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Kohlenstoﬀ-ummantelte Nanomagnete: Synthese, Eigenschaften und
Potenzial für magnetische Hyperthermie:
Die Arbeit beschäftigt sich mit der Entwicklung neuer Synthesemethoden zur Herstellung Kohlenstoﬀ-ummantelter nanoskaliger Magnete und der detaillierten Charakterisierung dieser Materialien hinsichtlich ihrer Struktur, Morphologie und magnetischen Eigenschaften. Für die Synthese wurde die Methode der Chemischen Gasphasenabscheidung unter hohem Druck (HPCVD) eingesetzt, wobei core/shell Materialien
mit unterschiedlichen magnetischen Kernen wie Fe, Co, Ni, FeRu, CoRu, NiRu, NiPt
und CoPt hergestellt wurden. Die genaue strukturelle und morphologische Charakterisierung der Materialien erfolgte mittels Transmissionselektronenmikroskopie, Energiedispersiver Röntgenspektroskopie sowie Röntgendiﬀraktometrie. Einen Schwerpunkt
der Arbeit bildet die Untersuchung der magnetischen Eigenschaften der Materialien und
der Zusammenhänge der Materialparameter wie z.B. dem Durchmesser der magnetischen Kerne oder im Falle von Legierungen ihrer Zusammensetzung. Durch die geeignete
Wahl der Syntheseparameter konnten diese Eigenschaften und somit die magnetischen
Funktionalitäten gezielt eingestellt werden. Ein Vorteil der Kohlenstoﬀhüllen besteht
in dem Oxidationsschutz für die ummantelten Kerne, so dass sich die hier hergestellten
Materialien besonders für Anwendungen in biologischen Umgebungen eignen. In der
Arbeit wurde daher die Eignung der Materialien für die magnetische Hyperthermie als
einer wichtigen Anwendung magnetischer Nanopartikel untersucht.

Carbon-coated Nanomagnets: Synthesis, Characterization and Feasibility for magnetic Hyperthermia:
This work addresses the development of novel synthesis procedures for carbon-coated
magnetic nanoparticles and their detailed characterization regarding structure, morphology, and magnetic properties. To be speciﬁc, the high pressure chemical vapour
deposition technique (HPCVD) has been applied to successfully produce carbon-coated
nanoparticles with various magnetic core materials, such as Fe, Co, Ni, FeRu, CoRu,
NiRu, NiPt, and CoPt. The morphological and structural characterization of the materials has been done by means of transmission electron microscopy, energy dispersive
X-ray spectroscopy and X-ray diﬀraction. Particular emphasis has been given to the
investigation of the magnetic properties and its dependence on, e.g., core size and
stoichiometry of the core alloys, which can be tailored by adjusting the synthesis conditions. A particular advantage of carbon-coated nanomagnets is oxidation protection of
the magnetic core material which implies feasibility for biomedical applications. Here,
the feasibility for magnetic hyperthemia therapies is exploited by investigating induced
heating under applied alternating magnetic ﬁelds.
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Introduction

Small is beautiful and powerful. This conclusion is evident if one considers the aim
of developing smaller and hence more eﬃcient devices. The most fascinating and
promising aspects of materials and devices becoming smaller, however, are not associated with mere size reduction only but are related to fundamentally novel physical
properties and eﬀects appearing when decreasing the lengths scales of materials down
to the nanometer scale. In this sense, reducing the dimensions of well-known bulk
materials opens completely new ﬁelds in basic and applied research. It is the fundamentally diﬀerent physical and chemical properties of nano-sized materials which
not only promise new nanotechnological applications but also attract scientists’ attention to their fundamental scientiﬁc importance. In recent years, great progress
has been made in this respect and nano-sized materials with novel properties have
already found or exhibit at least a great potential for applications in the ﬁelds of,
e.g., optics, magnetism, electricity, catalysis, and biomedicine.
Based on all these developments, in the last decades, new expressions with the
preﬁx ’nano’ have been added into the scientiﬁc dictionary such as nanoparticle,
nanostructure, nanotechnology, nanomaterial, nanocluster, nanochemistry, nanocolloids, and nanoreactor. Furthermore, a series of new journals are devoted particularly to this subject. Articles with the corresponding names have appeared, ’nano’specialised institutes and laboratories have been founded; and numerous conferences
1

are held. A precondition for all these developments is the ability to fabricate, to investigate and to handle such nano-sized entities. Indeed, there have been a number
of signiﬁcant developments that enabled scientists to explore the world of nanoscale
objects. These developments include various types of microscopes, techniques for
nanomanipulation, and methods of nanofabrication.
Currently, unique physical properties of nanoparticles are under intensive research. One of the materials properties strongly aﬀected by size reduction is the
magnetic response. For example, the magnetization (per atom) and the magnetic
anisotropy of Co nanoparticles [1] can be greater than their related bulk specimens.
The enhancement in the magnetization can be ascribed to the surface atoms which
become the dominant phase as size decreases and for which the electronic structure
can be varied because of the diﬀerent symmetry compared to the bulk. In addition, the surface anisotropy is the responsible for the enhancement of the magnetic
anisotropy of the magnetic nanoparticles, i.e. the lower symmetry of surface atomic
sites leads to an enhanced anisotropy.
As a result of their novel magnetic properties, magnetic nanoparticles oﬀer attractive potentials not only for fundamental science value but also for technological
innovations. One possible ﬁeld of application of magnetic nanomaterials is their usage in biology and medicine. One example is the well-established ﬁeld of magnetic
resonance imaging (MRI), where eﬀects of nanoscaled magnets on the proton susceptibility are exploited to increase the contrast in nuclear magnetic resonance imaging.
The applicability of such methods relies on the fact that magnetic ﬁelds only very
weakly interact with organic materials and do not cause known side eﬀects. On the
other hand, once magnetic nanoparticles are internalized in a particular organic environment such as, e.g., the human body, external magnetic ﬁelds can be applied in
order to address these magnetic agents. In general, in addition to imaging methods
mentioned above, external static magnetic ﬁelds can ﬁx ferromagnetic nanoparticles
at a precise position, gradient ﬁelds can move them and alternating magnetic ﬁelds
2

will yield heating of the nanoparticles. It is the latter eﬀect that opens a completely
new route for anti-cancer therapies: Once internalized in tumor tissue, such a heating eﬀect can be utilized for so-called ’hyperthermia’, i.e. a therapeutic anti-cancer
treatment which raises the temperature of tumor tissue in-vivo. This method applies
the fact that a cancer cell-killing eﬀect is caused when a temperature above 41-42
◦

C is maintained in the target volume. At higher temperatures, the eﬀect is called

’thermoablation’. One outstanding example of the use of ferromagnetic nanoparticles
is ’magnetic ﬂuid hyperthermia’ (MFH). In MFH therapy, magnetic nanoparticles
are inﬁltrated deep into tumor tissue and inductively heated by applying alternating
magnetic ﬁelds [2-7].
When aiming at realizing the promises of applied nanoscience, however, the production of uniform nanoparticles with controlled particle size is still one of the main
challenges. Therefore, the thesis at hand focuses on the synthesis of such nanoparticles. Any application in biological environment (but also others) however demands
that the material is particularly protected against oxidation and degradation. One
promising approach is the encapsulation of the functional materials inside carbon
shells. Carbon shells strongly protect encapsulates and tend to be bio-compatible.
Moreover, biomedical applications demand the functionalization of the nanoparticles’
outer shells either in order to disperse them in aqueous solutions or to attach e.g.
entities with additional functionalities such as antigens. The work at hand hence
presents novel techniques for fabrication of core/shell magnetic nanoparticles, their
detailed structural, morphological and magnetic characterization, as well as studies
on their feasibility for magnetic hyperthermia.
The work contains seven chapters. In chapter 1, the fundamentals of magnetic
nanoparticles starting from a general overview on their magnetic behaviour is introduced. In particular, ferromagnetic and superparamagnetic properties as well as
single domain theory, magnetic anistropy and interparticle interaction are explained.
In the second chapter, an overview about the synthesis methods for nanoparticles
3

along with a discussion of advantages and disadvantages of the respective methods is
presented. In addition, the thermodynamics of nanoparticles growth in the gas phase
is introduced. Chapter 3 highlights brieﬂy applications of magnetic nanoparticles
with a focus on magnetic hyperthermia/thermoablation which is the main application addressed in this work. The fourth chapter covers the experimental setup which
is used for synthesis and characterization of the samples in this thesis.
The following chapters include the results and their discussion. Chapter 5 contains the synthesis and detailed investigation of carbon coated Fe, Co, and Ni
nanoparticles, i.e. Fe@C, Co@C, and Ni@C. These investigations reveal formation of
spherical magnetic core of Fe, Co, and Ni nanoparticles coated with deﬁned carbon
shells with average particle size in the range of 20-30 nm. In addition, the magnetic
properties of the synthesized samples under direct or alternating magnetic ﬁeld are
studied.
The sixth chapter focuses on the synthesis and the characterization of carbon
coated FeRu, CoRu, and NiRu nanoalloys. Here the eﬀect of the synthesis pressure
variation on the properties of the samples is examined resulting in production of
diﬀerent alloy compositions and carbon to metal ratios without any observed change
in the particle size. The formation of spherical carbon coated nanoalloys with small
size core in the range of 6-13 nm is observed. In addition, the magnetic properties
for all synthesized samples are investigated.
The seventh chapter is devoted to the synthesis of NiPt@C and CoPt@C nanocapsules. In this chapter, the eﬀect of synthesis sublimation temperature variation on
the properties of the synthesized materials is studied. The results imply the formation of spherical nanocapsules with diﬀerent alloy composition, carbon to metal
ratio and particle size within range of 2-20 nm plus narrow size distribution. In addition, the magnetic properties are revealed for all synthesized NiPt@C and CoPt@C
nanocapsules.
Finally the thesis ends with the summary, the references, and the list of publications.
4

