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Preface

Understanding the size and shape dependence of physical properties in nanoscale
particles is a fundamental step towards the design, the fabrication, and the assembly
of materials and devices with predictable behavior. In recent years, there has been a
remarkable advancement in the ability to fabricate shape-controlled nanoparticles,
for example rods, wires, and nanoparticles with branched shapes, especially via
synthetic approaches in solution. Shape-controlled inorganic nanoparticles are
among the most promising candidates as building blocks in nanoscale materials and
devices, both because their physical properties are modified considerably compared
to those of spherical nanoparticles and because their intrinsic geometry opens many
new opportunities for their assembly into organized super-structures. In this book,
we have decided to review the physical properties of elongated inorganic nano-
particles, with particular emphasis on the transition in these properties when the
shape of the nanoparticles evolves from a sphere to a rod, but we will consider in
many cases also nanowires. From the point of view of specific properties and
materials, we have decided to cover the optical properties of semiconductors and
noble metals, the electrical properties of semiconductors, the magnetic properties of
various metals and metal oxides, the catalytic properties of various classes of
materials, and the mechanical properties of metals and metal alloys.

Chapter 1 will give an introduction into some basic quantum physics concepts,
specifically tailored to the following Chaps. 2 and 3 that are devoted to the optical
and electrical properties of semiconductor nanorods. Semiconductor nanocrystals
are among the most studied materials in nanoscience nowadays, due to the large
number of potential applications employing these materials, for example, in
optical devices (lasers [1–3], light emitting diodes [4, 5], photo-detectors [6], solar
cells [7–9]), or biological labeling [10, 11], to cite a few. Elongated, rod-shaped
semiconductor nanocrystals possess interesting physical properties which depend
on their size, aspect ratio, and chemical composition, and these nanoparticles have
been proposed as active materials in light emitting devices [12], photocatalysis
[13], optically induced light modulation [14], photovoltaics, [7–9, 15] wave-
function engineering [16–18], and optical memory elements exploiting the exciton
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storage process [19]. More in general, these nanoparticles have been considered as
replacement for spherical nanocrystals (the so-called ‘‘quantum dots’’) in all those
studies in which the elongated shape could in principle add new or improved
properties.

Chapter 4 will deal with optical properties of elongated metal nanocrystals.
Metallic nanocrystals have been proposed in a wide range of applications in
various fields, among them sensing, biosensing, photodynamic therapy, photo-
voltaics, optics (light emitting diodes, photo detectors, lasers, imaging techniques
beyond the diffraction limit), nano-optics, and nano-electronics (for example
plasmonic waveguides) [20–32]. Metal nanostructures can interact strongly with
light in the visible and near infrared region of the spectrum, due to the presence of
free electrons, which can be promoted both to empty energy levels in the same
band or to levels of an empty overlapping band. An incident electromagnetic field
can elicit collective oscillations of these free electrons [20–23], which cause a
displacement of the electrons from the nuclei, leading to the formation of various
possible distributions in the surface charges. This creates Coulomb interactions
between positive and negative charges, which induce restoring oscillating forces
acting on free electrons. Each type of surface charge distribution is characterized
by a collective oscillation mode, also termed as localized surface plasmon reso-
nance. Various factors influence the possible types of SPRs in nanostructures and
the frequencies at which they are observed and the shape of metal nanoparticles is
certainly one of them. As an example, in rod-shaped nanoparticles the plasmon
mode is split into two modes, a longitudinal one and a transverse one. There are
many other physical effects connected with an elongated shape which differ from
the spherical case, and these will be covered in detail in Chap. 4.

