iron atoms (from [3]).
The two lobes associated with bonding and anti-bonding states are narrower than
in the bulk (see the diagram in Fig. 5.1b). This phenomenon leads to an increase in
the magnetic moment carried by the iron atoms

The first measurements of the magnetic moments of free clusters of 3d fer-
romagnetic metals, such as iron and cobalt, were made on clusters of 100-500
atoms (diameter 1-2nm) [1,2]. These clusters are obtained by ablation of a
target under an intense laser beam and subsequent condensation of vapourised
atoms in an atmosphere of neutral atoms such as helium. The magnetic mo-
ments of the clusters are deduced from the extent to which they are deflected
when passed through a region containing a magnetic field gradient. (This is
the same principle as the Stern—Gerlach experiment to measure the spins of
silver atoms.) In order to analyse the results, one must take into account
the fact that the clusters are superparamagnetic (see Sect.5.5.2). For iron,
the results suggest an average atomic moment of 2.2up, equal to the value
in the bulk solid. For cobalt, the experiments, more accurate here, lead to a
value of 2.08ug, to be compared with 1.72up in the bulk.

The theoretical band structure of a cluster comprising 15 iron atoms, sep-
arated into the successive contributions of the various atomic layers or shells
making it up, has been calculated by Pastor et al. (see Fig.5.7) [3]. Qualita-
tively, the energy distribution of the states in each half-band has two lobes,
as in the bulk.

The lower energy lobe is associated with delocalised bonding states, whilst
the higher energy lobe comes from localised anti-bonding states. However, the
band width is less than in the cluster. Indeed, the band states are formed from
linear combinations of atomic states. The more states are involved, the broader
is the energy distribution of the states. The small number of atoms within a
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cluster thus explains the relative reduction in band width compared with the
characteristic value for the bulk solid.

When a magnetic moment is formed, a certain number of electrons is
transferred from one half-band to another. From the point of view of the non-
magnetic terms, the energy loss is smaller in the case of a narrow band. The
narrowing of the d band in clusters accounts for the observed tendency for
the 3d moment to increase.

Note that the value of the magnetic moment of atoms in a cluster is affected
by further, secondary mechanisms [3]. There is a reduction in interatomic
distances which leads to an increase in the itinerancy of the electrons, and
hence to an increased mixing of orbitals and in the end, a reduction of the
atomic magnetic moment. Going the other way, the reduced symmetry of
the environment of the atoms causes a reduction in band width that therefore
favours an increased magnetic moment.

Ferromagnetism of Certain Metals
That Are Paramagnetic in the Bulk

Measurements similar to those made on Fe and Co clusters have been car-
ried out on small rhodium clusters containing up to 32 atoms. These show
that there is a magnetic moment of the order of lug/atom [4]. This is a
quite spectacular result since in the bulk state rhodium is not magnetic at
all. The stabilisation of the ferromagnetism of 4d electrons in clusters can
be attributed to the narrowing of the d band just mentioned to explain the
increased moments of Fe or Co.

Spin and Orbital Moments in Clusters

Measurements of circular dichroism using X-rays, developed over the last few
years with the advent of reliable X-ray synchrotron sources, make it possible
to ascertain the spin and orbital moments separately. Apart from the en-
hancement of the spin moment already explained, a similar enhancement of
the orbital moment has been detected for small iron clusters [5].

In Sect. 5.2.3, we explained the connection between the orbital moment and
magnetic anisotropy. In thin films, Bruno [6] has shown that the enhancement
of the orbital moment and the increase in magnetocrystalline anisotropy (see
Sect. 5.4.3) are both related to the local reduction of symmetry at the sur-
face. However, in clusters, all moments are coupled in parallel by exchange.
The value of the orbital moment depends on the orientation of the moments
relative to the local easy axis of magnetisation. The latter is different for each
surface considered and, assuming the clusters to be spherical, the increase in
orbital moment should vanish by symmetry. Two phenomena then explain the
existence of strong orbital moments revealed experimentally. Firstly, there is
an anisotropic relaxation which breaks the spherical symmetry of the clus-
ters, and secondly, the cluster atoms are arranged into successive shells and
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the cancelling effects only come fully into effect for systems comprising filled
(closed) atomic shells.

5.4.2 Magnetic Order in Nanoparticles
The Nature of Magnetic Order

The ferromagnetic nature of the bulk solid is conserved in clusters of Fe, Co, or
Ni. This result can be related to the fact that, in the 3d metals, the interaction
mechanism between magnetic moments is insensitive to slight changes in the
atomic environment (see Sect. 5.2.2).

In nanoparticles of transition metal oxides, measurements reveal a reduc-
tion in the average magnetisation. This happens for maghemite nanoparticles
(v-Fe203), a collinear ferrimagnetic material in the bulk. For an insulating sys-
tem, such a reduction in magnetisation cannot be attributed to a lower iron
moment, since the latter does not depend on the size of the system. In fact,
Méssbauer spectroscopy on the Fe®” nucleus reveals non-collinear arrange-
ments of the moments [7]. Such arrangements are characteristic of atoms lo-
cated in a low-symmetry environment and subject to magnetic interactions
of various signs. Numerical simulation confirms the highly non-collinear na-
ture of the calculated arrangements whenever the reduced symmetry of the
environment of surface atoms is taken into account.

Non-collinear arrangements of the same origin also occur in nanoparticles
of systems that are antiferromagnetic in the bulk state, such as NiO [8]. There
is no reason why the moments should cancel one another exactly. The result
is that antiferromagnetic nanoparticles carry a small magnetic moment.

Order Temperature and Thermal Variations
of the Spontaneous Magnetisation

Few studies have been concerned with determining the magnetic order tem-
perature of very small particles. This is due to the experimental difficulties
involved in such measurements. But despite the lack of experimental data, a
reduction in the order temperature has been noted compared with the bulk
state. This can simply be attributed to a reduction of the molecular field
resulting from the lower coordination of surface atoms [see (5.3)].
Furthermore, the thermal variation of the magnetisation at low tempera-
tures should be influenced by the discrete nature of the energy levels of spin
waves, in systems of the smallest dimensions. For a cluster comprising n atoms,
there are n possible spin wave energies, distributed over an energy range up to
kT, which is the value corresponding to spin waves of highest energy. Due to
the discrete number of possible spin waves, there is a discontinuity between
the energy level of the ground state and the energy of the lowest energy spin
wave [9]. The physical picture associated with this phenomenon is that it is
not possible to excite spin waves with wavelength greater than the diameter
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of the nanoparticles. At low temperatures, as long as it is not possible to
excite even the lowest energy spin waves, the magnetisation must stay at its
absolute saturation value. Hence in a certain temperature range, the thermal
variation of the magnetisation of a ferromagnetic nanoparticle must be less
than it is in the bulk state. Of course, at higher temperatures, it must become
greater, due to the reduced value of the Curie temperature. The expected
thermal variation of the spontaneous magnetisation is shown schematically in
Fig. 5.3. These theoretically predicted effects have not yet been corroborated
experimentally.

5.4.3 Magnetic Anisotropy in Clusters and Nanoparticles
Surface Anisotropy

As early as 1954, Néel noted that the reduction in symmetry at the surface of
a thin magnetic layer can lead to a very significant increase in magnetocrys-
talline anisotropy [10]. Assuming that the electrostatic charges acting on the
electrons in the magnetic shell of atom i are centered at the site of the near-
est neighbour atoms j in its environment, a contribution to the anisotropy
denoted by w;; can be associated with each atom. Since an anisotropy term
tends to orient the magnetic moments in some favoured direction, it is natural
to express w;; to lowest order in the form

w;j = k(cos> @; —1/3) (5.21)

where @; is the angle between the direction of the magnetic moment of atom
i and the vector joining this atom to atom j. The total surface anisotropy
energy Fgp is obtained by summing over all atoms in the environment:

Egp = Z kcos®* &, . (5.22)
J

For cubic symmetry, the various terms in (5.22) cancel one another exactly
and the order 2 anisotropy is zero. This explains the weak anisotropy generally
found in materials that crystallise with cubic symmetry. However, some atoms
are missing in the neighbourhood of surface atoms and this means that the
various terms in (5.22) no longer completely cancel. The resulting anisotropy
is often greater by one or two orders of magnitude than would occur in the
bulk state.

Anisotropy in Nanoparticles

In Sect.5.5.2 we shall show that the value of the magnetic anisotropy for
nanoparticles can be deduced from the so-called blocking temperature. In
cobalt nanoparticles, the anisotropy obtained is equal to 3 x 107 J/m?, which
is almost two orders of magnitude greater than in the bulk [11].
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In spherical symmetry, even if the magnetic anisotropy of a surface atom
is high, the total anisotropy should vanish for reasons of symmetry, according
to the argument given in Sect.5.4.1 for the orbital moment. In the present
case, as in the last, the strong anisotropy in nanoparticles must be associated
with anisotropic relaxation and the fact that the outer atomic shell of the
nanoparticles is not filled.

5.5 Magnetostatics and Magnetisation Processes
in Nanoparticles

In this section, we discuss the way magnetisation occurs in nanoparticles. Be-
low a certain critical size, the formation of domain walls costs energy and the
single-domain state becomes the most stable state. The particles are also sen-
sitive to thermal activation. Above a certain temperature, called the blocking
temperature, their magnetisation fluctuates over the energy barrier caused by
anisotropy and they become superparamagnetic.

On the macroscopic scale, magnetisation reversal occurs by nucleation and
propagation of walls (see Sect. 5.3.2). On the nanoscale, coherent rotation has
been demonstrated for the first time. It is through an understanding of the
coherent rotation process that it has been possible to analyse the effects of
thermal activation quantitatively and show that in some cases magnetisation
reversal can occur by a macroscopic manifestation of a quantum phenomenon
known as the tunnel effect.

5.5.1 Single-Domain Magnetic Particles

The way matter divides into domains, as described in Sect. 5.3.1, is determined
by competitition between the wall energy that is thereby lost and the energy of
the demagnetising field that is gained. The walls are quasi-2D objects and the
wall energy is therefore a surface term. When the particle volume is reduced,
this term becomes greater than the energy of the demagnetising field, itself
a bulk term. For very small dimensions, the most stable magnetisation state
is one in which there is just one domain. To find the corresponding critical
volume, Kittel [12] considered a spherical particle of radius R, characterised
by a uniaxial anisotropy constant K. Its energy F; in the single-domain state
contains only one term, due to the demagnetising field:

E, = 1;Loj\ﬁéqr}z?’ . (5.23)

6 3

When this same particle is divided into two equal domains, Kittel assumes that
the energy of the demagnetising field is divided by two. The corresponding
energy FEjy is

1 4
Ey = 4VAK7R? + o /LoM2§7TR3 , (5.24)
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where the term in R? represents the wall energy (see Sect.5.3.1). The critical
radius R, is obtained for Fy = Ey, viz.,

36VAK

R.= 2V2r
pro M2

(5.25)

In metallic iron, the critical radius R, obtained in this way is of the order of
7nm. Below this size, the nanoparticles are spontaneously magnetised. Such
particles are typical objects used in magnetic recording.

5.5.2 Thermal Activation and Superparamagnetism

In this section, we consider a magnetic particle with uniaxial anisotropy and
radius well below the critical value R.. In zero field, the two orientations of
the magnetisation along the easy axis, denoted 1 and |, have equal energy. An
energy barrier of height E = KV separates these two states (the same diagram
as in Fig. 5.6, if we had H = 0). At low temperatures, the magnetisation of
each particle remains blocked in one of the two directions, imposed either by
chance as the particle cooled from higher temperatures, or by application of
some magnetic field stronger than the coercive field (see Sect. 5.3.2).

As the temperature increases, thermal activation must be taken into ac-
count. The characteristic time required to overcome a barrier of height E is
given by the Arrhenius law

T = 1ef/FT (5.26)

where 7 is the intrinsic magnetisation reversal time, of the order of 107 s. On
macroscopic scales, E/kT > 1 and 7 is extremely long. Thermal activation
will have no effect on the magnetisation state of the particle. But on very
small scales, the energy barrier E, with height proportional to the particle
volume, is much lower. Above the temperature Ty known as the blocking
temperature, the particle magnetisation fluctuates between its two possible
orientations. When a physical measurement is made at a temperature above
Ty, the particle behaves as though it is no longer ferromagnetic, although in
reality the atomic magnetic moments are still rigidly coupled together. This
is the phenomenon known as superparamagnetism.

There is a characteristic acquisition time t. associated with each mea-
surement technique. For example, t. &~ 1s for magnetisation measurements,
and t. ~ 10785 for Mossbauer spectroscopy. For an intermediate value of 7,
the particle is superparamagnetic as far as magnetisation measurements are
concerned, but blocked for Mdéssbauer spectroscopy. More precisely, the value
obtained for T depends on the experimental technique used according to the
expression deduced from (5.26):

2
E=KV~kKglnh—. (5.27)
7o
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The superparamagnetism phenomenon characterises objects of very small di-
mensions. As far as magnetisation measurements are concerned, the blocking
temperature of a 3-nm cobalt nanoparticle is of the order of 30K, but it
approaches room temperature for a diameter of 6 nm.

For nanoparticles of known volume (deduced, for example, from transmis-
sion electron microscope observations), the magnetic anisotropy can be de-
duced from the value of the blocking temperature using (5.27) (see Sect. 5.4.3).

The remanent magnetisation of a particle is zero above the blocking tem-
perature. Such a particle cannot therefore be used in a magnetic recording
medium. The superparamagnetism phenomenon specifies a physical lower
limit on the size of particles that can be used for magnetic recording. The
corresponding ultimate limit on the recording demnsity is of the order of
50 Gbits/cm?, close to the recording densities achieved today. A significant
increase in the recording density achievable with a magnetic medium will
probably involve some way of overcoming or circumventing the superpara-
magnetic limit.

5.5.3 Coherent Rotation in Nanoparticles

Consider a spherical particle of radius R with saturated magnetisation in the
direction T, subject to a magnetic field applied in the direction |. On the
macroscopic scale, magnetisation reversal involves the nucleation of a wall on
a defect, followed by propagation of this wall (see Sect. 5.3.2). After nucleation,
the wall surface increases until it reaches the maximal value 7R?. An energy
barrier thus comes into play in the propagation mechanism. This barrier is
given by

E, =ynR?. (5.28)

By a similar argument to the one used in the last section, this barrier can
be compared with the energy barrier Egwy = KV characterising the process
of coherent rotation. For R < 3v/4K, E, > Egw and nucleation at defects
becomes inoperative due to the propagation barrier. Magnetisation reversal
must then occur via coherent rotation. In cobalt, v ~ 1072J/m? and K ~
5 x 10° J/ms. The associated critical radius is R, = 15 nm.

Although the coherent rotation theory of magnetisation reversal dates from
1948, it could not be confirmed experimentally until it became possible to
measure the individual magnetic properties of very small objects, in which
the nucleation—propagation scenario is impossible. Magnetisation reversal has
been studied in 4-nm cobalt nanoparticles using a high-sensitivity magnetom-
etry technique based on micro-SQUIDs [13]. The nature of the reversal process
was deduced by measuring the angular dependence of the coercive field, which
corresponds exactly to the prediction of the Stoner—Wohlfarth theory given
by (5.19) (see Fig.5.8).
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Fig. 5.8. Angular dependence of the coercive field for a single Co nanoparticle of
diameter 3 nm, measured at different temperatures. Taken from [14]. In this polar
diagram, the amplitude of the coercive field at angle 6 is represented by the length
of the vector making angle 6 with the horizontal axis and joining the origin to the
experimental curve

5.5.4 From Thermal Activation to the Macroscopic Tunnel Effect

Experimental confirmation of coherent rotation opened the way to investiga-
tion of both thermal and quantum activation effects in the reversal process.
When such effects come into play, magnetisation reversal is not induced by
the applied field alone, but may occur before the energy barrier vanishes. We
define the parameter ¢ by [14]

(5.29)

In the general case, the energy barrier AF is given by the approximate relation

2)3/2 | cos 0|1/3

AE =4KV | = —_——
( 1+ | cosf]?/3

3 e3/2 = Eyed/? (5.30)

The probability P(t) that the magnetisation has not been reversed by time ¢
is given by
P(t)=et/7, (5.31)

where 7 is the characteristic reversal time. In a thermal activation process in
independent entities, 7 is given by (5.26) and we deduce

2/3 H,
KThn— " = g2/° (1 - ﬁ) . (5.32)
To Hsw
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Fig. 5.9. Dependence of the reversal field Hsw on the variable [T In(7/70)]*/3. Such
a scaling law indicates that the relevant activation phenomena are purely those of
thermal activation. Taken from [14]

From an experimental standpoint, we seek the characteristic reversal time 7
at each temperature 7" and for a series of values of the applied field. The
applied field associated with a given 7 is called the waiting field H,,. For
cobalt nanoparticles, H,, is plotted in Fig. 5.9 as a function of [T In(r/7)]?/3.
The experimental data lie on a universal curve obtained for the value 7y =
3x107% s and the particle volume is deduced to be (25 nm)?, in good agreement
with electron microscope measurements. In this case, the observed activation
phenomena are therefore of a purely thermal nature.

Insofar as the magnetic states of a particle on either side of the energy
barrier are not strictly orthogonal, magnetisation reversal becomes feasible by
macroscopic tunnel effect through the barrier. The first confirmation of such
effects was obtained for molecular clusters comprising around ten atoms [15].
In an assemblage of nanoparticles, it is difficult to establish the occurrence
of reversal by tunnel effect in an unambiguous manner. Let us once again
consider a single particle. The experimental approach used to demonstrate
the occurrence of a reversal of magnetisation in a single particle via tunnelling
exploits the fact that there is greater mixing of the states on either side of
the barrier when the angle between the applied field and the easy axis is
increased. The theoretical angular dependence of the temperature at which
quantum effects become equal to thermal effects is shown in Fig. 5.10. Barium
ferrite particles of diameter 10nm, comprising some 10° atoms, follow the
theoretical curve very closely [16].

In metallic particles, experiments carried out so far have never been able
to establish the occurrence of reversal by the macroscopic tunnel effect. The
absence of quantum effects is attributed to coupling between the particles and
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Fig. 5.10. Experimental demonstration of reversal by macroscopic tunnel effect in
BaFeO nanoparticles. The experimental angular dependence of the temperature at
which quantum effects become equal to thermal effects is in close agreement with
the theoretical prediction. Taken from [14]

the matrix, in which process conduction electrons serve as intermediaries, and
the effective size of the objects is then too great.

5.6 Magnetism in Coupled Nanosystems

In this section we shall be concerned with the third category of magnetic nano-
materials, i.e., those made up of nanostructured systems, with macroscopic
dimensions, themselves made up of exchange-coupled magnetic nanoparticles.
Coupling between ferromagnetic nanoparticles leads to a whole range of novel
behaviour: ultrasoft magnetism, enhanced remanence, and the so-called ex-
change spring effect. The exchange bias effect, or unidirectional anisotropy,
is characteristic of ferromagnetic systems coupled with an antiferromagnetic
matrix.

5.6.1 Exchange-Coupled Nanocrystals. Ultrasoft Materials
and Enhanced Remanence

To investigate the behaviour of coupled nanoparticles, we consider an assem-
blage of magnetic nanocrystals. These are assumed to be identical, randomly
oriented, and characterised by the anisotropy constant K. Further, the same
constant A > 0 is assumed to represent the exchange interactions within each
nanocrystal and between nanocrystals. We seek magnetic configurations de-
fined on small length scales and we can therefore neglect dipole interactions.
Exchange interactions favour parallel coupling of all moments in the system,
while magnetic anisotropy favours their alignment along the easy magneti-
sation axis of each nanocrystal. Since the exchange interactions are much
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stronger than those of the crystalline field, one might think that they would
dominate here. However, the nanocrystals are coupled together by their sur-
faces alone, so that the exchange energy is involved as a surface term, whereas
the anisotropy energy is a bulk term as usual. For a volume V' containing N
nanoparticles, the average anisotropy K, defined statistically, is given by
. K K 1/2
K- _— 2%
VN V12
where v is the volume of one nanoparticle. The characteristic length for mag-
netisation reversal for a given K can be considered equal to the thickness of

the associated wall, i.e., 6z = my/A/K (see Sect.5.3.1). Hence, K depends

on V through N, while V depends on K through 7. The correlation volume
Veorr 1 obtained self-consistently by writing Vi = 6%. This yields [17]

(5.33)

A6

‘/corr = K63 °

(5.34)
and the average anisotropy K is a function of the ratio D/J between the
particle diameter D and the wall thickness ¢:

K=K—. (5.35)

For a material with Curie temperature of the order of 1000 K, we have A ~ 1-
2x 107" J/m. In transition metal magnetic alloys such as Fe-Si or Fe-Ni, we
have K ~ 10*J/m?. For v = 10°nm?, the correlation volume deduced from
(5.34) is macroscopic, of the order of 1cm?. The average anisotropy deduced
from (5.35) is of the order of 10?J/cm?. This is extremely small, because
averaged over a very large number of particles.

For iron alloys, the dependence of the coercivity on the particle size is
shown in Fig. 5.11 [18]. At micrometric scales, a reduction in particle size is
accompanied by an increase in average coercivity. This is a classic metallur-
gical phenomenon which is not our concern here. However, an extremely fast
drop in coercivity occurs at nanometric dimensions (D ~ 10nm). Since the
coercivity is basically due to anisotropy (see Sect.5.3.2), this result may be
considered as the signature of a significant drop in effective anisotropy. Indeed,
the experimentally observed decrease in coercivity obeys a D® dependence,
agreeing with (5.35).

The residual coercivity of this type of system is due to an effect that we
have neglected up to now, namely, magnetostriction. The material distorts
to minimise the interactions of the crystalline field. This deformation is then
itself a source of anisotropy and a secondary coercivity. Optimised nanocrys-
tallised alloys such as FeSiBNbCu or FeZrB are actually made up of magnetic
nanocrystals within an amorphous matrix which is itself magnetic. Magne-
tostriction is positive in nanocrystals but negative in the amorphous phase,
so that the two compensate one another.
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Fig. 5.11. Dependence of the coercivity of iron alloys on the size of particles of which
they are composed. Note the significant decrease in coercivity at small dimensions,
reflecting the fact that the magnetic moments are exchange-coupled over distances
well above the particle size. Taken from [18]

In intermetallic rare earth—transition metal compounds, the magnetocrys-
talline anisotropy can reach values of the order of K a~ 107 J/m3. The cor-
relation volume deduced from (5.34) is of the order of 103 nm?, similar to
the size of the individual nanocrystals. The moments within each crystal are
thus aligned along the local easy axis of magnetisation. The lowering of the
anisotropy resulting from parallel alignment of all the moments over a vol-
ume much greater than the volume of the nanoparticles is no longer effective.
The characteristic magnetocrystalline anisotropy remains high in such sys-
tems and very large coercivities are obtained. These materials are used to
make high-performance permanent magnets.

To minimise the exchange interactions at the interface between nanocrys-
tals, magnetic moments close to the particle surface tend to adopt an interme-
diate alignment between the local easy axes of magnetisation. For this reason,
the remanent magnetisation M, corresponding to saturation of all particles
in the hemisphere favoured by the field, is greater than the value My/2 ex-
pected for full alignment along the easy axes of magnetisation. This is the
phenomenon known as enhanced remanence, used to improve the properties
of magnets, in general proportional to M? (see Fig.5.12) [19)].

5.6.2 Coercivity in Nanocomposites

Some nanocrystallised alloys are heterogeneous, associating magnetically soft
particles with other hard particles. When the size of the nanocrystals is small
enough, these materials exhibit a coercivity poH, of the order of 0.5T (see, for
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Fig. 5.12. Enhanced remanence in NdFeB-type nanostructured alloys. The rema-
nent magnetisation is greater than the value 0.5Ms, indicating that moments close
to the interfaces between particles tend to share a common average direction

example, the NdFeB system in Fig.5.13 [20]). To describe this phenomenon,
we assume that the applied field is weaker than the coercive field of the hard
particles, so that the magnetisation of these particles remains frozen. Due to
exchange coupling between soft and hard particles at the interface, the reversal
of magnetisation in the soft particles requires a magnetisation configuration
characterised by progressive rotation of the moments in these particles, very
similar to what happens in a domain wall. However, this rotation of the mo-
ments can only occur over the size of these particles, of the order of 10-20 nm,
well below the equilibrium thickness of a domain wall. As already explained
in Sect. 5.3.1, the energy of a confined wall is greater than the energy of a wall
with the equilibrium thickness. The soft phase therefore resists the formation
of a confined wall and hence becomes coercive. The experimental value of the
coercive field is in qualitative agreement with the theoretical value [21].

When this type of material was discovered, it was hoped that new families
of hard magnetic materials might be produced, having a strong remanent
magnetisation by virtue of the contribution of the soft iron-rich phases and
exhibiting a satisfactory coercivity. The properties so far obtained have not
lived up to expectations. Materials in which the easy magnetisation axes of
hard particles are assumed to be oriented in some common direction appear
to exhibit better properties than those so far achieved. Recent preparations
of this type of material are quite promising [22].
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Fig. 5.13. Hysteresis cycles of an NdFeB nanocomposite alloy. This material is
made from a mixture on the nanometric scale of a hard phase Nd2Fe;4B with two
soft phases, Fe and Fe3B. There is no room for a magnetic domain wall to develop
within the soft material, which thus has a very high coercivity

5.6.3 Exchange Bias in Systems of Ferromagnetic Nanoparticles
Coupled with an Antiferromagnetic Matrix

In order to achieve independent recording of data on each bit, materials used
for magnetic recording are made from decoupled nanoparticles. It is not known
how to control the orientations of the particles, and the direction of the mo-
ments fluctuates from one nanoparticle to another. To reduce read noise, one
bit of information comprises some 1000 particles, and the average magnetisa-
tion direction is then much better defined than that of the individual particles.
At today’s densities of 20 Gbits/cm?, the bit size is around 0.2 x 0.1 pum? and
the volume of the particles is around 100 nm?. The very small size of the par-
ticles raises the question of stability for the recorded data. For a characteristic
fluctuation time of 100 yr and assuming that 75 ~ 10~%s, the barrier height
must be of the order of 40kT [see (5.26)] and it follows that K = 105 J/m?, a
very high level of anisotropy.

There are various ways of pushing back the superparamagnetic limit. One
of these is to find a way of preparing materials in which the magnetisation
directions of all nanocrystals are aligned. A single crystal could then play the
role of one data bit.

Another way of increasing the blocking temperature is illustrated by the
behaviour of cobalt nanoparticles with diameters of 3-4nm [23]. Embed-
ded in a non-magnetic carbon or aluminium oxide matrix, the nanoparticles
exhibit their usual behaviour, becoming superparamagnetic as soon as the
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Fig. 5.14. Exchange bias in Co nanoparticles interacting with CoO. Taken from [23].
Suppression of superparamagnetism for ferromagnetic cobalt nanoparticles within an
antiferromagnetic cobalt matrix. Top: Temperature dependence of remanent mag-
netisation. Bottom: Hysteresis cycles. FC = field cooling, ZFC = zero field cooling
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Fig. 5.15. Exchange-bias coupling mechanism. (a) Uncompensated interface.
(b) Compensated interface. FM = ferromagnetic, AFM = antiferromagnetic

temperature goes above 30 K. The same nanoparticles no longer become su-
perparamagnetic when they are embedded in an antiferromagnetic matrix (see
Fig. 5.14a). At the same time, it is observed that the hysteresis cycle is shifted
along the axis of the fields (see Fig. 5.14b).

It has long been known that there is coupling at the interface between a
ferromagnetic material and an antiferromagnetic material [24]. This is the so-
called exchange bias mechanism. The picture usually given is shown schemati-
cally in Fig. 5.15a. The moments of a single sublattice of the antiferromagnetic
material are located at the interface and this results in a fundamental asym-
metry in the coupling. A particular orientation of the ferromagnetic moments
is favoured (towards the right in Fig.5.15a). The mechanism explains the
shift in the hysteresis cycles, as observed in Fig. 5.14b. However, the coupling
amplitude calculated in this model is much greater than what is actually ob-
served experimentally. In the general case, there is no reason why the number
of moments in each sublattice of the antiferromagnetic material should not be
roughly the same. We can therefore propose an opposite extreme hypothesis,
in which we assume that the interface is ‘compensated’. In this case, cou-
pling occurs by distortion of the antiferromagnetic structure at the interface,
as shown in Fig.5.15b. There is then an extra energy term and it provides
a very effective barrier against fluctuations in the magnetic moment. In a
schematic way, the coupling is the source of a very significant enhancement of
the anisotropy of the ferromagnetic particles. The calculated coercive field is
close to what is observed experimentally. The use of antiferromagnetic matri-
ces may thus provide a way of producing recording densities greater than the
upper limits that can be reached by current methods.
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Electronic Structure
in Clusters and Nanoparticles

F. Spiegelman

6.1 Introduction

The physics of clusters or nanoparticles occupies an intermediate position be-
tween atomic and molecular physics and condensed matter physics. The study
of nanoparticles is in part motivated by the various types of application, rang-
ing from the development of novel nanoscale materials for electronics, photon-
ics or magnetism, to applications in chemistry (e.g., catalysis), atmospheric
physics (e.g., droplets, carbon-bearing particles), or astrophysics (e.g., silicate-
or carbon-bearing grains). However, a deeper understanding of the fundamen-
tal properties of matter remains one of the key issues. Indeed, nanoparticles
bridge the gap between the properties of isolated atoms or small molecules
and the properties of condensed matter, wherein their behaviour can be fol-
lowed as a function of the number of constituents, from a few units up to
a hundred thousand atoms. A whole range of properties are relevant to this
fundamental quest, including questions of structure, spectroscopy, magnetism,
dynamics, thermodynamics, and mechanics. In this context, electronic struc-
ture is the heart of the matter because, although it is not always made explicit,
it directly or indirectly determines all these properties through the complex
interaction resulting from electrostatic and sometimes electromagnetic forces
between atomic nuclei and electrons. Hence, electronic structure gives rise to
the various types of binding and ensures the stability of the resulting edifice.
We may classify the different types rather summarily in the following groups:
covalent binding, metallic binding, ionic binding, van der Waals binding, and
hydrogen binding. Although well understood in molecules and in bulk solids,
these can assume novel forms in clusters and nanoparticles.

These properties do not evolve monotonically with size. Nanoparticles are
obviously governed by the same interactions as periodic systems but display
their own specific features. As the size decreases from the macroscopic limit
towards nanoparticles and clusters, properties first exhibit a continuous evo-
lution related to the growing importance of the surface and possibly the shape
of the nanoparticle (close-packed, cubic, facetted) without qualitative change
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in the electronic structure. In this size range, properties can be described us-
ing scaling laws. Of course, the electronic structure at the surface depends on
the different coordinations of the the atoms there, but also on hybridisation
and electrostatic conditions that differ from those in the bulk.

Below a critical size, properties become more likely to change in the bulk
itself, thereby affecting the cluster as a whole. On the structural level, the
icosahedral transition is well known. Size-dependent transitions also occur
for the electronic structure. This can be exemplified by the metal-insulator
transition in clusters of divalent metals, induced by the separation of the s and
p energy bands at small sizes. When the number of atoms or constituents is
decreased further, one ends up in a regime where properties are reconstructed
at each new size. At this point, a discrete form of behaviour is superposed
on the scaling laws. This is the size range characterised by finite size effects.
These are due partly to the discrete nature of the atomic structure, which must
now be taken into account explicitly, and partly to the quantum nature of the
electrons participating in the chemical binding. In covalent systems, binding
is ensured by electron delocalisation among several atoms. This delocalisation
may sometimes be more extensive, as in the 7 systems, even extending to
the whole cluster, as in the case of delocalised electrons in metals. At small
sizes, electronic and geometrical properties can become highly interdependent.
Tonisation or addition of an electron is likely to have repercussions for the
structure. An external perturbation in the form of an electric or magnetic
field, or some specific type of environment, e.g., solvent, matrix, can also
strongly perturb or even determine the properties of such a system. Another
feature here is that classical concepts as simple as volume or area can no longer
be clearly defined owing to the spatial extension of the electron wave function
in quantum mechanics. This spatial extension also leads to the tunnel effect,
so important in near-field microscopy and manipulation, techniques which
have underscored the rise of nanoscience. In addition to all this, the energy
levels, which group into bands in periodic solids, become discrete in confined
systems. Hence, small metallic clusters always exhibit a finite gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).

In the size range where each size becomes a case in its own right, inter-
polation and extrapolation of physical properties are of little use. At certain
specific sizes, entities may display extreme properties or even adopt geometric
and electronic configurations which just do not exist in molecular matter or
bulk solids. The remarkable stability of the fullerene Cgg is a case in point.
Discovered by Smalley [136], this molecule has a cage structure associated with
a very high degree of spatial symmetry, and reveals a particular disposition
for m bonds. By analysing the intensities in mass spectrometry, it has been
shown that certain sizes, the so-called magic sizes, are more abundant than
others. For alkali metal clusters, a decisive example was brought to light by
Knight et al. [39]. The increased abundances for the magic numbers n = 2, 8,
20, 40, 58, etc., are shown in Fig. 6.1. This sequence, associated with increased
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Fig. 6.1. Mass spectrum of sodium clusters in a molecular beam. Taken from Knight
et al. [39]

stability of clusters involving certain well defined numbers of electrons, indi-
cates a structuring of the electron shells and establishes an analogy with the
properties of superatoms or the shell structure of atomic nuclei. In this con-
text, electronic properties are determined by the quantum nature of a system
of fermions confined within a spherical potential well. This novel electronic
structure plays a key role in the stability, fragmentation, optical properties,
or reactivity of metallic particles.

The present chapter aims to initiate the reader in the description of elec-
tronic structure in clusters and nanoparticles. We shall begin by present-
ing the classical liquid-drop model, and introducing the scaling laws. The
classical model provides a reasonable description of the stability of simple
metallic clusters in which electrons are essentially delocalised with relatively
uniform density, and interactions between atoms are screened and largely
non-directional. This model can also be used to investigate charge stability.
As already mentioned, the correlation between experimental data and elec-
tronic or structural properties is not always simple or one-to-one, in particular
when finite size effects become relevant. This is all the more true given that
microclusters can adopt a variety of structural configurations, often very dif-
ferent from those of the crystal, and which must be redetermined for each new
size. Clusters can also exhibit a rather different kind of electronic structure
to those encountered in saturated molecules typical of chemical binding. For
example, one finds hypervalent situations, but also the opposite case of frus-
tated, unsaturated or dangling bonds at the surface. This non-standard elec-
tronic structure may be responsible for finite size effects, leading sometimes
to unexpected geometrical configurations and/or close-run energy competition
between a great many possible isomers.

In this context, theory and simulation are of the utmost importance, es-
pecially when it comes to electronic structure. Joint progress in computing,
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Fig. 6.2. Schematic variation of the structure of the s and p electronic shells from
an atom to the bulk solid, exemplified by the alkali and alkaline earth metals. W
and W), are the band widths

theory and calculation techniques mean that electronic structure can be de-
termined ab initio, i.e., from first principles, for an ever wider range of in-
creasingly complex systems, by directly solving the equations of quantum
mechanics without introducing empirical parameters. This approach has been
the source of many computational codes for electronic structure, developed
by solid-state physicists and quantum chemists. Although not specifically de-
signed to deal with nanoparticles, certain codes can now be used to tackle
non-periodic systems containing more than a hundred atoms (at least for cal-
culating the electronic structure in a given geometric configuration). Certain
versions are also integrated into dynamical codes. The advantage with ab initio
calculations is not only quantitative. When used to analyse data concerning
small or periodic systems, they often provide a way of building appropriate
approximate models which make calculation and simulation possible in size
ranges that cannot be tackled directly. In the field of electronic structure and
molecular simulation, numerical experimentation has become an indispensable
complement to laboratory experimentation using real systems.

Section 6.3 discusses the concepts and the main methods used to deter-
mine electronic structure, with an introduction to the explicit methods used in
quantum chemistry and a brief presentation of the density functional theory
which has become the favoured technique for exploring structural and elec-
tronic properties in nanosystems. Section 6.3.5 describes some approximate
methods that prove useful for exploring nanosystems containing a large num-
ber of atoms or for carrying out intensive sampling in molecular dynamics sim-
ulations, going beyond the current possibilities of ab initio methods. The aim
in Sect. 6.4 is to describe the electronic structure of typical species: metallic
nanoparticles, van der Waals clusters, ionic clusters, and carbon nanotubes
and nanoparticles. Section 6.5 is devoted to valence transitions, i.e., qualita-
tive changes in electronic structure as a function of size (see Fig. 6.2). Finally,
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Sect. 6.7 reviews some current subjects of interest and possibilities for future
development.

A selection of reference books which discuss in greater detail the electronic
structure of clusters, nanoparticles, and nanosystems is given at the beginning
of the reference list at the end of the chapter [1-8].