Chapter

1

Magnetic nanoparticles
Nanoparticles can be deﬁned as ultraﬁne particles with a size at the nanometer
scale. The origin of the preﬁx nano comes from the Greek word for dwarf, and hence
nanoscience (the commonly used term nowadays for nanoscale science) deals with
the study of atoms, molecules and nanoscale particles in a world that is measured in
nanometres or 10−9 m. The development of nanoscience can be traced to the time
of the Greeks and Democritus in 5th century B.C., when people thought that matter
could be broken down to an indestructible basic components called atoms.
The modern origins of nanotechnology are commonly attributed to R. Feynman,
who on December 29th 1959 at Caltech, delivered his talk ’There´s Plenty of Room
at the Bottom’. He described the possibility of putting a tiny ’mechanical surgeon’
inside the blood vessel that could locate and do corrective localized surgery. He
predicted that the principles of physics should allow the possibility of manipulating
things atom by atom. Feynman described such atomic scale fabrication as a bottomup approach. In contrast, he described the top-down approach that is commonly
used in manufacturing. For example in silicon integrated circuit (IC) fabrication,
tiny transistors are built up and connected in complex circuits starting from a bare
silicon wafer. Such top-down methods in wafer fabrication involve processes such as
thin ﬁlm deposition, lithography, and etching. Using such methods, the researchers
5
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have been able to fabricate a remarkable variety of electronics devices and machinery. Therefore, one can conclude a deﬁnition for nanotechnology which can be the
design and fabrication of materials, devices and systems with control at nanometer
dimensions, typically having dimensions of up to 100 nm.
Because of the widespread applications of magnetic nanoparticles, in biomedical,
biotechnology, engineering, material science and environmental areas [1-8], much attention has been paid to the preparation of diﬀerent kinds of magnetic nanoparticles.
The ﬁrst nano-sized magnetic particles (Fe3 O4 ) were developed in 1960 by NASA
[8]. The particles were made by ball milling in the presence of a surface-active agent
(surfactant) such as transformer oil, water or kerocene and the liquid carrier. Such
obtained dispersions are called magnetic ﬂuids or ferroﬂuids [8]. The term ferroﬂuid
is derived from the ’ferromagnetic’ behavior of ﬂuids containing magnetic nanoparticles when exposed to a magnetic ﬁeld.
Generally, magnetic nanoparticles are inside us and everywhere around us, interstellar space, lunar samples, and meteorites contain magnetic nanoparticles. For
example the most common iron storage protein ferritin (FeOOH)n containing magnetic nanoparticles is present in almost every cell of plants, animals and humans.
The human brain contains over 108 magnetic nanoparticles of magnetite-maghemite
per gram of tissue [9].
The chapter at hand provides an overview for fundamentals of magnetism and
a description of important issues relative to magnetism on the nanoscale represented by superparamagnetism, single domain, inter-particle interaction and magnetic anisotropy.

1.1

Fundamental of magnetism

There are two atomic origins of magnetism which contribute to the magnetization of
magnetic substances: orbital motion and the spin of electrons. The volume magneti-

6
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zation M is deﬁned as the magnetic moment per unit volume. In free space (vacuum)
no magnetization occurs. When a material is placed in a magnetic ﬁeld H, the ﬂux
density (or magnetic induction B) is given by
B = µ0 (H + M )

(1.1)

where µ0 = 4π× 10−7 H/m is the permeability of free space. In the special case that
the magnetization is parallel to the external magnetic ﬁeld, the material is called
linear material and the ratio between M and H is called the magnetic susceptibility
χ of the material as given by [12],
M = χH.

(1.2)

By means of the magnetic susceptibility, the magnetic behavior of any material
can be classiﬁed into diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and
antiferromagnetic according to the arrangement of their magnetic moments in the
absence and presence of an external magnetic ﬁeld (Fig. 1.1) [10]. These diﬀerent
types of magnetism can be described brieﬂy as following:
Diamagnetism is a weak eﬀect. The relative magnetic susceptibility of such a
diamagnetic material is negative (χ < 0) and small. For a diamagnetic substance, a
magnetic ﬁeld induces a magnetic moment which opposes the applied magnetic ﬁeld
that caused it (Fig. 1.1). The mechanism by which the magnetization is induced
opposite to the magnetic ﬁeld is the acceleration of the orbital electrons by electromagnetic induction caused by the penetration of the external magnetic ﬁeld to the
orbit. According to Lenz’s law, the magnetic ﬂux produced by this acceleration of
an orbital electron is always opposite to the change in the external magnetic ﬁeld,
so that the susceptibility is negative. Diamagnetism is present in all materials, but
it is a weak eﬀect which can be ignored in the presence of larger eﬀects such as
ferromagnetism [11, 12].
In the Paramagnetic regime where no long magnetic order occurs (Fig. 1.1),
the magnetic response is described in terms of the so-called Curie-Weiss law, χ =
7
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Figure 1.1: Schematic which illustrates the arrangements of magnetic moments for
ﬁve diﬀerent magnetic behaviors in the absence or presence of an external magnetic
ﬁeld (H) [10].
C/(T −θ), where C is the Curie constant and the Curie-Weiss constant θ is a measure
for the magnetic interactions [12].
In contrast to diamagnetism and paramagnetism, there exist several ordering patterns which specify the vector arrangement of magnetic moments. The interatomic
exchange between magnetic moments localized on individual atoms is well described
by the Heisenberg interactions Jij between atomic spins. Depending on the respective positive or negative sign of the Jij , the exchange favors a parallel or antiparallel
alignment of neighboring spins, which often translates into ferromagnetic, ferrimagnetic, or antiferromagnetic order, respectively (Fig. 1.1) [11, 12].
The ferromagnetic materials investigated in the thesis at hand are metallic but
as will be pointed out below, exchange interaction yields spin polarization and longrange ferromagnetic order

8
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Exchange interaction

Exchange interaction is the most important and relevant interaction between the
magnetic moments in a solid and potentially causing various ordering phenomena.
The exchange interaction actually arises from the quantum mechanics. This interaction usually lies at the heart of long-range magnetic order. The nature and
magnitude of the exchange interaction between neighboring magnetic ions usually
determines how the individual moments will align. For explaining the exchange interaction let us consider two electrons which have spatial coordinates r1 and r2 , each
one being described by the single electron state, ψa (r1 ) and ψb (r2 ), respectively, so
that the joint wave function may be expressed as the product of those individual
electron states ψa (r1 )ψb (r2 ). Since the Pauli principle forbids the double occupancy
of any orbital by electrons of parallel spin, electrons with parallel spins are likely to
be further apart in space than those with antiparallel spins. The joint wave function
has to be antisymmetric upon the exchange of any two electrons. This means that
only those allowed states corresponding to the antisymmetric singlet state (↑↓) and
the symmetric triplet state (↑↑), in the spin part of the wave function, must be associated to the symmetric and antisymmetric real-space of the wave function. The
wave functions for the singlet and triplet case including spatial and spin part take
the form:
ΨS ∼ [ψa (r1 )ψb (r2 ) + ψa (r2 )ψb (r1 )]

(1.3)

ΨT ∼ [ψa (r1 )ψb (r2 ) − ψa (r2 )ψb (r1 )]

(1.4)

The exchange is estimated by comparing the total energies for the singlet and triplet
∫
two-electron wave functions. Evaluating the energy, E = Ψ⋆ HΨdr1 dr2 , for Eq. 1.3
and 1.4, the exchange constant J = (ES − ET )/2 points out the energetically most
favorable state in the system. A positive J means ES > ET and favors ferromagnetic spin coupling (↑↑), while a negative J value with ES < ET gives account of
antiferromagnetic coupled spins (↑↓). Considering here that the magnetic moment
9
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is caused by spin motion of electrons, the Hamiltonian for the coupling of two spins
reads H =AS1 ·S2 , and the equivalence of A in terms of the diﬀerence between singlet
and triplet states [11], the spin dependent term in the eﬀective Hamiltonian can be
written as:
Hspin = −(ES − ET )S1 · S2 = −2JS1 · S2

(1.5)

Although this apparently simple equation becomes more complex when generalizing
to a many-particles system, in the early days of quantum mechanics, it was shown
by Heisenberg (1928) that this quantum-mechanical exchange interaction might be
extended to all nearest neighbours atomic spins in the crystal lattice. This then
favors the creation of an internal magnetic ﬁeld. The generalization is given by:
∑
H = − Jij Si · Sj

(1.6)

ij

where Jij is the exchange constant between the ith and j th spins. The factor 2 is
omitted because the summation includes each pair of spin twice. Often Jij has the
same magnitude for all nearest-neighbour spins and is zero otherwise. This allows to
assume a constant value Jij = J for the exchange in Eq. 1.6.

1.3

Ferromagnetism

The microscopic theory of ferromagnetism started with Weiss [11] who in 1907 postulated his famous molecular ﬁeld model. Although formulated before the advent
of quantum mechanics, he already assumed discrete energy levels associated with
respective values for magnetic moments (angular momenta). To explain the spontaneous alignment of the elementary magnetic moments, he postulated the existence
of an internal (molecular) ﬁeld which should represent the unknown interaction between these moments. Later this interaction was found to be the exchange interaction
which is of entirely quantum-mechanical origin.