In Chap. 5 we will review the magnetic properties of elongated nanoparticles.
Many of the applications of magnetic nanoparticles are in life sciences and bio-
medicine [33–35]. Superparamagnetism is the term used for describing the absence
of coercivity and remanent magnetization in particles that still maintain a con-
siderable amount of polarizable spins under the effect of an external magnetic field
[36, 37]. These magnetic nanocrystals, also known as superparamagnets, combine
their reduced sizes with their magnetic field responsive character even if no
residual magnetization is observed in the absence of an external magnetic field.
For this reason they have been proposed as vectors for both in vitro and in vivo
transport of different drugs or biomolecules attached to their surfaces, thereby
providing selective access to cellular or molecular levels which are inaccessible to
conventional therapeutic approaches. In the same way, they can also be used in
biodetection and bioseparation techniques since once the target molecule has been
attached to the nanocrystals, the application of an external magnetic field will
allow their recovery [38, 39]. Iron oxide is clearly the most suitable material for
such purposes due to its high chemical stability, biocompatibility, and super-
paramagnetic properties and iron oxide nanoparticles are being already used in
several diagnostic and therapeutic techniques [40].
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The achievement of higher coercivity values in particles with reduced size for
information storage devices, or faster magnetic responses for smaller biomedical
vectors, could be possible if one considers not only the finite size effects of
spherical nanocrystals but also the additional phenomena arising from the shape
anisotropy of particles such as nanorods. Nanorods or other one-dimensional
nanosystems could also be capable of widening the temperature range of appli-
cations of a certain magnetic material compared to its bulk form (as will be shown
later). The uniaxial shape anisotropy of metallic and oxide nano-objects will
probably become a key factor for the development of improved devices. This
chapter will also present an overview of various classes of magnetic materials that
have been synthesized in nanorod shapes.

Chapter 6 will deal with the catalytic properties of elongated nanoparticles.
Today, there is an increasing demand for catalytic materials, in terms of catalytic
efficiency, cost of production, specificity, durability, and environmental sustain-
ability [41–44]. This demand is driving research towards the exploitation of new
nanoscale catalyst particles, in which the individual components have specific size,
shape, exposure of specific reactive surfaces, and suitable combination of materials
[45, 46]. Micro- and nanoparticles of various materials have been used as catalysts
for many years [47–50], and experimental evidence has been collected so far
demonstrating that the catalytic activity of particles is strongly related to their size,
and in particular that nanosized particles exhibit increased catalytic activity with
respect to larger particles, due to their higher surface to volume ratio [51, 52].
With recent advances in the synthesis of inorganic nanoparticles with controlled
size and morphology [53–56], interest has grown towards the understanding of
how the catalytic performance of these materials is dependent on shape. In terms
of catalytic properties, there are several reasons why an elongated morphology is
often preferable over a spherical morphology, and these will be described in
Chap. 6, along with several case studies of nanorod-shaped catalysts.

Chapter 7 deals mainly with the mechanical properties of elongated nanopar-
ticles. The miniaturization of micro electromechanical devices and the fabrication
of thin films in the electronic industry have started to raise questions already
decades ago about the mechanical behavior of confined systems. Early experi-
ments on tensile testing of metal whiskers with micrometer transverse sides have
evidenced strengths much higher than the bulk value [57], and recently pure metals
and alloys with at least one dimension in the micro- and nanoscale range have been
investigated, thanks to advances in the fabrication of new generations of samples
suitable for mechanical testing (for example micro pillars prepared by focused ion
beam) and in various techniques for studying their stress and deformation prop-
erties. Those studies have revealed a marked deviation in the mechanical prop-
erties of samples from bulk-like behavior already when their size is of the order of
a few micrometers, which is comparable to the length scale of many plasticity
mechanisms based on dislocation nucleation and propagation. The increased
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strength of single nanocrystals could be useful for applications of these materials
as active probes in nano-indentation, scanning probe microscopy, and field
emission [58–60], to cite a few. Chapter 7 ends with a paragraph on melting
studies on nanorods.

Finally, we conclude this book with some remarks and an outlook on the future
directions in this field.

Genoa Roman Krahne, Liberato Manna, Chandramohan George
Lecce Giovanni Morello
Barcelona Albert Figuerola
Delhi Sasanka Deka
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Chapter 1
Quantum Effects in Confined Systems

In this chapter we give a short introduction to the basic concept of a particle in a
box for the discussion of quantum effects in one dimension. This concept will then
be expanded to three dimensions in cylindrical coordinates, which are the most
adequate to describe rod shaped nanostructures.