6.2 Liquid-Drop Model

The simplest approach to describing variations in the physical properties of a
finite system is the liquid-drop model [31,32,35-38], which takes into account
the different classical energy contributions. This type of model, used to pro-
vide a simple description of the stability of the nucleus in nuclear physics, has
been transposed to metallic clusters, reflecting the analogies exhibited by the
properties of matter when confined to a finite volume, electrons within clus-
ters, or nucleons in the nucleus. This analogy has a quantum extension in the
jellium model, used to describe the properties of finite fermion systems. The
classical liquid-drop model accounts for average and continuous variations of
certain properties as the system size decreases.

The classical liquid-drop model extrapolates from the macroscopic prop-
erties of the condensed phase and those of surfaces using the laws of propor-
tionality. Let a, be the energy per atom in the macroscopic solid, i.e., minus
the binding energy &y, per atom:

= —ep = Lim 2 —nEQ)

n—o00 n

The energy per unit volume of a cluster of n atoms is thus
E,(n) =ayn .

This contribution to the energy is negative and the stability of the solid for
large n implies that E(n) < nE(1). Making the approximation that the system
is spherical, a reasonable assumption for simple metal clusters of fairly large
dimensions, and assuming also that each atom occupies the same volume in
the cluster as in the solid, the radius of the cluster is given by
Ry = ron'/? .

In alkali metal clusters, for example, rg is the Wigner—Seitz radius, corre-
sponding to the average volume occupied by a valence electron in the solid.
However, a spherical particle has a surface area of 47R2 = 4mrgn?/3. The
binding energy of each surface atom is lower, having lower coordination than
atoms in the bulk. Inserting the data for a plane surface with surface tension
Ts, an energy deficiency given by

Ey = Ts47rr(2)n2/3 = asn2/3
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can thus be associated with surface atoms, where ag is the binding energy
deficiency of a surface atom. This contributes positively to the energy. One
must also take into account the curvature 1/Ry of the cluster surface, which
further reduces the coordination of surface atoms and hence their binding
energy. An energy deficiency proportional to the curvature and the number
of surface atoms is also associated with this contribution:
E. = acnl/S )

where a. is also a positive coefficient. It is clear that this droplet model can-
not be transposed to highly non-uniform nanoparticles, nor to typical 1D or
2D systems, such as very small carbon clusters, nor indeed to the fullerenes,
which are hollow clusters. However, in many cases, other scaling laws can be
formulated with the help of parameters such as the coordination number, the
distance to nearest neighbours, or the widths of bands of electronic levels.

Let E(n,Q) be the energy of a system of size n and charge ). For the
liquid drop, the energy E(n,0) of a neutral system can then be expanded in

powers of n'/3, viz.,

E(n,0) = ayn + agn®® + acn'/?
from which the binding energy is immediately deduced to be

e (1) = ~ E(n,0) —nnE(l,O) .

Furthermore, the dissociation energy D? corresponding to fragmentation into
two subunits of arbitrary sizes p and n — p is then given by

D = —E(n,0) + E(n —p,0) + E(p,0) .

Note that, in this model, the binding energy per atom ey(n) and also the
dissociation energy D} required for the evaporation of one atom both increase
monotonically with the size.

This type of expansion can be extended to the electrostatic energy in
the case of charged metallic nanoparticles, treated as classical conductors,
i.e., with surface charge. If Q) electrons are removed from a solid surface, the
energy required is QW , where W is the work function of the solid. However,
in the case of a spherical nanoparticle, one must add to this work function
the electrostatic contribution corresponding to the classical Coulomb energy
of a charged conducting sphere of radius R, viz.,

1Q* 1¢*
E =2 —_Z i/,

TRy 270
The total energy can then be expanded as a series in Ry = ron'/3. Taking the
energy of the dissociated atoms as zero,
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E(n,q) = ayn + asn®? + acn® + QW + a,Q*rg 'n= /% .

Naturally, the coefficients depend on the elements. The classical value of aq
is 1/2. A further term ¢,Qry 1n=1/3 arises owing to the quantum spatial ex-
tension of the electron density beyond the classical surface of the droplet
(cq = —0.08 for sodium) [33, 34].

The classical spherical droplet approximation is only appropriate in weakly
anisotropic compact systems. However, deformations can be considered [34,
52], especially in the study of fragmentation and fission in charged systems.

The electrostatic part also gives an approximation to the ionisation po-
tentials I(n, @) and the electron affinities A(n,Q):

I(n,Q) = E(n,Q+1) — E(n,Q) = W + [ag(2Q + 1) — ¢]rg 'n~'/3
An, Q) =E(n,Q) —E(n,Q—1) =W + [a4(2Q — 1) + cq]rgln_l/g )

6.3 Methods for Calculating Electronic Structure

The quantum description begins by solving the Schrédinger equation. In this
context, the nanoparticle is treated, like a molecule, as a quantum system
comprising n nuclei labelled by a and N electrons labelled by i. The nuclei
are characterised by their mass M,, their charge z,e, and their coordinates
R, (Ris = 24, R2a = Ya,R3a = za), and the electrons by their mass m,
their charge —e, and their coordinates r; (ri; = x;,r9; = vi,73i = 2;). We
shall also use the generic notation R = {R,} for the nuclei and r = {r;}
for the electrons. In the following, we shall basically be presenting the time-
independent treatment of the electron problem.

Unless otherwise indicated, we use the atomic system of units in which
m=1,e=1, A =1, and 4wrey = 1. The unit of length is the Bohr radius
ap = 0.529167 A, the unit of energy or hartree is twice the ionisation potential
of the hydrogen atom, i.e., 1 hartree =2 rydberg =27.2113957eV, or in wave
number, 219474.625cm™?.

The total Hamiltonian of the system is

" Nz 7,

H(R7T)Z_ZWAQ+H61(R’T)+ZM .

a=1 a<b

It includes the kinetic energy T;, of the nuclei, expressed in quantum mechanics
by means of Laplacian operators A, with respect to nuclear coordinates R,
the electron Hamiltonian Hg), and the Coulomb interaction energy between
nuclei, denoted by V},,,. The electron Hamiltonian

H(Rr)—ZN: —lAl—ii +ZNIL—T 4 Ven + Vi
el ) - 2 7 pa] |7'i*Ra| g |7°1'*7'j|_ e en ee

i=1
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includes the kinetic energy of the electrons

Te:_Z%Aia

the Coulomb interaction V;, between electrons and nuclei, and the electron—
electron interaction V.

6.3.1 Born—Oppenheimer Approximation. Surface Potential

The Born—Oppenheimer approximation takes advantage of the mass dif-
ference M, > m to decouple the motion of the nuclei with coordinates
R = {R,} and the motion of the electrons with space and spin coordinates
x = {x;} = {r;,0;}. It thus assumes that the nuclei, moving more slowly, can
be treated as fixed on the time scale of the electron dynamics. This approxima-
tion is generally appropriate for the ground state and low energy excitations,
provided that the nuclei remain slow-moving.

The first step in this decoupling process consists in solving the time-
independent Schrédinger equation for the electrons when the nuclei have fixed
positions R which are treated at this stage as parameters:

(Hol + Van)¥(z, R) = EJ (R)¥,,(z, R) .

It is only in the second stage of the process that we treat the motion of
the nuclei. In a quantum treatment of the nuclei, the Born—Oppenheimer
approximation consists in writing the global wave function in the form of
a product x,(R)%y,(x, R) of a nuclear wave function and an electron wave
function. We then obtain a Schrédinger equation for the motion of the nuclei:

n
=3 i Aa+ B (R) | xu(R) = B (R)xu(R)
a=1 @
This is also called the adiabatic approximation in the sense that the electron
wave function adapts strictly to each geometric configuration of the atoms.
The functions E!J (R) represent the potential energy of the forces exerted
on the nuclei in the system, either in the electron ground state ¥y, or in the
excited electron states ¥y, (m > 0). These functions, which depend parametri-
cally on the geometrical variables of the system (structural configuration), are
the potential energy surfaces. In each geometric configuration R, the forces
are obtained by differentiating with respect to the nuclear coordinates, i.e.,

F' = -V.E{(R).

The electron potential energy surfaces (see Fig. 6.3) thus determine the struc-
tural and dynamic properties in the Born-Oppenheimer approximation.

In classical dynamics simulations, the motions of the nuclei (associated
with the momenta P,) are governed by Newton’s equations
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Energie

Fig. 6.3. Schematic view of electron potential energy surfaces as a function of two
internal coordinates (1 and (2

dP,
dt

=-V, Q(R) :

The minima of the potential energy surfaces EJj'(R) correspond to stable equi-
librium positions. For a 3D system, these are the geometric configurations in
which the derivatives OE[} (R)/0R,,q of the potential energy with respect to
the coordinates R, vanish, and 3n — 6 eigenvalues of the matrix of second
derivatives 9*E(R)/OR,.0R,, are positive (not counting the translation
and rotation modes). It is sometimes convenient to use non-Cartesian coordi-
nate systems (), e.g., 3n — 6 internal coordinates, or coordinates picking out
certain global deformation modes, such as the average radius of the cluster,
or quadrupole deformation modes.

Saddle points on the surfaces, with 3n — 7 positive second derivatives and
one negative, are used to define reaction paths between stable isomers. The
topology of the potential energy surface clearly plays a key role in questions of
stability, isomerisation, dynamics, and thermodynamics of molecular systems,
clusters, and nanoparticles (see Chap. 3).

When the system is finite rather than periodic, some differences arise be-
cause the number of electrons may play an important role. Indeed, the poten-
tial energy surface of the electronic states varies with the charge and the level
of excitation. It follows that the stable geometrical structures of clusters pos-
sessing different numbers of electrons can vary significantly. The equilibrium
geometries of cations (R{,), anions (R,), or the neutral system (Rq) are
not generally the same. If we neglect the quantum vibrational energy of the
nuclei, or zero point energy (ZPE), the ionisation potential in the so-called
adiabatic limit is defined as the minimal energy required to take the system
from the most stable neutral isomer to the most stable ionised isomer, i.e., the
energy difference between the absolute minima of the ground state adiabatic
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Fig. 6.4. Left: Definition of adiabatic and vertical ionisation potentials. Right:
Absorption and emission processes after relaxation on the excited potential energy
surface

potential surfaces Ey (Req) and Eo(Req) of the charged and neutral systems,
respectively:

PI =PI, = E} (R%) — Eo(Req) -

However, the vertical ionisation potential PI, is usually used, corresponding
to frozen geometric relaxation:

PIy = Ef (Req) — Eo(Req) -

This definition corresponds to the classical Franck—Condon approximation, in
which the nuclei do not have time to reorganise themselves during an electron
process, ionisation, or attachment of an electron. Likewise, one can define the
vertical detachment energy Evyp from a negative ion, different from the adia-
batic electron affinity. This double definition reflects the interference between
electronic structure and geometric structure in finite systems, also encoun-
tered in the dynamics of excited states (see Fig. 6.4). Geometric relaxation of
the system on a potential surface excited by absorption of a photon can thus
lead to a different emission wavelength to the one inducing the absorption
process, even in the absence of non-adiabatic processes involving a change
in the electron surface. These concepts no longer necessarily apply to ultra-
intense processes whose description may require a direct treatment of the
electron dynamics in a non-adiabatic formalism (time-dependent treatment
of the electrons).

6.3.2 Ab Initio Calculation of Electronic Structure

The ab initio approach to electronic structure in molecular systems, nanopar-
ticles and nanostructures consists in solving the electron Schrédinger equation
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from first principles without introducing empirical parameters. There are two
methods: explicit solution of the quantum N-body problem, approximating
observables by calculating the many-particle wave function [9-13], and the
density functional theory [18,19].

If we associate with each electron, labelled by ¢, a single-particle space
(or orbital) wave function ¢;(r) and a spin wave function o, we can define
a spinorbital wave function ¢;(x), where & combines space and spin coordi-
nates. For a set of electrons, the product of the spinorbitals occupied by each
electron can be used to generate a many-electron wave function. However,
owing to the fact that electrons are fermions, the total wave function must
be antisymmetric under permutations of these indistinguishable electrons, so
that they satisfy the Pauli exclusion principle. A simple product would not
satisfy this requirement. The result is therefore antisymmetrised in the form
of a Slater determinant:

FZ DPP[g1(21)da(x2) .. on(zN)]

an antisymmetric linear combination of the products, summed over all possible
permutations P of the N electrons in the N occupied spinorbitals ¢;. The
exponent p indicates the sign of the permutation P. Variational solution of the
many-electron Schrédinger equation with a wave function of this form leads,
by minimising the energy with respect to the orbitals, to an integro-differential
equation for the eigenvalues. The solution spinorbitals are eigenfunctions of a
single-electron operator, the Fock operator, which describes each electron in
the Coulomb field of the ionic nuclei and in the mean field of the Coulomb
and exchange contributions due to the other electrons:

5 (x ,
( ZhuR |)¢l +Z/ \rfrw e
_ Z/ ¢ |r—r'| d)J(w)dsc' = Gi(bi(w) .

This is the Hartree—Fock (HF') approximation. The HF equations can be solved
iteratively in such a way as to obtain the identity between the occupied orbitals
which generate the mean field part of the Fock operator and its eigenfunctions.
This is the known as the self-consistent field (SCF) technique.

However, the most general many-electron wave function is a linear combi-
nation of such Slater determinants, i.e.,

W= Codo+ Y CFoF+Y CHeM 4. ZCKQSK
ik ijkl

The determinants @k (where K is the generic excitation index) are obtained
from the reference determinant @, generally the HF determinant, by replacing
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certain occupied single-electron wave functions ¢;, ¢;, etc., in the reference by
unoccupied wave functions, sometimes called virtual wave functions, ¢, ¢;,
etc. One then speaks of configuration interactions (CI). These post-Hartree—
Fock methods allow one to take into account electron correlations and so go
beyond the mean field approximation. The wave function ¥ thus accounts for
fluctuations in the occupation numbers of orbitals via the excited determi-
nants in the configuration interaction expansion. For the ground state, the
variational solution involves minimising the electron energy with respect to
the coefficients C'k:

E() = min<WO|Hel\!P0> .

In practice, minimising the energy amounts to diagonalising the Hamiltonian
matrix when it is expressed in terms of a basis of Slater determinants, assumed
orthonormal. Diagonalisation of H,) also provides other solutions correspond-
ing to excited states. However, the size of the CI matrix increases combi-
natorically with the number of electrons and the dimension of the single-
electron wave function basis {(l)z} For N = N, + Ng electrons o and 3
distributed over M orbitals and without considering simplifications due to
space or spin symmetries, the CI matrix relative to the determinant basis
has dimension C’Aj\/][“ X C’AA/? . Although it is now possible to diagonalise very
large matrices (of the order of 10-10?), the full CI methods remain limited
to a few electrons. They are therefore subject to approximation in practice.
For example, the second or fourth order perturbation techniques known as
Méoller—Plesset MP2/MP4 treat the determinants generated from the single-
determinant Hartree—Fock solution to second or fourth order of perturbation,
respectively. Other techniques involve truncating the CI matrix in order to
restrict to the occupied and virtual (active space) orbitals likely to be in-
volved in the excitation processes treated variationally. This is the complete
active space configuration interaction (CASCI) technique. The multiconfigu-
rational self-consistent field (MCSCF) or complete active space self-consistent
field (CASSCF) techniques simultaneously optimise the orbitals and the con-
figuration interaction coefficients. The multi-reference configuration interac-
tion (MRCI) methods generate singly and doubly excited determinants which
interact with an arbitrary space of reference determinants, itself multiconfig-
urational. Perturbation techniques can be generalised to the case where the
generating space is of multi-reference type, as in the CAS-PT2 method, for
example, able to treat the excited states. Finally, the coupled cluster (CC)
method uses an exponential of the excitation operator X to generate the mul-
ticonfigurational wave function ¥ = (exp X)®y.

If the aim is to monitor size dependence, it is important that the energy
approximations should satisfy the requirements of additivity and extensivity.
The MP2 and MP4 methods and the coupled cluster methods do satisfy this
criterion, but are at present mainly adapted to the ground state. The MCSCF,
MRCI and CAS-PT2 methods can handle the excited states, but they do not
necessarily respect these criteria.
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In practice, in quantum chemistry programs, orbitals are expressed in the
form of linear combinations of Gaussian functions centered on the atoms. This
is known as linear combination of atomic orbitals or LCAQO. Pseudopotentials
[167] or effective core potentials (ECP) may provide a significant technical
advantage when it comes to reducing the number of electrons to be taken
into account. Indeed, electrons in the core of the atoms can be replaced by
effective operators. Only the valence electrons then come into the calculation,
the bare atomic ions being replaced by ionic atomic cores with effective charge
Z* =7 — N, where N, is the number of core electrons of the atom carrying
the pseudopotential.

Although the CI methods are in principle exact, they converge slowly
with the Gaussian basis and /or with the dimension of the CI matrix, and the
computation time is often too long to allow direct real-time integration of the
energy in the dynamical codes, except for very small systems.

6.3.3 Density Functional Theory

In the last section, we discussed methods for explicit construction of the wave
function. The density functional theory (DFT) provides an alternative that
concentrates on the density in the calculation of the energy and electron
properties [15,17,19,127,128]. The many-electron wave function is a com-
plex function on R3. This representation can be reduced by introducing the
one-particle electron density

p(r) = Z / U(r,xy,...xy)dordos ... doydre...dry ,
N r2...T"N

g102...0

where the integral is carried out over all spin variables and N — 1 space vari-
ables. The density, normalised to the number of electrons so that [ p(r)dr =
N, is a function on R? with simpler structure than the many-electron wave
function.

According to the Hohenberg—Kohn theorem [15], generalised by Lévy and
Lieb [16] to the degenerate case, the ground state energy of an electronic
system can be expressed as a functional of the electron density p(r), i.e.,

Ealp] = Flo] + / Vo (P)p(r)dr

In this equation, F'[p] is a functional which represents the energy contribu-
tions intrinsic to the electron system, i.e., the kinetic energy, Coulomb energy,
exchange energy, and correlation energy. The value of this function thus de-
pends on the electron density distribution in R3. The function is universal
in the sense that it is the same for all electron systems and does not de-
pend on the environment of the electrons, represented by the potential Vey¢,
which describes the Coulomb forces exerted on the electrons by the nuclei
and any external fields imposed on the system. For each particular system,
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there is therefore a one-to-one correspondence between the potential Ve and
the density. The ground state energy is obtained by minimising the functional
with respect to the density. Unfortunately, the functional F[p] is not known
exactly and only approximate functionals are available in practice.

In the most widely used and fully developed version, the operator char-
acter of the theory results from use of the Kohn—-Sham (KS) equations [17].
These authors had the idea of decomposing the functional Eq[p] by explicitly
bringing out the known kinetic contribution Ty of a fictitious system of non-
interacting electrons in the potential V., whose wave function can thus be
reduced to a single Slater determinant and whose density

occ

= Zfz‘\cf?v:(?’) :

is identical to that of the real system. The coefficients f; are the occupation
numbers of the orbitals ¢; (f; = 2 for occupied orbitals in the simple case of
closed shell systems). The energy then decomposes according to

Ealel =Tolol + 5 [ / d dr'+ Bulpl + [ Vialr)oryar

in which the second term represents the classical Coulomb contribution of an
electron system with density p, whilst Ey. contains the exchange and corre-
lation contributions, but other corrections as well, in particular, the correc-
tion to the kinetic energy that results from the interaction between electrons
T[p] — To[p].

By minimising the total energy with respect to the density defined by the
occupied orbitals ¢; and imposing orthogonality, i.e., [ ¢F(r)p;(r)dr = &;;,
one obtains the Kohn-Sham (KS) equations

{A+/ B ,r,| r’+ SEX(C[)] + Vext (1) | ¢i(r) = €ipi(r)
The KS equations have similar structure to the Hartree—Fock equations. They
describe the motion of each electron in a self-consistent effective potential Veg.

The many-electron DFT-KS wave function in the form of a single deter-
minant should not be confused with the actual wave function, but considered
as a way of expressing the density that is then appropriate for calculating the
energy via the functional.

There are many approximations for the unknown functional or its func-
tional derivative Vi. = 8E/8p(r). The simplest, often used for nanosystems,
is the so-called local density approximation (LDA), in which the exchange-
correlation energy is written in the form

= [V piear
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Here V.EPA[p(r)] is the exchange-correlation energy per particle in a uniform
electron gas of density p(r). The variant known as the local spin density ap-
proximation (LSDA) allows electron densities p, () # pg(r) and hence spin-
polarised spinorbitals. However, other more effective functionals have been
developed [19-24], taking into account the gradient of the density (generalised
gradient approximation or GGA), or combining a functional approximation
to exchange with the exact Hartree-Fock exchange (BLYP, B3LYP, BPW91).
Note, however, that these functionals do not correctly represent dispersion
forces.

In most applications, the Kohn—Sham orbitals are expanded with respect
to either Gaussian LCAO bases, or plane wave bases, possibly extended by
localised functions (augmented plane wave basis or APW). KS orbitals are also
directly expressed on a real space lattice in some applications. Pseudopotential
techniques can also be used to reduce the calculation to the valence electrons
alone.

6.3.4 Charge Analysis

Ab initio methods can be used to calculate the electron density p(r). However,
it is often instructive to try to analyse the distribution of this density over
the atoms. But the analysis of atomic charges via an ab initio description
immediately encounters a fundamental difficulty: in the context of quantum
mechanics, the atomic charge in a crystalline or molecular system is not an
observable, only the charge density being measurable. This is clearly connected
to the quantum and non-separable nature of the electron wave function and
the overlap between atomic wave functions localised on different atoms, which
is indeed the origin of the chemical bond. The concept of local charge is
therefore ambiguous and several definitions can be used. Mulliken defines the
atomic electron populations p, in an LCAO formalism by considering the
weight

pfza = f’b Z |sz;t|2
I

of the occupied molecular orbitals ¢; over the basis functions x,, of an atom
a and sharing the so-called overlap contributions

- f v L
pfzb = 51 Z (CGLCIZL)V + cfzucblzj)sall«ab’/
pEa,vedb
between atoms a and b (b # a). This provides the Mulliken estimate for the
atomic charges q,:

occ

qa:Za*Z pia+zpﬁzb

i b#a
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One disadvantage of the Mulliken analysis is that the result is not invari-
ant under choice of LCAQO basis and can become quite unreliable when the
basis contains atomic functions that are too diffuse. Other definitions have
been given. For example, charges can be defined from an analysis of the wave
function in terms of natural bond orbitals (NBO) [116,117]. In another ap-
proach, Bader has introduced an analysis based on the topology of the density
p(r) [114,115]. This method divides up the density into disjoint topological re-
gions £2, of R? bounded by surfaces through which there is no flux of density,
ie.,

Vpn=0,

where 7 is a unit vector normal to the surface. These density regions, centered
on the atoms, define the Bader topological charges. Integrating the density
over each region around an atom, an electron population can then be at-
tributed to it:

pa:/ p(r)d®r .

a

Extending the analysis of the electron density, the description of the bond in
terms of electron localisation functions (ELF) can then be used to visualise
the contributions of electron pairs to the bonds simply from knowledge of the
density.

6.3.5 Approximate and Semi-Empirical Descriptions

DFT-type ab initio methods are currently applied to the study of systems
containing tens or even hundreds of atoms [67,68], depending on the nature
of the elements and the type of function used, in calculations with fixed nu-
clear geometry or in constrained relaxation processes. Approximate models
can push back the size limit, but more importantly, they make it possible
to implement less time-consuming energy calculations which can therefore be
used in intensive simulations like Monte Carlo or molecular dynamics. Differ-
ent models, sometimes historically independent, can be formally integrated
into the density functional framework.

DFT can in principle operate directly from the density without involving
the KS orbitals. This requires knowledge of the kinetic energy functional T'[p].
Semi-classical approximations can be obtained from an expansion in powers
of h. The simplest functional describes a homogeneous electron gas:

3
Trelp) = [ 15625 ar

which defines the Thomas—Fermi model [165]. It can be improved to the ex-
tended Thomas—Fermi model (ETF) by including inhomogeneneity correc-
tions involving the gradient or the Laplacian of the density [166, 170]. This
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type of functional is sometimes used in formulations of DF'T without orbitals.
Orbital effects are then ignored, but quantum corrections can in some cases
be included via the Strutinsky method [168,178], wherein the density p is
expanded about its semi-classical value pgrr, viz., p = perr + Op, and the
correction due to the quantum orbital structure is calculated in a perturbative
formulation. The semi-classical methods have been widely applied to metallic
nanoparticles and clusters [40,154,178].

The tight-binding method, also known as the Hiickel model in chemistry,
begins by expressing the single-electron Hamiltonian h in an LCAO basis
reduced to the valence atomic orbitals x,,, and then parametrising the diag-
onal (atomic levels) and non-diagonal (hopping integrals tqy, ) matrix ele-
ments [26, 106]

hau,lw = <Xa,u‘h|be> .

The total energy can be expressed in the general form
Elp) = fiei +Glp] ,
i

as a function of the eigenvalues of the Hamiltonian ¢;. The first term repre-
sents the energy of delocalisation over the sites, or band energy. The func-
tional G|[p|] contains the energy of interaction between ions, and any residual
exchange-correlation energy not included in the one-electron contributions, as
well as corrections for double counting in the sum. The electron density can
be discretised over the atomic sites. If the basis is considered to be orthogonal,
the density at each site is then

S5 31D SEHY IS o e
i m ap

The diagonal elements hq, 4, are usually taken as constant and equal to the
energies €4, of the atomic levels, while the hopping terms are approximated by
analytic expressions, and the term G is reduced to a simple additive potential
describing pairwise repulsive interactions between ions. Parameters are gener-
ally provided directly by experimental data or ab initio calculations (molecules
and small clusters, or the condensed phase). A crucial point is transferability
to the wide range of situations encountered in nanoparticles, where one must
describe both electrons in the bulk and electrons at the surface. In particular,
hybridisation of bonds can differ from what happens in the solid. To improve
flexibility and take the environment into account, the diagonal elements can
be expressed as functions of the variations in the effective electron density dp,
associated with the atomic environment:

hau,ap, = €au + ¢(5Pa) ) Spa = Z’Y(Rab) .
b
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This expression, with 8p, pairwise additive here, is inspired by classical energy
approximations often used in molecular dynamics studies of transition metal
nanoparticles, in particular when the potentials depend on the environment
(embedded atom model or EAM potentials) [57,60,61,63-65]:

E{R,} = qu 8pa) + Y V(Roe— Ry),

a<b

where V(R) is a repulsive pairwise potential and &(8p,) expresses the varia-
tion in the site energy associated with atom a as a function of the environment
of this atom. The function @ allows one to include many-body contributions
analytically and represents electron contributions (band energy in the bulk
solid). In the context of the EAM philosophy, it is also worth mentioning the
effective medium theory, which attributes to each atom an energy contribu-
tion equal to that of the same atom in an equivalent homogeneous medium,
sometimes corrected by terms describing local perturbations.

Finally, when charge transfer is high, e.g., ionic clusters, heterogeneous
systems, it may also be important via a self-consistent calculation to include
electrostatic corrections in the diagonal elements of the tight-binding model,
viz.,

ha,u,a,u = €ap — UaaQa - Z quab ’
b#a

these being induced by on-site charges and charges on neighbouring sites, with
a» = Zp — pp- The quantities Uy, are single-centre (a = b) or double-centre
Coulomb interactions.

6.3.6 Energy Bands and Densities of States

In periodic solids, bands of electron levels are characterised by a density of
states g(€). If I denotes the degeneracy of an atomic level, n the number of
atoms, and M = nl the total number of states,

2

By projection, local site densities g,(€) are defined by

l
00 = 7 3 gaul®) lZ [Zc;:; Candle >] ,

p=1 p=1 Li=1

normalised so that
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Fig. 6.5. Schematic variation of the local electron density of states in the bulk and
at the surface. Wy and W are the band widths associated with surface and bulk
sites, respectively. Grey: Occupied states below the Fermi level e

The distributions of the densities of states can be characterised by their mo-
ments of order p. For a band generated by a degenerate atomic level of energy
€9, the first few moments are:

| 1
po= 7= laplh®lap) =1, pa =7 (aplhlap) = eo ,
ap ap
1 2 2 1 2
e == laplhPlap) =g+ = Y (tapiw)? -
ap a,b#a,pu,v

The centered second moment is proportional to the number of bonds and
hence to the atomic coordination z. This plays a particularly important role
in nanoparticles, where a great many atoms are located at the surface [29,106].
Now the density of states is narrower at the surface than in the bulk, since
the coordination number of the atoms is smaller there (see Fig.6.5). Hence
for a band with uniform rectangular density and width W, at site a,

Wa =12 Z(tau,bu)Q )
V buv

1

ga(e) = .
112> " (tapw)?
buv

From the relation giving the number of electrons per site, i.e.,

and we deduce that

Er
N, = l/ ga(€)de

it is easy to calculate the Fermi level:
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N, 1
Br= (22w
F <l 2) a s

and also the electron contribution to the cohesive energy of the site:

Er
Bl [ (- el =N, (1 - J‘;) W

— 00

7 )

proportional to the site band width. The energy maximum is obtained when
the band is half filled, i.e., N,/l = 1/2. In fact, a filled band N,/l = 1 does
not contribute to the energy. For the noble metals, the contribution of the d
electrons to the band energy thus occurs via s—d hybridisation, which partly
depopulates the d band.

From the expression for the band width, it is easy to deduce an approxi-
mate analytical form for an EAM-type potential. Using an exponential para-
metrisation for the hopping integral as a function of the interatomic distance
Ry and then short-range repulsion, treated in the form of pairwise contribu-
tions, the following expression is obtained:

R e O R 12

Hence the band energy, as the square root of a sum, explictly introduces N-
body terms. With oy, the parameters v and p determine the form of the
repulsion term V., while ¢ and ¢ determine the band energy &. In prac-
tice, the parameters are often adjusted to reproduce certain properties of
the periodic solid, e.g., lattice parameter, cohesive energy, elastic properties,
thermodynamic data.

6.4 Applications to Some Typical Examples

6.4.1 Metallic Nanoparticles

In simple metals (especially the alkali metals, but also the noble metals),
electrons in the inner shells retain their atomic character while delocalisation
of the valence electrons significantly screens the ionic structure. The result is a
single-electron effective potential Veg that is practically constant throughout
the bulk. It is therefore essentially the size and shape that determine the
structure of the discrete electron levels in a finite metallic particle. One of the
most remarkable discoveries concerning clusters of simple metals is that they
have an electronic shell structure [39]. The shell structure is a consequence of
the confinement of almost free valence electrons in a finite volume of roughly
spherical shape. There is an obvious analogy with other confined systems of
fermions, such as electrons in an atom, or nucleons in atomic nuclei. Even for
small sizes (n > 8), the shape of free metallic clusters is close to that of a
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compact droplet. The simplest quantum extension of the liquid-drop model
is the uniform spherical jellium model, which ignores the discrete structure
of the ions and represents their charge by a continuous positive distribution
or jellium whose density py can be identified with the charge densities of the
same ions in an infinite metal. The volume of the cluster is taken to be that
of a metallic sphere of radius Ry:

() Po TSR()v
T) =
it 0 r> Ry,

and the total charge of the jellium distribution is Z = N = 47 R3po/3. It is
convenient to introduce the radius ro of the average spherical volume vy =
47rd /3 occupied by an electron of the metal, or Wigner—Seitz radius.. For
monovalent metals, this volume corresponds to an ionic density equal to the
electron density, i.e., 3/47r3. As in the classical droplet, it is convenient to
express the cluster radius as a function of the number of electrons, viz., Ry =
roN'/3. In the electrostatic field of the spherical jellium, the electrons are

subject to a potential energy
R2 ’)"2
B (220) e,

2r3 \ R2
R31

——2= r> Ry,
T

Vi(r) =

parabolic inside the cluster and Coulomb outside. The nanoparticle has thus
been simplified to a many-electron system in a central field (see Fig.6.6).

In a self-consistent single-electron description (HF or DFT), each electron
is subject to an effective potential VeSHCF, a sum of the positive jellium po-
tential Vext = Vj, the average Coulomb potential, and the exchange potential
(and correlation potential in DFT), which screen the jellium. The spherical
symmetry allows one to factorise into a product of a radial function and a

spherical harmonic Y},,, (0, ¢), viz.,

Grim (1) = R (r)Yim (6, 6) ,

thereby reducing the Schrodinger equation to a 1D problem. Here k is the
principal quantum number, i.e., the number of nodes in the radial function.
Figure 6.7 illustrates the self-consistent potential [43] for the cluster Nagy,
which has electronic structure 1s21p%1d'°2s? in the spherical jellium model,
with the 1f LUMO unoccupied.

The radial potential Veg can be approximated by model shapes, e.g., a
square well potential, or a harmonic potential of frequency ko = 22, viz.,

1
Ver (r) = =Vo + 525r% ,

or again, a Woods—Saxon function [46]:
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Fig. 6.6. Metallic cluster approximated by a uniform spherical jellium. Left: Nuclear
structure modelled by a constant radial distribution of positive charge in a sphere.
Right: Potential energy Vi of the jellium (top) and total electron density (bottom).
Ry is the radius of the distribution of positive charges and po its density

Vo
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The use of any of these potentials (or the ‘exact’ potential V;%CF) may lead to
certain differences in the details of the electronic levels, but the shell structure
is essentially related to their degeneracy.

The electronic levels €x; are thus characterised by their radial quantum
number k, and their orbital angular momentum [. Taking spin into account,
the degeneracy of each level is 2(2[+1). The degenerate levels define the shells
associated with the quantum numbers k£ and [, with 1s, 1p, 1d, 2s, 1f, 2p,
1g, 2d, 1h, 3s, 2f, 1i, 3p, 17§, etc., in increasing order (the exact order of the
levels varying with the potential Vg considered). The fundamental electronic
configuration is obtained by filling up the levels in order of increasing energy.
One consequence is that, as in atoms, clusters with closed (filled) outer shells
have greater stability compared with neighbouring sizes. Indeed, the effective
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Fig. 6.7. Self-consistent potential V.3°F and single-clectron levels €5¢F for Nagg in

the spherical jellium model, from a DFT/KS/LDA calculation by Eckardt [43]. The
1s, 1p, 1d and 2s levels are occupied, while the 1f level is unoccupied

potential acting on an electron in a shell is stabilised as that shell fills up: the
attractive force due to the increased charge is not completely balanced by the
increased screening of the electrons. This is no longer true for the first electron
in a new shell, which for one thing occupies a higher level in the effective
potential, and for another, fully experiences the screening by electrons in the
shell immediately below. The spherical jellium model explains the abundances
observed in molecular beam experiments for clusters of specific sizes known
as magic sizes, having particular numbers of electrons, i.e., N = 2, 8, 18,
20, 34, 40, 58, 70, 92, 138, and so on, magic numbers associated with closed
electron shells, as opposed to geometric magic numbers related to the stacking
of atoms, which characterise the abundances of other types of cluster. There
may also be quasi-degeneracies and accidental degeneracies. This happens in
the harmonic oscillator model. Since €5 ; = €;41,;—2, the 1d and 2s levels turn
out to be degenerate (see Fig.6.8).

In neutral alkali clusters made from monovalent atoms, the magic sizes n
are the same as the electronic magic numbers, i.e., n = N. The shell structure
is also reflected by the way the ionisation potentials and electron affinities
vary with the cluster size. Indeed in alkali clusters, ionisation potentials have
maxima for the electron magic sizes, followed by a sudden drop for the next
size up. This stability induced by filling of electronic shells and hence by the
number of electrons is found shifted by one unit for the magic sizes associated
with cations, i.e., n;. = N —1, or one unit in the other direction for anions, i.e.,
n_ = N+1, relative to the values for neutral clusters. Hence, in simple metal-
lic systems, finite-size quantum effects induce an electronic shell structure
that is superposed on the classical continuous evolution toward the properties
of the bulk solid predicted by the liquid-drop model. Trivalent metals, e.g.,
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Fig. 6.8. Single-electron spectrum (left) and total electron energy per atom (right)
in the independent-electron spheroidal harmonic jellium model. Energies are in units
of £29. The reference level for the single-electron energies is —V and for the total
energies is —NVjy. (In a self-consistent calculation, Vi would be a function of N.)
The energy of the positive jellium itself is not taken into account. Right: Nai3 with
spin (a) Ms =1/2 and (b) M, =5/2

aluminium or gallium, also display electronic shell structure [197,199, 200],
governed by the relation between the number of electrons and the number
of atoms (n = 3N). The uniform spherical jellium model is widely used to
describe the optical properties of spherical nanoparticles embedded in insu-
lating matrices [205]. Indeed, it has recently been shown that the reactivity
of silver clusters with oxygen is also strongly influenced by the electron magic
numbers [59].