10
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In ferromagnets, magnetic moments at neighboring sites point into the same direction. This eﬀect is generally due to the exchange interactions which has been
discussed in the previous section. When the ferromagnet is put in an applied magnetic ﬁeld, the suitable hamiltonian to solve is
∑
∑
Si · B,
H = 2 Jij Si · Sj + gµB

(1.7)

j

ij

and the exchange constants for the nearest neighbors will be positive in this case.
The ﬁrst term on the right is the Heisenberg exchange energy. The second term
on the right is the Zeeman energy where g is a constant known as the g-factor. For
simpliﬁcation, let us assume a system in which there is no orbital angular momentum.
Making an approximation for Eq. 1.7, a deﬁnition of an eﬀective molecular ﬁeld
at the ith site is given by
Bmf = 2

∑

Jij Sj .

(1.8)

j

However, the exchange interaction can be replaced by an eﬀective molecular ﬁeld
Bmf produced by the neighbouring spins. Therefore, the eﬀective Hamiltonian can
now be written as:
H = gµB

∑

Sj · (B + Bmf ).

(1.9)

i

From Eq. 1.9 the Hamiltonian looks like that for a paramagnet in a magnetic ﬁeld
B + Bmf . For a ferromagnet the molecular ﬁeld will act so as to align neighboring
magnetic moments. This is because the dominant exchange interactions are positive. Since the molecular ﬁeld includes the eﬀects of all spins j̸= i on Si , one can
assume that B = λM where λ is a constant which parametrizes the strength of the
molecular ﬁeld as a function of the magnetization. For a ferromagnet, λ > 0, and
due to the large Coulomb energy involved in the exchange interaction, the molecular
ﬁeld is often found to be extremely large in ferromagnets. At low temperature, the
moments can be aligned by the internal molecular ﬁeld, even without any applied
ﬁeld being present. As the temperature is raised, the thermal ﬂuctuations begin to
11
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progressively destroy the magnetization and at a critical temperature the order will
be destroyed. The critical temperature is known as Curie temperature TC and the
magnetic susceptibility is described by the Curie Weiss law (χ = C/(T − θ)).

1.4

Itinerant ferromagnetism

In the previous section the properties of isolated and localized magnetic moments
have been discussed. But this is not always the case in the transition metal materials
which are the focus of this thesis. In the transition metals (3d series), the magnetic
moments observed in these elements, their compounds, and alloys, generally diﬀer
markedly from those of the free atoms or isolated ions. The reason is that the valence
electrons now propagate throughout the material, and their wave functions are very
diﬀerent from those in the isolated atom. Metals exhibit conduction electrons which
are delocalized. These electrons (so-called itinerant electrons) can move nearly free
inside the metal [11, 12].
For example, the magnetic moment of iron per iron atom in the solid state
amounts to 2.2µB . It is not possible to understand the non-integral value on the
basis of localized magnetic moments. This situation can be described by band or
itinerant ferromagnetism in which the magnetization is due to spontaneously spin
split bands. One approach for the explanation is given by the molecular ﬁeld theory. All spins are inﬂuenced by an average exchange ﬁeld λM which is produced
by all their neighbors. In a metal, the molecular ﬁeld can magnetize the electron
gas because of the Pauli paramagnetism χPauli . The resulting magnetization of the
electron gas M can be responsible for the molecular ﬁeld. This positive feedback
may lead to spontaneous magnetization if the λ and χPauli are both large enough.
Thus, one has to look whether it is possible to reduce the energy of a system if it
becomes ferromagnetic without applying an external magnetic ﬁeld. This situation
can be realized by a shift of electrons at the Fermi surface from spin down into spin
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Figure 1.2: Density of states for spin up and spin down electrons exhibiting a spontaneous spin splitting without applying an external magnetic ﬁeld [12].
up bands. This means that spin down electrons with energies between EF -δE and
EF (Fermi energy) must perform a spin-ﬂip placing them in the spin up band with
energies between EF +δE and EF (Fig. 1.2). The energy gain per electron amounts
to δE and the number of moved electrons is g(EF )δE/2. Therefore, the increase of
kinetic energy is given by:
1
∆EK.E = g(EF )(δE)2
2

(1.10)

This situation does not look favorable but it is possible that the increase of kinetic
energy can be overcompensated due to the interaction of the magnetization with the
molecular ﬁeld as shown in the following. After the spin ﬂip, the number of spin up
and spin down electrons are given by:
1
n↑ = (n + g(EF )δE)
2

(1.11)

1
n↓ = (n − g(EF )δE)
2

(1.12)
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where n is the number of electrons at the Fermi energy in the paramagnetic case. By
assuming that each electron has a magnetic moment of 1µB the magnetization can
be written as: M = µB (n↑ − n↓ ). The potential or molecular ﬁeld energy amounts
to:
1
1
∆EP.E = − µ0 M · λM = − µ0 µ2B λ(n↑ − n↓ )2
(1.13)
2
2
Introducing U = µ0 µ2B λ which is a measure of the Coulomb energy, one gets:
1
∆EP.E = − U · (g(EF )δE)2
2

(1.14)

The total change in energy amounts to
1
∆E = ∆EK.E + ∆EP.E = g(EF )(δE)2 (1 − U g(EF ))
2

(1.15)

Therefore, a spontaneous ferromagnetism is possible if ∆E < 0, i.e. U g(EF ) > 1
which is known as Stoner criterion for ferromagnetism. Values of U , g(EF ), and
U · g(EF ) are shown in Fig. 1.3 for some of metals such as Fe, Co, Ni, and Pd.
From Fig. 1.3, only Fe, Co, and Ni exhibit a value of U · g(EF ) > 1. This
condition for the ferromagnetic instability requires that the Coulomb eﬀects are
strong and also that the density of states at the Fermi energy is large. If there is
spontaneous ferromagnetism, the spin-up and spin-down bands will be split by an
energy ∆, where ∆ is the exchange splitting, in the absence of an applied magnetic
ﬁeld.
For U · g(EF ) < 1 no spontaneous magnetization is present but nevertheless the
magnetic susceptibility may be diﬀerent from the paramagnetic value. In this case
χ is larger than the expected χP auli without the presence of Coulomb interactions
by factor (1 − U g(EF ))−1 which is called Stoner enhancement. It is responsible
for the enhanced Pauli susceptibility measured in the metals Pd and Pt which can
both be thought of as systems on the verge of ferromagnetism; they have a large
enough value of the parameter U g(EF ) to cause a signiﬁcant enhancement of the
magnetic susceptibility but not large enough (i.e. not suﬃciently close to 1) to cause
spontaneous ferromagnetism.
14

1.4. Itinerant ferromagnetism

1. Magnetic nanoparticles

Figure 1.3: Values of the Stoner parameter U , density of states per atom g(EF ) at
the Fermi energy, and U · g(EF ) as a function of the atomic number Z. Only the
elements Fe, Co, and Ni fulﬁll the Stoner criterion and are ferromagnetic [12].
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Superparamagnetism

Superparamagnetism is a phenomenon in which magnetic materials may exhibit a
behavior similar to paramagnetism at temperatures below the Curie or the Néel temperature but with a giant magnetic moment, as there is still a well-deﬁned magnetic
order. Magnetic properties of suparparamagnets are based on the single domain
theory.

1.5.1

Single domain theory

In a ferromagnet, magnetic domains are ensembles of aligned individual magnetic
moments of the atoms all pointing in the same direction and acting cooperatively.
The magnetic domains are separated by domain walls, which have a characteristic
width and energy associated with their formation and existence. Domain walls are
interfaces between regions in which all spins point into the same direction while
the magnetization direction changes from domain to domain. Within the wall, the
magnetization must change direction from that in one domain to that in the other
domain and the magnetization reversal occurs through the alinement of the magnetization vectors in a domain and the movement of the domain walls. The width
of the Domain walls is determined principally by exchange and magnetocrystalline
energy. The exchange energy tends to make the wall as wide as possible whereas the
anisotropy tends to make the wall as thin as possible. As a result of this competition
between exchange and anisotropy energies, the domain wall has a ﬁnite width (in the
order of 100 nm) and surface energy. The interplay between long range and short
range eﬀects results in the domain states being grain-size dependent. As the grain
size decreases, a critical size will be reached where the grain can no longer accommodate a wall. Below this critical size, the grain contains a single domain in which the
magnetization reversal may occur by coherent rotation of spins, curling, or quantum
tunneling of the magnetization vector. Therefore, the size reduction in magnetic ma-
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Figure 1.4: Schematic illustration of the dependence of coercivity on particle size,
where DC is the critical diameter which distinguishes between multi domain and
single domain [10].
terials (multi-domain materials) results in the formation of single domain particles
[13-15].
In addition, reducing the grain size in general is expected to create more pinning
sites of the domain walls and to increase the coercivity HC (the required energy to
allow the walls to continue moving). This is true for larger grain sizes, but below
a certain value, HC decreases rapidly (Fig. 1.4). This threshold is the maximum
size, DC , for which coherent magnetization reversal of a single magnetic domain is
feasible. As shown in Fig. 1.4, the maximum coercivity of a given material as a
function of particle diameter actually falls in the single domain range. Therefore,
the critical diameter for a magnetic particle to reach the single domain limit is equal
to [15]

√
18 AK
DC =
µ0 Ms2

(1.16)

where A is the exchange constant, K is the eﬀective anisotropy constant and MS is
the saturation magnetization. For most magnetic materials, this diameter is in the
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range 10-100 nm, though for some high anisotropy materials the single domain limit
can be several hundred nanometers [16].
From Fig. 1.4 one also can observe two important types of magnetic behavior
in the single domain regime for magnetic nanoparticles, namely single domain ferromagnetic (FM) nanoparticles and superparamagnetic (SPM) nanoparticles. Like
bulk ferromagnets, an array of single domain magnetic nanoparticles can exhibit hysteresis in the magnetization versus ﬁeld dependence. However, in an array of single
domain particles, the moment of each particle interacts with its neighbors and the
ﬁeld to align in the ﬁeld direction [14, 17, 18].