A system in which the motion of electrons or other particles (holes, excitons,
etc.) is restricted in one or more dimensions, due to some potential profile, is
usually referred to as a ‘‘low-dimensional’’ system and shows quantum confine-
ment effects. Due to their dual wave-particle nature, electrons in a solid are treated
as particles having an effective mass m* (accounting for the periodicity of the
crystal potential) and a linear momentum arising from their wave-like nature

~p ¼ �h~k. Here, �h is the Planck’s constant divided by 2p, and ~k represents the
wavenumber of the associated wave of wavelength k ¼ 2p=k. The behavior of the
electrons is strongly sensitive to the dimensions of the solid in which they move. In
the bulk, the infinite extension of the solid is imposed by assigning the so-called
periodic boundary conditions, such that the electrons are not affected by the
borders of solid in terms of wave function and energy. If however the dimensions
of the solid are reduced, the electrons start to ‘‘feel’’ the borders and the
assumption of infinite extension of the solid in all the three spatial coordinates
does not hold any more. In such a case the system is considered as ‘‘quantized’’.

1.1 One-Dimensional Quantum Box

The simplest way to understand what happens to electrons in the case of a
quantized system (in terms of wavefunctions and energies) is to consider the
classical textbook case of an electron in a box, which is approached by solving the
Schrödinger equation in one dimension (Fig. 1.1) [1]:

d2w
dx2
þ 2mE

b2
¼ V with V ¼

0; �a=2 \ x\ a=2

1; x � � a=2; x � a=2

( )
ð1:1Þ
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We seek for a solution of the form:

wðxÞ ¼ Aeikx þ Be�ikx ð1:2Þ

Since the potential is infinitely high at the border regions, we need to impose
the conditions that the wave functions have to vanish at the borders (i.e.
wð�a=2Þ ¼ 0 and wða=2Þ ¼ 0, see Fig. 1.1). Upon imposing wð�a=2Þ ¼ 0 we
obtain:

wðxÞ ¼ A eikx � e�ikx
� �

¼ 2iA sinðkxÞ ð1:3Þ

and, after substitution in the Schrödinger equation we obtain the following
expression for the energy:

E ¼ �h2k2

2m
ð1:4Þ

Since wða=2Þ ¼ 0, the following identity must hold:

wða=2Þ ¼ 2iA sinðkaÞ ¼ 0 ð1:5Þ

The identity is verified only when ka ¼ np, with n = 1, 2, 3. Therefore the
parameter k is quantized, and the separation between two consecutive values of k is
Dk ¼ Dnp=a. The quantization energy is expressed as:

En ¼
�h2p2

2ma2
n ð1:6Þ

In the expression above, the confinement energy is inversely proportional to the
square of the size a of the box. As a result, a large value of a corresponds to small
spacing of the values in k-space. In the bulk, for example, in which a is practically
infinite, there will be a continuous distribution of states in the k-space, in all spatial
directions. In a quantum well only one spatial dimension is reduced (down to a few
nm), and the electrons can freely move only in a plane, i.e. they behave as a

Fig. 1.1 Electrons in a one dimensional quantum box: energy levels and wave functions
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two-dimensional electron gas (2DEG). The wave numbers have a quasi-continuous
distribution along that plane, whereas they are ‘‘quantized’’ along the reduced
dimension, following the relation Dk ¼ Dnp=a. Several quantum well systems
have been fabricated and studied to date (for an overview of some of the pio-
neering works see for example Refs. [2–6]). If the movement is restricted in two
directions, the system is referred to as a ‘‘quantum wire’’, and the electrons can
move freely only along the non-reduced dimension. Examples of 1D systems are
inorganic semiconductor and metallic nanowires, some organic molecules and
carbon nanotubes [7–19]. In the case of quantization in all directions, the electrons
possess discrete wavenumbers in the k-space and the system is called a ‘‘quantum
dot’’. One way to discriminate among the different quantized systems in terms of
electronic states is via the density of states function D(E), which represents the
number of electronic states in a unitary interval of energy (Fig. 1.2).