In free clusters, non-spherical deformations of the quantum droplet must be
taken into account. One cause of such deformation results from the fact that,
for incomplete filling of the outer shell (cluster with open outer shell), several
many-electron configurations may turn out to be degenerate. For example, the
jellium configuration of Naj3 is 1s21p°1d®. The highest spin state (M, = 5/2)
is non-degenerate and, in an ab initio calculation, would be stabilised by
the exchange terms, via a mechanism analogous to the Hund rules in atoms.
However, this state is not the ground state because the exchange integrals are
smaller than in the atoms owing to the delocalisation of the wave functions in a
greater volume. The possibility of distributing the electrons in the open outer
half-filled 1d shell generates a set of degenerate determinants for M, = 1/2.
The degeneracy is reduced if biaxial or triaxial deformations of the spherical
jellium are allowed. Removal of the sphericity constraint stabilises certain
levels to the detriment of others. For each spin state, the cluster adopts the
most energetically favourable deformation. In the high spin state of Najs,
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all the levels are occupied by one electron and the effects cancel. This no
longer happens for the low spin states, for which the energy-dependent filling
rule leads to only the lowest levels being occupied. This is an instance of the
Jahn—Teller effect [45], a very general quantum effect which also induces the
deformation of certain atomic nuclei, or a reduction of molecular symmetry.
In Nay3, it is the low spin state, thereby stabilised by deformation, which is
the ground state.

Triaxial (ellipsoidal) deformations can be treated using the anisotropic
harmonic oscillator model, corresponding to an effective potential

1 22 2 L2
Ver = —Vo+ 525 (a2+i2+02> :

where a, b, and ¢ are the ellipsoidal deformation coefficients of the jellium
charge density. (The isotropic harmonic oscillator of the spherical model with
frequency {2y is retrieved by setting a = b = ¢ = 1.) For a uniform positive
charge density, charge conservation requires the jellium volume to be con-
served too, and hence abc = 1. In a (biaxial) spheroidal model, two axes are
equivalent, i.e., b = ¢ # a, and the cluster has cylindrical symmetry, so that
the deformation leads to flattened (¢ < a = b) or oblong (¢ > a = b) shapes.
The energy levels of the spheroidal oscillator are given by

B 2 1 2 1 2 1
6(1/171/‘%1/2)V0+a<ym+2)+b<yy+2>+c Vz+§ )

and can then be expressed as a function of the deformation parameter ¢ = ¢/a,
viz.,

1
€(anVyaVza<) = _VO + QO(VQC + Uy + 1)<1/3 + QO (VZ * 2) 672/3 )

corresponding to a total electron energy

E = ZE(V“” Vy; Vs, () -

This expression does not take into account variations in the electrostatic en-
ergy of the distorted positive jellium itself. The jellium does not yield a good
approximation of the classical Coulomb energy of ions which have a discrete
character. Some authors have suggested determining the discrete positions
of the nuclei in a self-consistent (iterative) way in an electronic potential
with spherical symmetry (spherically averaged pseudopotentials, or SAPS), or
cylindrical symmetry (cylindrically averaged pseudopotentials, or CAPS) [78§]
resulting from the spherical or cylindrical average of the potentials of the ions.
At each iterative step, the discrete positions of the nuclei are redetermined in
this electronic potential with constrained symmetry.

Self-consistent solution of the spheroidal jellium model has been carried
out by Eckardt et Penzar in a DFT calculation [77]. Triaxial deformations
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Fig. 6.9. Ionisation potentials of neutral sodium clusters Na,,. Black squares: Mea-
surements by Homer [173]. White circles: Values calculated using the triaxial jellium
model by Yannouleas et al. [178]. Continuous curve: Continuous decrease when shell
effects are disregarded

have been studied systematically by Yannouleas and Landman [178] in a semi-
classical ETF treatment corrected for electronic shell effects. Figure 6.9 shows
the ionisation potentials thereby calculated. Even in the simple jellium model,
almost quantitative results can be obtained by taking into account ellipsoidal
deformations (for sodium), illustrating the importance of the coupling between
geometric structure and electronic properties. In fact, shell effects remain in
the non-spherical jellium, but are lessened by the effects of distortion. Note
also that there is a very marked odd/even alternation in the ionisation poten-
tials, resulting as for electronic shells from the stabilisation of clusters whose
HOMO contains two paired electrons in the same orbital, compared with those
where it contains only one electron.

Various studies, generally empirical, have led to more sophisticated ver-
sions of the jellium model. One point is that the cluster surface cannot be
considered as abrupt. Jellium distributions decreasing continuously in the ra-
dial direction have thus been investigated. Another point is that the surface
always has a certain roughness due to the discrete structure of the nuclei. This
can be corrected by an angular modulation function [201]. Corrections relating
to the field of the nuclei, even in the bulk, have been introduced more sys-
tematically using crystalline field methods or pseudopotentials. Finally, some
authors have considered uniform jellium models bounded by various more re-
alistic facetted polyhedra to describe, for example, cold aluminium clusters
which conserve an fec crystalline structure [164].

Alkali clusters have served as prototypes for theoretical and experimental
studies. Beyond the jellium model, their structural and electronic proper-
ties have been investigated in many ab initio studies, using both configura-
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tion interaction methods [3,71,73,108,110] and the density functional the-
ory [51,74,161]. For larger clusters, the CAPS approach [79] has been used
up to several tens of atoms. It is also worth mentioning the tight-binding
models, used in global and unconstrained search algorithms for low-energy
isomers, or in simulations requiring large numbers (=~ 10°) of energy calcu-
lations [75, 76, 156]. Calculations explicitly taking into account the discrete
structure of the nuclei generally confirm the qualitative trends predicted for
the electronic structure in the distorted jellium model. Explicit introduction
of discrete structure is nevertheless necessary, even for the alkali metals, in
order to obtain fully quantitative results, in particular with regard to elec-
tronic excitations. It is obviously unavoidable in the investigation of dynamic
and thermodynamic effects.

The study of electronic excitations has provided a choice tool for testing
the electronic structure of metallic clusters and especially collective excita-
tions, or plasmons. The Mie theory [206] gives a phenomenological description
of the electrons in a metallic cluster subject to an electromagnetic field. In
the infinite metal, plasmons are collective oscillations of electrons, i.e., the
electrons oscillate in phase. Each electron treated classically here is subject to
three forces: a restoring force —wgr exerted by the positive ions, which derives
from a harmonic potential wpr2 /2, a damping force I'dr/dt, proportional and
opposite to the velocity and which describes the dissipation resulting from
collisions, and the force induced by the external electric field Ege™“?. In a
1D model, the motion of each electron is given by

d2r dr

+1I

2. _ —iwt
w dt—i—wpr——Eoe “r

and the induced dipole moment associated with the collective motion of N
electrons oscillating in phase in the field is

N

T n
wl —w? —iwl ’

Dw) =a(w)E(w)=Nr =

where n is the unit vector in the direction of the field. In the limit of con-
stant electric field, i.e., setting w = 0, we recover the static dipole polar-
isability a(0) = N/w2. For a monovalent metal, the plasmon frequency is
wp = /3/Rmry. The photoabsorption cross-section is proportional to the
square of the modulus of the oscillating electronic dipole D:

Nuw?
(wg — W2 Wi

o(w)

This is the classical plasmon formula describing the collective oscillation of
the electrons induced by the electric field in the restoring potential of the ions.
If charge neutrality is respected in the bulk, the motion must be essentially
an oscillation of the surface charge of the cluster parallel to the electric field,
at the resonance frequency wy, broadened by collisions. Spherical metallic
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droplets exhibit collective oscillations of plasmon type, also referred to as giant
resonances in nuclear physics. The oscillation of the spherical electronic and
ionic charge densities also induces surface charges polarised in the direction
of the inducing field. The oscillation frequency wy is shifted from the value for
the plasmon in the infinite solid wy = wp/ /3 due to the spherical shape.

For an ellipsoidal metallic droplet, the anisotropy can give rise to differ-
ent resonance frequencies wy/a, wp/b and wg/c in the three directions. This
provides a qualitative way of relating the plasmon resonances to the shape
anisotropy of the cluster. It should be mentioned, however, that coupling be-
tween one-particle excitations can also significantly affect the position and
widths of the plasmon resonances, even splitting the absorption lines. Hence,
the relation between Mie resonances and shape is not always one-to-one. Truly
quantitative predictions without ad hoc parameters can only be obtained by
including the discrete ionic structure, e.g., using pseudopotentials [79]. Fur-
thermore, the widths of the giant resonances can only be determined by a
suitable treatment of the electron—vibration coupling.

6.4.2 Molecular Clusters

Molecular clusters are generally made up of highly stable monomers, i.e.,
atoms with filled outer shells or molecules with relatively high ionisation po-
tentials and excitation energies, above 10eV for rare gas atoms, and from 5
to 7eV for molecular monomers [132-135].

Interactions between monomers do not lead to significant electron delocal-
isation and intermolecular binding energies generally remain weak for neutral
systems in the absence of charge transfer. Gas phase molecular clusters are
often considered as precursors for studying elementary processes and micro-
scopic aspects of solvation in the liquid phase. Water clusters and nanoparti-
cles are also relevant in atmospheric physics. Clusters of polycyclic aromatic
molecules are hypothesised by astrophysicists to interpret certain infrared
bands observed in the interstellar medium. Other applications such as con-
duction properties in low-dimensional assemblies of columnar structures may
be relevant in nanotechnology.

The description of these clusters in the electronic ground state is a matter
of intermolecular interactions [187,188]. Short-range interactions are governed
by the overlap between the electron wave functions of the fragments and the
Pauli exclusion principle. The associated energy is repulsive and increases ex-
ponentially as the distance between monomers decreases. Long-range interac-
tions correspond to configurations in which the monomer functions have little
or no overlap. They are governed by electrostatic interactions and dispersion.
Weaker than covalent or metallic binding (except for charged constituents),
the long-range interactions determine the asymptotic shapes of the potential
energy surfaces. When the interacting systems are neutral and bound together
by no other type of binding, these intermolecular interactions constitute the
only attractive contribution. They generally stabilise the overall system at
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interfragment distances that are longer than those for chemical or metallic
binding. Rare gas clusters are the prototype, although certain features are
simplified: pointlike constituents, zero permanent dipole moments, isotropic
polarisabilities, and atomic internal electronic structure.

In the following, we shall denote atomic or molecular monomers by A and
their charge by Q4. The presence of charged monomers (Q4 # 0) may con-
tribute to more strongly bound structures and even to charge delocalisation,
as we shall see below. Intermolecular contributions to the energy are derived
by treating the interactions W4p between monomers as a perturbation to
their Hamiltonian Hy when they are infinitely far apart:

H=-Hy+W = ZHA+ > Wap.
A<B

The zero order wave function is the product of the isolated monomer wave
functions {&¢ }:

by = AlD§Df .. ],

where A is an intermonomer antisymmetrisation operator. Antisymmetrisa-
tion leads to exchange interactions at medium and short range, but will be
neglected in the following where we are more concerned with long-range in-
teractions. In the perturbative theory of intermolecular interactions, the per-
turbation W is expressed as a function of the multipole moment operators of
the isolated fragments. The first contributions are the total charge @ 4, the
dipole moment operator D 4, the quadrupole moment tensor ©%”, and so on.
To the first order of perturbation, the interaction energy is the expected
value of W for the unperturbed function. Neglecting exchange and overlap,

AED = 3 QaQs > QBI;AB (Do)

Rap

A<B A,B£A AB
s [ Dg) _3(<DA>'RAI;€)5(<DB>'RAB) 4.
A<B AB

This expansion represents the interactions between the average values of the
multipole moments associated with the charge distributions of the unper-
turbed wave functions of the fragments. This yields successively the charge—
charge interaction (going as 1/R), the permanent dipole-charge interaction
(going as 1/R?), the permanent dipole-permanent dipole interaction (going
as 1/R?), the permanent quadrupole-charge interaction (going as 1/R*), and
SO on.

To first order, the wave function responds to the intermolecular perturba-
tion by acquiring components over the whole set of excited configurations. The
latter may be generated by single excitations, double excitations in a single
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monomer, and double excitations resulting from simultaneous single excita-
tions in two monomers. With this analysis in terms of local excitations, the
second order interaction energy is separated into three main contributions:

AE®D =3N"AED + Y BV + Y B
A A

A<B

The first term represents the variation of the intrafragment correlation (con-
tribution from double excitations in the same fragment). The second is the
polarisation of the fragment A by the charge distributions of the other frag-
ments (induction contribution described by single excitations in each frag-
ment). The last term is the dispersion or van der Waals interaction. It has no
classical counterpart and represents the coupling between simultaneous single
excitations in two fragments A and B. Other contributions to AE®?) would
arise if exchange terms were considered.

The excitation energies E}' — EY relative to the ground state are all pos-
itive, while the three contributions to the energy are negative and generate
an attractive interaction. Expressing the matrix elements (@o|W|®,,) as a
function of the dipole moments of transitions in the monomers, we obtain the
main contributions to the intermolecular energy. The induction energy is

R 2
(@hipaien 2522 )

EP01 _ AB
A T E : Em _ EO )
B#A,m>0 A A

while the dispersion energy is

Edisp _ Z 1 <¢?4|DA|¢ZL>'<¢%‘DB|¢lB>
Ap By + BY — By - Ej Rip

m, >0

2
3P DAIP%)- Rap) (B4 Dildy)-Ras)
Ryp '

The above expressions show that, for a dimer (Rap = R), the main contri-
bution, the dipole polarisation energy, goes as C,R~*, whereas the dispersion
energy goes as CgR~°. Higher order multipole contributions generate terms
in reciprocal even powers of R, viz., CsR~8, C1oR™1°, and so on.

Introducing the electric dipole polarisability tensors ofy” (n = z,y,z) of
the monomers, expressed in second order perturbation theory by

_y (29 ID“I@’”><¢””|D”I¢°>
Z — EO ’
m>0 A

the dipole response of each monomer A to the total electric field f 4 created
at A by the charge distributions of the other monomers can be written
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where Rap, and fa, are the components of the vectors Rap and f.4. This
is the form of the classical induced dipole polarisation.

Another way of analysing the energy is to write it as an expansion in
many-body contributions:

E= ZE1)+ZV + > Vide

A<B A<B<C

Each m-body contribution V(™) is defined as the difference between the en-
ergy of the system of m monomers and the total lower order contribution. The
simplest approximation consists in truncating this expansion at its two-body
terms and hence taking it to have a pairwise additive form. However, higher
order terms must often be included. In particular, we have seen that the po-
larisation forces are not additive whenever the system has several localised
charges. The electric fields then created at each entity by the other charges
of the system involve many-body terms. To second order in perturbation the-
ory, the dispersion forces are additive, but many-body effects, generally weak,
do occur at higher orders of perturbation. Overlap also generates many-body
terms in the short-range repulsive forces. Finally, pairwise potentials are gen-
erally poorly suited to describing systems with highly delocalised or diffuse
electrons.

There are several types of pairwise potential. The best known is undoubt-
edly the Lennard-Jones (LJ) potential [187,188]

0.12 0.6
i (- 2.
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for which the dissociation energy and equilibrium distance are D, = € and
R. = 0%v/2, respectively. The LJ potential affords a reasonable description of
the repulsion-dispersion forces in atomic van der Waals clusters, and also
in molecular clusters, provided that orientational anisotropy is taken into
account. However, more precise empirical atom—atom potentials are often
proposed, in particular with extra dispersion terms associated with the co-
efficients Cg and C1y.

When considering interactions between large, highly non-spherical mole-
cules, multipole expansions have the disadvantage of involving high order
multipole distributions. It is also important to handle steric hindrance effects
correctly. It is then better to return to point models, representing the charge
distributions of the monomers by equivalent pointlike charges, e.g., centered
on the atoms, including localised multipoles if necessary, to imitate the ac-
tual electrostatic potential. The repulsion—exchange—dispersion term can be
approximated in certain generic forms [190,191]:
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Ercp/cxch/disp = Z kakbGabV(Rab/Rgb) ’
acAneEB

(Aexp™® +Bexp ) — (zz + % + ;(O)) ,

where the parameters R, characterise the range of the interactions, the co-
efficients k, depend on the atoms, and the coefficients G,;, depend only on
the types of the pairs of atoms a and b. ( = Ry,/RY, and V(¢) is a reduced
interaction. The coefficients cg, cg and c¢1g are the reduced coefficients of the
dispersion interactions associated with the reciprocal powers of (.

Molecular clusters in their neutral ground state are weakly bound because
the electrons of the monomers do not form true chemical bonds. The same is
not true when they are ionised [100,102-104] or excited [162,163]. We begin
by distinguishing non-resonant and resonant cases.

In heterogeneous charged systems, the charge tends to be localised on the
monomer with the lowest ionisation potential. This situation can be described
by a single wave function ';PX ,, in which the orbital ¢4, of monomer A (usu-
ally the HOMO) has been ionised. This localisation produces a polarisation of
neighbouring neutral monomers corresponding to the solvation of an ion [134]:
in addition to the ionisation energy I 4, of the monomer, the dispersion contri-
butions from pairs AB are replaced by more attractive polarisation contribu-
tions A* B. This means that the charged monomer tends to be localised at the
center of the cluster in such a way as to maximise the number of favourable in-
teractions by efficiently polarising all the neutral molecules organised thereby
into solvation layers. This is no longer necessarily true for highly anisotropic
systems where steric issues may prove predominant. The mutual interactions
between dipoles induced on neutral monomers can also play a significant role.
Finally, for small sizes, relaxation of the intramolecular geometrical degrees
of freedom of charged monomers can also have considerable influence.

In homogeneous systems, the ionisation potentials /4, of isolated mono-
mers are equivalent and there is a possibility of charge being delocalised over
all the monomers. This is charge resonance. One then seeks a wave function
[104,193] in the form of a linear combination of locally ionised configurations
@jﬂ, viz.,

V(<)

+ f§ : +
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A charge resonance Hamiltonian then describes hole transfers. Using hole
creation operators ai‘# and annihilation operators a4, in the HOMO ¢4, of
a given monomer, the resonance Hamiltonian has the simple second quantised
form

h = Z(IA# + VIH)aL#aA# + Z tAu,BvaimaBV )
A A<B
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where VXM is the interaction energy of the system with a hole in the orbital
¢4y This energy is determined as in the non-resonant case. The term t 4, B,
is a hopping integral, describing the transfer of a hole from one entity to the
other. It is a function of the overlap between the orbitals ¢ 4, and ¢p, of the
relevant monomers. Note that there may be significant delocalisation even in
heterogeneous systems. Delocalisation between inequivalent species A and B
then depends on the values of the hopping integrals t 4, g, compared with the
difference |14, + V| — L — V. | between the ‘dressed’ ionisation potentials
of the two species. It may also be necessary to consider several ionisation
configurations @ 4, and @4, for the same monomer in the case of degeneracy
or near-degeneracy of the internal orbital structure of each monomer below
the Fermi level.

Let us examine the situation for rare gas dimers, starting with He,, which
has the simplest electronic structure. The ground state @y of Hesy, very weakly
bound, is well described by a single determinant. Neglecting overlap between
the atomic functions, one can use either a delocalised description in terms
of molecular orbitals &5 = |0303 , or an equivalent localised description in
terms of atomic orbitals &y = |s2s?|. This arises because, in a filled valence
shell, the localised and delocalised occupied orbitals are related to one another
by a unitary transformation. The ground state of the molecular ion Heg' is
stabilised by a bond that results from the fact that the highest antibonding
molecular valence orbital ¢, contains only one electron, thus leading to an
overall state of bonding that is reinforced by attractive polarisation forces
(weak in the case of helium, but stronger in the heavier rare gases). Hence,
the dissociation energies of homogeneous molecular ions are of the order of
one electronvolt. One way of obtaining the valence states of the Hej ion
is to use a delocalised description by removing one electron from each of
the o4 (bonding) or o, (antibonding) orbitals, thereby generating two single-
determinant configurations &} = [020,| and &) = |og02|. The equivalent
possibility involves expressing the Hamiltonian relative to the basis of valence-
bond-type charge resonance configurations @} = |s,s?| and &, = |s2s;|. In
the latter basis, the Hamiltonian has matrix

h— I;— + Va+ tab
B tab I;’_ + Va+ ’

where VI = Vb+ is the energy of interaction of the configurations He™He and
HeHe™, corresponding to an ionised atom interacting with a neutral atom
at finite distance. The non-diagonal term t:b (< 0) is the hopping integral
of the hole between the two resonant configurations. The eigenstates of the
Hamiltonian are the molecular configurations @} and @}. The state 23 is
thus stabilised by the hopping integral, whereas the state 22 +is destablhsed

In heavier rare gas ions, the valence shell np generates four molecular
valence orbitals, viz., o, and 7, bonding and 7, and o, antibonding. Since
the hopping integral between atomic np, orbitals (pointing along the axis) is
greater than that between np, orbitals (perpendicular to the axis), the energy
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gap between the o orbitals is larger than the one between the 7 orbitals, thus
determining the energy hierarchy o, < m, < 7y < 0y. Molecular ion configu-
rations are characterised by a reversed energy hierarchy with respect to that
of the orbitals, i.e., 22 <? [T, <* II, <* ¥} . In the ground state 23, the
equilibrium distance is significantly shortened compared with that of the neu-
tral van der Waals pair. Owing to the greater overlap between the np orbitals
when they are aligned with the interatomic axis (np,) than when they are
perpendicular to it (np,), the delocalisation of a o hole may be spread out
axially, thereby greatly stabilising the linear geometries in small n = 3 and
n = 4 ionised clusters. Hence, charge delocalisation over the symmetric linear
trimer Argf corresponds to a charge close to 0.5 on the central atom and 0.25
on each of the end atoms. For other sizes or species, the missing charge is
delocalised over two, three or four atoms forming a kind of ionised core that
is relatively strongly bound (of the order of 0.1-0.3eV) compared with the
van der Waals interactions. This ionic core continues to be a stabilising entity
in larger clusters, while the rest of the atoms remain essentially neutral and
organise themselves around it. Their positions are determined partly by the
polarisation forces induced by the core charge, and partly by their mutual
van der Waals interactions, which determine the number of atoms in the sur-
rounding rings. In neon, the ionic core is just Ne; In xenon, there are two
competing types of core, i.e., Xeér and Xei. The latter is linearly symmet-
ric (symmetry group Dj) with a charge distribution close to (0.1, 0.4, 0.4,
0.1). This partial localisation of the charge determines in particular the magic
numbers related to the first solvation layer, observed in ionised clusters. Ar-
gon and xenon clusters thus have particularly stable structures for n = 13 (see
Fig.6.10), corresponding to a trimeric core and two rings of 5 atoms around
each bond (forming an icosahedron, distorted along the axis), and for n = 19
(see Fig.6.11) with a linear tetrameric core and three rings of 5 atoms (form-
ing a distorted double icosahedron). The magic numbers are thus the same as
in the ground state, but for rather different reasons. Indeed, the stability of
the ground state is determined by the icosahedral geometric constructions. In
the ion, the same magic numbers result at the same time from the electronic
stability of the linear ionic core (in which the interatomic separations are very
small) and the more favourable geometric arrangement around the core. This
is an example of charge inhomogeneity in a system with uniform composition.

Some electronic excitations can also be described by resonant models in-
sofar as the initial and excited orbitals belong to the same entity. One then
speaks of an exciton model, which can be considered as an extension of the
charge transfer model, but which now describes excitation transfer. This type
of excitation is the molecular cluster analogue of Frenkel excitons in the solid.
The excited wave functions are expressed in the form

* 2 : m 2N
g15’m - CA;J,AQA )
ApA
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Fig. 6.10. Lowest energy isomer of Ar}; and qualitative representation of the singly
occupied HOMO

Fig. 6.11. Lowest energy isomer of Xe]y, and qualitative representation of the singly
occupied HOMO

where &4 represents an excited state localised on A in which one electron has
been promoted from the occupied orbital ¢ 4,, to the virtual orbital ¢ 45 in the
same molecule. In this basis, the diagonal terms of the Hamiltonian are now
the energies of the excited molecule A* in interaction with the other molecules
in their ground states. Couplings or non-diagonal terms are associated with
excitation transfer and expressed in terms of two-electron integrals

Hapn e = [ 22000020000 7100518) g, gy

r— /|

[ Pau(r)¢Bu(T)dar(T) PB4 (1)
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In the dipole approximation, the first integral can be expressed in terms of
the dipoles D" = (pa,|r|¢an) and D% = (¢p,|r|ép,) associated with
the electron distributions of intramolecular transitions ¢a,(r)¢ax(r) and

¢By(1)0B~(T):
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It only contributes to singlet states and generates an interaction going as
1/R3. The second term corresponds to exchange. It depends on the overlap
that comes into play at shorter range. It is the only residual coupling in the
case of triplet states for which the contribution of the first integral is zero.

These exciton models assume a concerted localisation of hole and particle.
They have been applied to rare gas clusters [101] and more recently to various
molecular clusters, in particular those made up of aromatic molecules, e.g.,
naphthalene and anthracene, and even other complex molecular systems such
as double-stranded oligonucleotide fragments of DNA [194]. As for the charge,
the coefficients in the expansion can be used to analyse the degree of delo-
calisation of the excitation over the various sites. The model is inapplicable
either when the excited states are charge transfer states (AT B™), or when the
excitation concerns highly excited (or Rydberg) states which can no longer be
represented on local components. Hybrid models using pseudopotential tech-
niques must then be used with an explicit quantum description of the excited
electron [195,196].

6.4.3 Ionic and Ionocovalent Clusters

Tonic crystals are made up of periodic assemblages of ions with opposite
charges. The alkali halides (MX, M=metal, X=halogen), which crystallise into
simple cubic (e.g., CsCl) or face-centered cubic (e.g., NaCl, NaF, Kbr, LiF)
lattices, provide typical examples. One may consider that, in these structures,
the valence electron of each alkali metal atom is transferred to a halogen,
with all atoms adopting electronic configurations close to those of the elec-
tronically similar rare gases, e.g., neon for Na® and argon for Cl~ in NaCL
Some of these crystals are characterised by ionic charges gu x close to +1,
short distances between ions of opposite charge, and high cohesive energies.
For a non-interacting set of n atoms of M and X (i.e., infinitely far apart), the
energy cost corresponding to the formation of M+ and X~ ions is

AE(0) = Y (In — Ax)

M,X

where Iy is the ionisation potential of the metal atom and Ax the electron
affinity of the halogen. This energy penalty is balanced by Coulomb interac-
tions between ions, or the Madelung field which guarantees the high stability
of the crystal owing to the proximity of oppositely charged ions. At short
range, one must also add the repulsive interactions due to interpenetration of
the electron clouds of the anions and cations:

E = AE(OO) + ‘/rep + VMad -
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Many compounds such as metallic halides, hydrides, and of course oxides fall
within this category. Clearly, stabilisation of the ionic structure depends on
how favourable the difference is between the ionisation potentials and the
electron affinities of the constituents, these expressing the ease with which
an electron can leave one atom and attach itself to another. It is also deter-
mined by the ionic charges which may only be partial, and by Coulomb forces,
themselves dependent on the geometry. Similar situations are encountered in
stoichiometric clusters and nanoparticles of positive and negative ions, with a
complication induced by the disappearance of periodicity. Identical atoms that
occupy inequivalent positions feel different electrostatic potentials, depending
whether they are at the surface, in the bulk, or included in defects.

A potential model that is widely used to represent the potential surface of
the ground state of ionic clusters in the stability region is the so-called rigid
ion model [84-89]. The name simply means that a fixed charged is assigned
to each ion. This model thus includes a simple Coulomb term depending on
the charges of the ions:

daqb
Rab

E = AE(x) + Z |:>\ exp(—BapRap) +
a<b

The repulsive term has an exponential form here. A more sophisticated model
treats the ions as polarisable and adds the polarisation energy induced on
each ion by the others, a contribution that can be screened at short range to
avoid divergences. These Coulomb-type models can describe perfect or weakly
polarised ionic systems, but they are not suitable for ionocovalent systems.
These are characterised by partial charges and differ too much from the ideal
ionic situation, a (reverse) charge transfer giving significant weight to the
covalent situation. Indeed this leads to a certain level of hybridisation in the
atomic orbitals of the anions and cations. Charge transfers can be quantified
by the electronegativity £ which is equal to minus the chemical potential x4 and
measures the capacity of the system to vary the number of electrons within it:

OE

§=—ﬁ——ﬂ-

Discretising the definition, one obtains the ionisation potential and electron
affinity

I(N)=E(N —1)— E(N),  A(N)=E(N)-EN+1),

respectively.

In the limit of purely ionic systems, the electrons are localised on the
atomic orbitals g, of the negative ions. The HOMO are thus anionic orbitals,
whereas the LUMO are cationic orbitals x., that have lost their electrons.
In a one-electron model, this means that the hopping integrals between the
orbitals of nearest neighbour anions and cations are small compared with
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the differences between diagonal one-electron levels e, and ¢, of cations and
anions, respectively (we take €., = €, and €\ = €, for all p and \):

|tcu,tw| < |ec - 6a| .

Like insulating ionic crystals, these clusters have a large band gap.

In ionocovalent systems, it is important to quantify charge transfer. Since
the charge of each ion is a cumulative indicator, the details of the transfer on
each bond cannot be specified by analysing the charge alone. A systematic
model for analysing transfers has been developed by Finocchi et al. [118-124]
in the framework of a DFT ab initio calculation of the electronic structure
of small metal oxide clusters. The model for electron transfers A,. per bond
is based here on the so-called bond electron transfer model (BETM) due to
Harisson [26]. Taking a fully ionic situation as reference here, the electron
transfer that reestablishes a covalent contribution on a bond can be analysed
by perturbative treatment of the hopping integral. At anionic sites, the first
order perturbed orbitals are

t
X = Xap + D = N
€q — €c

cv

Z( ﬂ

jn%

corresponding to charges

W+
In this approximation, charge transfers form an additive system:

Qa—qa JFZAac» QC:qgo)*ZAaC7

where qq ) and q(o) are the respective charges of anions and cations in the
purely ionic limit. The sums are limited to nearest neighbours. Bond electron
transfers A,. cancel in the purely ionic limit, and depend on the squares of
the ratios |tau,cv|/(€c — €a). The effective transfers are obtained by inverting
the above equations when the atomic charges are known. One thus obtains
information about the ionocovalent nature of each bond.

In the charge-dependent self-consistent tight-binding approximation intro-
duced above, the diagonal elements of the Hamiltonian are the effective levels
taking into account the perturbation by the Madelung field:

(©

€ap = 6(0) — Uaaqa quUab = 6( ) Uaaqa - Va .
b#a

The first correction term U,, comes from the electron—electron repulsion at
the site, while the second represents the Madelung potential V, induced by
other ions. The latter depends sensitively on the environment.
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Fig. 6.12. Electron transfer A in titanium oxide clusters as a function of the distance
Ti-O (left) and the electrostatic potential difference 8V between Ti atoms and
neighbouring O (right). Qualitative interpolation of data from Albaret et al. [122—
124]

Hence, compared with the energy levels of isolated ions, the levels of the
anions of a crystal, carried by the surrounding positive charges to an electro-
static potential V, > 0, are lowered (even though the on-site electron—electron
repulsion term acts in the opposite way), whereas the levels of the cations are
pushed up to higher energy. It follows that the electronic levels of an isolated
atom, a bulk atom, or an atom at the surface of a crystal or cluster can all be
very different. The same goes for the atomic electronegativities of the different
sites,

ga = féo) +UaaGa + Va -

This explains why, insofar as the electrostatic potential created by the
Madelung field dominates over the interatomic term U,,, the electrons tend
to leave anionic sites with lower coordination number, which are less sta-
bilised. Likewise, reducing properties will tend to affect cationic sites subject
to weaker electrostatic potentials. Figure 6.12 clearly shows this correlation
between coordination and bond electron transfers A for titanium oxide clus-
ters Ti, 02,4, studied by Albaret et al. [122-124]. Another interesting feature
is the correlation between transfers and bond lengths. As the coordination
number decreases, the bond shortens, and the hopping integral (proportional
to the interatomic overlap) and the quotient |tq, o /(€a — €c)| increase, and
so therefore does electron transfer from the anion to the cation. Figure 6.12
shows this anti-correlation between bond lengths and charge transfers. This
analysis provides an understanding of the ionisation potentials, electron affini-
ties, and charge transfers. The transfer mechanisms influence the reactivity
and acid—base properties. They play an analogous role for clusters, surfaces
and nanostructures.



174 F. Spiegelman

1,3

>

="
==

=

® Magnésium

Lo F O Oxygene 1
L 4 5 J
Coordinence
0 9 1 1 1 1 1
) 10 20 30

Fig. 6.13. Size dependence of the average charge per atom (g) in (MgO),, clusters.
Fluctuating charge model, also including polarisation effects. Insert: Dependence of
the charge on the coordination number of atoms in (MgO)10s. Taken from Calvo [183]

For large ionocovalent nanoparticles, more flexible models than the rigid
or polarisable ion models can be used. Hence, the fluctuating charge model
[179-182] involves minimising the energy

E(R)=Vip(R)+ ) (fk% + ;Ukkqi> +> T (Brt) g+ A (q - Z%)
k

k=a,c k<l

with respect to the charge variables i, determining the latter at each site
(anion a or cation ¢). The first term V,ep is a short-range repulsive func-
tion, & is the electronegativity of ion k (—e, or +e¢.), Uy is an interatomic
electron—electron penalty term, and the functions J; are two-centre Coulomb
interactions screened at short range. The Lagrange multiplier A fixes the total
charge. This model is used to study ionocovalent systems without assumptions
about charge transfer. For example, one can then look for an ionocovalent—
ionic transition during the growth of an oxide nanoparticle, or study fluctu-
ations in the charge transfer depending on the position of the atoms, in the
bulk or at the surface. Figure 6.13 shows the the dependence of ionic charges
calculated with the fluctuating charge model in (MgO),, clusters as a function
of the size n. It also shows the fluctuation of the charges as a function of
the coordination number of the magnesium or oxygen atoms in the (MgO)i0s
cluster. The metal-oxygen charge transfer is of the order of 0.8 in the diatomic
molecule MgQO, but close to 2 in the crystal. The ionic character of the bonds
is clearly seen to increase continuously with size in the case of clusters.
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6.4.4 Covalent Systems

The prototypes of covalent and semiconductor clusters are carbon clusters
and silicon clusters. These two families of clusters nevertheless display rather
different properties, in particular due to hybridisation, which is almost always
sp3 in silicon clusters. The world of carbon clusters has been the subject of
much investigation since the discovery of fullerenes and especially the most
remarkable of these, the Cgg cluster, followed by carbon nanotubes. Reviews
can be found in [139, 140, 145].

In all these nanoparticles, the electronic structure of the carbon atoms is
very different from that in diamond carbon (sp?). It is very highly correlated
with the geometric structure. In the free state, the smallest fullerene clusters
occur in the form of linear or ring-shaped chains, characterised mainly by sp
hybridisation. Carbon clusters then adopt 2D arrangements, sometimes dis-
torted (close to spherical caps). Finally, 3D shapes arise, as illustrated by the
Cgo cage with very high molecular symmetry (the icosahedral Ij, symmetry
group), or C7o with a longer structure (the Dsj, symmetry group). This struc-
tural behaviour is highly specific and differs greatly from what is observed in
silicon clusters, for example, which do not naturally form hollow cages.

A qualitative approach to the electronic structure of carbon cycles and
rings can be obtained using a tight-binding model limited to nearest neigh-
bours and based on the o—m separation. For linear chains along the z axis,
the o and 7 orbitals are distributed according to the eigenvalues A (0 or 1)
of [,. For plane cyclic chains, the separation is defined by the symmetry or
antisymmetry of the orbitals with respect to the plane of the cycle. The bond-
ing orbitals of the o system are usually deeper than those of the 7 system,
while the antibonding orbitals are higher. It is thus the bonding 7 orbitals
and antibonding 7* orbitals that encompass the Fermi level. Let us consider a
tight-binding model based on the atomic orbitals y,. of type 2p at each site 7.
For a cycle, only one function is retained per site, perpendicular to the plane
of the cycle. This (highly qualitative) model is then defined topologically by
the hopping integrals ¢t between nearest neighbour atoms. The eigenfunctions
(the molecular orbitals) of regular rings of n atoms are easily determined using
the cyclic symmetry:

leading to pairwise degenerate k and —k levels

€ = 2t cos <2mk> ,

n

with the exception of the lowest bonding level (kK = 0), which is non-
degenerate, and also the highest antibonding level (k = n/2) for even cycles.
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In particular, it follows that the HOMO level (k = 4+n/4) can contain four
electrons.