1.5.2

Basics of superparamagnetism

For a single domain particle, the amount of energy required to reverse the magnetization over the energy barrier from one stable magnetic conﬁguration to the other is
proportional to KV /kB T where V is the particle volume, kB is Boltzmann’s constant
and T is the temperature [19]. If the thermal energy is large enough to overcome
the anisotropy energy (E = KV ), the magnetization direction is no longer stable
and the particle is said to be superparamagnetic (SPM). This means an array of
nanoparticles each with its own moment can be easily saturated in the presence of
a ﬁeld, but the magnetization returns to zero upon removal of the ﬁeld as a result
of thermal ﬂuctuations (i.e. both Mr and HC are zero) [20]. The temperature at
which the thermal energy can overcome the anisotropy energy of a nanoparticles is
referred to as the blocking temperature, TB [19]. For an ensamble of nanoparticles
with a distribution in volume, TB represents an average characteristic temperature
and can be aﬀected by inter-particle interactions as well as the time scale over which
the measurement is performed due to the magnetic relaxation of the particles [21].
Fig. 1.5 shows a schematic illustrating the diﬀerence in the magnetization versus
ﬁeld behavior of an ensamble of single domain magnetic nanoparticles in the blocked
state (Fig. 1.5(a)) and an array of SPM nanoparticles (Fig. 1.5(b)) [22].
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Figure 1.5: Schematic illustration of (a) a typical hysteresis loop of an array of single
domain ferromagnetic nanoparticles and (b) a typical curve for a superparamagnetic
material [22].
On the other hand in 1948, Stoner and Wohlfarth [23] described theoretically the
case of the magnetization reversal through the coherent rotation of the magnetization
vector for an assembly of single-domain particles. The Stoner-Wohlfarth model has
described the magnetization curves of an aggregation of single-domain particles with
uniaxial anisotropy either as a result of particle shape or from the magnetocrystalline
anisotropy. The main assumptions of the model were: (i) coherent rotation of the
magnetization vector from one magnetic easy axis to another via a magnetically hard
direction and (ii) negligible interaction between the particles.
For more explanation let us consider an assembly of uniaxial, single-domain particles, each with an anisotropy energy ∆E = KV sin2 θ, where θ is the angle between
the magnetization and the easy axis, K is the anisotropy constant and V is the
volume of the particle. For a particle, the energy barrier (∆EB = KV where EB
is the energy barrier needed for the rotation of the magnetization) separates two
energy minima at θ = 0 and θ = π corresponding to the magnetization parallel or
antiparallel to the easy axis as shown in Fig. 1.6 [24]. However, if the single-domain
particles become small enough, KV would become so small that thermal energy
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Figure 1.6: Schematic picture of the energy of a single-domain particle with uniaxial
anisotropy as a function of magnetization direction. EB is the energy barrier needed
for the rotation of the magnetization and θ is the angle between the magnetization
M and the easy axis [24].
ﬂuctuations could overcome the anisotropy energy and spontaneously change the
direction of magnetization of the entire crystallite. Hence, the magnetization will
ﬂuctuate between the two energy minima as shown in Fig. 1.6. The direction of the
magnetization then ﬂuctuates with a frequency f or a characteristic relaxation time,
τ −1 = 2πf . It is given by the Néel-Brown expression,
]
[
KV
τ = τ0 exp
kB T

(1.17)

where τ0 ∼ 10−10 sec is the inverse attempt frequency [25, 26]. The ﬂuctuations thus
slow down (τ increases) as the sample is cooled to lower temperatures (Fig. 1.7)
and the system appears static when τ becomes much longer than the experimental
measuring time τm , then the particle is said to be blocked (frozen) as shown in Fig.
1.7(a). In contrast, at temperature above TB , the particle moments appear free (Fig.
1.7(b)). Using Eq. 1.17 one obtains
TB ≈

KV
.
kB ln( ττm0 )
20

(1.18)
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Figure 1.7: Illustration of the concept of superparamagnetism, where the circles
depict three magnetic nanoparticles, and the arrows represent the net magnetization
direction in those particles. In case (a), at temperatures well below the blocking
temperature TB of the particles, the net moments are quasi-static. In case (b), at a
temperature well above TB , the moment reversals are so rapid that in zero external
ﬁeld the time-averaged net moment on the particles is zero [26].
The above equation is valid for individual particles or a system of non-interacting
particles with the same size and anisotropy.

1.5.3

Non-monodisperse particles

If the particles are not monodisperse, the distribution of particle sizes results in a
blocking temperature distribution. In practice, the relaxation of blocked magnetic
nanoparticle ensembles is often studied within fundamental protocols by measuring
the so-called zero ﬁeld cooled (ZFC) magnetization and the ﬁeld-cooled (FC) magnetization. In the ZFC process the system is cooled to a low temperature in zero
magnetic ﬁeld from a temperature, where the entire system shows superparamagnetic
response. Then a small probing ﬁeld is applied, and the induced magnetization is
measured versus temperature during heating. In the FC process, which usually follows the ZFC one, the magnetization is measured as a function of temperature upon
heating after cooling the sample in a ﬁeld again from a suﬃciently high temperature.
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The data of the ZFC-FC magnetization [27, 28] and in particular its diﬀerence can
provide information about the average blocking temperature, from which e.g. the
mean particle diameter can be extracted by assuming the particles to have nearly
spherical shape with a known anisotropy constant.

1.5.4

Magnetic anisotropy

The magnetic anisotropy describes the dependence of the internal energy on the
direction of the spontaneous magnetization, creating easy and hard directions of
magnetization. The total magnetization of a system will prefer to lie along the
easy axis. The energetic diﬀerence between the easy and hard axis results from
two microscopic interactions: the spin-orbit interaction and the long-range dipolar
coupling of magnetic moments. The anisotropy energy arises from the spin-orbit
interaction and the possibly partial quenching of the angular momentum. The spinorbit coupling is responsible for the intrinsic (magnetocystalline) anisotropy, the
surface anisotropy, and the magnetostriction, while the shape anisotropy is a dipolar
contribution. Anisotropy energies are usually in the range 102 − 107 Jm−3 [29]. This
corresponds to an energy per atom in the range 10−8 −10−3 eV. The anisotropy energy
is larger in lattices of low symmetry which contain magnetic ions of and smaller in
lattices of high symmetry. In bulk materials, magnetocrystalline and magnetostatic
energies are often the main source of anisotropy whereas in ﬁne particles, thin ﬁlms
and nanostructures, other kinds of anisotropies such as shape and surface anisotropy
are relevant in addition [29]. In the following we will discuss the magnetocrystalline
anisotropy which is relevant for the materials studied in the work at hand.
1.5.4.1

Magnetocrystalline anisotropy

Generally the magnetic anisotropy energy term includes the crystal symmetry of
the material, and is known as crystal magnetic anisotropy or magnetocrystalline
anisotropy [30]. The simplest form of crystal anisotropies are the uniaxial ones. For
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uniaxial symmetry the energy is given by
Eauni = K1 V sin2Θ + K2 V sin4Θ + ......

(1.19)

where K1 and K2 are anisotropy constants, V is the particle volume and θ is the angle
between the magnetization and the symmetry axis. The anisotropy constants depend
on temperature [31], but at temperatures much lower than the Curie temperature of
the material they can be considered as constants. Usually in case of ferromagnetic
materials, K2 and other higher order coeﬃcients are negligible in comparison with
K1 and many experiments may be analyzed by using the ﬁrst term only. In the
convention of Eq. 1.19, K1 > 0 implies an easy axis. For single-domain particles
with uniaxial anisotropy most of the calculations are performed also by neglecting
K2 and the magnetocrystalline anisotropy energy is written as
Eauni = KV sin2Θ

(1.20)

where K is usually considered as the uniaxial anisotropy constant. This expression
describes two local energy minima at each pole (θ = 0 and π ) separated by an
equatorial (θ = 90) energy barrier KV as shown in Fig. 1.6. For crystals with cubic
symmetry, the anisotropy energy can be expressed in terms of the direction cosines
(α1 ,α2 ,α3 ) of the internal magnetization with respect to the three cube edges [32]
Eacubic = K1 V (α12 α22 + α22 α32 + α32 α12 ) + K2 V α12 α22 α32

(1.21)

where the αi are deﬁned through α1 = sin θ cos ϕ, α2 = sin θ sin ϕ and α3 = cos θ with
θ the angle between the magnetization and the Z-axis and ϕ is the azimuthal angle.

1.5.5

Eﬀects of inter-particle interactions

In all ﬁne-particle systems, diﬀerent kinds of magnetic inter-particle interactions exist and the interaction strength varies with the volume concentration. Inter-particle
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interactions may arise from dipole-dipole interactions or exchange interactions between surface ions of neighboring particles. When a capping surfactant such as oleic
acid, carbon, or silica etc., is used, the exchange interactions become negligible and
the primary interaction is due to dipole-dipole coupling which is explained as following:
dipole-dipole interaction: Two magnetic dipoles µ1 and µ2 separated by a distance r will have potential energy [11, 33, 34]
[
]
µ0
3
E =
µ1 · µ2 − (µ1 · r)(µ2 · r) .
4πr3
2

(1.22)

From Eq. 1.22, it is seen that the strength of this interaction depends on their
distance and their degree of mutual alignment. One can easily estimate the order of
magnitude of dipolar eﬀects for two moments each of µ1 ≈ µ2 ≈ 1 µB separated by r
≈ 0.1 nm to be µ2 /4πr3 ∼ 10−23 J, which is equivalent to about 1 K in temperature.
Therefore the dipolar interaction is much too weak to account for the ordering of
most magnetic materials, since most of the magnetic materials order at much higher
temperature. Here note that in nanoparticle system µ can be large and dipole-dipole
interaction would be relevant.
Note that also in the ﬁne particles system, when the particles are separated far
enough from each other, then inter-particle interactions can be neglected [11, 35, 36].