In a bulk material (a three-dimensional solid) the density of states follows the
well known dependence on the square root of the energy (3D case in Fig. 1.2).
This situation corresponds to a quasi-continuous distribution of states for a free-
electron gas. In the 2D case (i.e. a two-dimensional solid, 2D case in Fig. 1.2), the
global density of states function preserves the quasi-continuous character but
becomes a step function framed by the initial square root function. As a conse-
quence, a zero-point energy is introduced and the step spacing is dictated by the
energy spacing along the quantized direction. In the 1D case (the ‘‘quantum wire’’)
the wave numbers are quantized in two directions and the density of states follows
a saw-tooth function (1D case in Fig. 1.2). The latter still describes a quasi-
continuous distribution of states, but is now characterized by series of singularities
corresponding to the quantization introduced in two dimensions, while the
hyperbolas in between two singularities are well described by the reverse of square
root of the energy. The 0D sketch of Fig. 1.2 shows what happens in the case of
quantization in all three dimensions. The quasi-continuous distribution of states
has now collapsed into a series of discrete levels, represented by several Dirac
delta functions. In the case of a flat potential with infinite boundaries, the level
spacing increases with energy, as described by Eq. (1.6). Such atomic-like
structure in the density of states makes these 0D systems fascinating objects, for
what concerns both fundamental physics and technological applications [20–25].

Fig. 1.2 Evolution of the ‘‘density of states’’ function from a bulk (3D solid) to a 2D, 1D and 0D
system
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1.2 Quantum Confinement in Nanorods

The finite size of the nanorods leads to quantum confinement effects and conse-
quently affects their energy level structure. The optical, electrical, and mechanical
properties of the nanorods can be discussed in terms of the related quasi-particles
like excitons, electrons, holes, and phonons confined to a cylinder with length L
and diameter D. Quantum size effects will have significant impact if the length L,
or the diameter D, or both, are of the order or smaller than the Bohr radius
associated with the respective quasi-particle. This effective Bohr radius is defined
as ab ¼ e m=m�ð Þa0, where m and a0 are the electron mass and Bohr radius,
respectively, m� is the effective mass of the quasi-particle in the bulk material of
which the nanocrystal is composed and e is the dielectric constant of the nano-
crystal material in the bulk. The energy spectrum of a quasi-particle confined to a
cylinder can be derived from the three-dimensional Schroedinger equation in
cylindrical coordinates r, /, and z, and towards that scope we will briefly sketch
the solutions in these coordinates. In the simplest case, we can discuss a free
particle with effective mass m� that is confined by infinitely high potential barriers
within the cylinder with radius R = D/2 and length L, i.e. the potential V(r) = 0
for r \ R and infinite otherwise. In this case independent solutions for the three
coordinates can be found of the form [26]:

w r;/; zð Þ ¼ q rð ÞU /ð ÞZ zð Þ ð1:7Þ

Where:

d2Z

dz2
¼ k2

zkZ ð1:8Þ

d2U /ð Þ
d/2 ¼ �l2U ð1:9Þ

r2 d2q
dr2
þ r

dq
dr
þ k2

Inr2 � l2
� �

q ¼ 0 ð1:10Þ

With the relation j2 ¼ k2
zk þ k2

In for the momentum vector. The solution in z,
along the c axis of the rod, is of the form

Z zð Þ ¼ sin kzkð Þ ¼ sin
kp
L

z

� �
; k ¼ 1; 2; 3; . . .; ð1:11Þ

and has a similar form as the result obtained for a box potential in Eq. (2.5).
In the radial direction we obtain solutions to the Bessel equation:

q rð Þ ¼ AJl kInrð Þ þ BYl kIneð Þ ð1:12Þ

4 1 Quantum Effects in Confined Systems
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With A and B numbers and Jl and Yl Bessel functions of the order l of the first and
second kind. Due to the radial symmetry this leads to ring like distribution of the
wave functions around the z axis of the nanorod as illustrated in Fig. 1.3.
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Chapter 2
Optical Properties of Semiconductor
Nanorods