Linear chains are handled with two p orbitals (2p, and 2p,) per site,
perpendicular to the axis z of the chain. The two 7 systems are clearly iso-
morphic and the solution is deduced from the previous case by assuming that
all atoms feel the same potential (identical hopping integrals between nearest
neighbours) with the exception of sites I and n for which outward hopping is
not allowed. These boundary conditions imply that the wave function must
vanish at 0 and n + 1, a condition satisfied by

n

1 . 7wkj
o=\ S

For linear chains, each 7 level is therefore spatially doubly degenerate (orbitals
7, and my), with energy

km

€, = 2t cos 1

The electronic structure of small linear clusters can then be deduced. A neu-
tral cluster of size n has n valence electrons. It can form 2(n — 1) ¢ bonds
(hybridisation sp') and two free pairs at the ends, making a total of 2n + 2
electrons. The 7 system thus contains 2n — 2 electrons, bestowing greater sta-
bility on odd neutral cycles whose 7 orbitals are filled, with 2n —2 = 4m, i.e.,
N =2m+ 1.

Rings have no free pair and the number of ¢ orbitals along C—C bonds is
n. Since the other o orbitals of the plane perpendicular to the bonds and the
orbitals of the 7 system are each doubly degenerate, except for the two lowest,
the maximal stability condition is 2n = 4m, i.e., n = 2m, now favouring even
cycles.

It is easy to find the HOMO-LUMO gap using this model. For example,
considering odd linear chains [knomo = (n — 1)/2, kLumo = (n + 1)/2], the
gap is given by

(n—1)m (n+1)m

7T
Ae = —2t |cos ———2— — cos ~———2— | = —2¢si
€ COS2(n+1) COS2(TL—|—1) smn+1,

and thus decreases as 1/n for long chains.

This description remains rather simplistic. In particular, it must be modu-
lated by the alternating character of the bonding distances in chains or cycles,
corresponding to the formation of simple and double C—C bonds. Hybridis-
ation also has a non-negligible effect on the positions of the single-electron
levels.

Apart from ab initio calculations [146-148], the electronic structure of
fullerenes has also been treated using the tight-binding approach. Due to the
high level of symmetry of Cgo (point group I;) and the delocalised nature of
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Fig. 6.14. Left: Positive charge density in the model of the nuclear skeleton of Cgo by
a hollow spherical jellium distribution. Right: Electronic level structure according
to Yannouleas and Landman [178], with (a) and without (b) correction for the
crystalline field

the 7 electrons, it is also instructive to model this system using the hollow
jellium approach [149-151,175,178], which takes into account the cage struc-
ture with 240 valence electrons (four 2s and 2p electrons per atom). In the
calculation by Yannouleas et al. [176,178], the total charge Z = 240 of the
jellium is distributed with uniform density in a spherical shell of thickness 2d
around a sphere of radius R [see Fig.6.14 (left)]. The effects of the crystalline
field representing the pointlike nature of the nuclei and the icosahedral sym-
metry can be incorporated into the model by adding the following potential
to the mean field one-electron operator:

1
U(T‘) :—UZW,

expanded in spherical harmonics. The crystalline field significantly modifies
the electronic structure in the vicinity of the Fermi level.

Figure 6.14 (right) shows the one-electron levels of Cgg. In the hollow jel-
lium model without ionic structure, and due to the spherical symmetry, the
levels (a) are characterised by the principal quantum number k associated
with the number of nodes of the radial function, i.e., in the direction per-
pendicular to the fullerene surface, together with the angular momentum [
and its projection m;. Levels are classified according to the values of k, into
either o (k=0), 7 (k=1) or 6 (k= 2), and then in each class by the values
of I, beginning with [ = 0. Ignoring the curvature, this o, 7 classification is
compatible with the one used for plane carbon-bearing molecules in which the
o system is symmetrical with respect to the molecular plane, whereas the m
system is antisymmetrical with respect to this plane. When the degeneracy
due to the spherical symmetry is partially removed by the crystalline potential
(Fig. 6.14b), the HOMO remains ten-fold degenerate (symmetry group h.),
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whereas the lowest virtual orbitals resulting from the 7 spherical levels (I = 5
and 6) have symmetry ¢1,, and t1,4, and are six-fold degenerate. The o level
(I =9) splits into five sublevels. Two of these (g, eight-fold degenerate and h,,
ten-fold degenerate) are considerably lowered and become closed shell occu-
pied levels, while the others (not shown in the figure) are significantly raised
in energy, thereby creating a large gap in the o symmetry. Starting from
the hollow jellium as a zero order model, it is easy to see the role played by
the icosahedral symmetry due to the discrete structure of the Cgp atoms in
the orbital energies and degeneracies near the Fermi level.

6.5 Valence Changes

Valence changes, i.e., transitions in the valence electronic function and elec-
tronic properties, can occur. On the one hand, the energy bands of the solid
build up and broaden with the size of the nanoparticle. Different bands aris-
ing from different atomic levels are then likely to meet and interact above
certain critical sizes (see Fig.6.2). The nature of the occupied electronic levels
can then be expected to change. This may have consequences for the insulat-
ing or metallic character of the nanoparticle, for example, or for its magnetic
properties. On the other hand, at a given size, controlled fabrication and ma-
nipulation of nanoparticles can be used to vary the composition of mixed
systems. In this case it is therefore possible to observe changes in electronic
structure as a function of the stoichiometry.

6.5.1 Transitions with Size

Divalent metal clusters (Be,, Mg, or Hg,) are composed of atoms with a
closed shell s? electronic configuration. In small clusters of divalent metals,
the s electrons remain localised on the atoms which are thus bound by van
der Waals interactions, and these systems are therefore insulating. The s band
is full and the Fermi level is defined by the top of the band. However, in
the solid state, these elements have metallic properties and there is therefore
an insulator—metal transition. This transition was studied by Pastor et al.
in mercury clusters (see Fig.6.15) [130]. The propensity of an s electron to
delocalise to different sites involves promotion into the p band and clearly
depends on the energy of the top of the s band relative to states at the bot-
tom of the p band which allow electron transfers. The cost of an electron
transfer s, — pp on a single bond ab in the free electron approximation is
Aegp = €, — €5. Now the band widths are proportional to \/z, where z is the
coordination number. On the basis of criteria arising from the tight-binding
model, one can thus expect a metallic transition when the gap disappears,
i.e., when W, + W), = 2A¢,, = 11.6eV. Assuming uniform densities of states
and hopping integrals limited to nearest neighbours, the condition becomes
12(62, + t2,,, + 2t2 )z ~ 4Ae2 | where tgs = 0.58eV, tpop, = 0.98¢V,

popo pTpT sp?
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Fig. 6.15. Ionisation potential of mercury clusters as a function of n . From

Pastor et al. [130]

tprpr = —0.27€V in the solid. This simple calculation predicts a transition for
an average coordination of z &~ 7.79. The average coordination in an icosahe-
dron of 13 atoms, with 12 atoms at the surface, is slightly greater than 5 (in
fact, 5.53). For an icosahedron of 55 atoms, it is 7.96, and for a cuboctahedron,
it is 7.85. This allows us to estimate the size range in which the transition is
likely to occur. This simple calculation assumes a uniform density of states
and does not take into account either the renormalisation of the atomic levels
with size, or the change in the hopping integral due to relaxation of distances
in the cluster, or indeed electron correlations. In reality, in a Hartree-Fock
calculation, the energy difference AFEj), is not exactly equal to Aeg,, but can
be expressed in terms of the ionisation potential I, the electron affinity A,
and the Coulomb exchange integrals. At a bond ab,

AEg, =~ Aegp +2Usy, — Kgp —Uss —1/Rypy =1 —A—1/Rg

where Uy, and U, are single-centre Coulomb integrals and Ky, is a single-
centre exchange integral. Going from the atom to the infinite solid, the tran-
sition occurs earlier when the electrostatic and exchange terms are explicitly
taken into account.

6.5.2 Transitions with Stoichiometry

For constant size n, alkali halide clusters M,,X,,_, (M = metal, X = halogen)
can make the transition from an insulating salt (p = 0) to a pure metal (p =
n). Likewise for metal oxides with different stoichiometries. Let us consider
the alkali hydrides or halides. For p = 1, the cluster has the physics of a hybrid
system. To begin with, all the metallic valence electrons but one are captured
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Fig. 6.16. Geometric structure and location of the extra electron in sodium fluoride
clusters Na,F,,_1. From Durand et al. [96,97]

by the fluorine atoms, whereupon they generate ionic bonds between n alkali
ions and n — 1 fluorine ions, generally well described by standard Coulomb
potentials. Then the extra electron cannot attach itself to a fluorine atoms. It
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Fig. 6.17. Growth of a sodium cluster Na, on Cgp. Equilibrium structures occur
for n =7, 8 and 24. From Roques et al. [184,185]

interacts with all the ions and must be described by quantum mechanics. The
interdependence between geometric structure and electronic structure thus
gives rise to a range of possible locations for this electron, depending on the
size and the types of defect present on the usually cubic, sometimes hexagonal
structures. Situations in which the electron replaces the missing fluorine are
thus analogous to what happens with colour centres in the solid: in this case
an electron fills the space left by a missing fluorine and is thus stabilised by
the dominant influence of the strongly positive electrostatic potential.

Within the same family, some sizes may exhibit specific features. Hence,
Naj4F;3 has a cubic structure that is slightly distorted along a diagonal of the
cube due to an indirect Jahn-Teller effect (via coupling with excited states),
where the weakly bound electron remains at the surface and is polarised on
a vertex (see Fig.6.16). In other configurations, the electron is localised on
an isolated sodium atom, or replaces a missing edge. This landscape reflects
the wide range of possibilities for electron localisation on free or supported
nanostructures with defects.

When the number of extra metallic p atoms (and electrons) increases, a
metallic part forms that is segregated from the insulating part [83,90-92,94,
95]. Finally, when the clusters have a large metal surplus, i.e., n > n — p,
then can behave like a metallic system in which n — p electrons are attached
to the halogens. We then return to the properties of simple metals and the
shell model, but with electronic magic numbers shifted by n — p with respect
to those of a pure metal cluster of size n, reflecting shell closures associated
with the p delocalised metallic electrons [83,159,160]. The metallic nature of
the latter reveals itself through collective excitations.

Finally, other mixed systems, some more complex, provide a good illus-
tration of the interaction between electronic and structural properties. For
example, whereas the endofullerenes can trap metallic atoms in the carbon
cage, it is also interesting to see how metallic atoms can cover a fullerene.
The contrast here is between the segregation of a metallic clump (droplet) or
the distribution of metallic atoms around the cage (wetting). This question is
closely related to the question of charge transfer between metallic atoms and
the fullerene. In the case of CgoNa,, studied using a fluctuating charge model,
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Fig. 6.18. Atomic structure of a carbon nanotube

Roques et al. [184,185] showed that a transition occurs towards segregation
for n = 8 (see Fig.6.17). At smaller sizes, each alkali atom almost completely
transfers its electron to the fullerene. The metallic ions distribute themselves
uniformly over the surface under the effect of electrostatic repulsion. When
the number of metallic atoms is increased, charge transfer saturates. At the
same time, the greater number of metallic atoms serves to screen the charges,
favouring the formation of metallic binding and a segregated droplet.

6.6 Nanotubes

Single-walled carbon nanotubes are obtained by rolling up a graphite sheet
about an axis (see Fig.6.18). The roll-up axis, which makes the unit cells
overlap at an angle of 27, plays a key role in the electronic structure. Indeed,
whereas clusters always have a gap owing to their finite size, carbon nanotubes
may or may not possess such a gap, depending on the choice of roll-up axis.
The band structure of these objects can be simply understood in terms of the
band structure of the graphite sheet.

The unit cell in this 2D lattice comprises two carbon atoms a and b sep-
arated by a distance d.., and has lattice parameter a = V3dee. If  and Yy
are unit vectors along the axes, the basis vectors of the direct lattice can be
chosen as

a V3a

u; = ax , U2 2 —|—Ty

Those of the reciprocal lattice are then

v—2ﬂ-<az 1 ) v_27r2
1_a \/gy 2 — Yy

The Brillouin zone is shown in Fig. 6.19.
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Fig. 6.19. Atomic structure, reciprocal lattice and first Brillouin zone of a graphite
sheet. a and b specify the two carbon atoms in the 2D unit cell. w1 and w2 are the
basis vectors of the direct lattice, while v1 and w2 are those of the reciprocal lattice.
I', K and M define the irreducible zone

The electronic structure of graphite can be described by a tight-binding
Hamiltonian h. We shall only consider the 7 electrons with a x(2p.) orbital
per site and hopping integrals ¢ restricted to nearest neighbours. If the plane
contains n atoms, the 7 system contains n electrons (half-filled band with
two electrons per orbital). The Bloch functions ¢§7b(r) with 2D periodicity
are given in terms of the complete set of atomic orbitals ng = Xab(r — R)
generated by translations R of the functions y, and x; defined in the unit
cell (with ; and [y integer-valued):

1 .
¢>'§,b(r) = \/;Zexp(lkr *R)Xap(r — R), R =luy + laus .
R

In this nearest-neighbour tight-binding model, the only nonzero couplings are
those between atoms a and b. Each function yx, of an atom a in the lattice
is therefore only coupled by the tight-binding Hamiltonian to the function x,
of its three nearest neighbours. The terms hﬂ“' and h';,f, are zero, and in the

end only the complex conjugate off-diagonal elements h’;l’fl and h’;;k remain:
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Fig. 6.20. Band structure of 7 electrons in a graphite sheet according to the tight-
binding model

P = 7 exolik - R~ ik-R) (xFhIxET )
R.R'
= §k’k/t{1 + exp(—iug-k) + exp [i(u1 — uQ)k:]} .

The Hamiltonian is diagonal in 2 x 2 blocks. Diagonalisation of each block
leads to the energies

€ = it\/3 +2cos(k - uy) + 2cos(k - up) + 2 cos [k-(uy — ug)] .

Figure 6.20 shows the band diagram in this approximation. The diagram is
symmetrical with respect to the zero energy (the energy of the atomic p levels)
which corresponds here to the Fermi level since the n/2 negative energy levels
are filled. The functions ¢g and ¢_j are degenerate.

Clearly there is no gap at the Fermi level and the zero energy level cor-
responds to states in the Brillouin zone equivalent to the point M in the
irreducible zone specified by

k= é(vg +2v) = %
Note, however, that these points are isolated on the Fermi surface, in contrast
to what happens in metallic systems. The Bloch theorem yields the wave
function ¢, k = k1v1 + kovo, and in particular its phase for any translation
of the direct lattice defined by (l1,l2) in the graphite plane, given its value in
the initial cell:

ox(r + R) = exp(ik - R)gk(r) = exp [2mi(kily + kol2)] dn(r) .

(1)2 — ’Ul) .
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Turning now to nanotubes, the cyclic periodicity condition due to the fact
that the graphite sheet is rolled up superposes the cell (I1,l3) on the cell
(0,0). This condition is equivalent to the phase condition kil + kaolo = m,
with m a whole number. It follows that nanotubes will maintain a state ¢g of
zero energy only for helicities respecting the periodicity condition at the points
M of the Brillouin zone. These points are defined by (k1, k2) = (1/3,2/3), i.e.,

Iy + 2l =3m ie, I3 —Ily=3p (pa whole number).

Nanotubes satisfying this roll-up condition thus have a conductance channel
at the Fermi level, whereas the others must be considered as insulators at low
temperature.

6.7 Prospects

We have discussed several ideas, models, and calculational methods that can
be used to study electronic structure in clusters and nanoparticles. With the
exception of nanotubes, the examples treated represent the gas phase. Even
in the gas phase, this discussion is far from exhaustive and other aspects
deserve attention. It is worth mentioning size-dependent valence transitions
in mixed valence compounds such as transition metal clusters. In these com-
pounds, several electronic bands, generated by localised (magnetic) d electrons
and delocalised s and p electrons, compete with one another. One should also
mention the Kondo effect in heterogeneous metallic clusters containing a mag-
netic impurity (an atom of a d or f metal) coupling with delocalised electrons.
These two cases exemplify coupling between highly localised and delocalised
electrons [129,216]. A careful study must involve an adequate (explicit) inves-
tigation of electronic correlation. An configuration-interaction ab initio calcu-
lation remains difficult for this type of cluster when the size becomes to large
(Z 10). Model Hamiltonians including the correlation explicitly can be used.
An example is the Hubbard Hamiltonian for applications considering mag-
netic effects in transition metal clusters [129], or the Anderson Hamiltonian
to handle the Kondo effect in doped metallic clusters [208].

Many technological applications concern clusters and nanoparticles de-
posited on a substrate. Some ideas introduced for free clusters may remain
valid in this context. For example, electronic shells are not only observed with
spherical confinement. When small alkali clusters are deposited on insulating
surfaces, they can assume highly flattened shapes under the effects of inter-
action with the surface. Their electronic structure can be modelled by a 2D
jellium in which the shells are characterised by the number of nodes k of the
radial function and the eigenvalue of 1, [198]. These 2D clusters prefigure the
more extended nanostructures known as quantum wells in which quantum
confinement can also be tackled using a 2D jellium model [202]. Obviously,
many supporting surfaces are not inert and can fundamentally change the
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electronic properties of adjacent nanoparticles, capturing electrons from the
adsorbed clusters or donating electrons to them. In this case, one must take
into account coupling between discrete levels of the clusters and the band
structure of the supporting surface (see for example [209]), as well as coupling
between electronic structure and geometrical relaxation of the adsorbate and
the surface [210]. In the same way, it is still difficult to perform purely ab
initio calculations to ascertain the electronic structure of particles in solu-
tion or passivated by ligands. Hybrid methods combining quantum mechanics
and molecular mechanics (QM-MM methods) are promising for tackling the
quantum aspects of reactivity in a complex environment.

As far as the theory and ab initio calculation of electronic structure are
concerned, progress is currently being made in several directions. Technical
efforts to reduce computation times, and in particular techniques known as
linear scaling which seek to make the computation time proportional to the
number of atoms, are being developed in each of the CI, DFT, and tight-
binding contexts. The density functional still needs to face a certain number
of problems, even for calculation of the ground state. One could mention
treatment of open shells and spin multiplicity, and improvement of functionals,
especially for the treatment of dispersion forces.

A particularly important issue in cluster theory is the integration of elec-
tronic structure calculations into molecular dynamics simulations, given the
strong coupling between geometric relaxation and electronic properties. It is
thus essential to be able to simulate properties at finite temperatures. Density
functional calculations of electronic structure can be integrated into standard
molecular dynamics codes. One then speaks of ab initio molecular dynam-
ics (AIMD). One commonly used version is Car—Parinello dynamics [48-50],
which cleverly couples electronic relaxation and standard nuclear dynamics.
In addition, the hybrid QM-MM methods, combining DFT and classic force
fields, further extend the range of systems, e.g., to heterogeneous nanoparti-
cles, supramolecular assemblages and proteins, even in the liquid phase. We
should also mention the efficiency of molecular dynamics simulations using
tight-binding methods (TBMD), and simplified versions of AIMD involving
approximations in the treatement of electronic structure [81].

Theoretical study of electronic excitations is also important. A great deal
of effort is being made in the context of time-dependent density functional
theory (TDDFT) [80,107,126,127], based on solution of the time-dependent
Schrodinger equation and response theory. In this formalism, the time depen-
dence of Kohn—Sham electronic orbitals can be described by

Q) [ Ly [0 gy BBy L

The energies of the stationary electronic states is obtained by Fourier trans-
forming the dynamical electron observables, in particular, the electric suscep-
tibility. Although it is often the only available approach for large systems,
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and sometimes quantitatively adequate, TDDFT remains somewhat unsatis-
factory. This is due to the functionals currently in use and the corrections
required to recover a Coulomb-type effective potential when the electrons are
highly excited, but also to the inherent difficulties in treating situations where
there is significant electron correlation. TDDFT is still unable to represent
excited states of uniform quality over the whole space of geometric config-
urations, in particular when the dynamical correlation, i.e., the correlation
between electron configurations exhibiting fluctuations in the electron distri-
bution at different sites (correlation between charge transfer configurations,
for example), becomes significant.

Another point concerns simultaneous propagation of electron dynam-
ics and nuclear dynamics, especially in the study of non-adiabatic processes,
photoinduced or resulting from collisional excitation (relaxation, reactivity,
fragmentation) and involving excited electronic states. The development of
experiments using time-resolved spectroscopy on femtosecond time scales
(pump-probe experiments) [215,217] and the prospect of coupling them
with other detection methods such as multi-coincidence fragment detection
or electron spectroscopy imaging techniques has opened the way to a fuller
characterisation of these processes. Interpretation must be supported by the-
ory. One specific area is that of rapid and/or high-energy excitation processes,
e.g., ultrashort and/or ultrastrong laser pulses, collisions, or bombardment by
high-energy particles, which can produce nonlinear electron dynamics and
ionisation processes in clusters and nanomaterials [152,153], or multiscale re-
laxation in the time domain [218]. One should also mention electron transport
in nanowires and coupling with phonons and distortions.

In the context of ab initio calculations, coupling between nuclear dynamics
(usually a problem of classical molecular dynamics) and non-adiabatic elec-
tron dynamics can be handled using mean field (Ehrenfest) methods. These
describe the nuclear motion in a force field deriving from an instantaneous
mean electron potential energy [81,152,213]. Electrons are then treated using
DFT-KS or semi-classical techniques [154]. At low energies, this type of com-
bination between electron and nuclear dynamics is likely to cause problems
due to the use of a single mean trajectory for nuclei. An alternative solution is
the so-called surface hopping method in which the nuclear dynamics is prop-
agated on adiabatic surfaces and quantum jumps mediated by non-adiabatic
couplings are carried out [204,211,212,214]. When there are many degrees
of freedom, the latter methods require on-the-fly determination, i.e., during
propagation, of the electronically excited adiabatic potential surfaces and non-
adiabatic couplings. This in-flight dynamics is becoming commonplace with
certain Hamiltonian models. Although feasible for very small clusters [111],
ab initio non-adiabatic dynamics by surface hopping remains difficult to im-
plement both theoretically and practically in most cases.
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7

Optical Properties of Metallic Nanoparticles

F. Vallée

The bright and changing colours obtained by dispersing metallic compounds
in a glass matrix have been known empirically for centuries. Indeed, glasses
have been coloured in the bulk by inclusion of metallic powders since ancient
times to make jewellery and ornaments (see Chap.25). Then in the Middle
Ages, they were used for stained glass windows and later on for coloured glass
artefacts, e.g., ruby red glass objects. However, the role played by nanoparti-
cles in this colouring effect, i.e., the effects of nanoparticles on optical proper-
ties, were only first studied scientifically in the nineteenth century, by Michael
Faraday [1].

These novel optical properties arise because there is a resonance in the
absorption spectrum of the nanoparticles, the surface plasmon resonance. Its
characteristics, such as spectral width and position, and sensitivity to light
polarisation, depend not only on the intrinsic properties of the nano-objects
(composition, structure, size, shape), but also on their environment. In the
case of noble metals, it occurs in the visible region of the spectrum, in the
blue somewhere near 400 nm and in the green around 520nm for small sil-
ver and gold spheres, respectively, and it produces yellow and red colouring,
respectively, of the material in which they are included.

Apart from such decorative applications, this possibility of modifying the
optical properties of nanomaterials and maybe even controlling them in such
a way as to achieve specific functions, by adjusting their characteristics or
those of their surroundings, has generated a good deal of interest recently. The
impact of these novel materials in the field of photonics has already made itself
felt, and it is only in its early stages, extending to a wide range of different
areas, e.g., linear and nonlinear optics, polarisers, solar cells, chemical and
biosensors, nano-optical devices, optical switches, local electromagnetic field
enhancement, and molecular labelling in biology. In addition, their optical
response provides a way of studying the characteristics of nano-objects and
hence constitutes a powerful tool for analysing their fundamental properties.

This phenomenon was described theoretically by Mie at the beginning
of the twentieth century in the case of spherical inclusions of arbitrary size
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dispersed in a dielectric medium [2]. For small enough sizes compared with
the optical wavelength (D < A/10), it can be most simply described in the
so-called quasi-static approximation [3,4]. Indeed, its physical origin can be re-
lated to a local field effect, modelled in other contexts by Lorenz and Lorentz,
and by Clausius and Mossotti in the nineteenth century for solids and mole-
cular media, respectively [5, 6].

In contrast to semiconducting nanoparticles or quantum dots, the optical
properties arising with size reduction in metallic media are due to a classical
enhancement effect on the electric field, often called dielectric confinement.
The discretisation of electronic states (quantum confinement) which underlies
the optical properties of quantum dots only leads to small corrections to the
observed responses down to nanometric sizes. Actually, this difference results
from the very high electron density in metals (5 x 10*2 cm~3) compared with
typical values in semiconductors (10'® cm™3). In metallic media of nanometric
size, electronic properties stem from high energy quantised states, close to
the Fermi level. The separations between these energy levels are very small
compared with their widths and the thermal energy (at room temperature).
For the nanoparticle sizes considered here, greater than one nanometer, these
states can therefore be modelled to a first approximation by a quasi-continuum
of states similar to what is observed in the bulk metal [7].

The aim in this chapter is not to provide an exhaustive description of
the way size effects influence the optical response of metallic nanoparticles,
but rather to bring out the important effects for those sizes most frequently
studied, ranging from the nanometer to a few tens of nanometers. We begin
by describing the optical response of materials containing metallic inclusions,
introducing dielectric confinement in the framework of the quasi-static ap-
proximation, valid for very small sizes compared with the optical wavelength.
The results of this approach will then be compared with the more general
results of the Mie theory. The optical response is directly related to the di-
electric constant of the metal. Modifications due to quantum confinement,
which affect the response at the smallest sizes, will be introduced as correc-
tions. Finally, we briefly discuss a few consequences of size reduction for the
nonlinear optical response.

7.1 Optical Response for Free Clusters
and Composite Materials

A plane monochromatic electromagnetic wave of angular frequency w and
wave vector k = 27/ incident on a medium in the z direction, viz.,

E = Ejexpli(kz — wt)] + c.c., (7.1)

induces a polarisation which characterises its optical response. (Here c.c. de-
notes the complex conjugate of the previous term.) The latter can be fully
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Fig. 7.1. Schematic view of the interaction between a spherical particle of diameter
D and an electromagnetic wave in the quasi-static approximation

described by introducing the complex dielectric constant e(w) = &1 (w)+iga(w)
of the material, which reduces to a scalar function for an isotropic medium [5].
The intensity transmitted by a medium of thickness L is then given in terms

of the complex refractive index 7 = n + ix = £'/2 of the medium:
I = Iyexp(—al), with a(w)=2%kw). (7.2)
c

We consider an ensemble of non-magnetic nanoparticles with dielectric con-
stant € in the vacuum (free clusters) or dispersed in a transparent dielectric
matrix with real dielectric constant e,,, (composite material), interacting with
an electromagnetic wave (see Fig.7.1). We shall assume that the level of di-
lution, characterised by a volume fraction p = Ny, Vo, /V, where Ny, is the
number of nanoparticles, with volume Vi, dispersed in the volume V' of the
material, is sufficient to ensure that the particles can be treated as indepen-
dent as far as electromagnetic interactions are concerned. We shall consider
nanoparticles with sizes greater than two nanometers, i.e., comprising at least
a hundred atoms (a silver sphere of diameter 2 nm contains around 250 atoms).
To find the optical response of the medium, one must first describe that of
a nanoparticle in its dielectric environment, the medium subsequently being
described globally by introducing an effective dielectric constant & (Maxwell-
Garnett effective medium model) [6, 8].

7.2 Optical Response
in the Quasi-Static Approximation: Nanospheres

The scale on which the electromagnetic field varies is characterised by the
reciprocal length of the wave vector k. For particles with very small diameters,
i.e., such that |k| D < 27 (or equivalently, [n|D < X, where X is the wavelength
in the vacuum), the field can be treated as uniform within each sphere. The
same goes for time, in the sense that the time of propagation in the sphere,
i.e., nD/e, is then also small compared with the oscillation period 27 /w of the
field. For very small sizes compared with the wavelength, the task reduces to
a simple electrostatic problem regarding the polarisation of a sphere placed
in a uniform field (see Fig.7.1). As the electric fields derive from a scalar
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potential, this problem is easy to solve by writing down continuity conditions
at the sphere-matrix interface and boundary conditions far from the sphere
(uniform field).

In the composite medium, the interaction of the electromagnetic wave with
a sphere can be treated in a slightly more general way, taking into account
the influence, assumed slight, of the other particles by introducing the idea
of a local field E; due to all the other polarisable entities. It is related to the
incident field E by the Lorentz—Lorenz expression

Psph
E,=FE+ ey (7.3)

where Pg,, = pps/Vap is the polarisation due to the spheres and ps is the
dipole moment of a sphere. From the continuity conditions, it can be shown
that the field E; inside the sphere is given by the sum of the local field and
a depolarisation field due to accumulation of charges at the sphere—matrix
interface (see Fig.7.1):

3€m

E=—m
e(w) + 2em

E] = f(w)El . (74)
Outside the sphere, the field created by these charges is equivalent to that of
a dipole placed at the centre of the sphere and with dipole moment

€—€m

——F 7.5
e+ 25111 1y ( )

Ds = 3Vnp505m
where € = ¢(w). The total polarisation P of the composite medium is the sum
of the polarisation due to the metallic particles and the polarisation due to
the dielectric matrix:

p

P:Pm+Psph :Eo(Em—l)E—l-i
Vip

Ds - (7.6)

The relation eeg E = g E + P is used to define the effective dielectric constant
¢ of the medium (the Maxwell-Garnett relation):

€—€m €—Em
— = . 7.7
£+ 2 ps + 2em (1)
For small volume fractions, p < 1, (7.7) becomes
E=¢em+ 3p5mﬂ (7.8)

€+ 2,

This approximation is equivalent to treating the spheres as independent and
identifying F) and E. To lowest order in p, the real and imaginary parts of the
effective dielectric constant are determined by the matrix and the nanospheres,
respectively (non-absorbent matrix, e, real):
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~ ~ 2 52
€1 =¢€m, g9 = 9p5m—(51 T (7.9)
The global absorption coefficient of the medium is then given by
3/2
a(w) = 2o - = rplf)Pew) . (710)
¢  (e1+2m)?+¢e3 el/2,

It is multiplied by a factor |f(w)|?. [Without any enhancement of the internal
field (7.4), the absorption would simply be proportional to e and to the
fraction of metal in the matrix, ap = (W/81111/20)p52(W), an expression that
can be obtained using (7.2) and pes < &n,.] This factor may be resonant,
ie., |f(w)] > 1, if €1 is negative. This condition is satisfied in metals when
the contribution to the dielectric constant € from the conduction electrons is
dominant (see below). The composite medium then exhibits an enhancement
of absorption near the frequency {2g for which the denominator is minimum:
this is the surface plasmon resonance (see Fig.7.2). If the imaginary part ey
is small or shows little dispersion near {2, the resonance condition becomes
simply

e1(2R) + 26, =0. (7.11)

The surface plasmon resonance is a purely dielectric effect. It results from
the enhancement of the amplitude of the internal field F; by confinement in a
nanoparticle, with respect to the incident field E [9], the intrinsic properties of
the metal being barely modified by size reduction (see below). This is similar
to a local field effect and is often called the dielectric confinement effect [7].

From a classical standpoint, the field induces an oscillation of the electron
cloud. The electron density of each cluster oscillates at the optical frequency
relative to the lattice ions, creating an oscillating charge at its surface (see
Fig.7.1). This charge generates a restoring force and an electric dipole field,
which will react back on the electron motion and the amplitude of the electric
field, this being considerably strengthened at resonance (see Fig.7.2). This
oscillation is analogous to the collective oscillation of an electron gas in a
bulk system, the plasmon mode at frequency wy,, modified by the presence of
interfaces, whence the name of surface plasmon resonance.

The response of the composite medium has been globalised through its
effective dielectric constant. The absorption coefficient « defined by (7.2) ex-
presses the extinction of the incident wave by both absorption and scattering
by the particles. The scattered field can be calculated from the induced dipole
Ps. Indeed the scattering cross-section due to one particle is [3]

UTIV2 22
)\4

£E—¢€m
€+ 2em

(7.12)

Sscatt =

It is proportional to the square of the volume V;, of the particle and goes
as 1/A\* (neglecting dispersion in the dielectric constants), i.e., it corresponds
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Fig. 7.2. (a) Reflection R, transmission 7" and absorption A of a silver film of
thickness 23nm on a fused silica substrate. (b), (¢) and (d) Optical response of
silver nanospheres of diameter D = 24nm in a glass matrix (BaO-P205). (b) Ab-
sorption spectrum measured near the interband transition threshold /{2, and the
surface plasmon resonance hf2r. (c¢) Amplitude E; of the electric field of the total
electromagnetic wave, incident plus scattered, normalised to the incident field F,
calculated using the quasi-static model at resonance w = 2gr and at 0.2eV away
from it [arrows in (d)], in and near a nanosphere as a function of the distance from
its centre in the y direction orthogonal to E. (d) Dispersion of the extinction cross-
section Sext (7.13), normalised, and the magnitude and phase ¢ of the enhancement
factor f(w) = Ei/FE (7.4)

to scattering of Rayleigh type. The extinction cross-section is calculated in a
similar way:

187Viedl? o 2V,
Sext = b7 =M pe, 7.13
‘ A e+t 2em) )\5,1,]/2| le2 (7.13)

and is proportional to the volume of the particle. In the same environment,
the ratio of the cross-sections thus varies as the volume of the nanoparticles,
ie.,

Sscatt/sext X (D/)\)S - (714)
In the quasi-static approximation, the scattering term is necessarily small, i.e.,

(D/X)? < 1. The optical extinction for small nanoparticles is thus due to their
absorption. The absorption coefficient for an ensemble of particles is given by
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a = NSqy and it is identical to (7.10). The scattering cross-section has the
same denominator e+ 2¢,, and is thus also enhanced when the condition (7.11)
is satisfied.

As the size increases, scattering becomes more important and in the end it
dominates extinction at large particle sizes. The quasi-static approximation,
typically valid for D < A/10, is then no longer applicable and the interaction
between the electromagnetic wave and the nanoparticle must be treated in
the more general framework of the Mie model.

7.3 Dielectric Constant of a Metal:
Nanometric Size Effect

The surface plasmon resonance does not directly involve quantum confine-
ment of the electronic states but is nevertheless influenced by it. Indeed, the
dielectric constant € occurring here is that of the metal in the nanoparticle,
and it is modified with respect to that of the bulk metal. In a metal, two
electronic mechanisms underlie the optical properties and must be taken into
account with regard to light—matter interactions.

The first is the intraband mechanism. This is due to the quasi-free electrons
of density ne in the conduction band and it is associated with optical transi-
tions without change of band (see Fig.7.3). Its contribution to the dielectric
constant is described by the Drude model [10,11]:

2

1 “p (7.15)
£ = _—_— .
Drude w(w + i'}’O) 5

where wg = nee?/egm, is the plasma frequency of the metal. The absorption,

given by the imaginary part of the dielectric constant, is proportional to the
average optical collision rate of the electrons, vo(w). This term corresponds to
three-body processes in which a collision occurs with simultaneous absorption
of a photon of frequency w. This reflects the fact that direct absorption of a
photon by an electron cannot happen, because the wave vector of the photon
is very small compared with that of the electrons and the size of the Brillouin
zone. This would correspond to an almost vertical transition with constant
electron wave vector (see Fig.7.3). So absorption must be assisted by a third
particle, i.e., another electron or a phonon, in order to guarantee conservation
of energy and momentum. (Phonons are normal vibration modes of the peri-
odic lattice of atoms making up a crystal [11].) Electron—phonon interactions
dominate at room temperature.

The Drude Model

This model was introduced by P. Drude at the beginning of the twentieth century to
describe electrical conduction in metals [10,11]. It is based on a kinetic approach in
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which conduction electrons are treated as a free electron gas subject to an external
electric field E. The motion of an electron of effective mass me is given classically
by Newton’s equation

md—v —iyo =——.
dt m
The motion driven by the electric field is damped by collisions with other particles,
i.e., electrons (electron—electron interactions) or ions in the crystal lattice (electron—
lattice interactions), or with impurities and defects. This effect, which leads to the
resistivity of metals, is introduced phenomenologically by a fluid friction force with
damping rate v = ~s.

This approach has been generalised to the highest frequencies in the case of a
field oscillating at frequency w in the infrared or visible region of the spectrum.
The forced solution at frequency w yields the induced polarisation P = —ncer with
v = dr/dt, and, in association with the constitutive relation ecoE = eoE + P,
defines the dielectric constant of the medium due to free electrons [see (7.15)].

The damping rate depends on the frequency. The static term ~s, i.e., at zero
frequency w =~ 0, which governs the properties of the metal in non-alternating
conditions, e.g., conductivity, must then be replaced by the optical rate o, with
Yo < w [12]. Although it is based on a classical approach that looks at first sight to
be poorly suited to the description of electrons in a solid, the Drude model has been
successful in describing many phenomena and providing simple physical interpreta-
tions for them. In optics, the quantum microscopic description of light absorption
does justify it and can be used to calculate the relaxation rate o explicitly, show-
ing that it exhibits little dispersion in the visible [11]. In a perfect crystal, both
the electron—phonon and electron—electron interactions contribute, the latter only
slightly at room temperature, i.e., about 10% of the total optical collision rate.