1.5.6

Superparamagnetism limitations for applications

The magnetic instability of small superparamagnetic nanoparticles has proven to be
a challenge in the current design of magnetic data storage [37]. It has also been found
that the ability to synthesize small nanoparticles with high coercivity and anisotropy
could lead to signiﬁcant improvements for the next generation of permanent magnets [38, 39]. On the other hand, the properties that characterize superparamagnetic
nanoparticles namely high saturation magnetization accompanied by a low saturation ﬁeld and no remnant magnetization have proven to be ideal for biomedical ap24
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plications. The lack of prominent inter-particle interactions, which normally lead to
aggregation of particles, enable the synthesis of nanoparticle dispersions (ferroﬂuids)
which can be injected into biological systems and manipulated by external ﬁeld gradients. Such dispersions are currently ﬁnding applications in site speciﬁc treatments
such as targeted drug delivery, localized heating of cancerous cells (hyperthermia),
and magnetic resonance imaging (MRI) contrast enhancement [40]. All these important applications of magnetic nanoparticles will be highlighted in chapter 3. But
before introducing these applications, the synthesis and the growth mechanisms of
the magnetic nanoparticles will be explained as presented in the following chapter.
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2

Synthesis of magnetic nanoparticles
During the last decades, great eﬀorts have been done on the synthesis of magnetic
nanoparticles due to their potential applications in many diverse ﬁelds. Before introducing applications for these particles , several successful approaches for the synthesis of magnetic nanoparticles were investigated, providing particles of controllable shapes and narrow size distributions [41-44]. Magnetic nanoparticles display a
treasure of size dependent structural, magnetic, electronic, and catalytic properties
[45-49]. Magnetic nanoparticles have been synthesized with a number of diﬀerent
compositions and phases, including the pure metals Fe, Co and Ni [26, 50, 51]; metal
oxides, such as Fe3 O4 and γ-Fe2 O3 [52-54]; ferrites, such as MFe2 O4 (M = Cu, Ni,
Mn, Mg, etc.) [55, 56]; and metal alloys, such as FePt, CoPt [38, 46]. Usually, the
synthesized magnetic nanoparticles have to be capped with a shell which prevents
their agglomeration and oxidation in a colloidal solution. The shell composition also
allows to tailor the chemical properties such as solubility, chemical reactivity, surface
chemistry, and binding aﬃnity. The shells could be formed by covalent attachment
of small-molecule ligands, by adsorption of polymers [57, 58] or by encapsulation in
block copolymer micelles [59, 60]. In addition to their eﬀects on the surface chemistry,
the shells increase the inter-particle spacing in nanoparticles in order to decrease the
inter particle interaction. Here this chapter focuses on the synthesis of magnetic
26

2.1. Synthesis methods

2. Synthesis of magnetic nanoparticles

nanoparticles using diﬀerent methods.

2.1

Synthesis methods

Magnetic nano-structured materials include alloys, compounds and composites, that
have or their components have nanometer sized structures in one or more dimensions
[61]. According to the dimensions concept, magnetic nano-structured materials can
be classiﬁed into three types:
1. Zero dimensional nano-structured magnetic materials, which have a nanometer
sized structure in three dimensions, such as magnetic nanoparticles.
2. One dimensional nano-structured magnetic materials, which have nanometer
sized structure in two dimensions, such as magnetic nanowires.
3. Two dimensional nano-structured magnetic materials, which have nanometer
sized structure in one dimension, such as magnetic thin ﬁlms or super lattices.
Recently a large portion of the published articles about magnetic nanoparticles have described eﬃcient routes to attain shape-controlled, highly stable, and
narrow size distributed magnetic nanoparticles. Up to date, several popular methods including co-precipitation, microemulsion, thermal decomposition, solvothermal,
sonochemical, microwaveassisted, chemical vapour deposition, combustion synthesis,
carbon arc, and laser pyrolysis synthesis have been reported for the synthesis of magnetic nanoparticles. Basically, most of the synthesis methods can be classiﬁed into
two categories: either physical or chemical processes as shown in Fig. 2.1. The physical process, which is called physical vapor deposition process (PVD) [62], consists
of two categories, one is the thermal evaporation process and the other is the sputtering process. The thermal process includes vacuum evaporation, laser evaporation,
molecular beam epitaxy (MBE), ion plating, activated reactive evaporation (ARE),
and ionized cluster beam deposition (ICBD). The chemical process also consists of
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Figure 2.1: Synthesis methods of magnetic nano-structured materials [62].
two categories, one is the chemical vapor deposition (CVD) process and the other is
the chemical solvent process. The CVD processes include plasma CVD, laser CVD
and thermal CVD processes. Generally, all these methods are based on liquid, solid,
gas phase synthesis processes as will be discussed in the following subsections:

2.1.1

Liquid phase synthesis

The eﬀectiveness of liquid-phase synthesis routes for nanoparticles strongly depends
on the resulting width of the particle size distribution. Agglomeration and nonuniformity in particle size and shape are typical problems, especially for nanoparticles on the smaller end of the nanometer range (1-10 nm). These problems can
potentially be avoided by appropriately modifying the liquid-phase synthesis route,
since various methods of this type yield unagglomerated and relatively monodisperse
(with a relative standard deviation of ∼ 5%) nanoparticles [63]. The classic studies
of LaMer and Dinegar [64] have shown that the production of monodisperse colloids
requires temporal separation between nucleation and nanoparticle growth. Thus,
in current preparation methods, the molecular precursors are rapidly added at high
temperature into small batch reactors. The increase of the precursor concentration
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above the nucleation threshold causes a short nucleation burst leading to the production of a large number of very small nanoparticles. There are many methods based
on liquid phase synthesis which will be discussed in the following examples:
2.1.1.1

CO-Precipitation

CO-Precipitation method is the easy and convenient way to synthesize magnetic
nanoparticles (metal oxides and ferrites) from aqueous salt solutions. The method
usually applies the addition of a base under inert atmosphere at room temperatures
or at elevated temperature and complete precipitation should be expected at a pH
level to this solution between 8 and 14 [65]. In this method, the reaction temperature and time are lower than in other methods such as thermal decomposition and
hydrothermal ones resulting in inhomogenious particle sizes and shapes. Hence, the
size distribution in this method is relatively wide and the shape control is not good
[66].
2.1.1.2

Microemulsion

The microemulsion method is commonly known as the water-in-oil (W/O) microemulsion method, which has been widely used to synthesize uniform sized magnetic
nanoparticles [67-70]. The microemulsion is an isotropic and thermodynamically
stable single-phase system that consists of three components: water, oil and an
amphiphilic molecule, i.e. the surfactant. The surfactant molecule reduces the interfacial tension between water and oil resulting in the formation of a transparent
solution. The water nanodroplets containing reagents, as a nanoreactor, undergo
rapid coalescence allowing for a mixing, precipitation reaction and an aggregation
processes for the synthesis of magnetic nanoparticles. The shape of the water pool is
spherical and the surfactant molecules surround the nanodroplet wall. These walls
act as cages for the growing particles and thereby reduce the average size of the
particles during the collision and aggregation process. Thus, the size of the spherical
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nanoparticles can be controlled and tuned by changing the size of the water pool.
Microemulsion can be used to synthesize monodispersed nanoparticles with various
morphologies. However, this method requires a large amount of solvent and also the
yield of production of this method is low [71].
2.1.1.3

Thermal decomposition

The high-temperature decomposition of organometallic precursors can produce magnetic nanoparticles with a high level of monodispersity and size control. These precursors are, e.g., [Mn+ (acac)n ], (M = Fe, Mn, Co, Ni, Cr; n = 2 or 3, acac =
acetylacetonate), Mx (cup)x (cup = N-nitrosophenylhydroxylamine) or carbonyl such
as Fe(CO)5 ) using organic solvents and surfactants such as fatty acids, oleic acid
and hexadecylamine [72]. Thermal decomposition of organometallic precursors such
as Fe(CO)5 initially leads to a formation of metal nanoparticles but if followed by
oxidation can lead to a high in quality monodispersed metal oxide [73, 74]. On the
other hand, decomposition of precursors with cationic metal centers such as Fe(acac)3
leads directly to metal oxide nanoparticles. The reaction temperature and time, as
well as the aging period may also be crucial for the precise control of size and morphology [75]. Thermal decomposition seems the best method developed to date for
size and morphology control of nanoparticles. Also, the yield of production is high
and scalable. However, one of the major disadvantages of this method is the production of organic soluble nanoparticles only which limits the applicability in biological
ﬁelds in addition to the needed surface treatment after synthesis. Also, thermal decomposition methods usually lead to complicated processes or require relatively high
temperatures.

2.1.2

Solid phase synthesis

Solid phase approaches have been used for synthesis of carbon encapsulated magnetic
nanoparticles (CEMNPs). For example, nanoparticles can be made by means of high
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temperature annealing of materials such as Fe2 O3 plus C powders [76], elementary
Fe plus C powders [77], and Co nanoparticles plus copolymers [78]. However, for
example in Ref. [78], the size and the magnetic properties of the ﬁnal particles can
hardly be controlled, and superparamagnetic particles were not be obtained as the
initial formed particle size was usually much larger than 10 nm.
2.1.2.1

Combustion Synthesis

Combustion methods based on solid phase synthesis have been applied for the preparation of CEMNPs [79, 80]. Martirosyan et al. [81] produced crystalline cobalt ferrite, CoFe2 O4 nanoparticles (50-100 nm) by using the carbon combustion synthesis
of oxides (CCSO). In their combustion synthesis process, the exothermic oxidation
of carbons generate a thermal reaction wave that propagates through the solid reactants mixture of CoO and Fe2 O3 converting it to cobalt ferrite. They found that the
extensive emission of CO2 increased the porosity and friability of the product. Also,
a complete conversion to ferrite CoFe2 O4 structure was obtained only for carbon
concentrations exceeding 12 %wt. Solid state interactions between CoO and FeO
with the growth of the crystalline cobalt ferrite particles started in the early period
of the combustion. As expected, the average particle size increased with increasing combustion temperatures. The advantage of this method that it is suitable for
large-scale production.