2.1 Introduction

The optical properties of nanocrystals are dictated by their electronic structure, and
we start this section with discussing the behavior of electron–hole pairs, the so
called excitons, in confined systems. We then describe the optical peculiarities of
semiconductor nanorods by highlighting the main characteristics that distinguish
them from the more traditional quantum dots. The first part of this section will
focus on the comprehension of the general properties of nanorods made of a single
material (henceforth referred to as ‘‘homo-structures’’), while in the second part of
the section we will highlight the properties of nanorods made of sections of
different materials (henceforth referred to as ‘‘heterostructures’’), which have been
synthesized by various groups thanks to the latest developments in colloidal
nanocrystal synthesis.

2.2 Excitons and Quantum Confinement Regimes

The energy gap of a semiconductor is the energetic separation between the lowest
unoccupied electronic state and the highest occupied state at 0 K. The exciton
band gap is written as:

Eg ¼ Eg0 þ Eq þ EC ð2:1Þ

where Eg0 is the energy gap of the corresponding bulk solid, Eq is the contribution
introduced by the quantization and corresponds to the zero-point energy for each
system, and EC is the contribution of the Coulomb attraction between electrons and
holes. Their relative contribution is basically related to the degree of confinement
to which a system is subjected. In order to better define the role of the quantum
confinement on each term of the above expression, we need to introduce the
concept of ‘‘exciton’’, which is a ‘‘quasi-particle’’. An exciton is a bound system,
composed of an electron (e) and a hole (h) that experience a mutual Coulomb
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interaction. Here, we will be dealing with a particular type of exciton, in which the
e–h distance is much larger than the lattice constant of the crystal in which it is
formed, and is usually referred to as a ‘‘Wannier-Mott exciton’’ [1]. One key
parameter associated with the exciton is its binding energy, which is defined as:

Eb ¼
�h2

2lr2
B

ð2:2Þ

In the expression above, l is the reduced mass of the exciton, defined as
1=l ¼ 1=me þ 1=mhð Þ; me and mh being the effective masses of electrons and
holes, respectively. rB represents instead the Bohr radius of the exciton, defined as:

rB ¼
�h2e2

le2
ð2:3Þ

with e being the dielectric constant of the semiconductor. The Bohr radius of the
exciton represents its natural spatial extension after its creation (i.e. upon electron–
hole pair generation) until its annihilation (upon electron–hole recombination). In
bulk semiconductors such radius ranges from a few nm to some tens of nm,
depending on the material. The quantization energy is related to the zero-point
energy of electrons and holes in the system, and it has always a positive value. In a
spherical nanocrystal, for instance, it is defined as [2]:

Ee;h
q ¼

�h2p2

2me;ha2
ð2:4Þ

The Coulomb contribution is in general negative, but in some cases it can also
be positive (see later in this section). It is proportional to e2=e2a and in a spherical
quantum dot it can be estimated (as a first approximation) as being equal to [2]:

EC ¼ �1:8
e2

e2a
ð2:5Þ

Therefore, by considering all contributions, the energy gap can be derived from
the following expression:

Eg ¼ Eg0 þ
�h2p2

2mea2
þ �h2p2

2mha2
� 1:8

�h2

lrBa
ð2:6Þ

The optical properties of a semiconductor nanocrystal are dictated by the ratio
between the spatial confinement, i.e. the size of the nanocrystal (a), and the Bohr
radius rB of the exciton. Depending on this ratio, three different regimes of
quantization can be defined: weak ða� rBÞ, intermediate ða � rBÞ and strong
ða\rBÞ. In the weak confinement regime, the Coulomb term dominates. Electrons
and holes can form the exciton and do not actually ‘‘feel’’ the ‘‘restricted’’ size of
the semiconductor. In the intermediate regime, the system can behave in different
ways, depending on the ratios between a and the Bohr radii of electrons (re) and of
the holes (rh), respectively. In the case that rh is smaller than re the hole will stay
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confined at the center of the nanocrystal with the electron orbiting around it,
similarly to the case of a donor impurity [3, 4], if a falls in between rh and re. In the
strong confinement regime the quantization term dominates over the binding
energy of exciton.