The second mechanism is the interband mechanism, related to optical tran-
sitions between two electronic bands, from filled bands to states in the con-
duction band or from the conduction band to empty bands of higher energy.
In the alkali metals, these transitions occur at high frequencies and produce
only a small correction to the real part of € in the optical region. In the noble
metals, this contribution is much greater and is essentially due to transitions
between the d bands and the s—p conduction band (see Fig.7.3) [11]. When
a photon is absorbed, an electron changes band and can only be excited into
an unoccupied state of the conduction band (Pauli exclusion principle), i.e.,
above the Fermi energy Ew. There is therefore a threshold frequency (2, for
such transitions, h{2, varying from about 2eV in copper to 4 eV in silver (see
Table 7.1). This absorption causes the characteristic colour of these metals in
their bulk solid form.

The presence of bound electrons leads one to write the dielectric constant
of the metal as a sum of two terms:

€ = €Drude T Sgilb . (716)

The interband term dominates the optical response in the visible and ultra-
violet, whereas the intraband term is predominant in the red and infrared. It
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Fig. 7.3. Left: Simplified model of the electronic band structure of the noble met-
als. Energy E. as a function of the wave vector k (parabolic conduction band
E. = h?k*/2m,. filled up to the Fermi energy Eg; filled d bands with low dis-
persion). Arrows indicate (phonon-assisted) intraband transitions at fiw and the
threshold for interband transitions at A{2,. Right: Real and imaginary parts €1 and
€2, respectively, of the dielectric constant measured in bulk solid silver [13]. Dotted
curves show intraband contributions [Drude model, see (7.15)] and the insert shows
interband contributions (¢ = 1 + 8¢'®)

leads to a negative real part of the dielectric constant in this spectral region
(see Fig. 7.3 for Ag) [11,12].

For clusters with sizes greater than 2nm, the absorption mechanisms are
very similar and involve the same processes. Although quantum confinement
dominates for semiconductors (confinement of excitons for which the Bohr
radius becomes comparable with the particle size and confinement of electronic
states with low quantum number, close to the centre of the Brillouin zone in
the bulk), it is much less important for metal particles. The properties of the
latter are related to the response of electrons in the vicinity of the Fermi level.
They involve states of high quantum number for which a continuum of states
can be used in conjunction with a similar approach to the one for the bulk
medium [13]. Size effects appear as corrections and, in the optical properties,
they are revealed mainly through an increase in the optical collision rate of
electrons in the Drude model.

Indeed, the presence of surfaces typically influences these properties when
the particle size is of the same order or less than the mean free path of the
electrons (typical values are 20-50 nm in metals, see Table 7.1). From a clas-
sical standpoint, this corresponds to the fact that electron—surface collisions
will no longer be negligible compared with the other interaction processes and
must therefore be taken into account in calculating the optical collision rate
of the electrons. In the context of the Drude model, this reflects the fact that
intraband absorption is increased because it can also be assisted by electron
collisions with the surface. A simple model thus consists in introducing in a
phenomenological way a term proportional to the frequency of collision with
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the surfaces, i.e., proportional to the reciprocal of the time t; = D/ur taken
by the electron to cross a particle, where vg is the Fermi speed of the electrons
(t; ~ 0.7 fs/nm in silver). For a sphere of diameter D, the total collision rate
is then [9]

’ Vg
=~ 4+ g— 7.7
Y= QD ) ( )

where g is a proportionality factor close to unity and v is the intrinsic electron
collision rate (electron—electron and electron—phonon) similar to the one in
the solid and possibly modified by confinement in the nanoparticle [14,15]. As
for the bulk metal, the intraband contribution is then given by a Drude-type
expression, with a modified electron collision rate. From a classical standpoint,
the enhancement of intraband absorption is a consequence of the increased
importance of electron—surface collisions which provide a way of conserving
momentum during absorption of a photon.

This phenomenological model is justified by quantum theory [7,9,16,17].
In the simplest model, the electrons are situated in the periodic potential of
the bulk crystal, bounded by an infinite spherical potential well corresponding
to the outer surface of the sphere. The exact expression for the confined wave
functions is found by solving Schrodinger’s equation and the wave functions
are then used to calculate the matrix elements of the dipole transition be-
tween confined electron states. From the standpoint of quantum mechanics,
the increase in intraband absorption due to confinement results from the ap-
pearance of allowed optical transitions between confined states, k no longer
being a good quantum number.

Redefining an electron density of states similar to that of the bulk material,
it can then be shown that, in the quantum model, the intraband contribution
to the dielectric constant can also be rewritten as an expression of Drude type
(7.15), with an effective collision rate identical to (7.17). The value of the
proportionality factor g, which can be calculated here, depends on the model
used. Values between 1 and 3 have been obtained [17,18]. In the framework
of the model described above and assuming an isotropic parabolic conduction
band in the bulk metal (see Fig.7.3), it is given by

2
T hwER

g(w) /O Eg/QvEe+the(Ee) [1_fe(Ee+m) dE. , (7.18)
where f, is the electron distribution function (Fermi—Dirac at temperature
T). For lw = 3eV (close to hf2g for Ag) and T' = 295K, we obtain g ~ 1.4
(g varies slightly with frequency). For the noble metals, the collision rate due
to the surface is of the order of hgvp/D ~ 1.3/D eV nm™1.

The interband absorption of gold and silver nanoparticles has been studied
as a function of their size [18]. The interband dielectric constant of the metal
is slightly modified down to sizes of the order of 2nm. For the size range
discussed here, the main consequence of quantum confinement on the dielectric
constant is thus a modification of the optical collision rate:
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Fig. 7.4. (a) Dispersion of the real and imaginary parts of the dielectric constant
for silver and for the glass BaO-P2Os, em ~ 2.75. (b) Dispersion of the dielec-
tric constant for gold and for water em ~ 1.77. (c¢) and (d) Measured (continuous
curves) and calculated (dotted curves) absorption spectra for silver nanoparticles
(D = 13nm) dispersed in the glass Ba0-P205 and gold nanoparticles (D = 10nm)
dispersed in water. The approximate resonance condition in the quasi-static approx-
imation is indicated: e1(2r) = —2em

w2

— by = P )
e(w) =e”(w) S[o 10 + gn/D)] (7.19)

where P =1 4 8¢'P.

7.4 Surface Plasmon Resonance
in the Quasi-Static Approximation: Nanospheres

The dielectric constant of the confined metal written out above can be used
to describe the surface plasmon resonance more precisely. In the framework
of the quasi-static approximation, i.e., for diameters satisfying D < \/10,
and if the approximate resonance condition 1 (2g) + 2¢y, = 0 is justified, its
frequency is given by

= “p (7.20)

O = —— .
\/ 611 (QR) + 2em

This is approximately the case for the noble and alkali metals (see Fig.7.4).
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Table 7.1. Effective electron mass m., normalised to the free electron mass mo, elec-
tron density ne, Fermi velocity vr, mean free path Iy = vr/7s(0) of electrons in the
solid (conductivity measurements), bulk plasmon energy fiwp, interband transition
energy hf2, and surface plasmon resonance energy in vacuum h{2r (quasi-static
approximation for ey, = 1) for various metals

me/mo Ne VR lf Wp -Qib hQR
10*m™] [10°m/s] [nm] [eV] [eV] [eV]
Na 1 2.65 1.07 34 595 - 3.23
Cu 1.47 8.47 1.05 28 9.04 2.1 2
Au 1.01 5.90 1.40 42 9.01 2.3 2.45
Ag 1.03 5.86 1.39 55 8.98 3.9 3.5

The surface plasmon resonance does not only involve conduction electrons,
but also bound electrons in deeper bands (the conduction electrons are so-
called in nanoparticles by analogy with the bulk medium). They reveal them-
selves most clearly by a shift in the resonance frequency relative to that of
the free electron gas, denoted by el (2r = w,//T+ 2&,, for free electrons,
el = 1, which reduces to 2r = w,/Vv/3 in vacuum). For the alkali metals,
this shift is very small, e.g., reducing hf2g from hw,/v/3 = 3.44eV to 3.23eV
for sodium (assuming €,,, = 1), in agreement with experimental studies. For
the noble metals, it is much bigger, e.g., for silver, hwp/\/§ = 5.18eV and
hf2r = 3.5eV (for e, = 1). Although gold, silver, and copper have very
similar plasma frequencies, their surface plasmon resonances occur at very
different frequencies (see Table 7.1). As for the bulk plasmon [19], this shift
reflects the response of the bound electrons to the electromagnetic wave: the
resonance is associated with polarisations induced by quasi-free and bound
electrons.

For a given metal, the resonance frequency of the nanoparticles is modified
by their surroundings, the important parameter being its dielectric constant
€m [see (7.20)]. It is shifted toward the red for matrices with increasing e,
(see Fig.7.5). The frequency 2y is always well predicted by the simplified
condition (7.11) for alkali metals and silver, but not for other metals. This
is in particular the case for gold and copper, for which the surface plasmon
resonance considerably overlaps the interband transitions for small e, values,
leading to a significant discrepancy between the position of the maximum of
the extinction cross-section (7.13) and 2y predicted using (7.11) (see Fig. 7.6).

The physical origin of absorption in the vicinity of {2g remains unchanged
and is similar to that in the bulk metal at the same frequency. For silver,
the resonance is well separated from the interband absorptions (see Fig. 7.4)
and appears as an enhancement by dielectric confinement of the intraband
absorption, very small at this frequency in the bulk material (see Fig.7.2).
This is also the case in the alkali metals. For gold or copper nanoparticles, the
interband transitions are at lower frequencies and are partially superposed on
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Fig. 7.5. Absorption spectra calculated using the quasi-static approximation for
silver and gold nanospheres with diameters D = 26 and 20nm, respectively, in
vacuum (cluster beam, €, = 1) and in different matrices: water (em = 1.77), silica
(em = 2.15), and alumina (e, = 3.1). The metal fraction p is constant. Broadening
due to interactions with the surface has been included with g = 3 for Ag and g = 1.6
for Au [see (7.16)]. The increased absorption above 3.9 eV for silver and above 2.5eV
for gold is due to interband transitions
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Fig. 7.6. Computed surface plasmon resonance wavelength Ar of a single silver
and gold nanosphere of diameter 15nm as a function of the dielectric constant of
the surrounding matrix . The open dots are the Ar values calculated using the
approximate resonance condition (7.11) and the dashed line represents the Ar values
maximising the extinction cross-section Sex (7.13)

the surface plasmon resonance (see Fig.7.4). Its interpretation is thus more
complex and absorption involves both intra- and interband transitions, still
enhanced by dielectric confinement.

If the dispersion £ is small in the vicinity of the resonance, the expression
(7.10) for the absorption coefficient o can be expanded about the frequency
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2y using the dielectric constant of the confined metal (7.19) with
TR =7 +wey (W) /wh < 2r

which yields [9,20]

B 9pes/? w22k yr

o} (W= 2R)7+ (Ror/w)?

a(w)

(7.21)

If yr shows little dispersion near {2y, the surface plasmon resonance then has
the form of a quasi-Lorentzian line and its width I'g can be defined by

v 23,
T ~ e (2n) = %0(2) +9(28) 75 + 58’ () - (7.22)
p

The first two terms correspond to the electron scattering rate in a nanoparticle
(intraband term). In a classical picture, this contribution to the width Iy is
interpreted as a damping of the collective motion of the electron cloud with
intraband excitation of an electron: the coupled photon—plasmon excitation is
damped with excitation of a single electron whose energy increases by ~ hf2r
(Landau-type damping induced by collisions). The last term corresponds to
interband absorption at frequency {2g. It can be interpreted in a similar way
as damping due to interband excitation of an electron.

In the alkali metals and silver, the surface plasmon resonance occurs in
a region where the interband absorption is small, i.e., e’(2g) & 0. It then
appears in the absorption spectrum as a relatively narrow line of width I'g
(Fig. 7.4c). A similar line shape is predicted for the spectrum of the scattered
light, using (7.12). As Ig is determined by the electron scattering rate (in-
traband term), it varies linearly with 1/D, thus leading to an increase in the
line width as the size decreases [see (7.22)]. This dependence due to electron—
surface interactions has been confirmed experimentally in the noble metals by
carrying out measurements of the absorption spectrum as a function of size
for a given matrix [9,16,18].

However, the above theoretical model predicts a width that should be in-
dependent of the matrix, whereas the experimental results show that it varies
significantly with the particle environment. This is reflected in a variation of
the factor g determined by measurements [see (7.22)], e.g., g = 2 and g = 0.52
for silver nanoparticles in a solid glassy matrix or a rare gas (Ar or Ne) [18].
This dependence has been attributed to surface modification effects, such as
physisorption, trapping, or chemical reactions at the interface [18]. Like all
surface effects, their contribution increases as the particle size decreases: to
first order, it varies as the surface-to-volume ratio, i.e., as 1/D. Tt is therefore
often included in the factor g of (7.22), which is used as a parameter to fit
the size dependence of the widths I'g obtained experimentally. These effects,
introduced globally under the heading of chemical damping at the interface,
are included in an ad hoc manner and have not yet been explained by detailed
models.
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For gold or copper, the surface plasmon resonance is around the interband
transition threshold. Although the above expansion of the absorption coeffi-
cient about {2y is no longer strictly valid, i’ then varying more significantly
with the frequency near (2, (Fig.7.3b), it does help to understand the shape
of the absorption spectrum. The increased interband contribution to vgr [see
(7.22)] leads to a spectral broadening of the resonance which no longer has
a quasi-Lorentzian shape, with ¢ and g thus exhibiting high dispersion
(Fig. 7.3b). The resonance is then less marked and adds to the increase in
interband absorption at short wavelengths (see Fig. 7.4d). Although it is dif-
ficult to define its width adequately, it broadens as before with size reduction
owing to the 1/D contribution of the intraband term [see (7.22)].

The resonance appears more and more clearly as its superposition on the
interband transitions decreases. This effect is illustrated for gold in Fig.7.5:
when matrices with increasing dielectric constant are used, the resonance be-
comes better defined because it is redshifted, moving away from the interband
transitions. As the other metals have many interband transitions in the visible
and near-infrared regions of the spectrum, their resonances are therefore often
rather spread out and difficult to observe. The alkali metals and especially,
owing to their ease of use in experiments, the noble metals provide model sys-
tems in which changes in optical properties due to size reduction are clearly
visible. This is why most optical studies and applications have focused on
these metals.

7.5 Surface Plasmon Resonance:
Quantum Effects for Small Sizes (D < 5nm)

One important conclusion of the quasi-static model is that the frequency of the
surface plasmon resonance is independent of size for a given metal provided
that its dielectric constant does not vary. This is confirmed experimentally for
intermediate sizes (typically between 5 and 30nm). The upper bound comes
from multipole contributions, neglected in this model (see the discussion of
the Mie model below), while the lower bound is due to quantum confinement
effects, i.e., to the fact that the ‘small solid’ approximation used up to now is
no longer valid. For smaller sizes, the electron wave functions are significantly
modified, whereby the electron distribution and polarisability near the surface
are also changed.

As the spherical potential associated with the matrix is finite, the electron
wave functions extend beyond the sphere defined by the crystal lattice, over
a distance of the order of one angstrom. In a simple model, the electron
diameter D,, which defines the region explored by quasi-free electrons, is
greater than the diameter D of the nanoparticle, defined by its lattice. We
write D, = D + dg,. This so-called spill-out effect leads to a reduction in the

average electron density n2?" in the particle, which depends on its size [21]:
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Fig. 7.7. (a) Dispersion of the absorption cross-section Sans of free ionised lithium
clusters comprising 139, 270, 820 and 1500 atoms (sizes 0.9, 1.1, 1.6 and 2nm) [22].
In the quasi-static approximation, the resonance occurs at h2g = 3.55¢V. (b)
Energy of the surface plasmon resonance, normalised to its quasi-static value, for
ionised silver clusters (black squares: measured values, white squares: calculated
values with spill-out and confinement of d electrons [23,24]) and ionised lithium
clusters (black dots: measured values, curve: calculated values with spill-out [22]) as
a function of cluster size

D3 dso
niane = Ne Ty & Me (1 - SD > , (7.23)

where 7, is the electron density in the bulk metal. Since the spill-out amplitude
dso is barely size dependent, this effect is all the more noticeable when the
size decreases, i.e., as surface effects begin to dominate bulk effects.

The plasma frequency wy,, proportional to the square root of the electron
density, is thus also reduced, leading to a redshift of the surface plasmon
resonance. This shift, linear in 1/D, has been observed in the alkali metals
where the response is dominated by conduction electrons [22]. The extrapo-
lated value for intermediate sizes (dso/D < 1) agrees with the quasi-static
approximation: Af2fy = hw,/v/3 (see Fig. 7.7 for lithium [22]).

In the noble metals, modifications to the wave functions of bound elec-
trons (d electrons) are also relevant. In contrast to the conduction electrons,
they are localised within the inner region of the particle and their polaris-
ability is reduced close to the surface, across a spherical shell of thickness
around one angstrom [23,24]. Their contribution to £!® is therefore reduced,
and this induces a blueshift in the surface plasmon resonance (7.20). These
two quantum effects due to free and bound electrons induce opposite shifts
which partly balance one another [23]. A slight shift toward the blue has
indeed been observed for small gold and silver nanoparticles, in agreement
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with the predictions of this model (see Fig.7.7). A further consequence of
these two effects is to reduce screening of the Coulomb interaction potential
between electrons near the surface and hence to increase the probability of
their interacting. The consequent acceleration of energy exchanges between
electrons has been demonstrated using time-resolved optical spectroscopy for
gold and silver nanoparticles, the effect appearing very clearly for sizes below
10nm [14].

7.6 General Case for Nanospheres: The Mie Model

For sizes greater than a few tens of nanometers, the quasi-static approxima-
tion is no longer valid and the interaction of an electromagnetic wave with
a nanoparticle must explicitly take into account the spatial variations of the
field over the size of the object, i.e., it must allow for retardation effects. The
problem, although similar, since it requires one to solve Maxwell’s equations
with the boundary conditions imposed at the object—environment interface,
is actually much more involved here because the electromagnetic field is no
longer constant in the object. This problem was solved by Mie in 1908 for the
interaction of a plane wave with a sphere, in order to understand the colour-
ing effects due to scattering and absorption by colloidal solutions of gold [2].
The model is based on a multipole expansion of the electromagnetic field.
Here we shall only give the final result regarding the scattering and extinction
cross-sections at frequency w for a nanosphere of diameter D [3,16]:

2mc? & 9 5
Sscatt = ] Z(2l +1) (Jar* +[be]?)

=1

o (7.24)
2mc?
Sext = —5 ;(21 + 1)Re(a; +by) ,
where Saps = Sext — Sscatt and the coefficients a; and b; are defined by

_ my(ma)iy(x) — ()i (m) by — Yi(ma)y(z) — mipy () (mz)
i (ma)€j(z) — & (@)vj(ma) HmIEe) =) -
7.25
with ¢; and & the Riccati—Bessel functions of order [ and primes denoting
derivatives. The parameters = and m are the normalised size and refractive
index of the nanosphere, viz.,

x=mnel/?D/\, m=(¢/em)?. (7.26)

The index [ is the order of the multipole expansion, dipole for [ = 1, quadru-
pole for [ = 2, and so on. The various cross-sections can only be calculated
numerically.
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Fig. 7.8. Size dependencies of the surface plasmon resonance wavelength Ar (dashed
line), and cube root of the extinction cross-section Sext (continuous line) for a gold
(a) and silver (b) nanosphere in glass (em = 2.25) computed in the quasi-static or
in the dipole approximation (7.13). Open dots are the Ar values calculated using
the multipole expansion of the Mie theory up to fifth order [l =5 in (7.24)]

At intermediate sizes, approximate expressions can be found by expanding
the Bessel functions in powers of z. The quasi-static approximation is equiv-
alent to the lowest order expansion in x, i.e., to the dipole approximation of
Mie’s theory, whereby the expressions (7.12) and (7.13) are recovered. The
scattered field is equivalent to that emitted by a dipole at the center of the
nanosphere, with an expression identical to ps [see (7.5)]. For an ensemble
of nanospheres embedded in a dielectric matrix, the effective dielectric con-
stant £ (7.8) of the composite medium can thus be computed as before, using
the model of localized dipole induced in the material, yielding a polarization
density P (7.6).

The limit of applicability of the dipole approximation in the small size
range is illustrated in Fig. 7.8, where the frequency of the surface plasmon res-
onance computed in this approximation (or in the quasi-static approximation)
27 is compared with the 2 value obtained from Mie’s theory by summing
the multipole contributions up to I = 5. The range of validity depends on the
material and is typically a few tens of nanometers.

The results obtained with the two models at intermediate sizes are com-
pared in Fig.7.9 for silver. They show a significant redshift of the plasmon
resonance for sizes typically above 30 nm (Figs. 7.8 and 7.9a). In parallel, the
contribution of the scattering cross-section increases (Fig. 7.9b).
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Fig. 7.9. (a) and (b) Spectra of the extinction cross-section Sex; and scattering
cross-section Sgcatt for silver nanospheres of diameters D = 5, 10, 20 and 40 nm in
vacuum, calculated using the Mie model and a dielectric constant that has been
corrected (g = 2) or not (g = 0) for surface effects [see (7.17)]. The broadening
and reduction in maximal amplitude of Sext at small sizes is a consequence of this
correction. For g = 0, Sexy & D? in the quasi-static approximation. (c) and (d)
Sabs and Sext for sodium nanospheres of diameter D = 40, 80, 120, 160 and 200 nm
[17]. Vertical lines indicate h{23°, calculated using the Mie theory in the dipole
approximation, or equivalently, in the quasi-static approximation

At large sizes, the absorption cross-section reveals a large redshift of the
dipole resonance with the appearance of multipole contributions at higher
energy. The latter dominate the absorption spectrum at sizes above or of the
order of 100nm (see Fig.7.9¢c). The extinction cross-section has a different
spectrum (see Fig.7.9d). While dominated by absorption at small sizes, it is
dominated by scattering at large ones (D > 100 nm). This change of regime
agrees with the variation Sgcatt/Sabs ¢ Vup in the dipole approximation (7.14).

The width of the dipole resonance increases significantly at sizes greater
than a few tens of nanometers, in proportion to their volume (Fig.7.9). This
effect, a consequence of the increased scattering, is referred to as radiative
damping of the surface plasmon resonance [9]. The coupled electromagnetic
wave—electron motion excitation relaxes preferentially by photon emission,
whereas relaxation by energy transfer to electrons in the particle dominates
at small sizes (non-radiative damping via absorption by the nanoparticle).
Variations in the frequency and damping of the surface plasmon resonance
described in the last three sections are summarised in Fig. 7.10.
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Fig. 7.10. Schematic size dependence of the frequency and width of the surface
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7.7 Non-Spherical or Inhomogeneous Nanoparticles
in the Quasi-Static Model

7.7.1 Shape Effects: Ellipsoids

The optical response is significantly modified by the shape of the objects.
It can be calculated analytically provided that they are symmetrical enough
[3,17]. This is the case for an ellipsoid with dielectric constant e, defined by
its semi-axes a, b and ¢, where a > b > c¢. This includes several types of
shape, notably the disk (a = b > ¢) and needle (a > b = ¢). In the quasi-static
approximation (a < \), the problem consists once again in using the boundary
conditions and neglecting propagation effects. For an incident electromagnetic
wave polarised along the principal axis ¢ = z, y or z, associated with the
semi-axis a, b or ¢, respectively (see Fig.7.11), the scattering and extinction
coefficients are given by [3,17]:

2
Si . 87T3V112p€?n E—Em Sl _ 27rVnp£§II/2 €2
scatt 3)\41/? €+1_Li€ ’ ext T >‘L¢2 1_Li 2
L,L' m £+ L. €m
(7.27)

where ey, is the dielectric constant of the surrounding medium and V;, the

volume of the ellipsoid. These expressions are similar to those found for a

sphere, with the presence of an additional geometrical coefficient, viz., L; :
abc [°° du

Li = , 7.28
2 Jo (u+13)/(u+a®)(u+b2)(u+c?) (7.28)
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where I, = a, I, = b and I, = ¢ (u is an integration variable). Clearly,
L,+L,+ L, =1, whence L; = 1/3 for a sphere where the three coefficients
are equal. The optical response exhibits three surface plasmon resonances
(degenerate for the sphere) associated with each of the three axes. It will thus
depend on the polarisation of the incident wave, defined with respect to the
orientation of the ellipsoid. Along the direction of polarisation i, similarly
to (7.11) for a sphere, the resonance frequency (2% is determined to a first
approximation by ‘

Lzé‘l(QlZ:{) + (1 — Li)ém =0. (729)

For an ensemble of ellipsoids, polarisation effects persist if they are oriented,
e.g., ellipsoids produced by stretching a glass doped with nanospheres. The
medium then exhibits polarisation-selective absorption and can be used as
a polariser. For N, randomly oriented ellipsoids, the cross-sections of the
material are the orientational averages of those for the individual objects:

ma NU 7
Sext,tscatt = Tp Z Sext,scatt . (730)

For a spheroid, i.e., an ellipsoid in which two semi-axes are equal, L; can be
expressed analytically in terms of the eccentricity e (e = 1 — ¢?/a?). For a
prolate spheroid (a > b = ¢):

1—e? 1 1+e
L, = -1+ —1 31
‘ e? [ +2en<1—e>]7 (7:31)

and L, = L, = (1—L,)/2 (see Fig. 7.11). For an oblate spheroid (a = b > ¢):

Vi—e |1 1—¢2
L, = vy« l (g — arctan 26 > —V1- 62] , (7.32)
e e

2e2

and L, = L,, L, = 1 — 2L, (see Fig.7.11). The extinction coefficient then
exhibits two resonances whose frequencies depend only on the shape, i.e., on
e, and are independent of the size of the object (provided that the quasi-static
approximation is justified). Within certain limits, the optical characteristics
can thus be adjusted by modifying the shape of the ellipsoids (see Fig. 7.12).

The optical response of a nano-object of arbitrary size and shape, or of
interacting nano-objects, cannot generally be calculated analytically. A nu-
merical approach must then be used, e.g., dividing the object up into small
polarisable entities and summing their responses [17].

7.7.2 Structure Effects: Core—Shell System

The optical response of a nano-object is also modified when it is structured
on the nanoscale, e.g., by putting together several different materials. The
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Fig. 7.12. Spectra of the extinction cross-section Sext for a randomly orientated
ensemble of prolate or oblate silver nano-ellipsoids with ¢/a = 0.5 and 0.3 and
nanospheres (¢/a = 1) embedded in silica. Resonances shifted toward the red or the
blue are associated with electron motions along the largest dimensions (z prolate,
x, y oblate) or the smallest (y, z prolate, z oblate) of the ellipsoids, respectively

simplest example is provided by core-shell spheres comprising a nanosphere
of diameter D; and dielectric constant ¢; surrounded by a shell of nanometric
thickness d and dielectric constant .. Using the quasi-static approximation
(Di, d < M), the extinction and scattering cross-sections take the following



7 Optical Properties of Metallic Nanoparticles 219

forms [3,4]:
S _ 677Vnp53n/2 Im (e — €m) (€1 + 2¢¢) + pi(ei — €e)(Em + 2€0)
oxt = A (€e + 2em)(&i + 2¢¢) + 2pi(ei — €o)(€c — €m) |
5 B 24m3V2eZ | (eo — em) (61 + 260) + pi(ei — €0) (m + 2¢0) 2
seatt A (ge + 2em) (&1 + 2¢¢) + 2pile; — €e)(€e —Em) |
(7.33)

where €, is the dielectric constant of the surrounding matrix, p; is the vol-
ume fraction of the inner material defined by p; = D /(D; + d)3, and Vy,
is the total volume of the nanosphere. The resonance has a complex struc-
ture depending sensitively on the different materials. It is often spread out
with several maxima. In the simple case of a dielectric core with a metallic
shell, two resonances may appear, associated with the two dielectric-metal
interfaces [17]. These expressions can be extended to ellipsoids and multilayer
structures [3]. Naturally, the main difficulty here consists in actually synthe-
sising such objects in a controlled way.

7.8 Optical Response of a Single Metal Nanoparticle

In most optical experiments, a large number of nanoparticles, typically 10* to
109, are simultaneously observed. Only a global optical response is then ob-
tained, summing over all the individual contributions. Due to the unavoidable
size, shape and structural fluctuations of the synthesized particles in a real
sample, only averaged information is thus obtained, and this is sometimes
difficult to compare with theoretical models. This is a particularly limiting
point when one wishes to address nano-objects synthesized with a low yield
and coexisting with others of different geometry and structure. The optical
study of a single metal cluster is then necessary to avoid statistical fluctuation
effects or to address or identify a relevant nano-object.

Different approaches have been developed recently for optically detecting
and characterising single semiconductor or metal nano-objects. In the case of
luminescent nanoparticles, detection of a single light emitter is now a rou-
tine laboratory experiment [25]. These techniques are, however, limited to
highly luminescent objects such as semiconductor quantum dots or molecules,
and cannot be extended to almost non-luminescent nanoparticles such as the
metallic ones.

The optical methods for observing a single weakly luminescent nano-object
require detection of its absorption or scattering. In this context, the high spa-
tial resolution of near-field optical techniques is very interesting, although
the problem of particle-tip coupling makes it difficult to interpret the exper-
imental data [26]. This has fostered the development of far-field spectroscopy
techniques whose lower intrinsic spatial resolution is overcome by using dilute
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Fig. 7.13. Right: Schematic of the SMS setup with a supercontinuum source created
in a photonic crystal fibre (PCF). Left: Spatial modulation image of single gold
nanoparticles deposited on a glass substrate. Each main peak with two satellites
corresponds to one particle located at the peak maximum. Left inset: Zoom on
one particle. Right inset: Extinction spectra of a single gold nanoparticle measured
for two perpendicular polarizations of the light (circles and triangles). Squares are
measured with unpolarized light. The nanoparticle size is about 16 nm [29]

systems so that only one particle is in the probed zone (typically a density of
the order of one particle per um? for 2D samples). Scattering-based — dark-
field — methods are now well established and have led to the development of
very sensitive nano-scatterer sensors. They are limited to ‘large’ nanoparti-
cles, typically of a few tens of nm for standard approaches and about 5nm
using heterodyne detection [27]. Its main strength is the sensitive spectral in-
vestigation of single particles with a high degree of precision and speed, which
allows in situ detection of small changes in the plasmon resonance wavelength.
This dark-field single particle spectroscopy method is therefore very useful for
investigating chemical changes on single nanoparticle objects in real time.
As scattering significantly decreases with the particle size (as the square
of their volume), absorption (scaling directly with the volume) dominates the
optical response of very small particles [see (7.14)]. It is thus the most sensitive
optical property to monitor for very small particles. A photothermal technique
has recently been demonstrated, based on detection of the local laser heating
of a single metal nanoparticle [28]. However, since absorption is detected indi-
rectly, a large amount of energy must be deposited, limiting the application of
this method in spectroscopic studies. It has recently been shown that the weak
light absorption of a single nano-absorber can be directly monitored using a
spatial modulation technique, allowing detection of single gold nanospheres
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down to few nm [29]. This approach relies on spatially modulating the position
of an isolated particle in the focal spot of a laser beam (Fig. 7.13). Apart from
its simplicity, it has the key advantages of requiring very low light power and
of yielding the absolute value of the absorption cross-section (down to a few
nm?). This spatial modulation spectroscopy (SMS) technique is particularly
well adapted to the investigation of small absorbing nanoparticles (down to a
few nanometers). Furthermore, as the optical signature of the nano-object is
directly and quantitatively measured, information can be extracted about its
geometry (size and shape) and orientation on the surface (Fig.7.13) [29].

7.9 Electromagnetic Field Enhancement: Applications

The surface plasmon resonance is associated with an enhancement of the elec-
tromagnetic field inside the nanoparticles, as compared with the applied field,
this by a factor f(w) = 3em/(e + 2em) [see (7.4) and (7.10)]. This effect also
modifies responses depending locally on the field in or near the nanoparticle,
leading to Raman or luminescence enhancement, increased nonlinear response,
etc.

7.9.1 Nonlinear Optical Response

When the electromagnetic field incident on a material is strong enough, the
induced polarisation, which reflects the response of the medium, is no longer
simply linear but involves terms depending on powers of the field [30]:

P=\YE4+ y®EE+\®EEE + ..., (7.34)

where x(™ is the nonlinear susceptibility of order n, a tensor of order n+1. In a
material where the optical nonlinearity arises from metallic nanoparticles, the
relevant electric field is the one to which they are subjected, i.e., the internal
field FE; (see Fig.7.1). Its enhancement near the surface plasmon resonance
(see Fig.7.2) amplifies nonlinear effects such as second harmonic generation
or the optical Kerr effect.

The latter is a third order effect, widely studied in nanomaterials, espe-
cially for its applications in the field of telecommunications. It corresponds
to a modification of the dielectric constant of the medium, and hence of its
refractive index, by an incident wave of intensity I [30]:

n=mng+nol, with no= 352(3)/471%800 . (7.35)

Using a local field approach, the effective susceptibility Y, referred to the
amplitude of the incident field, of a medium composed of metallic nanoparti-
cles in a transparent matrix with negligible nonlinear susceptibility is [7,31]

%(3) (w7 _wvw) = pf(w)2|f(w)|2X(3) (w’ W, w) ) (7'36)
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Fig. 7.14. Dispersion of the intensity [,c(w) produced near the surface plasmon
resonance in a nonlinear optical study of phase conjugation in a gold colloid solution.

2
I, is proportional to |X® (w, —w,w)| and hence to |f(w)|® [31]

where x®) is the nonlinear response of the metal. Like the dielectric constant
of the metal, it is barely altered by confinement down to sizes of nanometric
order and its physical origin remains the same as in the bulk solid [7,31].
Similarly to the linear optical response, the main consequence of size reduction
is thus a large increase in the nonlinear response close to the surface plasmon
resonance, and this by a factor of f(w)?|f(w)|? (see Fig.7.14).

More generally, for the third order process producing the frequency w =
w1 + wa + ws via the susceptibility y ) (w1, ws,ws), the field enhancement fac-
tor is f(w)f(w1)f(w2)f(ws). Results are similar for the second order effects.
For example, the creation of the sum frequency 2w via the second order sus-
ceptibility x(® (w,w) is enhanced by a factor of f(2w)f(w)?. Since the field
enhancement effect extends over a distance of a few nanometers in the vicin-
ity of a metallic nanoparticle (see Fig.7.2), interfacing with another material
makes it possible to envisage induced enhancement of its nonlinear response.

7.9.2 Time-Resolved Spectroscopy

The nonlinear optical response of metals is directly related to their electronic
properties so studying this response can provide information about those prop-
erties. In particular, this approach has been used in the time domain to analyse
electron interactions and vibrational modes of metallic nanoparticles [20]. The
idea in these experimental studies is to disturb the equilibrium of the conduc-
tion electrons by applying a femtosecond optical pulse and then to monitor
their return to equilibrium (redistribution of energy between the electrons, to-
wards the lattice and towards the matrix). To do this, one measures the time
evolution of the changes induced in the optical properties of the medium by
means of a second, slightly delayed femtosecond pulse. It has thus been possi-
ble to carry out direct studies of the electron—electron and electron—vibrational
mode (phonon) interactions and to determine their size dependence [14, 15].
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Applications of time-resolved optical techniques to the study of the dy-
namics of metallic nano-objects are still in their early stages. There are good
prospects for investigating the size dependence of vibration, spin and electron
kinetics, as well as the relation between these properties and the structure
and environment of the particles, crucial information for understanding and
optimising nanomaterials. In the context of fundamental research, it may be
feasible to continuously monitor the evolution of energy exchange and interac-
tion mechanisms from a solid to a cluster containing just a few atoms, which
are treated with two quite different formalisms, in the contexts of solid state
physics and molecular physics, respectively.

As for linear optical measurements, most time-resolved studies were per-
formed on a large number of nanoparticles. They have only recently been
extended to a single nanoparticle, combining a specific optical detection
scheme with a femtosecond spectroscopy setup to address its nonlinear re-
sponse [32-36]. Because time-resolved luminescence studies are limited to res-
olutions of a few picoseconds (using a streak camera) or require a large lumi-
nescence yield, femtosecond investigation of a single weakly luminescent object
necessitates measurement of its transient nonlinear absorption or scattering.
In the case of metal nanoparticles, near-field optical microscopy has been ex-
tended to the femtosecond study of large gold nanorods (180x 30 nm) [32]. The
difficulties involved in these experiments have made far-field techniques much
more interesting. Transient single nanoparticle scattering and absorption have
thus been detected in large nanospheres (diameter greater than 50 nm) with
picosecond resolution [33]. Scattering-based methods have recently been ex-
tended to the femtosecond domain in 80-nm gold nanospheres [34] and in
nanorods [35]. Combining the far-field space modulation spectroscopy (SMS)
technique (see Sect. 7.8), with a high sensitivity pump—probe setup, the fem-
tosecond response of a single silver nanosphere has been measured down to a
size of 20 nm [36]. This is currently the smallest single nano-object investigated
with a femtosecond technique.