2.1.3

Gas phase synthesis

Among all the synthesis methods of nano-structured materials, the gas phase synthesis process is one of the most important methods for both large scale production and
fundamental research [82]. This results from the fact that the gas phase synthesis
process not only is able to produce large quantities of nanoparticles but also provides
a high level of control on particle properties, such as size, shape, phase etc. For a
detailed overview, Ref. [83] shows that the gas phase methods depend on thermal
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decomposition, reduction, hydrolysis, oxidation, or other reactions to cause precipitation of solid products from the gas phase. In the work at hand the used gas phase
method depends on the thermal decomposition of the sublimated materials in the
vapor phase. There are many processes based on gas phase synthesis which will be
discussed in the following examples:
2.1.3.1

Chemical vapour deposition

In the chemical vapor deposition (CVD) process, the source materials are ﬁrst vaporized and decomposed into atoms or molecules, then react with other vapors, gases
or liquids, and ﬁnally yield the reaction product on the substrate [54]. Based on the
use of diﬀerent methods of enhancing the chemical reaction, the CVD process can
be classiﬁed into plasma assisted CVD, laser assisted CVD, and thermally assisted
CVD. Introducing plasma, laser or thermal eﬀects into the CVD process helps to
break the chemical bonds and to activate the chemical reaction. In the CVD process, a carrier gas stream with precursors is delivered continuously by a gas delivery
system to a reaction chamber maintained under a slight vacuum at high temperature
(≥ 900 ◦ C) [84]. The CVD reactions take place in the heated reaction chamber and
the products combine to form clusters of nanoparticles. Growth and agglomeration
of the particles are reduced via the rapid expansion of the two-phase gas stream at
the outlet of the reaction chamber. The subsequent heat treatment of the synthesized nanopowders in the various high-purity gas streams allows compositional and
structural modiﬁcations, including particle puriﬁcation and crystallization, as well
as transformation into a desirable size, composition, and morphology [83, 84]. The
CVD process has been employed to deposit iron oxide by the reaction of a halide,
such as iron trichloride, with water at 800-1000 ◦ C [85]. The success of this method
depends on the low concentrations of the precursor in the carrier gas, as well as the
rapid expansion and then quenching of the nucleated clusters or nanoparticles as
they exit from the reactor [83, 84]. Recently, catalytically assisted chemical vapour
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deposition (CCVD) has become increasingly important because of its potential for
scalable production [86]. However, this potential could not be practically realized
until some problems have been solved [87, 88], such as the relatively low productivity,
the existence of complex phases, and the diﬃculty in separating carbon-encapsulated
superparamagnetic nanoparticles (CESNs) from the impurities.
2.1.3.2

Arc discharge

Usually arc discharge methods are used for the synthesis of most carbon encapsulated
magnetic nanoparticles (CEMNPs). The metal precursors are packed inside a cave
drilled into a graphite electrode and then subjected to arc vaporization [56, 89, 90].
Magnetic metal carbides can be encapsulated into carbon using this method. The
arc discharge method has also been proposed to coat metal nanoparticles with boron
nitride (BN) [90]. Dravid and co-workers [89] modiﬁed the arc discharge method
and successfully produced nanophase Ni encapsulated in graphitic shells. In this
case, the product usually consisted of mixtures of diﬀerent forms of Ni and carbon
encapsulates including carbon nanotubes, carbon encapsulated metal particles and
graphitic ﬂakes. In addition, the metal particles had a wide size distribution. Sun et
al. [56] also developed a modiﬁed arc discharge (carbon arc) method for synthesizing
of carbon encapsulated Fe, Ni and Co nanoparticles with average sizes lower than 15
nm. The disadvantage of this method that it is not suitable for the coating of large
quantities of nanoparticles which are needed for the industrial production due to its
low production yields. In addition, it is diﬃcult to control the particle sizes as well
as the carbon coating thickness.
2.1.3.3

Laser Pyrolysis

Laser pyrolysis is a technique for the preparation of iron oxides nanostructures. It
is used when ironpentacarbonyl-based mixtures and ethylene, as an energy transfer
agent are employed using air, as an oxidant [91]. Laser light heats a gaseous mixture
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of iron precursor and a ﬂowing mixture of gases produces small, narrow sized, non
aggregated nanoparticles. Usually this method is used for magnetite synthesis. In
addition, this method has been used for the synthesis of magnetic nanoparticles in
the liquid phase, too [92, 93].

2.2

Formation of nanoparticles in the gas phase

In this section, the thermodynamics of the formation of nanoparticles in the gas
phase, including the nucleation and growth process will be described in detail.

2.2.1

Nucleation mechanism of nanoparticles in the gas phase

For understanding the basics of nanoparticle nucleation growth in the gas phase, the
classical thermodynamics can be used [94, 95]. In fact the gas phase condensation
process is a commonly seen phenomenon in nature, such as the formation of rain or
snow. The basic process is: First a vapor of source materials is generated through an
appropriate evaporation process. When the vapor pressure exceeds the supersaturation limit, small nuclei begin to form in the vapor gas. This nuclei formation process
can be either heterogeneous if there are already some nucleation seeds existing in
the vapor or homogeneous if no nucleation seeds are present in the vapor. After
the formation, nuclei will grow into bigger particles through either surface growth or
agglomeration, which depends on the vapor conditions and nuclei density. For the
gas phase synthesis of nano-structued materials, the whole process happens in a high
vacuum chamber, therefore the homogeneous process is preferred. For discussing a
thermodynamic process, the changes of Gibbs free energy should be considered as
[94, 95],
dG = vdP − sdT

(2.1)

Here G is the Gibbs free energy, v is the speciﬁc volume, P is the pressure, s is the
speciﬁc entropy, and T is the temperature. In a vapor, by integrating dG along the
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excess of speciﬁc Gibbs free energy:
∆G = RT ln(P/Ṕ )

(2.2)

where R is the ideal gas constant. For a nucleus, the Gibbs free energy will be:
4
∆G = − πr3 ρRT ln S + 4πr2 σ
3

(2.3)

where r, ρ and σ are nucleus radius, density and surface free energy, respectively.
S=P/Ṕ is deﬁned as the supersaturation ratio. The ﬁrst term in Eq. 2.3 is the
bulk Gibbs free energy derived from Eq. 2.2. The second term is surface Gibbs free
energy. As shown in Eq. 2.3, the supersaturation ratio S must be larger than 1 in
order to allow the formation of nuclei. If S < 1, then ∆G > 0, which means the
formation of nuclei is not favored. Therefore S > 1 is a pre-required condition for
the nucleus to form in a vapor.
Since the Gibbs free energy is a function of the nucleus radius r, we can use Eq.
2.3 to derive a critical value rC , where the growth behavior changes:

rC =

3σ
ρRT ln S

(2.4)

Therefore the critical value for the excess Gibbs free energy is:

∆GC =

16πσ 3
3(ρRT ln S)2

(2.5)

For r = rC , ∆GC reaches its maximum value. When r < rC , d∆GC /dr > 0, which
means ∆GC increases with rC . In contrast, in the case r > rC , d∆GC /dr < 0,
which means that ∆GC decreases up on increasing rC . Therefore, if the formed
nucleus radius is smaller than its critical value rC , the nucleus will decrease its size
to minimize the excess Gibbs free energy ∆G. Eventually the nucleus will vanish.
If the formed nucleus radius is larger than the critical value rC , the nucleus will
increase its size to minimize ∆G. Hence, only nucleus with radius larger than the
critical value will keep growing.
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2.2.2

Growth mechanism of nanoparticles in the gas phase

In the previous section, the gas phase nanoparticle nucleation mechanism has been
discussed. In this section, two basic particle growth mechanisms, surface growth and
agglomeration, will be addressed. If the surface growth mechanism applies, particles
keep growing through absorbing atoms from the atom vapor and adding atoms to
the particle surface. Therefore surface growth is a homogenous process. The growth
rate is expressed as [96]:

N = [nS exp(

−∆GC
α(Pv − Ps )NA
)]4πrC2 [ √
]
kB T
2πMA RT

(2.6)

where nS is the number of available nucleation sites (number of atoms in the gas
phase), ∆GC is the change of Gibbs free energy for a nucleus with the critical size,
4πrC2 is the surface area of a nucleus with a critical radius rC , α is the sticking
coeﬃcient (number of sticking atoms/number of impinging atoms), Pv is the vapor
pressure of the supersaturated vapor, Ps is the vapor pressure on the nucleus surface,
NA is Avogadro’s number and MA is the atomic weight. According to Eq. 2.5 and
2.6, the main factors that inﬂuence the particle surface growth rate are:
1. ns , the number of available nucleation sites. The growth rate is proportional
to the number of available atoms in the vapor.
2. Supersaturation ratio S. The growth rate is higher for higher supersaturation
ratios.
3. T , the temperature. The surface growth rate decreases upon increasing the
temperature. At higher temperature, atoms in the vapor possess higher energy
and it is less probable for them to be absorbed by the nucleii. The vapor also
has higher supersaturation pressure at higher temperature which leads to a
smaller supersaturation ratio S.
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For the particle agglomeration or particle coalescence mechanism, the particles
grow through the merging of several nuclei. In the gas phase, all nuclei are not
stationary but, rather moving in a random manner (Brownian motion). Therefore
in a vapor with a high concentration of nuclei, the probability of a collision of nuclei
is very high. By means of this mechanism, nuclei can quickly increase their size by
merging to other nuclei.
The growth mechanism has great inﬂuence on the properties of the particles
formed. Particles grown by the surface growth mechanism usually have a smaller
size, narrower size distribution, and better crystallinity. In contrast, those grown by
the agglomeration or coalescence mechanism usually have relatively larger size and
wider size distribution. The particles formed usually have poly-crystalline structure
and the crystallinity is lower. The reason is that upon surface growth the particle size
growth rate is lower. Hence, atoms have enough energy and time to self-organize on
the particle surface to seek a low energy state, which will lead to a good crystalline
structure. Which mechanism dominates in the particle growth process is determined
by the vapor supersaturation ratio. High vapor supersaturation ratio causes both
high nucleation rate and high nuclei concentration in the vapor [97]. In this case the
agglomeration or coalescence mechanism will dominate the particle growth process.
Contradictorily, at low vapor supersaturation ratio the surface growth mechanism
dominates. In addition, the vapor supersaturation ratio is directly related to the
vapor temperature. The vapor saturation pressure is proportional to the temperature
for most materials. With the same vapor pressure, the vapor supersaturation ratio
is higher at low temperature and lower at high temperature. Therefore for the
vapor of a certain material with a certain pressure, the agglomeration or coalescence
mechanism is dominating at low temperature while surface growth mechanism is
favored at suﬃciently high temperature.
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Cooling processes for generating supersaturated vapor

As mentioned above, the vapor saturation pressure inversely depends on the temperature. Therefore a vapor cooling process will eﬀectively generate supersaturated
vapor [97]. Basically there are two ways of cooling the vapors:
1. The ﬁrst one is inputting inert gas to cool the vaporized atoms through collisions in which energy is transferred from energized vapor atoms to low energy
inert gas atoms.
2. The second method is to suddenly expand the vapor volume to cool down the
vaporized atoms which is also called supersonic jet expansion.
The sudden volume expansion in the second method introduces a very fast particle
nucleation and growth process, which is favorable for achieving a large quantity of
the fabricated nanoparticles. However, the second method has a poor control of
the particle nucleation and growth process compared to the ﬁrst one as mentioned
before.

2.3

Protection methods (core/shell structure)

Actually, magnetic nanoparticles are very sensitive to oxidation and agglomeration
due their large speciﬁc surface area and are also high in its chemical reactivities. Under ambient conditions, rapid oxidation of the nanoparticles’ surfaces occurs, leading
to the creation of thin oxide layers that can dramatically change the particle properties. Natural agglomeration of nanoparticles into larger clusters is another problem
that hinders the processing of such materials. In order to preserve their speciﬁc
magnetic properties and to protect nanoparticles from both oxidation and agglomeration, the application of encapsulation procedures has been proposed. Encapsulation of nanoparticles has been successfully employed by using carbon, silica, precious
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metals, metal oxides, organic polymers and surfactants as will be exempliﬁed in the
proceeding paragraphs.

2.3.1

Surfactants

When employing surfactants as covering shells, a dense coverage by the organic
surfactant is crucial for preventing the particles from being oxidized by air. Sun and
Murray [98] have demonstrated the synthesis of Co nanoparticles in the presence
of an organic surfactant such as oleic acid, lauric acid, trioctylphosphonic acid and
pyridine. They found that oleic acid is an excellent capping agent that can bind
strongly to the surface of metals with native oxides through the carboxyl group.
This approach has been used for the synthesis of colloidal nanoparticles for a large
number of metals [98].

2.3.2

Polymers

Although the development of other types of shells, polymers coating shells are receiving more and more attention. Polymers can increase repulsive forces more than
surfactants. In addition, a polymer coating on the surface and their dispersions oﬀer
a high potential of several applications such as increasing capacity for information
storage or magnetic memory polymer stents as medical implants for biomedical applications [99]. It is known from the literature that both natural and synthetic polymers
have been used for coating of magnetic nanoparticles. The most common natural
polymers are dextran, chitosan, starch, gum arabic, and gelatine. The mostly used
synthetic polymers are polyethylene glycol (PEG), polyvinyl alcohol (PVA), poly
lactide acid (PLA), alginate, polyacrylic acid (PAA) and polymethylmethacrylate
(PMMA). However, a thin polymer coating is not very suitable to protect extremely
reactive magnetic nanoparticles. Metallic magnetic nanoparticles, which are stabilized by single or double layers of surfactants or polymers are not air stable, making
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them easily leached by an acidic solution [100], resulting in the loss changes of their
magnetic properties. Another disadvantage of polymer-coated magnetic nanoparticles is the relatively low intrinsic stability of their coating at higher temperatures, a
problem which is even more enhanced by the possible catalytic action of the metallic cores. Therefore, the development of other methods for protecting magnetic
nanoparticles is needed.

2.3.3

Metal oxides

One of the straightforward methods for protecting magnetic particles is to induce
a controlled oxidation of a pure metal core. Bönnemann et al. [101] developed a
mild oxidation method, using synthetic air to smoothly oxidize the outer surface of
the synthesized cobalt nanoparticles to form a stable CoO which can protect the
cobalt nanoparticles from further oxidation. When iron nanoparticles are exposed
to aqueous solutions, immediately a shell which consists of mostly iron oxides and
hydroxides will form on the outer surface of the iron core which can stabilize the
iron nanoparticles against further oxidation. Another way for protection of magnetic
nanoparticles can be via metal oxides coating. Some examples of this approach are
the usage of metal oxides such as titanium oxide [102], zirconium oxide [103] and
aluminum oxide [104] which have been reported as coatings for magnetic iron oxide
nanoparticles.

2.3.4

Precious metals

Gold is a widely used coating material due to its speciﬁc surface derivative properties
for subsequent treatment with chemicals or biomedical agents. For example, it is well
established that Au nanoparticles surfaces can be functionalized with thiolated organic molecules for further applications [105, 106]. The most common techniques for
deposition of precious metals on magnetic nanoparticles are reactions in microemul-
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sion [107] and redox transmetalation [108]. Sun et al [109] showed that gold coating of
iron nanoparticles preserves the magnetic properties of the iron core while enhancing
its stability. Thus, the combination of magnetism, selectivity, trial ﬁctionalizations
and stability displayed in gold-coated iron oxide particles is promising in applications
such as magnetic separation, controlled release, and targeted drug delivery.

2.3.5

Silica

Magnetic microspheres consisting of a magnetic core and a silica shell have attracted
particular attention [110] due to their unique magnetic responsivity, low cytotoxicity,
easy chemically modiﬁable surfaces and the easy control of interparticle interactions
through the variation of the shell’s thickness. However, the disadvantage regarding
the synthesis of silica-coated magnetic nanoparticles is the diﬃculty or even impossibility to achieve a fully dense and nonporous silica coating. These problems render
it diﬃcult to maintain a high stability of these nanoparticles under hard conditions.

2.3.6

Carbon

In the last few years carbon encapsulated magnetic nanoparticles (CEMNPs) have
received considerable attention because of their potential as small magnetic clusters
for high density magnetic data storage, in ferroﬂuid applications, magnetic resonance
imaging and implants for hyperthermia therapy of cancer treatment [111]. Carbon
is one of the best solutions for encapsulation of metal nanoparticles because carbon
is chemically and thermally stable, cheap, light and biocompatible. In addition, the
carbon shell can be thinned/removed by hydrogen or oxygen gas if desired. Because
of these advantages of carbon, various methods for preparing the carbon capsulated nanoparticles have been developed, such as arc discharge techniques, chemical
vapor depositions, combustion, pulsed laser decomposition and pyrolysis of metal
complexes. Park et al. [93] have synthesized CEMNPs using a solution contain-
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ing various metalocenes dissolved in xylene is irradiated with a nanosecond pulsed
ultraviolet laser at room temperature and atmospheric pressure. They tested the
chemical stability of CEMNPs by sonicating in a 10 M HCl solution using an ultrasonic cleaner. After ultrasonication, only CEMNPs with complete carbon shell
were observed while none of the remaining nanoparticles had imperfect carbon shells,
e.g., there were no amorphous carbon coated Fe-C nanoparticles. In addition, CEMNPs with graphitic layers were still found in the HRTEM images. Park et.al [93]
concluded that graphitic coatings have better chemical stability in acids at least as
compared to amorphous coating. Generally, low graphitization of the carbon shell
is observed at low laser energy conditions, which is considered to be due to the relatively low solution temperature. Thus, in recent years Fe, Ni and Co have received
more attention in CEMNPs synthesis due to their ferromagnetic properties and their
unique catalyzing ability in the transformation of amorphous carbon into graphitic
carbon at suﬃciently high temperatures [112].
In chapters 5, 6 and 7, it will be shown how these magnetic nanoparticles are
synthesized by means of high pressure chemical vapor deposition technique and their
properties will be described.
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3

Applications of magnetic nanoparticles
3.1

Industrial applications

As discussed in the previous chapters, magnetic nanoparticles have attracted great interest for many vital applications. These potential applications include development
of high density magnetic data storage devices, xerography, electronics (recording
media), catalysis, magnetic inks (for jet printing), magnetic refrigeration etc, [111,
113-115]. The most famous used magnetic nanoparticles are magnetite and hematite
which have been used as catalysts for a number of industrially important reactions,
including the synthesis of NH3 , the high temperature water gas shift reaction, and
the desulfurization of natural gas. Other reactions include the dehydrogenation of
ethylbenzene to styrene, the Fishere-Tropsch synthesis for hydrocarbons, the oxidation of alcohols, and the large scale manufacture of butadiene [116]. All three forms
of magnetic iron oxide are commonly used as synthetic pigments in paints, ceramics,
and porcelain [117]. They possess a number of desirable attributes for these applications because they display a range of colors with pure forms, high tinting strength,
stability and they are resistant to acids and alkalis. Pigments based on hematite are
red, those based on maghemite are brown, and magnetite-based pigments are black
[118]. These pigments are widely used in water-repellent stains for wood as they
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enable the wood grain to be seen while still providing protection against the damaging eﬀects of sunlight. Pigments made from magnetite are also used in magnetic ink
character recognition devices, and superparamagnetic magnetite particles are used
in metallography for detecting defects in engines. In the magnetic recording media
application, the encapsulation of magnetic nanoparticles is critical in reducing interparticle interactions. The interparticle interactions tend to undergo uncontrolled
aggregation under common preparation conditions. Hence, this is undesirable in
recording media applications where a natural separation would help to safely attain the highest possible packing density to obtain media with lower cost per bit of
information and to improve the signal to noise ratio [119].