2.3 Optical Properties of Nanorods: Overview

The dependence of the energy gap on the size of the nanocrystals is used as a
powerful tool for designing materials with well-controlled optical properties. The
continuous progress in the development of novel and sophisticated synthesis
techniques has opened the possibility to exploit other key parameters for engi-
neering the electronic structure of nanocrystals, such as the shape and the chemical
composition. In this respect chemical approaches employing the so-called ‘‘high-
temperature’’ thermal reaction of precursors in surfactants have become a popular
route to colloidal nanoparticles. This method is so powerful and versatile that a
large fraction of nanocrystals discussed in this review have been fabricated in this
way. It is also important to note that this method, as many others, yields nano-
crystals that are stabilized in the liquid phase by means of a monolayer of organic
molecules (i.e. the surfactants) bound to their surface. These molecules need to be
considered as a fundamental component of the nanocrystal as they play an
important roles in the various physical properties of the nanocrystal, as will be
discussed extensively in this review.

Elongated (i.e. rod-shaped) nanocrystals, also known as nanorods, are probably
the most studied nanocrystal systems after the spherical ones. Other more complex
shapes have been investigated too, but they will not be discussed here [5]. The
typical lengths of the nanorods span from tens to some hundreds of nm, while their
diameters are generally in the range of a few nm. These nanorods can be con-
sidered as intermediate systems between quantum dots and nanowires, since the
nanorod length is typically larger than the Bohr radius. Therefore the carriers
experience strong confinement only along two dimensions, whereas they can
delocalize along the long axis of the rod, giving rise to the so called 1D exciton [6].
This confinement leads to a variety of new properties with respect to spherical
nanocrystals, in terms of electronic structure, symmetry, polarization and carrier
dynamics.

2.4 Electronic Structure of CdSe Nanorods: A Case Study

Among rod-shaped semiconductor nanocrystals, CdSe nanorods represent proba-
bly the most investigated samples, for what concerns both their optical and their
electronic properties. Here, we will give an overview of their electronic structure,
by highlighting some of the pioneering works in the field (for example those by

2.2 Excitons and Quantum Confinement Regimes 9



Efros et al. [7–9] and by Woggon et al. [10–13]). The concepts discussed here can
be considered as of general validity for nanocrystals having hexagonal crystallo-
graphic structure and are applicable to nanorods of a wide range diameters and
lengths. The starting point is to consider a nanocrystal with dimensions that are
much greater than its lattice constant, such that the effective mass approximation
[7] is applicable. This condition is practically fulfilled in all cases, since the
nanocrystal diameter is hardly smaller than 2–3 nm. In the case of quantum dots,
the notation used to name the quantum states follows closely that of an atomic
system. We define the total angular momentum J = (L ? S) as the sum of the total
orbital angular momentum L and the multiplicity term S, the latter accounting for
the electron spin. The relative momentum projections are j, l, and s. The electron
ground state has s-symmetry and presents a double degeneracy, which is due
exclusively to the spin momentum. Thus J = 0 ? 1/2, its projections are j = ±1/
2, and the state is conventionally indicated as 1Se. On the other hand, the first hole
level, having a p-symmetry, is fourfold degenerate, having J = 1 ? 1/2 = 3/2
(j = 3/2, 1/2, -1/2, -3/2), and is named 1S3/2. The composition of the two ground
states yields the eightfold degenerate exciton ground state 1S3/21Se.