7.9.3 Local Enhancement of Raman Scattering: SERS

The enhancement by several orders of magnitude of Raman scattering by
molecules deposited on a nanopatterned metal substrate or in the vicinity of
metal nanoparticles has been observed on many occasions and is known by
the name of surface enhanced Raman scattering (SERS) [17,37]. It has been
attributed in part to the strengthening of the local field near nanostructures.
This process is similar to the one described above with enhancement of the
incident wave at the laser frequency wr, and also for waves emitted at the
Stokes frequencies wg = wy, — wy, or anti-Stokes frequencies wa = wi, + wv,
where wy is the frequency of the relevant vibrational mode.

The enhancement factors for the electric fields of the Stokes and anti-
Stokes waves are then approximately given by
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Asa = flwn)f(ws,a) (7.37)

and hence by |Ag a|? for the corresponding intensities. However, the esti-
mated amplification effects are less than those observed experimentally. This
additional enhancement has been attributed to a change in the molecular re-
sponse due to direct molecule-metal coupling and to the collective effect of
nanoparticles (giant field enhancement between two interacting particles).

It should be noted that enhancement of the emitted wave has also been
observed in the case of luminescence of the metal itself for optical excitation
above the interband transition threshold of a noble metal. It was first de-
scribed for nanopatterned metal films, then for nano-objects [38]. However,
luminescence in metals, related to interband radiative relaxation of electrons,
remains an extremely small effect compared to the much greater non-radiative
relaxation (electron—phonon energy exchange).

Enhancement of the luminescence of a nearby dipole, such as a molecule
or an ion, has also been reported. However, this process depends strongly
on the metal particle-dipole coupling, and in particular on their separation,
strong luminescence quenching also being possible if there is efficient energy
transfer to the metal (i.e., for short distances) [39], energy then being damped
non-radiatively to the metal lattice.

7.10 Conclusion

Reducing the size of a metallic object to the nanoscale leads to major changes
in its optical response as compared with the bulk metal. This response de-
pends on the size, shape, and structure of the nanoparticles, and on their
environment. Dielectric confinement, i.e., electromagnetic field enhancement
within the particle, lies at the origin of the main size effects and manifests
itself in both linear and nonlinear optical properties.

For spherical particles of arbitrary size, it can be treated quite generally in
the framework of the Mie model, which is identical to the quasi-static approx-
imation at small sizes, typically D < A/10. In this regime, dielectric confine-
ment is reflected by a large enhancement of optical absorption and scattering
near a certain wavelength. This is the surface plasmon resonance. Its spectral
position is determined by the nature of the metal and its surrounding matrix
through their dielectric constants. At larger sizes, this dipole resonance shifts
and broadens with the appearance of multipole resonances (see Fig. 7.10).

Quantum electron confinement manifests itself through a change in the di-
electric constant of the confined metal at small sizes, typically D < 20nm. It
leads to a broadening of the surface plasmon resonance as the size diminishes,
and then to a spectral shift at smaller sizes, viz., D < 5nm (see Fig.7.10).
Changes in the optical properties due to dielectric and quantum confinement
at the level of single nanoparticles are also observed in ensembles of nanopar-
ticles, provided that their density remains below a few percent (in volume
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Table 7.2. Parameters discussed in this chapter and their impact on optical prop-

erties

Parameter Definition Impact Equations
A w Optical wavelength and fre- (7.1)

quency
@ Absorption coefficient Optical absorption  (7.2), (7.10), (7.21)
Er, vp Fermi energy and velocity of Electronic proper-

a metal ties of a metal
Ne, Me Electron density and mass Electronic  proper-

ties of a metal

D, Vup Diameter of a nanosphere Size effects

and volume of a nanoparticle
P, Nnp Volume fraction of metal and Composition of a (7.6), (7.30), (7.36)

e =¢e1 +iea

ib
€Drude; €

density of nanoparticles in a
nanomaterial

Dielectric constant of the
metal

Contribution of free and
bound electrons to e, the ef-
fective dielectric constant of
a nanomaterial

composite material

Optical response of
a metal

Optical response of
a metal

(7.2), (7.16), (7.19)

(7.15), (7.16), (7.19),
7.20)

g (7.7), (7.9)
Yo, Yo Intrinsic optical rate of elec- Intraband  absorp- (7.15), (7.17), (7.19),
tronic collision for the bulk tion eprude (7.22)
metal and a nanoparticle
g Electron—surface interaction Intraband  absorp- (7.17), (7.18)
factor tion of nanoparticles
Em Dielectric constant of the Optical response of (7.3)
matrix a composite mater-
ial
wp Plasma frequency of a metal Intraband absorp- (7.15)
tion €prude
2ip Threshold frequency of inter- Interband optical re-
band transitions sponse (noble metal)
Or, I'n Frequency and width of the Optical response of (7.11), (7.20), (7.22),
surface plasmon resonance a composite mater- (7.29)
ial
f Electric field enhancement Enhancement of the

Sext7 Sscatt7 Sabs

factor

Extinction, scattering and
absorption cross-sections of
a nanoparticle

optical response, di-
electric confinement

Optical response of
a nanoparticle

(7.4), (7.10), (7.36),
(7.37)

(7.12), (7.13), (7.14),
(7.24), (7.27), (7.33)

L; Shape factor for an ellipsoid Shape effect, optical (7.27), (7.28), (7.31),
along the direction of polar- response of an ellip- (7.32)
isation 7 soid

(™ Effective nonlinear suscepti- Nonlinear optical re- (7.34), (7.36)

bility of order n

sponse of a compos-
ite material

fraction p). At higher densities, typically when the interparticle distance is
of the same order as their size, dipole coupling can significantly modify the
optical response [17]. At low densities, the nanoparticles can be considered in-
dependent. It is under these conditions that optical studies have been carried
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out, simultaneously observing a very large number of particles, typically some
105-10°. It should be noted that only a global optical response, summing over
all the individual contributions, is then obtained. The recent development
of far-field optical techniques for studying the scattering and absorption of
single metal nanoparticles is of central interest here. It opens up many possi-
bilities for the quantitative investigation of single nanoparticles and for their
applications in linear and nonlinear optical devices.

All these effects due to size, shape, structure and environment offer many
possibilities for manipulating and controlling the optical properties of metallic
nanomaterials. In this context, the synthesis of new types of nano-objects,
especially hybrid or organised materials, and the understanding of the physical
origins of their novel properties constitute important lines of research in the
nanosciences today.
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Mechanical and Nanomechanical Properties

C. Tromas, M. Verdier, M. Fivel, P. Aubert, S. Labdi, Z.-Q. Feng, M. Zei,
and P. Joli

8.1 Macroscopic Mechanical Properties

8.1.1 Introduction

The growing interest in nanomaterials over the past decade or so can be
put down to their unique structure, characterised by grains with nanometric
dimensions and by a rather high density of crystal defects, which will un-
doubtedly lead to quite exceptional properties. In particular, extrapolating
the constitutive laws of large-grained materials down to the nanoscale leads
one to expect interesting mechanical behaviour for nanomaterials. Materials
can be produced with high levels of hardness, ductility, and sometimes super-
plasticity (see Chap.9) at relatively low temperatures. These characteristics
lead to remarkable mechanical performance and machining possibilities, by
virtue of which such nanomaterials have immediate scope for technological
innovation.

Section 8.1 describes the main mechanical properties associated with
nanostructured materials and also the mechanisms so far put forward to relate
grain size to observed properties. The discussion here will be restricted to the
measurement of structural properties such as elasticity, hardness, and ductility
in ‘cold’ conditions, leaving the description of superplasticity in nanomaterials
and properties of moulding in higher temperature regimes to Chap. 9. We shall
discuss nanostructured bulk materials, i.e., three-dimensional bodies in which
the crystallites have nanometric dimensions, and thin films, which are macro-
scopic in two dimensions but have submicron thickness and can be made up
of grains with sizes much smaller than their thickness, or of successive layers
of nanometric thickness (multilayer structures).

8.1.2 Elastic Properties

The elastic limit of a material (the stress beyond which a remanent plastic
strain is observed) is intimately related to its elastic constants (see below).
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Fig. 8.1. Grain size dependence of the Young’s modulus relative to that of large-
grained polycrystals for Fe nanocrystals. From [1]

Indeed, a plastic strain only occurs in order to reduce the energy associated
with the elastic strain of the material. The elastic constants reflect the nature
and density of atomic bonds. In nanomaterials, the high density of struc-
tural defects and grain boundaries have an effect on the elastic constants.
The first measurements of Young’s modulus revealed a significant difference
between nanostructured materials and the corresponding large-grained mate-
rials. In some cases the modulus was much higher, as for superlattices, and
in others much lower, as for materials produced by sintering. However, it was
subsequently demonstrated that these early results were due to experimen-
tal artifacts and often to the presence of defects, such as fractures and high
porosity, introduced during fabrication and not properly taken into account
when interpreting the observations. More recent results obtained on dense
materials have finally shown that the Young’s modulus gradually falls off only
for grain sizes below 10nm, i.e., when the fraction of atoms associated with
grain boundary and triple junctions becomes very high (see Fig.8.1).

However, the change in the modulus measured in this way never exceeds
10-20% of the value for the material with conventional grain size.

Mechanical Behaviour Under Tension

The elastic—plastic behaviour of a material is most commonly investigated by car-
rying out a uniaxial tensile test on a test bar. The tensile stress o is defined as the
ratio of the tensional force and the cross-sectional area of the test bar, i.e., o0 = F/S.
o is expressed in megapascal (1 MPa = 1 N/mm?). The strain or deformation of the
useful zone of the test bar is defined as € = In(l/lo), where [ and [y are the instan-
taneous length and the initial length of the bar, respectively. The curve is divided
into two parts: an ‘elastic’ part in which any strain remains completely reversible,
and a plastic part in which the test bar retains a permanent residual lengthening
even when the load is removed.
Several quantities can be directly measured in a tensile test:
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Fig. 8.2. Mechanical behaviour under tension

e The elastic limit oy, also called the yield point, beyond which plastic strain oc-
curs. In practice, this transition point is difficult to determine and one measures
instead the conventional elastic limit at 0g.2 for which the plastic strain rate is
0.2%.

e Young’s modulus FE, the slope of the elastic strain region approximated by a
straight line.

e The constriction coeflicient Z, defined as the ratio Z = (S — Su)/So, where Sp
is the initial cross-sectional area of the useful zone of the test bar and S, is its
final cross-sectional area after rupture. A brittle material will have a value of
Z close to zero, while a ductile material, with high strain capacity, will have a
value of Z close to unity.

e The maximal strain &, sustainable by the test bar before rupture.

8.1.3 Hardness

The (Brinell) hardness H of a material is defined as the ratio between the
load F applied to a hard ball and the residual indent A left in the material
after withdrawing the load, i.e., H = F//A. The hardness is one of the most
commonly measured mechanical characteristics of a nanomaterial. It is deter-
mined by a nanoindentation test, which is relatively easy to carry out (see
below). This characteristic is often very useful for predicting the technological
capabilities of the material, e.g., for thin protective films. This quantity is
intrinsically related to the ability of the material to deform plastically. To a
first approximation it can be related to the yield point oy of a material by the
empirical relation H = 30y.

Nanoindentation

The nanoindentation technique is a mechanical test derived from the standard hard-
ness test. The idea is to sink a hard tip of known geometry into the material under
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investigation and monitor the depth of penetration as a function of the applied
load. By carrying out a loading—unloading cycle, a characteristic force-penetration
curve is obtained. By analysing the unloading curve and modelling the material as
an elastic and isotropic continuous medium, one can deduce the relevant parameter
here, which is the true contact area between the indenter and the material under
maximal load. One can then deduce not only the hardness, but also the Young’s
modulus of the material. The applied forces range from a few tenths to several hun-
dred millinewtons, and the depths of penetration from a few nanometers to several
microns.

In the case of large-grained materials, plastic strain corresponds to nucleation
and/or motion of dislocation lines (see below) in the material. These lines
then multiply via the Frank—Read mechanism. The stress needed to activate
such a source depends on the distance separating the two points at which the
dislocation is anchored. It is thus easy to see that reducing the grain size will
also reduce the distances between such points and hence raise the elastic limit.
The empirical Hall-Petch relation expresses this effect:

k

oy =00+ ﬁ R

where o is a lattice friction stress, k& a constant, and d the grain size. The
proportionality between hardness and elastic limit can be used to define a
relation of the same type between hardness and grain size. For large-grained
materials, the Hall-Petch relation is explained by dislocations piling up along
grain boundaries: plastic strain is triggered when the stress at the front of the
dislocation pile-up is enough to activate a Frank-Read source in the neigh-
bouring grain.

Extrapolating this law to grains of around ten nanometers, very high values
of the hardness are predicted, the only limit being the theoretical limiting
stress of a perfect crystal, generally taken as G /10, where G is the transverse
shear modulus. However, although the hardness does indeed increase at small
grain sizes, the observed effects are generally much smaller than would be
predicted in this way, and at very small grain sizes, or for very small periods
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in the case of multilayer films, the opposite trend to the Hall-Petch relation is
sometimes observed, i.e., a reduction in hardness with reduced grain size (or
period). This ‘negative’ Hall-Petch effect has nevertheless been explained for
nanocrystalline materials that have undergone thermal treatment, by invoking
densification or phase transformation phenomena.

Whatever the case may be, for materials with grain sizes below 10 nm, the
absence of mobile dislocations means that any models based on the behaviour
of dislocations applying to large-grained materials are no longer relevant. The
limits of the Hall-Petch effect in 3D nanomaterials have been demonstrated
by several computer simulations. For grain sizes below a few nanometers,
plasticity is no longer due to the motion of dislocations, but to a very large
number of small amplitude slipping motions at grain boundaries.

Dislocations

When a material is subjected to stress, it begins by deforming in a reversible manner
(elastic strain), then irreversibly, with permanent consequences (plastic strain). In
the case of plastic strain in a crystalline material, the macroscopic change in shape
as seen from the outside must occur without altering the periodic arrangement of
the crystal lattice on the atomic scale. This is only possible via a series of shears
with amplitude proportional to the size of the unit cell in the atomic lattice, in such
a way that the crystal structure is reinstated after each shear. However, calculation
shows that such shear transformations cannot occur simultaneously throughout the
material, because this would require stresses more than a thousand times stronger
than those observed. If we imagine a shear with amplitude of the order of the lattice
parameter which has propagated over only a part of the crystal, the line defining
the boundary of the sheared region is a linear crystal defect called a dislocation.
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Fig. 8.5. Motion of an edge dislocation. The dislocation line runs perpendicular to
the plane of the figure and marks the boundary between the region already sheared
(light grey) and the unsheared region (dark grey)

Figure 8.5 then shows how the displacement of a dislocation will propagate the shear
through the crystal, whilst leaving the crystallographic structure intact behind it.
This is called an edge or screw dislocation depending on whether the direction b of
the propagated shear is perpendicular or parallel to the dislocation line.

The shear plane in which the dislocation moves is called the slip plane of the
dislocation. It corresponds to a close-packed plane of the crystal lattice, i.e., one
containing the greatest number of atoms. The amplitude and direction of the shear
propagated by the dislocation are characterised by the so-called Burgers vector b
of the dislocation. Dislocations play a major role in the mechanical behaviour of
conventional materials through their density, mobility and interactions.

The same kind of behaviour is found in 2D nanomaterials. Hence, in structures
composed of layers of different materials, large increases in hardness can be
observed, well above those predicted by the law of mixing. These systems
have several points in common, such as an increase in hardness when the
period of the bilayer is reduced, at least down to 4 nm. This phenomenon can
be explained by a behavioural model similar to the Hall-Petch law. These
increases in hardness reflect the resistance to motion of dislocations in each
of the layers making up the multilayer structure. However, discrepancies are
sometimes observed with respect to the Hall-Petch law for layer thicknesses
below 20 nm, as illustrated in Fig. 8.6.

Such discrepancies from the Hall-Petch law have not yet been fully ex-
plained, but changes in the chemical nature of the interface may be relevant
for quasi-monatomic layers. In any case, observations using atomic force mi-
croscopy clearly show a change in the plastic strain mode: slip bands visible
for thicknesses above 20 nm are no longer observed at smaller thicknesses (see
Fig.8.7).

8.1.4 Ductility

Ductility is the ability of a material to change shape without fracture. This
property is extremely important as regards technological applications of ma-
terials, whether it be for their performance in use or the ease with which they
can be worked. The effect of grain size on ductility is well understood for
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Fig. 8.6. Example of deviation from the Hall-Petch law in the case of alternating

Cu/Ni multilayers obtained by plasma deposition and Cu/Nb multilayers deposited
on an Ni substrate. Taken from [2]

Fig. 8.7. AFM observations of the residual indent from a 150-nm indentation of a
Cu/Ni multilayer. (a) Alternating layers of thickness 50 nm. (b) Layers of thickness
2.5nm

materials with micrometric grains. For example, the brittle-ductile transition
temperature in a steel can be lowered by 40°C by reducing the grain size by
a factor of five. Extrapolation to the nanoscale promised extremely good duc-
tility properties for nanomaterials, but it is a delicate matter to characterise a
nanocrystalline material in this respect. This explains the many contradictory
results encountered in the literature. Indeed, ductility reflects the possibility
of plastic strain without fracture. However, fracture behaviour depends sen-
sitively on the way the sample was prepared and on its final surface state, as
well as the type of mechanical test used. In fact, fracture mechanisms depend
sensitively on the tensile stresses in the material, and compression tests often
prove inadequate for establishing the ductility.
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For metals, which generally exhibit ductile behaviour when their mi-
crostructure comprises large grains, results obtained by tensile tests usually
reveal brittle behaviour for grain sizes below 30 nm. This phenomenon can be
explained by the major difficulty for dislocations to nucleate and slip inside
such small grains.

Ceramic and intermetallic materials are conventionally brittle. The first
studies of ceramics with nanocrystalline structure (CaFs and TiOs) suggested
that with nanometric grain sizes these materials might exhibit ductile behav-
iour at low temperatures. The hypothesis then made involved a creep mecha-
nism by diffusion at the grain boundaries that would increase in importance
at small grain sizes. Indeed, conventional models of creep predict a relation
of the type

a.n

E=a

between the plastic strain rate €, the creep stress o, and the grain size d. For
low temperature creep at grain boundaries, called Coble creep, it is generally
found that n = 1 and 2 < p < 3. According to this law, dividing the grain
size by a factor of two would increase the creep rate by a factor of eight.
However, the first results obtained on nanocrystalline CaFs and TiOs could
not be reproduced. It seems likely that the ductile behaviour observed in these
early studies were illusory and probably influenced by the high porosity of the
samples used.

In the end, nanocrystalline materials did not live up to expectations with
regard to improved ductility. However, interesting properties were reported
for polyphase materials with nanometric structuring. An increase in the elas-
tic limit is observed in these materials in conjunction with a good level of
ductility. These effects were observed for alloys with partially crystallised mi-
crostructures, i.e., for nanocrystallites confined within an amorphous matrix,
or more recently for micrometric copper grains embedded in a nanocrystalline
copper matrix.

8.1.5 Numerical Modelling

It is often a difficult matter to determine mechanical properties of nanoma-
terials experimentally, and various techniques for producing the samples can
lead to a problem of reproducibility in the results. This explains the contra-
dictory results often encountered in the literature. Modern numerical tools
provide new possibilities for exploring the mechanical properties of nanoma-
terials. However, in order to model the mechanical behaviour of nanomaterials
correctly, experimentally observed size effects must be reproduced.

A great many numerical models are poorly suited to this task because
devoid of any reference length. For example, the finite element methods so
widely used in solid mechanics can only be used if the behavioural relations
they employ involve a characteristic length able to account for size effects.



8 Mechanical and Nanomechanical Properties 237

Fig. 8.8. Simulations of a nanoindentation test with a spherical tip. (a) Molecular
dynamics. (b) Dislocation dynamics. (¢) Finite elements. See also the colour plate

To achieve this, one can for example include strain gradients, and hence the
second gradient of the displacement field, when expressing the constitutive
laws. This naturally brings an internal length scale into the equations. These
are called second gradient methods [3]. Another solution is to take into ac-
count the kinematics in a more detailed way, involving the strain modes of
the material, e.g., motion of dislocations, lattice rotation, interaction with a
magnetic moment, and so on, and also including an intrinsic length scale.
This is exemplified by Cosserat media [4,5] and micropolar media [6], among
others. In each simulation based on such a method, the internal length scale
must be related to a characteristic length scale of the material, such as grain
size, dimensions of microstructural elements, and so on.

On smaller length scales, of the order of the micron, recent models have
been developed to simulate the collective behaviour of interacting popula-
tions of dislocations. These dislocation dynamics models are particularly well
suited to handle plastic strain in nanomaterials when it is due to motion of
dislocations. They lead naturally to scaling laws of Hall-Petch type.
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At still smaller length scales, the methods of molecular dynamics can be
used to calculate the positions of atoms in a crystal as a function of time. The
appearance and multiplication of dislocations can then be simulated, together
with any other mechanism leading to plastic strain. These methods can then
be used to study alternative mechanisms of plastic strain that may come into
play when grains have nanometric dimensions.

Figure 8.8 shows simulations of a nanoindentation test carried out using
the three main families of simulation methods.

8.2 Nanomechanical Properties

8.2.1 Experimentation
Nanomechanical Characterisation by Nanoindentation: Hardness

Metallurgists have long been concerned with the problem of measuring hard-
ness. Over time, many methods have been developed to measure this prop-
erty. They can be classified into two main categories of tests [7]: dynamical
hardness tests and static indentation tests. In a dynamical hardness test, a
fixed load is dropped from a fixed height onto the surface. The hardness is
expressed in terms of impact energy and size of indent. The quasi-static in-
dentation method, which remains the most widely used, consists in pressing a
very hard object with well defined geometry against the surface of the mate-
rial under test. Depending on the load used, there are three techniques here:
macroindentation (loads greater than 10N), microindentation (loads in the
range 0.1-10N), and nanoindentation where loads are of the order of the mN.

The first two techniques cannot be used to measure the mechanical prop-
erties of very thin films and materials with surface treatments. Indeed, they
simply crush and pierce the film and end up testing only the substrate. Today,
technical progress in instruments capable of measuring nanometric displace-
ments and others capable of applying and controlling loads of mN order have
made nanoindentation into a genuine mechanical microprobe, widely used in
the mechanical characterisation of thin films (see Fig.8.9).

Basic Idea

In conventional indentation techniques, the residual indent is measured when
the indenter has been withdrawn. The results of such tests are not easy to
interpret. Indeed, there is no way of taking into account any relaxation in the
material. Consequently, it is impossible to distinguish the elastic part, and this
increases the uncertainty in the hardness measurement of ceramic materials
characterised by a high degree of elasticity. In nanoindentation, continuous
measurement of the load and displacement has replaced this simplistic mea-
surement of the residual indent.
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Fig. 8.9. Indentation in a deposit of alumina and titanium oxide obtained by plasma
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Fig. 8.10. Loading/unloading curve showing the relevant physical quantities

A typical loading/unloading curve is shown in Fig.8.10. The indenter,
initially in contact with the surface, is driven into the material until a pre-
determined maximal load or depth is reached, using a constant loading rate
(loading cycle). The load is then reduced to zero at the same rate (unloading
cycle).

The loading curve is characterised by an elastic—plastic regime and can be
used to deduce the value of the hardness defined as the ratio of the maximal
load to the area of contact between the indenter and the material at this load.
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The unloading curve generally corresponds to a purely elastic regime. It can
be used to deduce the Young’s modulus.

Figure 8.10 shows the depth hq defined by the intersection of the tangent
to the unloading curve taken at the top of the curve with the horizontal
axis. This tangent corresponds to the unloading curve that would have been
obtained if the indenter had had plane geometry and the same area as the
contact area at the maximum of the curve between a real indenter and the
material.

Choice of Indenter

The indenter must have a high elastic modulus and no plastic strain at the
contact pressures occurring during indentation, as well as a smooth surface
and well defined geometry so that the indent itself will be well defined. Dia-
mond is generally chosen for its satisfactory properties with regard to these
requirements. In practice, it is very difficult to work indenters into a perfect
geometry. The indenter thus exhibits irregularities that must be taken into
account when calculating the contact pressure.

A Berkovich geometry is usually used for nanoindenters. This has pyra-
midal shape with triangular base. The Vickers indenter (pyramidal but with
square base) is sometimes used when applied loads approach values used for
microindentation. The advantage of the Berkovich indenter comes from the
fact that it is more finely tapered than the Vickers indenter. Indeed, the ra-
dius of curvature is less than 50 nm for most commercially available Berkovich
indenters at the present time. The two types of indenter do share one geomet-
rical similarity, namely they have the same area function A = f(h). For an
ideal geometry, the area function is A = 24.5h2.

Analysing the Loading/Unloading Curve

Figure 8.11 shows the response of an elastic—plastic material during indenta-
tion by a pyramidal indenter. In this figure, the depth of contact h is defined
as the depth of penetration when the indenter is in contact with the sample.
h is the depth measured during indentation. During indentation, h satisfies
the relation

h = hg+ he, (8.1)

where hg is the displacement of the surface on the perimeter of the contact
due to elastic depression. The maximal load and depth are denoted by Ppax
and hpay, respectively. After unloading and elastic recovery, the final depth
of the residual indent is denoted by hg.

The whole difficulty in interpreting the curve lies in determining the con-
tact area between indenter and material for a given depth of penetration.
Now the indenter geometry (area function) can be well established (using a
calibration procedure to be described below) and it then suffices to determine
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Fig. 8.11. Schematic representation of the indentation process illustrating the de-
pression of the sample and reduction of penetration depth after unloading. From
Oliver and Pharr [8]

the depth of contact in order to know the contact area. The problem thus
reduces to determining the contact depth hA..

The analysis described here and used by most commercial nanoindenters
is the one developed by Oliver et Pharr [8] for elastoplastic materials.

Measuring Contact Rigidity Spax

The unloading curve is analysed using the theory of elastic contact. This
problem was treated by Hertz [16] and Boussinesq [17], but the theory most
widely used today is the one developed by Sneddon, who established a relation
between the load and the displacement:

P=Ch™, (8.2)

where C' and m are constants (m = 1 for a cylindrical geometry, m = 2 for
conical geometry, and m = 1.5 for spherical geometry).

Oliver and Pharr [8] noted that the unloading curve is better described by
a power law similar to (8.13) in the term h — h¢, viz.,

P=alh—h)", (8.3)

where the constants a, m and hs are determined by a simple least-squares
fitting method. The initial slope of the unloading curve can then be simply
found by calculating the derivative of the curve analytically at maximal depth.

Calculating Young’s Modulus

Tabor [9] was the first to use continuous monitoring of the load as a function of
the displacement as a way of measuring hardness. One of the most important
results was that the effect of the non-rigidity of the indenter can be taken into
account by defining a reduced Young’s modulus E, by
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where E and v are the Young’s modulus and the Poisson constant of the
sample, respectively, and E; and v; are the same parameters for the indenter.

According to Bulychev [10] and Shorshorov [11], motivated by Sneddon’s
method [12], this reduced Young’s modulus can be related to the rigidity S
measured at the maximum of the unloading curve by the relation

dP 2
§=S" -,
SN

dh
where 3 is a constant depending on the indenter geometry:

e (3 =1.034 for a Berkovich indenter,
B = 1.012 for a Vickers indenter,
B = 1.000 for a spherical indenter.

A(he) , (8.5)

A is the contact area (for a Vickers indenter) or the projected area of contact
(for a Berkovich indenter) of the the elastic contact. The Young’s modulus
can be directly obtained by calculating the rigidity S':

g YIS (8.6)

26 \/A(hy)

where S is the contact rigidity calculated in the first part of the unloading
curve (S = dP/dh). Equation (8.6) is valid for any indenter with axial sym-
metry.

In nanoindentation several methods have been developed to determine the
contact area. Pethica et al. [13] proposed a simple method based on the area
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function of the indenter. Examining (8.6), the reduced Young’s modulus can
be calculated if the contact rigidity S and the contact area at the maximum
of the curve can be determined independently. This means that the contact
depth h. must be known.

Determining the Contact Depth

The first approximation for h. was proposed by Doerner and Nix [14], simply
setting the contact depth equal to the plastic depth h,. This approxima-
tion assumes that the unloading curve can be identified with its tangent at
maximal load. However, it proved inadequate for acquiring a good hardness
measurement. It is preferable to calculate the contact depth at the maximal
depth and load for which the material fits perfectly against the shape of the
indenter. In this case the contact depth h. is expressed as a function of hyax
and hg:

he = hmax — hs - (8.7)

Since hyax is easily measured, the problem here amounts to determining the

elastic displacement hs of the surface. For a conical indenter, Sneddon [12]
showed that hg can be written as a function of the final depth hy :

—2
hs - ’/TT(hmax - hf) . (88)

This relation is valid only in the elastic part of the displacement. Sneddon [12]
also showed that the quantity h — h¢ can be written in the form

Pmax
hmax - hf - QT . (89)

Oliver and Pharr [8] then showed from (8.8) and (8.9) that hs could be ex-
pressed as

hs=¢ , (8.10)

where € = 0.72 for a conical indenter.

This result can be generalised to other types of indenter in which only
the value of € changes. Empirically, ¢ = 0.75 for an indenter in the form of a
paraboloid of revolution, and € = 1 for an indenter with plane geometry.

For greater accuracy, a recent calculation presented by Pharr, Bolshakov
et al. [15] has been used to refine the calculation of €. This new expression
can be used to find € from experimental data via knowledge of the coefficient
m. For this calculation, two hypotheses are required: it is assumed that the
material is elastic and that the indenter is rigid.

From Sneddon’s method [12], one can calculate the pressure P exerted on
the sample:
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Fig. 8.13. Schematic representation of a non-ideal indenter
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P =2E./rBrm+ " (2+> (8.11)
' (n+1) n 1\’
r(3+3

where m = 14 1/n, r is the radius of contact, B is a constant, E, is Young’s
modulus, and I" is the gamma function. The radius of curvature r is then

given by
1 1/n
r(3+3)
r=|———— (h— hf)l/" . (8.12)
Byl (g + 1)

P can now be expressed in terms of the elastic response b’ = h — hy:

2B n I'(n/2+41/2) o n+1/n
P = (ﬁB)l/n (n—i—l) { I'(n/2+1) :| h ’ (8.13)

This expression corresponds to the result obtained by Oliver and Pharr [8]:

o () (s

To introduce the plasticity into their model, Oliver, Pharr and Bolshakov
considered the deviation of the indenter from the ideal shape, as illustrated
in Fig.8.13. They approximated the shape of the indenter using a paraboloid
correction described as illustrated in the figure:

o =

(8.14)

Z = Br".

In this precise case, one may consider that hy = hmax — he = Amax — Br™.

Making the approximation that hs tends to hs and substituting what cor-
responds to the purely elastic part in the expression (8.13) for P, the following
expression for ¢ is obtained from (8.10):
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(g 1)
& (g m)

As a last remark, note that hg does not correspond exactly to the elastic part
(which is equal to Ppax/S), but to a fraction e of the latter.

e=m|1l—

(8.15)

Calculating the Hardness

The hardness H is defined by the average pressure sustained by the material
under the indenter. It is expressed as the ratio of the applied load P to the
contact area. In practice,

H = PpaxA(he) , (8.16)

where Ppax is the maximal load and A(h.) is the contact area at maximal
load and depth.

Calibrating the Nanoindenter

Determining the Compliance of the Indenter. The compliance is defined as
the reciprocal of the rigidity:
1 dh
C=—-=—.
S dP
The instrument influences the total compliance and interpretation of load-
ing/unloading curves. Indeed, the measured displacement is the sum of the
true displacement and a component due to the compliance of the instrument.
Modelling the instrument and sample by two springs in series shows that
the total or measured compliance can be written

(8.17)

C= Cinstr + CVsample ’ (818)
where Cgample is the compliance of the sample calculated from (8.6):

N

Csample = —— —F—— . 8.19
sample 26Er ,—A(hc) ( )
The total compliance is then given by
1 H
C= Cinstr + ﬁ— — C'instr + ﬁ \/_ ) (820)
26E: \/A(he) 26E; \/Pax

where Sinstr = 1/Cinstr s the rigidity of the instrument, S = 1/Csample is the
contact rigidity, Sspring is the rigidity of the column spring, and Cyamp is the
damping coefficient.

If the Young’s modulus is constant, Ci,s, can be obtained from a plot
of C = f(1/v/Pnax). The procedure then is to carry out several tests on a
calibrating material (see Fig.8.14).
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Fig. 8.15. Area function for a Berkovich indenter

Determining the Area Function A = f(h). For an ideal indenter, the area A
can be related to the plastic depth hy, by A(h.) = 24.5h2. The contact area is
generally written in the form of a polynomial expansion:

A(he) = 24.5h2 + CLhE + Cohl/? + C3hl/* 4 -+ Cehl/128 | (8.21)

where the coefficients Cy, Cs, ..., Cg are constants to be determined by a
procedure described below. The procedure consists in making a large num-
ber of indents at different penetration depths on a calibration material (see
Fig. 8.15). The contact area is calculated from (8.18) in each case.

Causes of Error and Precautions: The Pile-up Phenomenon

The so-called pile-up phenomenon [18] occurs in soft materials such as alu-
minium and leads to matter rising up around the indent, as shown in Fig. 8.16.
This produces an error in the depth measurement, and in particular in the
measurement of h.. This kind of effect can lead to an underestimate of the
contact area by a factor of as much as 40% and hence to an overestimate of
the hardness and the Young’s modulus.



8 Mechanical and Nanomechanical Properties 247

- 5.00 12.0 o
iﬁﬁ e

1.50 K0

Q

[T,

1] 2.50 5.00

Fig. 8.16. Pile-up phenomenon as viewed by atomic force microscopy

A simple way of checking whether pile-up has occurred is to calculate the
ratio he/hmax, easily deduced from the loading/unloading curve. This ratio
lies between 0 and 1. The minimal value corresponds to the perfectly elastic
case and the maximal value to the case where no elastic recovery is observed.
Using finite element analysis, Bolshakov et al. [19] showed that pile-up can be
significant.

When there is a high level of pile-up, h. can be calculated from a formula
due to Loubet et al. [20,21] which takes into account the ridges pushed up
around the edge of the indent. These authors consider (by definition) that the
plastic part satisfies

h,=h—P/S . (8.22)

Experimentally, they find that the plastic part h, is proportional to the rigidity
S. Applying the same approach as Sneddon [12], one then obtains

he o< S (because he o VA). (8.23)

The main assumption in this calculation is that Young’s modulus E should
be constant throughout the thickness affected by the indentation.

Assuming that the indenter tip is not perfect, the rigidity can be rewritten
as a function of h; (see Fig.8.17), which gives

S = B(h, + h;) . (8.24)
Finally, these authors define

he = alhy + hi) (8.25)
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Fig. 8.17. Rigidity as a function of the plastic strain h,

Fig. 8.18. Definition of 3

where h; corresponds to the tip imperfection and « is a constant with value
«a = 1.2 for a Berkovich tip.
From this value of h., one can deduce the contact area

A= /B[O‘Z(hr + hi)z] ) (826)

where (3 is called a shape factor. The Sneddon formula then gives the rigidity
S and Young’s modulus E; as [12]
4F2?A
S§? = 1 (8.27)
™

Bym
2V/Ba
It should be noted that 5 comes from Sneddon’s calculation and o and B from

Loubet’s. Bucaille et al. [21] used simulation to obtain the value a = 1.2. In
this case, using (8.25), h. can be recalculated to give

E, = (8.28)

he = alhy + hi) = a(h — P/S), where aa =12,

for a Berkovich tip, which corresponds to the situation described in Fig. 8.18.

It is important to note that, in this model, A, is proportional to the plastic
part and that, in contrast to Oliver and Pharr’s model [8], the whole elastic
part is taken into account to obtain the plastic part. Moreover, the ridge effect
is such that h. is greater than hpax.
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Fig. 8.19. Macroscopic forces relevant to contact between two solids

To conclude, in the presence of an elastoplastic material, one must use the
model (8.14) due to Oliver and Pharr. In the presence of a soft material with
a sizeable ridge around the edge of the indent, the expression for h. given by
the model due to Loubet and Bucaille [21] comes closer to the mark.

Mechanical Characterisation in Tribology.
Nanoscratch Tests and Friction

Definition of Friction

The friction between two solid surfaces is defined by a coefficient. There cor-
responds a value to each regime, static or dynamic. We thus define:

e for the static regime, pus = Frs/Fx,
e for the dynamic regime, uq = Fip/Fx,

where F1g and Fip are the lateral forces required to initiate slipping and
maintain the motion, respectively, and Fy is the applied normal force (see
Fig.8.19). For dry contact, us < pq. In the present discussion, we shall be
mainly concerned with the dynamic regime.