Various effects intervene to lift the degeneracy of the states, namely the internal
crystal field, shape effects and the electron–hole exchange interaction. The first
effect arises from an intrinsic property of semiconductors that have hexagonal
lattice structure and therefore manifests itself in both bulk and nanoscale materials.
The second effect results from the deviation from the ideal spherical shape of
nanocrystals, while the third accounts for mixing of electron and hole spins. The
first two effects can be grouped together, as they arise from the intrinsic asym-
metry of the material/nanocrystal (see Fig. 2.1). The intrinsic crystal field pro-
duces a first splitting of the valence band, i.e. the lowest hole state, in the so called
Kramers doublet, which consists of two doubly degenerate states with j = ±1/2
and j = ±3/2 [7]. Let us define a parameter b as the ratio between the mass of the
light hole mlh and the mass of the heavy hole mhh (hence b ¼ mlh=mhh). The
energetic splitting due to the intrinsic crystal field is then expressed as [7]:

D1 ¼ DCFf ðbÞ ð2:7Þ

where DCF is a parameter related to the crystal field (CF) splitting in a crystal with
hexagonal structure, contributing to determine the hole ground state as that having
|j| = 3/2, while f ðbÞ is a function which is unique for each material (see Ref. [7]
for details). It is worth to stress that D1 does not depend on the size of nanocrystal.
Since f ðbÞ is always positive, the lowest hole level is fixed with the heavy-hole
state with |j| = 3/2.

In order to take the shape anisotropy into account, let us model an elongated
nanocrystal as an axially symmetric ellipsoidal particle (i.e. an ellipsoid with
principal axes a ¼ b \ c), and let us define the ratio of the major to minor axes as
c=b ¼ 1þ e; e being the ellipticity. The induced splitting in this case is:

D2 ¼ 2uðbÞE1ðbÞe ð2:8Þ
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Here, uðbÞ is a dimensionless function associated with the hole-level splitting
due to the crystal shape (see Fig. 2.2), for details see Ref. [7]) and E1ðbÞ is the hole
ground state energy which can be written as:

E1ðbÞ ¼
�h2u2ðbÞ
2mhha2

ð2:9Þ

where u2ðbÞ is a term related to the spherical Bessel functions and a is related to

the nanocrystal size. For quasi spherical nanocrystals a ¼ ðb2cÞ1=3.
Another important point is the trend in the function u bð Þ, in particular for what

concerns its sign [7]. As shown in Fig. 2.2c u bð Þ, reverses its sign past a certain
value of b, meaning that for some materials the shape anisotropy induces a neg-
ative splitting. Since the global energy splitting is the sum of the single asymmetry
contributions Dt ¼ D1 þ D2ð Þ, the final result can reverse the hole ground state
between |j| = 3/2 and |j| = 1/2. A negative D2 is found for example in CdSe
nanorods, for which b = 0.28, and where a possible inversion would depend on
the hole ground state energy and on the radius of rods.

We now discuss the excitons, formed by composition of these electron–hole
states, which result in two-excitonic fourfold degenerate states, having total
angular momentum F = 1 and F = 2 (see right side of Fig. 2.1). The exchange
interaction contributes to an increase of the splitting of the remaining states,
defining a fine structure for nanocrystals for a series of possible shapes, as depicted
in Fig. 2.3 [7].

The relevant quantum number, in this case, is the projection f of the total angular
momentum F. The fine structure of the lowest excitonic level is composed by a
distribution of states having different values of f: one state with f = ±2, two states
with f = ±1 (named Upper and Lower, depending on the branch they originate)
and two others with f = 0 (Upper and Lower). Only three of them are optically
active, namely the states 0U, ±1U and ±1L, whereas the remaining ±2 and 0L

states are passive [7]. The ±2 state is optically forbidden because photons cannot
have an angular momentum ±2. The 0L has zero optical transition probability
because of an interference phenomenon between the two indistinguishable states

Fig. 2.1 Fine structure splitting of the lowest excitonic states F = 1 and F = 2 in CdSe
nanocrystals due to crystal field, shape anisotropy and exchange interactions
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with zero angular momentum [2], due to the influence of the electron–hole exchange
interaction.

The shape of the nanocrystal can have significant influence on which of the
above states represents the exciton ground state. For perfectly spherical nano-
crystals the ±2 is the ground state, whereas in prolate nanocrystals an inversion of
the ±2 with the 0L state can occur, because the state ±2 originates from the hole
state with |j| = 3/2, whilst 0L arises from the state |j| = 1/2. When the conditions
for the sign change of Dt are met, the ground state is inverted. Nanorods can be
approximated by axially symmetric prolate ellipsoids with ellipticity e defined as
e ¼ ð2rB=bÞ � 1, with b being the ellipsoid diameter and rB the Bohr radius. In the
case of strong lateral confinement ðb \ 2rBÞ, the ellipsoids are subject to a possible
inversion of the ground state between ± 2 and 0L. Following Eq. (2.8), the shape
asymmetry can lead to a negative splitting value D2 and then to a negative net
splitting Dt ¼ D1 þ D2 \ 0, if the ellipsoid radius is smaller than a critical value.

Fig. 2.2 a Dependence of the hole ground state function on the light-to-heavy hole ratio mass b.
b–d Dimensionless functions associated with: b hole level splitting due to hexagonal lattice
structure, c the hole splitting due to the crystal shape asymmetry, d the exciton splitting due to the
electron–hole-interaction. Taken with permission from Ref. [7]
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This can happen because D2 becomes increasingly important in the strong con-
finement regime, and at some point it would cause the light-hole state with
j = ±1/2 to become the hole ground state. The coupling with the electron state 1Se

yields a fourfold degenerate state, with angular momentum 0 (two states) and ±1.
The hole state with j = ±3/2 yields the second doubly degenerate state with
momentum ±1 and ±2. In practice, the new lowest exciton level would be the
state 0L and the exciton fine structure resembles that of Fig. 2.3c.

Woggon and co-workers [10] calculated the electronic fine structure of a single
CdSe nanorod, taking into account the typical electron–hole exchange interaction
for their system (see Fig. 2.4). As expected, by varying the rod radius, two regimes
could be identified: for a radius smaller than about 3.7 nm the arrangement of
states reflects the well-known fine structure of a spherical nanocrystal, i.e. the
lowest energy exciton has angular momentum ±2. For larger radii on the other
hand the exciton ground state has zero angular momentum projection along the
major rod axis. This would induce a strongly polarized emission of light, as

Fig. 2.3 Evolution of the band-edge exciton as a function of the nanocrystal size calculated for
four different shapes. Reprinted with permission from Ref. [7]
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opposed to the quasi-circularly polarized emission predicted for the ±1 excitons.
Due to the small energetic separation among these states, thermal population
processes give rise to novel phenomena in terms of polarization and carrier
relaxation (as discussed later on).

2.5 Relaxation Mechanisms in Nanorods

The carrier mobility in nanorods has a 1D character [6], and this leads to optical
properties in nanorods that are remarkably different from those of spherical
nanocrystals, among them photoluminescence (PL) lineshape and polarization,
radiative and nonradiative transitions, and their dependence on nanocrystal size
and temperature. Their understanding represents a first step towards the exploi-
tation of such nanostructures in optical devices. In this section we will discuss the
basic optical properties of nanorods in terms of relaxation processes and spectral
features, by stressing the differences between nanorods that are entirely made of
one material (homo-structures) and those made by sections of different materials
(heterostructures). We will distinguish the case of electron–hole relaxation inside
the same material from that of relaxation concerning carriers localized in two
different materials. In the first case, the possible optical transition is named of
type-I, whereas in the second case is of type-II.

2.5.1 One-Dimensional Excitons in Homostructures

In the previous section we have described the fine structure of the ground state
exciton in nanorods having a wurtzite structure. Here we will summarize the

Fig. 2.4 Calculated exciton
fine structure of CdSe
nanorods. Taken with
permission from Ref. [10]
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