To characterise friction, the tools used to measure quantities such as forces
or displacements depend mainly on the structure of the systems under consid-
eration. Hnece, for a homogeneous solid medium, a conventional triboscope
is used, such as the pin-on-disk tribometer. For a nanostructured sample, one
seeks information on the scale of the structure, i.e., the nanoscale. One can
therefore define three length ranges appealing to very different apparatus (see
Fig. 8.20).

Standard Model Due to Bowden and Tabor

Physical modelling of the phenomena underlying friction was first undertaken
around 1950 by Bowden and Tabor [22]. This model takes into account the
roughness of the surfaces in contact, which gives rise to shearing of adhesive
microjunctions and ploughing by surface asperities. This is expressed by two
contributions to the lateral force:
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Fy, = Fis + Fip = TArc + pLfn

where Frs and Fpp are the lateral forces related to shear and ploughing,
respectively, 7 is the shear stress, and Arc is the true area of contact. Arc
decreases as the roughness increases. The apparent contact area Aac is always
greater than Arc.
When asperities have rather flattened profiles, the ploughing phenomenon
can be neglected in comparison to shear. In this case, we have
- FL - TATC T

F= % " HAw ~H®
where H and 7 are then the plastic hardness and the shear stress of the least
hard material.

Scratch Test

The plastic strain mode is conditioned by the shape of the indenter (see
Fig.8.21). Hence, depending on its apex angle, the predominant mechanism
will be either shear or ploughing. Indeed, the friction coefficient can be ex-
pressed in terms of the shear and compression stresses, 7 and p, respectively:
Fy,  psina+pcosa

~ Fx pcosa—psina

So we have a context of pure shear when the angle « tends to zero, and
ploughing when 7 tends to zero.
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Fig. 8.22. Lateral force map obtained in LFM mode on a graphite surface. The
scanned area is 2nm x 2nm. From [24], ©American Physical Society 1987

Lateral Force Microscope (LFM)

This mode of operation of the atomic force microscope (AFM) is used to
probe outer surface tribological properties. It was developed at the end of
the 1980s [23, 24]. In topographic imaging mode, a system of photodiodes
is used to measure the change, in the vertical direction, of the path of the
laser beam reflected by the cantilever arm holding the AFM tip. In LFM, in
contact mode, a normal force is applied and the tip scans the surface, whilst
measuring the change in path of the same laser beam but this time in the
horizontal direction. This change of path is cause by torsion in the cantilever
arm. Given the mechanical characteristics of the cantilever (stiffness constant,
etc.), information can be deduced concerning the lateral force. Finally, as the
tip scans the surface, a map of the lateral force can be produced on the atomic
scale. This is illustrated for a graphite surface in Fig. 8.22.

Figure 8.23 shows the change in the lateral force as a function of the lat-
eral position x on the same sample. The oscillation phenomenon known as
stick—slip motion is clearly visible. As the name suggests, it corresponds to
motion in a series of stops and starts, caused directly by the crystal structure
of the material. The tip—surface interaction remains elastic and no wear is
observed. The phenomenon of hysteresis observed between the outward and
return journey of the tip is due to energy dissipation [21]. Indeed, the mea-
sured response signal contains a reversible elastic part and a dissipative part.
The image obtained depends closely on the crystal structure of the surface
under investigation. The measured lateral force can be described by a surface
potential of the form

Vs =V, cos(kww)e_kzz .

This gives F, = k, Vj sin(kp2)e "=,
Although this experiment provides local information, it remains semi-
quantitative. Indeed, it is a delicate matter to describe the mechanical be-
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Fig. 8.23. Change in lateral force as a function of the lateral position of the tip [20]

haviour of the cantilever with any accuracy, and all the more so when it is
under torsion. This is why other methods have been developed. These are
systems in which the tip is no longer carried by a cantilever, such as the nano-
scratch experiment, even though the spatial resolution is no longer as good as
with LFM.

Nanoscratch Test

This type of measurement uses the same type of tip as nanoindentation. This
may be an axially symmetric (e.g., conical, spherical) or pyramidal (Berkovich)
tip. A first fundamental difference with respect to the LFM method is the
characteristic size of the ‘active’ part of the tip. Whereas the tips used in LFM,
made from silicon nitride, have a radius of curvature at the apex of nanometric
order, which corresponds to a few atomic sites, the tips used in nanoscratch
tests, generally made from diamond, have characteristic size around a hundred
nanometers. A direct consequence is the loss of atomic lateral resolution. On
the other hand, normal forces applied in the nanoscratch test can reach 1 mN.
With such forces, these tests are able to investigate both plastic strain and
wear. For a metallic film, the penetration depth can be as much as 100 nm.
The system developed by Hysitron is based on a double capacitive sensor,
as shown in Fig. 8.24. Each sensor comprises three plates, one of which is mo-
bile and connected to the tip. The first sensor is used to exert a normal load by
applying a tension between the moving plate on which the tip is mounted and
a fixed plate. The second capacitive sensor imposes the lateral displacement
of the tip and measures the lateral resistance force. This provides quantitative
information concerning normal and lateral forces and displacements.
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Fig. 8.25. Time dependence of the normal displacement (left-hand scale) and the
ratio F1,/Fn (right-hand scale) during a nanoscratch test on a Ti/TiN multilayer

In the case of nanomaterials and in particular multilayers with nanomet-
ric periods, this system can provide local tribological information. Figure 8.25
shows the time variation of the ratio Fy,/Fx and the normal displacement of
the tip when the latter is subject to a lateral displacement at constant speed of
the order of 0.5 um/s and a normal load varying from 0 to 1500 uN. The case
illustrated is a multilayer made by PVD and comprising ten Ti/TiN layers.
Each layer of Ti/TiN has thickness 5nm + 5nm = 10 nm. The observed oscil-
lations can thus be directly related to the nanometric strata of the multilayer.
It would have been impossible to observe this phenomenon using conventional
tribology.

Using this method, one can also study plastic deformation mechanisms
during the test. The importance of the way the normal load is applied can
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thus be demonstrated. Figure 8.26 shows the normal displacement curves as a
function of the applied normal load during nanoscratch tests over a time span
that is held constant but with different maximal normal loads of 1000, 3 000,
4000 and 5000 uN. The sample here is a titanium nitride film of thickness
300 nm deposited by PVD on a silicon (100) substrate. The logarithmic scale
of the normal force (horizontal axis) suggests the possibility of superposing all
the curves by simple translation. On a linear scale, this amounts to applying
a multiplicative factor. The calculation shows that this multiplicative factor
amounts in turn to imposing a variation of the normal force that is constant
in time, from one test to the next. This demonstrates the importance of the
strain and wear regime during measurements.

8.2.2 Computer Modelling
Introduction

The development of nanomaterials used in nanotechnology as assembly struc-
tures demands an understanding of their mechanical properties on the nanoscale.
Evaluating physical properties like the elastic modulus, the elastic limit under
tension or compression, or the buckling stress constitutes a real challenge for
nanomechanics research owing to their experimental inaccessibility. Moreover
the experimental validity of such results can only be upheld if the measure-
ments are fully repeatable, and this involves large numbers of samples and a
consequent high cost in many cases. To help experimenters and theoreticians
alike to improve understanding of these nanomaterials by means of computer
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simulations, it is essential to develop well-suited models, i.e., models with
reasonable numerical cost.

When analysing mechanical behaviour, there are two main approaches to
modelling: either using direct methods based on molecular dynamics, or using
‘continuum’ methods developed to study the mechanics of solids or structures.
These two approaches make different use of results obtained in molecular me-
chanics, which is an empirical method resulting from fitting simple mathe-
matical functions to experimental results. Molecules are treated as assemblies
of atoms subject to repulsive and attractive force fields resulting from inter-
action potentials between these atoms. This theoretical framework deviates in
several ways from the one provided by quantum mechanics, but it is much less
costly in calculation time and molecules comprising several thousand atoms
can be modelled in this way.

Molecular dynamics provides a nanoscale description of the motions and
spatial evolution of molecules. Each atom is treated as a point mass vibrating
about its equilibrium position under the effects of thermal agitation and force
fields defined by molecular mechanics. In practice, the idea is to solve New-
ton’s equations numerically using the Verlet algorithm [26]. Displacements
are calculated explicitly, requiring very short time steps, of picosecond order,
given the high frequencies contained in the model. Simulation periods are
thus very short and the numerical cost soon becomes prohibitively high when
large assemblies of molecules containing millions or even billions of atoms are
considered to reproduce behaviour on microscopic or macroscopic scales. Re-
cently, with the development of parallel computing, it has been possible to
simulate behaviour on larger scales [27-29].

To characterise the mechanical behaviour, e.g., by identifying the elas-
tic modulus or mechanical resistance, a quasistatic approach is preferable,
in which vibrational dynamics is ignored. To reduce computation time still
further, the interaction forces between atoms and their nearest neighbours
can be modelled by beam-type assembly forces, so that the system becomes
equivalent to a truss structure as conventionally studied in mechanics [30].
However, when studying large samples, the numerical cost is still rather large
and a continuum approach is then required.

The continuum methods provide a macroscopic description of matter.
Above a certain characteristic volume, the material has homogeneous behav-
iour defined by the laws relating strains to internal stresses on the macroscopic
scale. These constitutive laws governing mechanical behaviour derive from a
nonlinear hyperelastic potential which can be estimated from the interaction
potentials between atoms. The solution is then obtained by the finite element
method which discretises the continuum model into a set of elements of finite
volume with dimensions greater than the characteristic volume. A finite ele-
ment may correspond to several hundred or even thousand atoms depending
on its dimensions, and this considerably cuts down the number of degrees
of freedom of the system under investigation in comparison with a molecu-
lar dynamics model. In the case of crystals with sheet-like structure such as



256 C. Tromas et al.

graphene, it is possible to use finite surface elements. With these methods,
one can no longer monitor the motions of individual atoms; it is rather the
global behaviour of the whole structure that is under investigation. These
studies may be either quasistatic or dynamic, and in the latter case only low
frequency phenomena are accessible. Simulation times can be greater than in
molecular dynamics, thereby reducing the numerical cost.

In the next section, we review the basic ideas of the finite element method,
illustrating with examples of applications to the micro- and nanoscale. In
these examples, one begins with a priori knowledge of the behaviour of the
material on the macroscopic scale, without taking molecular mechanics into
account. What is revealed here is the feasibility of the finite element method
for investigating small scale multiphysical phenomena. In the second section,
we discuss carbon nanotubes as a particularly well-developed field of industrial
application in nanomechanics and in which the finite element method has been
put to use by integrating the laws of molecular mechanics. In the third section,
we give a brief discussion of work combining both molecular mechanics and
finite elements in the context of multiscale approaches.

Application of the Finite Element Method

Engineering sciences such as solid and fluid mechanics or heat transfer pro-
vide ways of describing how physical systems behave by means of partial
differential equations. The finite element method is one of the most widely
used methods today for effective solution of such equations. It is a very gen-
eral method that can be applied to most problems encountered in practice:
stationary or non-stationary, linear or nonlinear, defined for arbitrary geome-
tries. Furthermore, it can be easily adapted to heterogeneous media and mul-
tiphysical phenomena. Since Clough [31] first introduced the finite element
method in 1960, many problems of mechanics and civil engineering have been
solved using this approach. A great deal of work has been devoted to devel-
oping the theory. One should mention in particular the work of Marcal and
King [32], who introduce the formulation of elastoplastic finite elements for
small strains, Hibbitt et al. [33], McMeeking and Rice [34], who introduced
the Lagrangian formulation for elastoplastic finite elements in the presence of
large strains, and Zienkiewiez and Owen [35] who introduced the formulation
of elasto-viscoplastic finite elements.

The constitutive equations most often used to model large strains in solids
are the differential equations relating stress to strain rates. These laws must
satisfy the principle of incrementally objective integration. Nagtegaal [36] and
Hughes and Winget [37] proposed integration schemes for the constitutive
equations in the presence of large deformations which respect incremental
objectivity during finite time steps.

Among the various techniques used to integrate the constitutive equations,
one in particular has steadily grown to become almost unanimously accepted:
this is the radial return algorithm, developed by Wilkins in 1964 [38] for the
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theory of small strains and then resurrected and generalised by Krieg and
Krieg in 1977 [39]. Morecover, in this field, the idea of consistent linearisation
introduced by Nagtegaal [36] and extended by Simo and Taylor [40] has been
used to generate genuinely efficient tangential stiffness matrices for both small
and large strain problems.

The finite element method is based on one simple idea: to discretise a
complex geometrical shape by subdividing it into a large number of elementary
subregions with simple geometrical shape (finite elements), interconnected at
points called nodes. We consider the mechanical behaviour of each element
separately, then piece these elements together in such a way that forces balance
and displacements are compatible at each node.

In each element, simple approximations are used for the unknown variables
to transform the partial differential equations into algebraic equations. The
nodes and elements do not necessarily have any specific physical meaning but
are based on considerations of accuracy in the approximation.

In a general context, the equation of motion of a deformable body can be
expressed in the following matrix form:

Mii + Cit + Fipy — F(t) =0,

where F';,,; is the internal force vector and F' the external load vector, possibly
a function of time ¢. M is the mass matrix, C' the damping matrix, w the
velocity vector, and 4 the acceleration vector. In the particular case of linear
static analysis in solid and structural mechanics, we have

Ku=F,

where K is the rigidity matrix of the system, u the vector of unknown vari-
ables, i.e., displacements of the nodes, and F' the vector of known loads applied
at the nodes.

The logical stages of the calculation by finite elements can be summarised
as follows:

e Define nodes and elements (determine the mesh).
For each element, establish the elementary matrices relating the nodal
degrees of freedom to the forces applied at the nodes.
e Assemble elementary vectors and matrices into a global system in such a
way as to satisfy equilibrium conditions at nodes.
Modify the global system to account for boundary conditions.
Solve the modified global system to obtain the displacements of the nodes.
e C(Calculate the gradients (strains and stresses) within the elements and the
reactions at the nodes upon which boundary conditions are imposed.

From a practical point of view, calculation codes generally comprise three
functional processors:
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Preprocessor

e Choose the type of elements.

e Enter the geometrical properties.

e Fnter the physical parameters.

e C(Create the geometric model.

e C(Create the mesh by defining nodes and elements.

e Apply loads.

e Impose boundary conditions.

Solver

e Choose the type of analysis (static, dynamic, etc.).

e Construct elementary vectors and matrices.

e Assemble elementary vectors and matrices to obtain a global system.
e Take into account boundary conditions.

e Solve the global system of equations.

e Calculate additional variations (stresses, reaction forces, etc.).

Post Processor

e Present the results in an intelligible and synthesised way in numerical or
graphical form.

e Carry out complementary functions such as combination, animation, in-
terpolation, or interpretation.

The finite element method has recently been applied to problems at small
scales. We shall now present a few examples of these applications.

Plasma Projection

Plasma projection techniques have been successfully used in industry for many
years to produce coatings that resist corrosion, oxidation, wear, and so on. The
formation of a coating is a multiphysical problem, involving impacts of molten
particles on the substrate, heat transfer between particles and substrate, and
flattening out and solidification of the particles. The first example is a simula-
tion of this multiphysical problem by the finite element method [41]. In order
to provide an adequate treatment of the large strains occurring during impact,
we have developed a remeshing technique. Figure 8.27 shows the temperature
field of the liquid particle and the substrate at different times. The two curves
show the time variation of the temperature at the centre of and outside the
particle. Note that the rates of flattening and heat transfer are very high and
that the particle is very small, having a diameter of only 50 um.
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Fig. 8.27. Temperature field at different times during flattening. See also the colour
plate

Fig. 8.28. Multiple contacts between particles. Mesh and constant value contours
of the von Mises stresses

Representative Volume Element

The representative volume element (RVE) plays a key role in determining
the effective properties of heterogeneous materials. Numerical computation
is an essential tool for establishing the characteristic behaviour within this
volume under external loading. The second example thus deals, for the first
time, with this problem of multiple contacts between deformable particles,
where the behaviour of each particle can be either elastic or hyperelastic. The
finite element method is used to discretise the particles and obtain the stress
field within each one, as shown in Fig.8.28. In order to treat the problem of



260 C. Tromas et al.

T

(b)

Fig. 8.29. Nanoindentation. Mesh

(b)

Fig. 8.30. Nanoindentation. (a) Numerical simulation. (b) Experimental result. See
also the colour plate

frictional contact between the particles in an adequate way, a new approach
was developed by Feng [42].

Nanoindentation

The third example is a model for nanoindentation. A tetrahedral (Berkovich)
indenter comes into contact with the surface of a thin film (thickness 300 nm)
on a substrate (different types of film being tested on different types of sub-
strate). The thin film is assumed to have elastoplastic behaviour. The indenter
is assumed to be rigid and to have a blunted tip with radius of curvature about
50 nm. Figure 8.29 shows the 3D meshed model and a more detailed 2D model.
Note that the symmetry of the model is used to reduce computation time.
Figure 8.30a shows the indent left on the surface and the stress distribution
around the indentation region. The triangular shape of the indent faithfully
reproduces what is observed experimentally on these scales (Fig. 8.30Db).
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Fig. 8.31. Carbon nanotubes. (a) Armchair configuration. (b) Zigzag configuration

Simulation of Carbon Nanotubes

Carbon nanotubes are one of the main industrial products in the field of nan-
otechnology. They appear spontaneously when graphite is evaporated under
the effect of an electrical discharge between two electrodes placed in a rare gas
such as helium. These objects have molecular dimensions and are formed from
one or more tiny carbon sheets arranged in concentric cylinders of diameter
1-10nm (depending on the number of sheets) and length several microns,
closed at the ends by spherical caps. The crystal structure of these carbon
sheets, called graphenes, is hexagonal, while the crystal structure of the caps
is pentagonal. Sumio Iijima, a Japanese scientist, was the first to observe them
under the electron microscope in 1991 [43]. The way the graphene rolls up de-
fines a parameter called the helicity which characterises the different types
of nanotube. The helicity is specified by the chiral angle 6 between the axis
of the cylinder and the direction of one side of the hexagon. The configura-
tions known as zigzag and armchair nanotubes are characterised by the values
0 = 0 and 30°, respectively (see Fig.8.31). Given the hexagonal symmetry of
the crystal lattice, 6 lies between 0 and 30°.

Carbon nanotubes have remarkable physical properties with a wide range
of potential applications in industry. For example, their elastic modulus is of
the order of 1-5TPa, well above the values for conventional carbon fibres,
whilst remaining more flexible too [44]. The electrical properties of carbon
nanotubes vary enormously with the diameter and helicity parameter, ranging
from a semiconducting state to a metallic state. The helicity parameter also
influences the mechanical properties [45].

Several theoretical models have been developed in the literature using
the molecular dynamics approach [46,47]. However, computation times can
be prohibitive with these models, e.g., when simulating the behaviour of a
bundle of multiwalled tubes involving a very large number of atoms. Another
discrete approach has been put forward, treating the carbon nanotube as an
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(b)

Fig. 8.32. Undulations of a 34-walled carbon nanotube. (a) Experimental observa-
tion in the plane of the tube axis [49]. (b) 3D simulation of the same [48]

assembled beam structure known as a truss in mechanics [30], in which the
beam elements represent covalent binding forces between atoms. This type
of model provides a static study and reduces calculations compared with the
strictly molecular approach by restricting the atomic interaction of each atom
to its nearest neighbours.

A continuum approach to modelling carbon nanotubes by the finite ele-
ment method has been achieved by Arroyo and Belytschko [48]. It is based on
a membrane model of strains in the carbon nanotube. Strains are calculated
using the exponential Cauchy—Born rule to account for the effects of curvature
of the tube. On the macroscopic level, stresses derive from a potential energy
resulting from the sum over each finite element of the interaction energies
between atoms bound according to the Tersoff-Brenner model of molecular
mechanics. The interaction energy between atoms that are not bound to-
gether is also taken into account to model van der Waals forces according to
the classical Lennard-Jones potential model, also from the field of molecular
mechanics. These van der Waals forces operate between the carbon sheets in
the case of multiwalled carbon nanotubes and between nanotubes when they
form bundles.

Arroyo and Belytschko [48] present the results of a simulation of a carbon
nanotube of length 124 nm, comprising 34 concentric carbon sheets, which
corresponds to around 6 million atoms. The finite element model contains
just 100 000 nodes, considerably reducing the size of the problem to be solved
in comparison with a molecular dynamics simulation (by a factor of 60). The
simulation reproduces the undulations observed experimentally in images ob-
tained by transmission electron microscope (TEM) and published in [49] when
the carbon nanotube is subject to flexion (see Fig. 8.32).

Figure 8.33 shows simulation results for a carbon nanotube under torsion,
using molecular dynamics and finite elements. Good agreement is obtained
between the two approaches.
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Fig. 8.33. Simulation of a carbon nanotube under torsion: molecular dynamics
(black dots) and finite element (grey surface). Taken from [48] with kind permission
of John Wiley & Sons

10% & 10”7 m (EF) 10 410" m (DM) 10°2 10" m (MQ)

Fig. 8.34. Multiscale simulation. From [51], with the kind permission of Elsevier.
See also the colour plate

Multiscale Simulations

The so-called multiscale simulation techniques were developed to obtain local
quantum and molecular descriptions while retaining the continuum descrip-
tion on the global level, as illustrated in Fig. 8.34.

Several studies [50,51] have proposed ways of combining quantum mechan-
ics (QM), molecular dynamics (MD), and finite elements (FE). In regions
where the atoms obey the laws of continuum mechanics, the finite element
method is used due to the advantages in terms of calculation time. However,
in critical areas such as the extremity of a fracture, molecular dynamics and
even quantum mechanics [e.g., ab initio, or density functional theory (DFT)]
are required to obtain a more detailed study of the fracture process. The
transition from the global to local levels involves a change of scale. More
recently, Xiao and Belytschko [52] have proposed a way of improving the nu-
merical compatibility between regions modelled by molecular dynamics and
those modelled using the finite element method. At the interface between these
two types of region, significant reflection effects are observed in the stress and
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Fig. 8.35. Combined finite element and molecular dynamics (FE/MD). From [52],
with the kind permission of Elsevier

strain fields, leading to unphysical distortion of the solution. The method sug-
gested consists in introducing a rather broad transition region by superposing
the finite element mesh of the continuum region on the atomistic structure of
the molecular dynamics region, as can be seen in Fig. 8.35. In this region, the
high frequencies generated by molecular dynamics are absorbed by the low
frequencies of the continuum region.

Conclusion

Simulation is an important, even essential tool for aiding scientists to obtain a
better understanding of the physical phenomena operating within nanomate-
rials. The examples discussed above, i.e., plasma projection, nanoindentation,
and carbon nanotubes, show how one can get access to multiphysical phe-
nomena at very short length scales (micron or nanometer) that are so difficult
to observe experimentally. We have seen that, at these scales, a continuum
approach by the finite element method can give excellent results, provided
that certain precautions are taken. A good level of a priori knowledge con-
cerning the constitutive laws and also a carefully chosen mesh are essential
here. Understanding of the constitutive laws can be acquired a posteriori us-
ing molecular mechanics and/or quantum mechanics. The advantage with the
finite element method as compared with molecular dynamics is that one can
considerably reduce the number of degrees of freedom of the system under
investigation, thereby reducing the numerical cost. The disadvantage is that
one obtains a global description of the behaviour, thus losing any phenom-
enological description on the interatomic level, e.g., in problems of fracturing
where propagation mechanisms must be determined). This is why the multi-
scale approach seems to be a promising solution for simulating the behaviour
of nanomaterials, combining as it does the finite element and molecular dy-
namics methods.
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Superplasticity

T. Rouxel

9.1 Introduction

Permanent deformation of a material through flow, e.g., creep, viscosity, vis-
coplasticity, gets easier as the grain size in the material gets smaller. In the
most spectacular cases, relative extensions greater than 100% (nominal strain
> 1) can be obtained at relatively low temperatures compared with the tem-
peratures usually required to observe creep in materials: this is the effect
known as superplasticity. Typically, superplasticity only occurs in fine-grained
dense materials (grains < 0.01 mm for metals, < 1 um for ceramics), barely af-
fected by strain localisation effects, or striction, at temperatures > 0.5 elting,
when such a temperature has any meaning (materials sometimes decomposing
before melting). Even in ancient times, smiths made good use of this remark-
able property to forge tough, hard steel blades. The steel used by the Persians
at the time of the crusades, and by Saladin’s armies, or Damascus steel, is one
of the greatest achievements of metallurgy and the forge, where the choice of
alloy at the outset (in this case a steel with a high carbon content, known as
wootz, from India) and the masterly control of a judicious forging cycle (the
thickness of the initial ingot was first reduced by a factor of about 10 by ham-
mering) produced a material with ideal fine microstructure for making sharp
cutting blades that could also resist mechanical shocks. Figure 9.1 illustrates
the phenomenon of superplastic behaviour for a steel containing 1.6% carbon
(ultrahigh carbon steel), with a fine microstructure, close to Damascus steel,
which seems to have been produced first in India in the fourth century BC.

Since the early work by Pearson [1] who obtained 1 950% relative extension
for a Sn—Bi alloy, the phenomenon of superplasticity has been the subject of
many studies and is today widely used in making items with complex archi-
tecture, while metal alloys with ever higher performance have been developed
over the last three decades, e.g., aluminium and titanium alloys and inter-
metallic materials (see Fig.9.2).

It has only recently been discovered that superplasticity can occur in
ceramics (see Fig.9.3): 1980 for magnesia (MgO) [2], 1985 for zirconia (Y-
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Fig. 9.1. Example of superplastic behaviour of an ultrahigh carbon steel. In this
case, superplasticity is caused by the presence of fine spheroidal precipitates of ce-
mentite (FesC) dispersed in a fine-grained ferritic matrix. Top: Test bar under ten-
sion before and after tests at 973 K with an imposed strain rate of 1.7 x 107%™
Bottom: Associated microstructure. Black particles are iron carbide and the light
background is made from pure iron (« iron) or ferrite (solid « solution). Taken
from [12]

TZP) [3], compounds with mainly ionic bonding, and 1990 for silicon nitride
(SisNy) [4], with highly covalent bonding. Feasibility has been demonstrated
not only for forming by hot deformation, the most immediate application of
superplasticity, but also for solid state diffusion welding, and is not limited to
structural materials but also concerns functional ceramics for electronics, e.g.,
PbTiOs, ZrOs, or for medicine, e.g., hydroxyapatite. The basic condition in
all cases is that the grain size should be less than the micron, and typically
of the order of a hundred nanometers.

9.2 Mechanism

The semi-empirical theory most often used to describe the stationary flow
regime (constant strain rate) was introduced by Muckherjee et al. [5], in which
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Fig. 9.2. Example of an aluminium alloy formed using superplasticity in the auto-
mobile industry. (© Morgan Cars

Céramique ionique Céramique covalente
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Fig. 9.3. Superplasticity in a metal alloy (a), in an oxide ceramic Y-TZP (ionic
bonding) (b), and in a non-oxide ceramic, a nanocomposite SizN4/SiC (covalent
bonding) (c). From [13]

the dependence of the strain rate on the stress ¢ and grain size d is given
as 0" /dP. The exponents n and p can assume widely different values from
one material to another, and with the exception of the pairs (n,p) = (1,2)
and (1,3) corresponding respectively to the early Herring—Nabarro model [6,
7] (diffusion across grains) and the Coble model [8] (diffusion along grain
boundaries), the other values of n and p determined experimentally — and
there are many — have led to a rather excessive proliferation of models over
the past four decades.

In the superplastic deformation regime, the dominating effect is sliding
at grain boundaries, in which grains move over distances close to or greater
than the grain size, without major change in their geometry. Superplasticity
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Fig. 9.4. Dependence of the strain rate (in the stationary creep regime) on grain
size for aluminium and magnesium alloys and composites

is characterised by a non-Newtonian flow (n # 1), generally rheofluidifying
(n > 1), sometimes accompanied by a dynamical enlargement of the grains
favoured by stresses. Hence the strain rate generally varies as 02 /d?, where o
is the flow stress and d the average grain size, but sometimes as 02/d* (see
Fig.9.4), while a dependence of type o /d? or o /d? is more commonly observed
in the diffusional creep regime.

Taking as a starting point the kinds of argument used to interpret dif-
fusional creep, several physical models have been developed to account for
superplastic behaviour. Keeping to the main features of the theory and sim-
plifying somewhat, the argument goes as follows: the deformation is explained
by the diffusion of atoms (from faces under compression toward faces under
tension) and the diffusion of cavities in the opposite direction. The latter effect
is activated by the cavity concentration gradient which results from applica-
tion of a stress. A surface subject to tensile stress is assumed to favour cav-
ity formation (cavity concentration per unit volume CT), whereupon cavities
subsequently diffuse in a natural way toward compressed surfaces, or surfaces
under lower tension (concentration C ) to reduce the imbalance (concentra-
tion C' at equilibrium). (This argument can also be formulated in terms of
chemical potentials, although it is not easy to give meaning to this quantity
in a solid.) One then has

C = C() exp ( - AG/]{ZT) y (9].)

Ct=Cexp(+00R/kT), (9.2)
C~ =Cexp(—0Q/kT) . (9.3)
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This amounts to considering that the stress, depending on its sign, lowers or
raises the free enthalpy of cavity formation (AG) by the value +02, where {2
is the volume of a cavity and 7" the temperature. The induced flow of cavities
is then

J=-DVC(C, (9.4)

where D is the coefficient of diffusion and V the gradient operator.
Assuming homogeneous diffusion throughout the volume of the grain, and
assuming also that the latter has equiaxial geometry, the number of cavities
transported per unit time across an area taken equal to d? to simplify can be
written
¢ =—Jd*. (9.5)

Then by (9.1)-(9.4),
¢ = —2DAC'sinh (02/kT) . (9:6)

Diffusion of one cavity produces on average a displacement of amplitude u of
the surface perpendicular to itself, where

u=—02/d*. (9.7)

The quantity u is counted negatively because it is associated here with the
flow of cavities (leading to a loss of matter) and it is thus of opposite sign to
the stress. The flow of atoms varies in the opposite direction and corresponds
obviously to an increase of matter on the faces undergoing tension. Assuming
that this cavity travels a distance d, this gives an elementary strain e = u/d =
—0/d3.

Finally, the strain rate de/dt = ¢e can be written

de 2DC.Qsmh (c02/kT)

- = . (9.8)

Expressing C' in terms of the atomic fraction of cavities v, i.e., C = v/{2, and
noting that for small values of its argument sinhx = x, which corresponds
to the common case where of? < kT, the last expression reduces to the
characteristic relation for Nabarro—Herring creep by bulk diffusion:

de o

i 2DV7]€Td2 ; (9.9)

where the temperature dependence is essentially contained in the diffusion
coefficient D = D exp ( — AGO/kT).

When diffusion paths are limited to grain boundaries, only a fraction of
the volume of the material need be taken into account, and a factor §/d must
be applied to the last expression, where 0 is the boundary thickness, in order
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Fig. 9.5. Grain size dependence of the strain rate

to obtain an expression for the rate. One then obtains a similar expression to
the one proposed by Coble on the basis of deformation via diffusion in grain
boundaries:

(9.10)

In the latter case, it is the diffusion coefficient Dy in the grain boundaries
that must be taken into account.

It is interesting to note that, when the grain size tends to the interatomic
distance a, equation (9.9) leads to

kT

= (9.11)

1N X
where 1 o< 0/(de/dt) is the coefficient of viscosity. This therefore leads to an
expression similar to the Stokes-Einstein equation [9], which governs viscous
flow, and this suggests that to a first approximation a glass can be viewed
as a polycrystalline material in which the grain size is on the scale of the
interatomic distance. Figure 9.5 gives a schematic representation of the various
deformation regimes.

Comments

e In most cases, deformation by creep results from a combination of vari-
ous types of creep, i.e., Nabarro—Herring, Coble, etc., and the total strain
can be interpreted as the sum of the components associated with diffu-
sion mechanisms, dislocation movements, sliding at grain boundaries, and
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Fig. 9.6. Formation of flow superstructures during superplastic deformation of fine-
grained materials [11]. Sliding is localised along boundaries of regions indicated

by

arrows A and B. The superstructures grow more easily visible as the relative

extension increases [progression from (a) to (c), via (b)]

damage (cavitation, microfracture). In the case of superplastic flow, it has
been shown that intergranular sliding represents the main contribution
to the deformation. This sliding depends a great deal on the nature of
the grain boundaries (amorphous, crystallised, thin, thick) and the crys-
talline misorientation angle between adjacent grains. Hence an amorphous
film and/or a random distribution of this angle favour sliding. Now the
frequency of randomly oriented boundaries is proportional to d2, so that
there is probably an ideal grain size for obtaining large deformations: too
small a size favours the appearance of grain boundaries with particular
coincidence angles, while too large a size will reduce the total surface area
of the grains and thus make sliding more difficult [10].

Relations (9.8) and (9.9) predict a deformation rate that tends to infinity
as the grain size tends to zero. Glass, which can be viewed as an extreme
case, can easily be used to obtain large deformations: several kilometers of
optical fibre can be drawn out from a silica glass preform of centimeter di-
mensions. However, when the constitutive laws determined experimentally
for materials with grain sizes of the order of a hundred nanometers, are
extrapolated down to grain sizes of a few nanometers, the predicted creep
rates are significantly overestimated and temperatures that should be suit-
able for observing a flow (for which de/dt > 1078 s~1) are impossibly low.
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It is found, for example, that a silicon nitride ceramic with nanometric
grains would flow at room temperature, whereas even glasses barely flow
below their glass transition temperature (7, ~ 818 K for window glass).

e Superplasticity generates large relative displacements of the grains. Imag-
ining all these displacements occurring throughout the three dimensions
of a polycrystalline material, one realises how important it is for the ma-
terial to be able to accommodate these relative motions in such a way
as to avoid the appearance of cavities and fractures. The mechanism for
accommodating the flow is thus just as fundamental as the deformation
mechanism associated with it. An optimal range of temperatures and strain
rates is often observed for obtaining large extensions.

e Recent observations seem to show that the deformation generates a flow
superstructure with relative displacements of groups of grains forming rigid
clusters (see Fig.9.6). If this is the case, is it a good policy to try at any
price to produce nanophase materials as a way of reducing the temperature
at which they can be formed by plastic deformation?

9.3 Superplastic Nanostructured Materials

The fabrication of dense fine-grained materials is certainly the most delicate
stage in the lead-up to a forming process based on superplasticity. In order to
develop new alloys with grain sizes of a few tens of nanometers, metallurgists
have turned to cold working processes by severe plastic deformation, torsion
straining (TS), and forced shear obtained by extrusion through a channel bent
through an angle of as much as 90° (equal channel angular extrusion ECAE),
as shown in Fig. 9.7, or again to mechanosynthesis. These processes have led
to a certain degree of success, especially for light alloys, and are able to obtain
submicron grain sizes. However, they cannot produce large solid items. Today,
aluminium, zinc and titanium alloys (e.g., Al-Mg, Al-Zn, Ti-Al) are the main
metal alloys used in superplastic forming processes.

Research on ceramics has led to ingenious ways of synthesising materi-
als with submicron grains. Among the exotic methods used are hydrothermal
synthesis and the sol-gel method, which raise serious difficulties with regard
to preparation time, drying, or again the quantities of material that can be
synthesised; and sintering of ultrafine powders at high pressure (the pow-
ders coming in some cases from organometallic precursors), which raise the
problem of first deagglomerating and then dispersing the powders in a liquid
medium. Several sintering cycles can be imposed to avoid grain enlargement
during the consolidation phase. In all these cases, as the grain size is refined,
it gets more and more difficult to obtain dense materials and the processes
become more costly. Moreover, these materials, still rather uncommon to-
day, exhibit large residual stresses which result mainly from drying and/or
sintering phases, and these make them unstable in use, especially at higher
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Fig. 9.7. Extrusion device with a right-angle bend in the die (ECAE). Several passes
are generally required to produce submicron grain sizes in an alloy initially obtained
in the form of raw foundry ingots. The deformation undergone by the material in
each pass is close to 100% (e ~ 1)

temperatures. Some examples of microstructures with grain sizes of the order
of a hundred nanometers are illustrated in Fig.9.8.

In the face of the difficulties encountered in fabricating dense nanostruc-
tured materials, two questions arise:

e Are dense materials with fine, nanometric, grains always superplastic?
e Is it possible to consolidate the material after forming in such a way as to
give it a satisfactory creep behaviour in use?

The first, essentially fundamental question demands deeper reflection. The
second is of considerable practical importance and should be made the subject
of a thorough investigation, in parallel with the study of superplasticity, to
allow industry to draw proper conclusions concerning the prospects for these
processes.

9.4 Industrial Applications

Superplasticity provides a rapid way of obtaining items with complex geom-
etry in a single forming operation and with relatively low flow stresses. It is
thus easy to understand the growing interest shown by the world of industry
for this property and the superplastic forming (SPF) and diffusion bond-
ing (DB) processes it makes possible, which reduce the required quantities
of matter and fabrication costs. However, industrial applications are still re-
stricted mainly to the aeronautic industry [16] and on the whole concern light
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Fig. 9.8. Examples of microstuctures with submicron grain sizes, demonstrating the
feasibility of synthesising dense nanostructured materials, either metallic or ceramic.
(a) Armco iron after severe plastic deformation and annealing at 247 K. (b) Mono-
clinic zirconia (pure) produced below 727K from a powder obtained by hydrother-
mal synthesis [14]. (¢) Yttrium oxide (Y2Os) sintered with 1% MgO. From [15].
Reproduced with the kind permission of Macmillan Publishers (©) 2000

aluminium and titanium alloys (see Fig.9.9). Titanium alloys are the most
widely used today because these were the superplastic alloys first developed
industrially, with TA6V being the main representative. Superplastic forming
can be used to obtain in a single operation an element that would otherwise
have required the assembly of several parts by riveting. Assembly times are
thereby greatly reduced and, by avoiding extra thickness due to assembly,
superplastic forming can also make lighter elements. Although superplasticity
has been demonstrated in fine-grained ceramics, and in particular in stabilised
tetragonal phase zirconia (Y-TZP), the fabrication of ceramic items using this
property remains a laboratory curiosity that has barely entered the research
and development stage. There are nevertheless several remarkable examples:
the fabrication of missile nozzles and axially symmetric elements by the US
group Lockheed (see Fig.9.9b) [16], and the forming of parabolic sheaths to
protect the leading edges of helicopter rotor blades at the National Industrial
Research Institute of Nagoya (NIRIN, Japon).

Concepts and Terminology

Strain. Ratio of the change in length to the initial length of a structure, e.g.,
e = (L — Ly)/Lo (relative extension). For large strains, we write
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(a) (b)

Fig. 9.9. (a) Service panel made from the titanium alloy Ti6Al4V (TA6V) for
the Airbus A300/A310 [16]. (b) Stabilised zirconia (Y-TZP) elements produced by
Lockheed Martin Missiles & Space Co. (USA), obtained by superplastic forming
under a gas pressure of 690kPa at 1277 K [17]

. /LdL L
— — = In — .
Lo L Ly

Stress. Ratio of a force to the projected area of the surface on which it is
applied, viz., o = F//S. Note that, for large strains, the change of area gener-
ated by the deformation cannot be neglected. For a uniaxial strain with the
volume assumed constant, o = ogexpe, where o9 = o(L = Ly). The unit of
stress is the pascal (Pa).

Striction. Sudden narrowing of the cross-section of a test bar under tension
resulting from strain localisation and leading to rupture.

Creep. Change in the geometry of a structure under constant load. A ther-
mally activated phenomenon.

Cavity. Void or point defect left by the departure or absence of an atom in
an atomic lattice.

Coefficient of Viscosity. A coefficient expressing the proportionality between
the shear stress and the resulting rate of angular distortion in Newton’s law
of viscous flow, viz.,

dy
T:na

By abuse of language, 7 is often called the viscosity.

Glass. Non-crystalline (amorphous) solid in which the glass transition occurs.
Material obtained by quenching a liquid, i.e., freezing in the disordered struc-
ture.

Ceramic. Non-metallic inorganic solid. Material with ionocovalent interatomic
bonding obtained by a high temperature processing stage.
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Reactivity of Metal Nanoparticles

J.-C. Bertolini and J.-L. Rousset

This chapter will be concerned with the parameters governing interactions
between metallic nanoparticles and a reactive surrounding material, and hence
with the catalytic properties of such nanoparticles. Indeed, most industrial
metal catalysts contain very costly metals, such as the precious metals at the
end of the transition series and the noble metals, and must therefore have as
large a surface-to-volume ratio as possible in order to economise the number
of atoms required. This is the solution provided by nanoparticles.

In Sect. 10.1 we shall see how chemical reactivity can be significantly mod-
ified by using materials in the form of nanoparticles rather than bulk mate-
rials as a way of reducing the number of atoms used. Such modifications
are associated with the intrinsic effects of using very small particles, such
as non-standard structure and specific electronic properties, and also with
the presence of a large number of low-coordination sites such as corners and
edges. These kinds of effects are usually grouped together under the heading
of size effects in catalysis, but they are sometimes also referred to as structural
sensitivity [1,2].

To implement such nanoparticles, one requires a powdered support with
high specific area. The choice and preparation of this support must be tailored
to the type of reactor and the desired reaction. The support can induce elec-
tronic and structural effects on the supported nanoparticles which will modify
their reactivity. It may itself be directly involved in the catalytic process. Mi-
gration from the support to the particle may also favour the formation of
a compound with novel properties via the strong metal support interaction
(SMST). We shall refer to these as support effects, discussed in Sect. 10.2

The performance of a catalyst in terms of activity, selectivity and stability
are also modified by alloying effects when a second metallic partner is intro-
duced [3], and this is discussed in Sect. 10.3. Apart from intrinsic changes in
reactivity due to modifications induced by chemical binding between the two
partners, other parameters may prove relevant in a catalytic process. Indeed,
the active site often comprises not just one but a group of atoms and the activ-
ity will be altered by the effects of dilution, even if the partner is inactive [4].
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This parameter may influence the selectivity when several reactions occurring
in parallel do not require the same number and/or the same arrangement of
surface atoms at the active site. Complementary chemical reactivity of the
different elements present on the particle surface with regard to the various
reactants can also, by synergy, greatly amplify the reactivity of small alloy
particles.

These effects of size, support and alloying can be exploited to design and/or
synthesise tailor-made catalysts with better performance, i.e., more active
and/or more selective, but there can be drawbacks, e.g., catalyst grains may
be partly deactivated in certain reactions. In each case, the effects will be
illustrated by examples of relevant catalytic reactions.

10.1 Size Effects

The transition from the cluster containing several atoms to the nanoparticle
comprising several tens of atoms to several hundred atoms will be discussed
first. We shall then consider a few specific properties of nanoparticles which
govern their chemical reactivity in chemisorption and catalysis through their
intrinsic electronic and geometrical properties.

10.1.1 Structural Properties
From Molecular Clusters to Particles

For very small sizes, of nanometric order, a cluster is not necessarily anything
like a simple chunk cut off from the corresponding crystal. In its quest for
stability, the nanoscale cluster may even assume non-crystalline structures,
including the icosahedron (with a Cs symmetry axis) and the truncated dec-
ahedron amongst others (see Fig.10.1).

As the particle size increases, structural changes thus occur so as to leave
the system in the most favourable energy state. It should be noted that the
size corresponding to such modifications depends to a large extent on the
metal. For example, in the case of copper or silver, the icosahedral form is the
most stable up to several hundred atoms, whereas the fcc structure (i.e., the
structure of the bulk crystal) of the truncated cubo-octahedron is already the
most stable for a few tens of atoms in the case of Pd, Pt or Au [5].

Dispersion and Equilibrium Shape
of Face-Centered Cubic Nanoparticles

As discussed above, the equilibrium shape expected for a metal particle with
fce structure is generally a cube truncated to form a cubo-octahedron, as
shown in Fig. 10.2 for a nanoparticle containing 586 atoms. Recall that the fcc
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Fig. 10.2. Truncated cube or cubo-octahedron, the equilibrium shape of an fcc
crystal comprising 586 atoms

structure is the one found in the noble metals (Cu, Ag, Au) and the d metals
at the end of the transition series (Ni, Pd, Pt), widely used in catalysis.

As the particle size changes, the dispersion, i.e., the ratio of the number of
surface atoms to the total number of atoms, will change, and so will the nature
and number of sites with specific positions on faces, edges and corners. These
sites have different coordination numbers, i.e., different numbers of nearest
neighbours. The coordination, with value 12 for an atom in the bulk, can take
a range of values at the surface: 9 for close-packed (111) facets, 8 for (100)
faces, 7 for atoms on edges and 6 for atoms at corners in fcc metals. The
variation in the number of atoms with different coordinations as a function of
the total number of atoms is given in Table 10.1 for a cubo-octahedron of an
fce crystal.
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Table 10.1. Numbers of atoms in different positions in a cubo-octahedral particle
and considering successive filled shells, according to Van Hardeveld and Hartog [6].
Z is the coordination number of the atoms under consideration

Total number Number of Number of  Number of Number of Number of
of atoms surface atoms corner atoms edge atoms atoms of  atoms of
Z =6 Z =1 type (100) type (111)
Z =8 Z =9
38 32 24 0 0 8
201 122 24 36 6 56
586 272 24 72 24 152
1289 482 24 108 54 296
2406 752 24 144 96 488
4033 1082 24 180 150 728
6266 1472 24 216 216 1016
9201 1922 24 252 294 1352
12234 2432 24 288 384 1736
27534 3632 24 360 600 2648
46 929 5882 24 468 1014 4376
1,0 3 100
g 0,8 *\ g 80 \ | |—= Coins %
g 0,6 \ % 60 \/MJ —— Arétes %
% 0,4 2 40 —--<100> %
2 02 T 7 0] | |-<1115 %
]
0 T T T T T T ES 0 T T T T T
0 1 2 3 4 5 6 7 0123 45 617
Taille (nm) (cas du Pd) Taille (nm) (cas du Pd)

Fig. 10.3. Size dependence of the dispersion and relative frequency of various sur-
face sites for a Pd particle (fcc metal with lattice parameter 0.389 nm)

Figure 10.3 shows the size dependence of the dispersion and surface per-
centage of atoms with different coordinations for cubo-octahedral nanopar-
ticles of the fcc metal palladium with lattice parameter 0.389nm (see also
Fig.10.2).

Moreover, the environment of the different surface atoms with the same
coordination can vary depending on their position. This is the case for the
atoms with coordination 7 that can be seen in Fig.10.2, considering on the
one hand the edges joining two close-packed facets of type (111) where there is
a hexagonal arrangement of surface atoms, and on the other hand, the edges
joining a (111) facet with a truncation of the cubo-octahedron of type (100)
where there is a square arrangement of atoms.
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Fig. 10.4. Size dependence of the melting temperature of gold

At the surface, interatomic distances are generally observed to contract [7].
This is a consequence of the fact that bonds are broken at the surface. The
contraction between surface atoms and atoms in the immediately underlying
plane depends on the coordination number Z of the surface atoms, increasing
as the coordination number of the atoms decreases. This has also been shown
for monocrystals, e.g., in nickel, the contraction is close to 10% for the (110)
face where Z = 7 [8], whereas it is only 1-2% for the close-packed (111) faces
with Z = 9.

The adsorption of reactants will saturate any dangling bonds, which then
means that interatomic distances will return to values closer to those measured
in the bulk 3D crystal [7].

Effect of Size on Melting Temperature

The contribution of the surface to the energy of the system also tends to
facilitate melting as the system dimensions decrease. The reduction in melt-
ing temperature has been observed experimentally in several cases [9] and
has been predicted in many theoretical studies. The physical reason for this
reduction can be explained qualitatively by the Lindemann criterion, which
stipulates that a bulk material will have melted when fluctuations (due to
the temperature) in interatomic distances reach a certain value, viz., about
10% of the lattice parameter. If this criterion is assumed to remain valid for
nanosystems, it is clear that the many surface atoms, being less restricted in
their thermal motions, will fluctuate more easily spatially, thereby lowering
the melting temperature. For example, Buffat and Borel [9] have shown by
electron diffraction that a 2-nm gold particle melts at 573 K, i.e., at a tempera-
ture 700 degrees lower than solid gold. The change in the melting temperature
of gold with the particle size is illustrated graphically in Fig. 10.4.
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This property is only very rarely considered with regard to the reactiv-
ity of small metal particles. However, it may lead to quite unexpected conse-
quences in reactions occurring at high temperatures, carried out below and/or
above the melting temperature. Hence, the different morphologies of carbon
nanotubes formed by catalytic decomposition of polyethylene at 700°C and
800°C is explained by the fact that the nickel catalyst particles go from the
solid to the liquid state between these two temperatures [10].

Another important consequence in catalysis is the greater mobility of
smaller supported particles in the various heat treatments (calcination, re-
duction, reaction) of catalysts and hence a greater tendency to sintering, an
undesirable effect in catalysis.

10.1.2 Electronic Properties

There are two different ways to assess the properties of clusters with dimen-
sions between the simple atom and the macroscopic crystal. Small clusters are
treated theoretically as large molecules and the techniques of quantum chem-
istry are brought to bear to describe their magnetic, optical and electronic
properties. Larger particles are often treated as part of the bulk material,
specific electronic properties being related to the large proportion of surface
atoms and their positions at the surface of the nanoparticle.

Very small metal clusters exhibit characteristics that change radically and
rapidly with size. As regards electronic properties, the first task is often to
identify the size, or size range, at which the metal-insulator transition oc-
curs. To answer this question, the energy difference between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) is traditionally considered to be analogous to the band gap separat-
ing valence and conduction bands in the bulk material. The reduction in the
HOMO-LUMO energy difference down to a value close to zero is thus com-
monly taken to indicate the transition to the metallic state. Figure 10.5 com-
pares values of the HOMO-LUMO energy difference deduced by calculation
with experimental values for magnesium clusters [11]. A fast overall decrease
is indeed observed in the HOMO-LUMO gap, even though this decrease is far
from monotonic and depends to a large extent on the exact number of atoms
contained within the structure.

For larger clusters, the variation in electronic characteristics becomes
monotonic, and more importantly, more gradual. The overall properties now
tend slowly toward those of the bulk solid, and understanding the electronic
properties of active sites reduces to understanding the electronic structure
of surface atoms. It is in fact the number of surface atoms and their lack of
saturation, which vary one way or the other depending on the nanoparticle
diameter, that will determine local electronic properties at the surface and
the consequent chemical reactivity.

In the framework of the tight-binding model [12,13], well suited to the
transition metals, the width of the valence band falls off with the coordination



10 Reactivity of Metal Nanoparticles 287

L L A
q (®) 1
- AY -
20f N, -e- Mg, : Gap HOMO-LUMO ]
S L ¥ ~e- Mg : Expérience ]
2 L \ ]
2 15 \ ]
o0 [ o'
9] [ BN Y .
15 3 ® "/.\ ,r \ ]
< 1,0F P ooy E
= ° " ! \
< ., J e [N r
) . ®: b 1R
oslh o, Y IR\ ," ‘e
’ -_ . ‘ . ° \r“ l’_." "x‘ ]
(I'Y \‘ '.
‘o-a o °
0,0 N T AP S T
0 5 10 15 20 25
n

Fig. 10.5. Calculated and experimental values of the energy difference between
the HOMO and LUMO as a function of the number of atoms contained in Mg
clusters [11]
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Fig. 10.6. Schematic representation of the narrowing of the surface band width
(left) and shift of the surface valence band imposed by charge neutrality (right).
The illustration is made for a relatively full d band, i.e., a metal at the end of the
transition series

number Z in proportion to v/Z. The valence band is thus narrower at the
surface. This narrowing of the band width at the surface, coupled with the
requirement of local electronic neutrality, leads to a shift in the surface valence
band to align the Fermi level fixed by the density of states of the bulk atoms
(see Fig.10.6). The direction of this shift depends on the filling of the d band
and it vanishes for a half-filled band.

It should also be noted that the fine structure of the valence band under-
goes further modifications depending on the coordination number.

Local electronic densities are therefore modified by the different coordina-
tions of surface atoms, leading to differences in reactivity. Indeed, as has been
shown by several groups [14-16], the position of the centre of gravity of the
band is an extremely important parameter as regards the interaction between
the surface and the molecular orbitals of adsorbates, partly through the do-
nation of electrons from filled orbitals of the molecules to the surface, and
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partly through back-donations of electrons from the solid to the antibonding
orbitals of the molecule.

For example, on a platinum surface, the adsorption energy of molecules
like CO, NO, oxygen, or hydrogen increases as the valence band shifts upward,
i.e., as the coordination number decreases [16,17].

More generally, the elementary processes involved in catalysis, i.e., adsorp-
tion, dissociation, recombination, and desorption (see the Appendix at the end
of the chapter) will all depend on the coordination numbers of surface atoms.

10.1.3 Reactivity in Chemisorption and Catalysis
of Monometallic Nanoparticles

We have seen how surface sites can vary with particle size, and thereby con-
stitute specific sites with regard to chemical reactivity. It is when the particle
dimensions are reduced to the nanoscale that the relative variation of the dif-
ferent sites becomes most marked. It is also in this size range that the physical
and electronic properties of the particles vary the most. Specific chemisorption
and catalytic properties can thus be expected in the ‘nano’ range of particle
sizes. We shall see below how the coordination of surface atoms and their geo-
metric configuration, together with the associated modifications in electronic
properties, can predetermine these chemisorption and catalytic properties.

Reactivity of Free Clusters

Beams of transition metal clusters with very small dimensions have been pro-
duced in some laboratories, and their reactivity with small molecules mea-
sured. This reactivity depends on the number of atoms contained in the clus-
ter. For example, the dependence of the rate of addition of hydrogen Hs on
free iron clusters varies considerably with the number of atoms contained in
the particle (Fig.10.7). The activity, zero below four or five atoms, increases
quickly, stabilises, and then drops rapidly between Fey5; and Fe;g before assum-
ing a high, stable value above Fegg [18,19]. The reactivity of iron clusters with
water Ho0 and ammonia NHj follow practically the same variations [18,19].
Strictly speaking, one cannot use the term ‘magic numbers’, but one can
say that there are significant structural changes in clusters around Fe;4, and
Fe;5, arising in such a way as to minimise the free energy of the cluster. It is
also tempting to suggest a correlation between the reactivity and the ionisation
potential in these small clusters (see Fig. 10.7). In this context, the reactivity
of gold clusters with Os has been investigated both experimentally and the-
oretically [20-24]. The various authors cited have shown that the adsorption
of Oy on very small Au, clusters is different from (less than) adsorption on
Au;;, indicating that the charge increases the reactivity of the cluster with
respect to oxygen. More precisely, the activation of Oy is a consequence of
charge transfer from the gold into the antibonding 7* orbital of the oxygen
molecule. The binding energy of the oxygen with Au,, or Au, thus depends
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Fig. 10.7. Dependence of the hydrogen addition rate (k) and ionisation energy (IP)
on the number of atoms in iron clusters [18]

on the parity of the number of electrons in the cluster. The binding is strong
when the number of electrons is odd. A possible explanation [24] is that the
cluster with an odd number of electrons has a smaller ionisation potential,
thereby increasing the availability of the HOMO electrons. Other measure-
ments carried out on Au;, (n = 2,...,22), have shown similar behaviour [22],
also explained by a correlation between the weak electron affinity of the clus-
ter and its high reactivity with oxygen. Naturally, addition of an electron to
a small cluster with discrete and well separated electron energy levels can
greatly affect the energy level of the HOMO. On the other hand, it should be
noted that, for clusters comprising a hundred or more atoms, the gap between
electron levels close to the Fermi level can be considered as a continuum and
an additional electron will not significantly modify their Fermi levels. In any
case, this shows, if such was necessary, that the reactivity and the electronic
(and atomic) structure are related.

It is quite clear that free clusters cannot be used as such in catalysis, i.e.,
they must be supported if they are to be exploited as catalysts.

Reactivity of Monometallic Catalysts

Some work has been done on the reactivity of mass-selected supported metal
particles with very small sizes. It has been shown that the chemisorption
properties of supported clusters, in the size range from a few atoms to several
tens of atoms, varies with the number of constitutive atoms [25,26]. Their
reactivity with regard to bond breaking (dissociation of CO [25,26]) or bond
formation (trimerisation of acetylene [27]) also varies significantly with the
number of atoms making up the cluster. It seems as though the reactivity of
very small clusters (at most a few tens of atoms), even supported, is related
to their particular and distinct electronic properties for clusters containing a
well-defined number of atoms.
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However, the vast majority of industrial catalysts prepared in a more con-
ventional way have sizes between one and a few nanometers, i.e., they comprise
several hundred or several thousand atoms. We shall choose our examples from
amongst these, considering metals supported on supports that are generally
considered to be ‘neutral’, i.e., having no decisive effect on the properties of
nanometric catalysts. It is then the electronic and structural properties of the
surface atoms that control the reactivity.

Chemisorption Properties

Chemisorption without dissociation is an elementary step which provides a
measure of the reactivity of a solid surface. It is also a first decisive step in
the catalytic process: by destabilising the molecule to be transformed, the
catalytic solid succeeds in lowering the energy barrier to be overcome in order
to modify it and thereby accelerates the process at a given temperature (see
the Appendix at the end of the chapter).

Furthermore, as we saw earlier, the whole chemisorption phenomenon (the
nature of the adsorption site and the number of atoms it contains, the adsorp-
tion force, and so on) must depend on the structure of the surface sites and
hence on the size of the nanoparticles. Apart from the reactivity itself, the en-
ergetic or spectroscopic characterisation of molecules adsorbed onto surfaces
with given crystallographic orientation and onto particles with perfectly con-
trolled morphology provides a way of assessing surface sites on conventional
catalysts, exploiting the idea of a probe molecule.

Consider for example the case of CO adsorbed onto Pd, for which many
experimental and theoretical studies have been carried out on monocrystals
with various orientations and on well characterised particles deposited on
different supports [28-32]. The adsorption energy of the CO falls rapidly when
the Pd particle size increases from 1.5 to 5nm, the size for which the values
become comparable with those obtained for bulk Pd (see Fig.10.8) [28,29].
This is true not only for supported Pd particles made by the usual means for
preparing catalysts on different supports, such as SiOs, Al;O3, Si02—Al; O3,
or TiOy (see Fig.10.8 left), but also for model catalysts prepared by atomic
beam on a plane monocrystalline MgO support (see Fig. 10.8 right).

TRRAS data (infrared reflection absorption spectroscopy) of CO adsorbed
at room temperature on model catalysts made from small Pd particles de-
posited by atomic beam on a plane support [nanometric film of alumina ob-
tained by oxidising an NiAl (110) monocrystal, see Fig. 10.9 left], and IRTF
(infrared transmission) data on a powder catalyst (see Fig. 10.9 right) are very
similar.

From the data obtained by vibrational spectrometry of the CO adsorbed
on Pd monocrystals, and on the basis of detailed knowledge of the morphology
of the Pd particles deposited on model supports, Freund et al. [31,32] have
suggested attributing each line to a different adsorption site: low frequency
vibrations correspond to bridged and/or triply bound CO molecules adsorbed
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Fig. 10.9. Left: IRRAS spectrum of CO adsorbed at 300 K on clean Pd/Al;O3/NiAl
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on (100) and (111) facets, while vibrations measured at high energies (2 060
2080 cm™!) would be associated with CO species adsorbed linearly on edges.
It can be observed that the spectrum of chemisorbed CO on the supported
Pd/SisNy catalyst, made from 4-5nm particles, is similar to the spectrum
measured on the model particles; the morphology of the Pd particles is thus
the same. It is in fact the cubo-octahedral shape with (100) and (111) facets
joined by edges and corners which dominates.

The species adsorbed on edges and/or corners are more stable and des-
orb at higher temperatures [30, 32]. This observation is in good agreement
with the increased adsorption energy measured on very small particles (see
Fig. 10.8), which include a large percentage of atoms with a small number of
nearest neighbours (see Fig. 10.3), an increase in energy that is expected from
theoretical calculations [16,17].
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The dependence of chemisorption properties on the coordination of surface
atoms is manifest here. We shall now examine the consequences for catalytic
processes, illustrating with several examples.

Catalytic Properties

We shall discuss here some examples of the particular reactivity of small metal
particles in catalysis. Size reduction can prove useful for catalytic processes,
by inducing better activity and/or better selectivity in the target product
and/or better stability in the catalyst. On the other hand, it may also induce
undesirable effects.

The higher reactivity of atoms with lower coordination (situated on edges
or corners in the case of nanoparticles or on steps in the case of monocrys-
tals) with regard to the breaking of chemical bonds, i.e., dissociation, has
been demonstrated on many occasions [33], and is now treated as acquired
knowledge. One may thus expect higher activity of smaller particles in various
catalytic reactions involving bond breaking, such as:

e Synthesis of ammonia (Ng + 3Hy — 2NHj3) on Fe or Ru, a reaction in
which the very strong N-N bond of Ny must be broken.

e Production of Hy and synthesis gas (mixture of CO and Hs) by decompo-
sition of CHy in the presence of oxygen on Pt or Rh.

e Hydrogenolysis reactions (breaking of C—C bonds in hydrocarbons) on Ni.
Generation of carbon nanotubes by catalytic decomposition of hydrocar-
bons or CO on Fe, Co or Ni.

The advantages of having such highly active sites are nevertheless offset by a
common effect, namely the blocking of active sites (deactivation) by strongly
adsorbed residues. Consider for example the decomposition of methanol
(CH30OH) on Pd. This is easy on small particles, but the deposited carbon
remains adsorbed on the surface and thus blocks the highly reactive sites on
edges [32]. This has been clearly demonstrated by IRRAS of adsorbed CO as
probe molecule, where it is found that the CO no longer adsorbs onto edges
when the catalyst has been exposed to methanol (see Fig. 10.9 left). Here is a
sign of the conflict between the fact that a particular site can be highly reac-
tive with respect to the target reaction, in this case decomposition, and the
fact that it can be blocked by very strong preferential bonding with residues
in the same decomposition, leading to deactivation of the catalyst.

To end, let us illustrate the size effect for palladium in hydrogenation
reactions of unsaturated hydrocarbons, i.e., hydrogen addition reactions [34].
In Fig. 10.10, it can be observed that the activity of surface atoms with regard
to hydrogenation can be independent of the particle size (as happens with
olefins like butene-1), but it can also be strongly dependent on the dispersion
(as happens with the alkynes and conjugated dienes such as butadiene-1,3).
Once again, variations are particularly clear between 1.5 and 4 nm.

The selective hydrogenation of alkynes and dienes in the presence of olefins
is in fact an important reaction in industry, used to eliminate impurities, e.g.,
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0 is the particle size and Ny is the total number of metal atoms in a particle of
size 0 [34]

alkynes or dienes, present in small proportions in olefins produced by the
petrochemical industry. Any hydrogenation of the target product, in this case
the olefins, precursors for many polymers, should be avoided since saturated
hydrocarbons resulting from total hydrogenation have almost no market value.
Looking at the two graphs in Fig. 10.10, it is clear that the very small Pd par-
ticles will be less selective and hence less effective for this catalytic purification
of the olefins. However, they may well prove more useful in other reactions.

10.2 Support Effects

The presence of a support can influence particle morphology. While cubo-
octahedral particles are generally formed (see Fig.10.11a), particles inter-
acting with a support can assume different equilibrium shapes from those
expected for the free nanoparticle of the same size (see Fig. 10.11b).

The interaction with the support depends on the metal-support pair. A
priori, two effects are therefore expected, depending directly on this interac-
tion:

e FElectron transfer to or from the support, so that the particles have either
an excess or a deficit of electrons and consequently have less tendency to
accept or donate electrons, respectively.

e An epitaxial stress that can modify the particle structure (see Fig. 10.11),
the lattice parameter, and/or the particle morphology.

These effects will be more marked for smaller particles and will of course
modify their properties with regard to chemical reactivity. The support may
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Fig. 10.11. High-resolution TEM images of Pd particles deposited by atomic beam
on amorphous carbon, illustrating the different shapes: (a) cubo-octahedral (pre-
dominant) and (b) icosahedral (with Cs axis perpendicular to the support plane).
Reprinted from [35] with the kind permission of Elsevier

also play a role in the catalytic process if it is itself involved in the reaction.
This is bi-site catalysis.

These different influences can be used to explain the unexpected properties
of small gold particles when catalysing the oxidation of CO at low tempera-
tures, as observed by Haruta and summarised in the review article by Bond
and Thomson [36]. It was at first thought that the observations could be ex-
plained by a specific property of the very small gold particles in contrast to
the bulk metal. However, as we shall see below, for particles of the same size,
the activity depends on the support.

In order to make direct observations of the contribution of the support to
the system reactivity, clusters of the same size and the same morphology must
be deposited on different supports. This can be done by laser vaporisation, for
example (see below). Gold nanoparticles of average diameter 3nm deposited
on TiOs, ZrOs and Al;O3 powders exhibit very different catalytic activities
with regard to oxidation of carbon monoxide (see Fig. 10.12) [37].

Tt is sometimes suggested that electronic effects and morphological and/or
structural changes in the gold particles induced by interaction with the sup-
port are what lead to differences of activity in this reaction. The modified
gold is then assumed to be able to dissociate oxygen, a basic step required in
the reaction and known to be impossible at the relevant temperatures when
using bulk gold. However, the support itself can be invoked as the source
of oxygen, the role of the gold being to ‘activate’ the CO (bi-site catalysis).
Indeed, the results can be explained by the fact that TiOs (and to a lesser
extent ZrOs) are easily reduced and therefore capable of stocking or supplying
oxygen during the catalytic process.

Note that this bi-site catalysis indirectly induces a size effect quite inde-
pendently of the particular electronic properties of the clusters under consid-
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Fig. 10.12. Temperature dependence of the conversion percentage for oxidation
of CO on gold catalysts: Au/Al;O3 (diamonds), Au/ZrOs (circles), and Au/TiOq
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eration (see the last section). In this case the relevant parameter which can
explain the variations in catalytic activity is simply the perimeter of the clus-
ter where active sites for oxygen adsorption would be located, the CO being
adsorbed on the gold [38].

In parallel with such interactions specific to the metal-support pair, a
true chemical reaction may occur between support and particle under certain
reaction conditions, leading to coating and/or compound formation (often
restricted to the particle surface) in the place of the metal particle. This is
the effect known as strong metal support interaction (SMSI) in catalysis. Such
compounds generally form via surface migration of the support modified by
the reactive medium on the metal nanoparticle. It can be reversible.

The best known classic example in catalysis concerns Pt supported on
TiOs. Annealing above 450°C, it is observed that the Pt is encapsulated
by a layer of titanium oxide. The smallest particles are encapsulated most
quickly. The SMSI phenomenon reduces the chemisorption capacity of the
catalyst [39]. The formation of surface compounds has now been observed
in many other cases. An example is the formation of transition metal sili-
cides observed during processes with Ni or Pd catalysts supported on SiOs at
high temperatures in a reducing medium. The fully or partially reduced silica
becomes mobile and migrates across the particle.

10.3 Alloying Effects

In alloys, several further parameters must be taken into account: the surface
composition, the relative positions of the two components, and the associated
changes in electronic properties.
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10.3.1 Effect of Surface Segregation

The surface composition is controlled by the effects of segregation of one of
the partners on the surface, this happening so as to minimise the energy at
thermodynamic equilibrium. It is usually the element with the lowest sur-
face tension which segregates at the surface. This phenomenon is enhanced
when the segregating element has the largest atomic radius. However, the phe-
nomenon of surface segregation is moderated for A—B alloys with exothermic
formation energy, i.e., those with

1
AHp g > i(AHA—A + AHg B) ,

but enhanced for endothermic alloys with a demixing tendency [40].

Moreover, surface segregation effects are amplified on more ‘open’ faces,
i.e., those composed of surface atoms with smaller coordination number. For
example, in fcc systems, surface segregation effects are greater on less dense
faces than on very close-packed (111) faces: (110) > (100) > (111) [40,41].
On nanoparticles, one consequence of this effect is that an excess concentra-
tion of atoms that segregate towards the surface is expected at edges and
corners. This is clearly demonstrated by Monte-Carlo-type statistical simula-
tions applied to bimetallic nanoparticles in combination with a broken-bond
thermodynamic model for extended surfaces (see Fig. 10.13) [42].

In the case of nanoparticles, the law of mass action must of course be taken
into account, i.e., one must consider the fact that the atoms that segregate
at the surface will be depopulated in the core of the particle. This phenom-
enon will become more important as the particle gets smaller, i.e., when the
dispersion (ratio of surface atoms to total number of atoms) is high.

Segregation phenomena sometimes suffice to explain the reactivity of
bimetallic catalysts. For example, two important results have been demon-
strated from studies of the hydrogenation of toluene and tetralin [43] in the
presence of sulfur on PdPt catalysts with different compositions (Pdjgg, Pt100,
PdgsPtss, Pdi7Ptgs) combined with low energy ion back-scattering measure-
ments (a technique for identifying surface composition) and Monte Carlo sim-
ulations (see Fig.10.13). Firstly, the activity of PdgsPtss is comparable with
that of pure palladium. Given that the alloy PdgsPtss only has Pd atoms in
the first layer, as shown by low energy ion back-scattering, but with Pt nearest
neighbours located in the underlying layer, any electronic effect of the plat-
inum on the palladium can be excluded. Concerning the catalyst Pd;7Ptgs,
which has 50% Pd at the surface, its reactivity is intermediate between that
of Pd and that of Pt. The results can be perfectly well explained by the addi-
tivity of the catalytic properties of the corresponding pure metals, weighted
by the respective surface concentrations of the two constituent elements.

The example of reforming methane on Au—Ni catalysts illustrates the con-
sequences of the specific localisation of certain elements on edges and corners.
This hydrogen production reaction, in which water and methane are brought
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Fig. 10.13. Monte Carlo simulations of bimetallic clusters Pd17Pts3 containing (a)
201, (b) 586, (c) 1289 and (d) 2406 atoms. Dark grey and light grey spheres represent
Pd and Pt atoms, respectively [42]

into contact at high temperature to give CO5 and Hs, is catalysed by Ni.
However, a carbon-bearing deposit is often observed to form, deactivating the
catalyst. The carbon-bearing deposits nucleate at corners and edges of the
nickel particles [44]. Adding gold to the nickel makes the catalyst much more
resistant to carbon deposits [44]. In fact, the gold segregates at the surface
mainly on the weakly coordinated sites, i.e., edges and corners and ‘blocks’
the sites responsible for deactivation of the catalyst [45,46].

In other cases, in fact most cases, the catalytic modifications observed by
associating a second metal can also be related to effects that are readily di-
vided into geometric and electronic effects. However, electronic and geometric
influences can only rarely be completely separated as independent parameters.
For example, increasing the size of a metal particle causes a broadening of the
valence band, but also modifies the structure of the planes and the surface
topology.

10.3.2 Geometric Effects

Geometric effects are related on the one hand to dilution of an active metal
by a less active metal with respect to some given reaction (dilution effect) and
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on the other hand to structural changes, such as the appearance of an ordered
arrangement of the partners at the surface (surface structures) and/or surface
reconstructions.

The dilution effect can change the distribution of sites on the surface com-
pared with the distribution for pure metals (ensemble effect), but it can also
modify the interactions between molecules adsorbed on the surface. The first
work showing the existence of dilution effects dates back a long way [47,48].
It was shown that certain reactions require several adjacent atoms in order to
proceed. This geometric model has recently been revived. Consider for exam-
ple the work by Martin et al. [49] who showed that the dilution of Ni atoms
by Cu atoms leads to a considerable reduction of activity, as compared with
the results for pure Ni, in the hydrogenolysis of saturated hydrocarbons and
the hydrogenation of benzene. These authors also show that three adjacent
Ni atoms are needed for the latter reaction. Likewise, Sachtler et al. [50] ob-
served that the substitution of Au atoms for Pt atoms at the surface increases
the isomerisation of n-hexane and decreases aromatisation and hydrogenolysis
reactions of n-hexane.

One consequence of this ensemble effect is to eliminate all catalytic reac-
tions that require a large number of contiguous atoms of the same kind as
active site, while other reactions are considerably less affected. The ensemble
effect can thus be decisive for controlling the selectivity of a catalytic reaction.

10.3.3 Electronic Effects

This heading refers to electronic modifications induced either by interaction
between the two metals, e.g., formation of a chemical bond between the two
partners, charge transfer, polarisation, etc., or by the stress exerted on the
catalytically relevant metal by its partner. Once again, these influences will
modify the valence orbitals of the surface sites of the catalyst, and hence
also the interactions between the molecular orbitals of the reactants and the
reaction products.

Most fundamental studies regarding electronic effects are carried out on
alloy monocrystals or on metal monolayers deposited on a metallic substrate.
In this case, the electronic properties of surface atoms, the main actors in
catalytic reactions, can be probed and dilution effects neglected.

For example, Rodriguez et Goodman [51] have carried out parallel in-
vestigations of electronic and chemisorption (with respect to CO) proper-
ties of bimetallic systems obtained by depositing Pd on another transition
metal, viz., Ta(110), W(110), Ru(0001), Mo(110), Pt(111), Re(0001), and
Rh(100). All these deposits display pseudomorphic growth, in which deposited
atoms adopt the lattice parameter of the substrate. The study shows that
the increased binding energy of the 3ds/, core levels o