3.2

Environmental applications

Iron nanoparticles technology is considered to be among the ﬁrst generation of
nanoscale environmental technologies [120, 121]. It has received considerable attention for its potential applications in groundwater treatment and site remediation. The reason is recent studies have demonstrated the eﬃcacy of zero-valent iron
nanoparticles for the transformation of halogenated organic contaminants and heavy
metals such as chlorinated organic solvents, organochlorine pesticides, organic dyes,
various inorganic compounds and metal ions such as As(III), Pb(II), Cu(II), Ni(II)
and Cr(VI) [120]. This iron nanoparticles could provide cost-eﬀective solutions to
some of the most challenging environmental cleanup problems [122]. Recently, permeable reactive barriers have been developed, as alternatives for the conventional
pump-and-treat technology, used to treat ground-water contaminated by diﬀerent
pollutants [123].
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Biomedical applications

Nowdays, the biomedical use of magnetic nanoparticles becomes one of the most
important applications. From the material science point of view, two key factors
play an important role for these applications: size control and surface functionality.
Even without targeting surface ligands, superparamagnetic iron oxide nanoparticles
(SPIOs) diameters greatly aﬀect in vivo biodistribution. Particles with diameters of
10-40 nm, including ultra-small SPIOs (USPIOs), are optimal for prolonged blood circulation. They can cross capillary walls and are often phagocytosed by macrophages
which traﬃc to lymph nodes and bone marrow [124].

3.3.1

Drug Delivery

Drug targeting has emerged as one of the modern technologies for drug delivery. The
possibilities for the application of iron oxide magnetic nanoparticles in drug targeting
have increased in the recent years [125, 126]. Magnetic nanoparticles in combination
with an external magnetic ﬁeld in principle allow the delivery of particles to the
desired target area and ﬁx them at the local site while the medication is released
and acts locally [125]. Transportation of drugs to a speciﬁc site can eliminate side
eﬀects and also reduce the dosage required. The surfaces of these particles are
generally modiﬁed with organic polymers and inorganic metals or oxides to make
them biocompatible and suitable for further functionalization by the attachment of
various bioactive molecules [127].

3.3.2

Bioseparation

In biomedical research, separation of speciﬁc biological entities such as DNA, proteins, and cells from their native environment is often required for analysis. Superparamagnetic colloids are ideal for this application because of their on-oﬀ nature
of magnetization with and without an external magnetic ﬁeld, enabling the trans45
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portation of biomaterials with a magnetic ﬁeld. In a typical procedure for separation, the biological entities are labeled by superparamagnetic colloids and then
subjected to separation by an external magnetic ﬁeld [125]. Superparamagnetic iron
oxide particles have been extensively used for separation and puriﬁcation of cells
and biomolecules in bioprocesses [125, 126]. Due to their small size and high surface
area, magnetic nanoparticles have many superior characteristics for these bioseparation applications compared to those of the conventional micrometer-sized resins or
beads, such as good dispersability, and the fast and eﬀective binding of biomolecules.

3.3.3

Magnetic resonance imaging (MRI)

One of the promising applications of magnetic nanoparticles is the medical diagnostics. Superparamagnetic iron oxide (SPIO) nanoparticles are proving to be a
class of novel probes useful for in vitro and in vivo cellular and molecular imaging.
Superparamagnetic contrast agents have advantage of producing enhanced proton relaxation in MRI in comparison with paramagnetic ones. Consequently, less amount
of a SPIO agent is needed to dose the human body than a paramagnetic one. To
apply the magnetic ﬂuids to a MRI contrast agent, a SPIO should be dispersed into
a biocompatible and biodegradable carrier. Recently, Müller and co-workers [126]
reviewed applications of superparamagnetic iron oxide nanoparticles as a contrast
agent. Kim et al. [128] synthesized ferroﬂuids for MRI contrast agents by coating
them with oleic acid as a surfactant and then dispersed them in the chitosan, which
is a suitable carrier for bioapplications. They compared the MRI images of the ferR
roﬂuids with the images of Resovists⃝
(a commercially available contrast agent for
MRI). Their study showed that the ferroﬂuids exhibited enhancement of the MRI
R
contrasts comparable to Resovist⃝
in vitro. Wu et al. [129] prepared multifunctional
nanoparticles which possess magnetic, longlife ﬂuorescence and bio-aﬃnity properties. They used the nanoparticles as label for time-resolved ﬂuorescence cell imaging
of Hela cells. They found that the time-resolved ﬂuorescence imaging technique is fa46
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vorably useful to eliminate the background noises caused by cells and matrix. These
properties of the silica-based magnetic-ﬂuorescent nanoparticles lead to application
advantages in biological labeling and detection, cell separation with drug and gene
delivery.

3.3.4

Magnetic hyperthermia

The heating power has very long history for treatment of diﬀerent diseases. Nowadays, the heat treatment reveals the promising solution for cancer therapy aside from
the well-known methods of surgery, chemotherapy, and irradiation. Much research
has proven that high temperatures can damage and kill cancer cells with minimal
damage to normal tissues [130, 131]. Such a therapy applies the fact that cancer
tissue is more susceptible to heat [130] than healthy one. Therefore, increasing the
temperature of the tumor tissue to more than 42◦ C yields selective damaging of cancer cells and renders them more sensitive to radiation and anticancer drugs. One of
the advantages of magnetic nanoparticles that it can heat under applied AC magnetic ﬁeld, which opens the oppertunity to use this heat for destroying the cancer
cells. This new approach is called magnetic hyperthermia for cancer therapy. In the
recent years, the main research on this kind of treatment has been focused on magnetic iron oxide nanoparticles [132] which already have revealed their feasibility in
animals experiments [133]. Therefore, these particles are now under test for clinical
uses [134]. Here, magnetic particles are introduced into the tumor tissue and exposed
to external AC magnetic ﬁelds to increase the tumor temperature more than 42 ◦ C.
Consequently, large power losses of the magnetic materials are desirable in order to
reduce the amount of material to be applied to a patient.
However, there are a lot of metals and magnetic alloys which can oﬀer advantages
over their oxides due to the high saturation magnetization. The latter potentially
implies higher energy losses under applied AC magnetic ﬁeld. Actually, the use of
pure metal nanoparticles is hindered because of their oxidation in a biological envi47
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ronment. For solving this problem, one can coat the metallic core with a protecting
shell against oxidation. The types of possible shells have been explained in the
previous chapter. In the work at hand, carbon shells have been used for avoiding
the oxidation of the metallic cores in the biological environment while their magnetic properties were retained [132]. Moreover carbon shells allow to attach various
functional groups which may increase the biocombatibility of the particles or enable
loading of anticancer agents exohedraly.
3.3.4.1

Heating mechanisms

Heating of magnetic nanoparticles in an external alternating (AC) magnetic ﬁeld
may be related to several physical mechanisms such as ferromagnetic (hysteresis)
losses, superparamagnetic (relaxation) losses, eddy currents, etc [135-141]. Note
that magnetic particles used for the hyperthermia are too small and AC magnetic
ﬁeld frequencies are too low for the generation of any substantial eddy currents [40].
In addition the eddy current can be negligable where the size of the particles is
below 1 micrometer [139]. Ferromagnetic particles reveal hysteretic properties in a
time varying magnetic ﬁeld. The hysteresis losses caused by repeated switching of
the magnetization of the magnetic particles would lead to very eﬃcient heating. The
amount of dissipated energy in this case is given by the frequency f multiplied by
the area of the magnetic hysteresis loop:
I
P = µ0 f

HdM.

(3.1)

However in order to produce heat in a single domain ferromagnetic nanoparticles
the magnetic moment has to be switched by a magnetic ﬁeld above the respective
switching ﬁeld, therefore no minor loops can be used for heating. For realistic materials, this can lead to rather high required AC magnetic ﬁeld strengths, which is not
always compatible to medical applications.
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An alternative mechanism for magnetically induced heating is associated to superparamagnetic or relaxation losses. Note that the particles are usually dispersed in
aqueous solution (ferroﬂuid) as medium in order to apply them in a biological enviroment. Ferroﬂuids are superparamagnetic at room temperature. For small magnetic
ﬁeld amplitudes, and assuming minimal interaction between magnetic nanoparticles,
the magnetic properties of a ferroﬂuid depend on the particle size and size distribution. The magnetization of magnetic nanoparticles suspended in a ﬂuid medium and
subjected to an oscillating magnetic ﬁeld H = H0 cos ωτ can be expressed in terms
of the complex susceptibility χ̂ and applied ﬁeld frequency ω through [135]
M (t) = H0 (χ′ cos ωτ + χ′′ sin ωτ ),

(3.2)

χ̂ = χ′ − iχ′′ ,

(3.3)

where χ′ is the in-phase component and χ′′ is the out-of-phase component of the
complex susceptibility χ̂. For an ensemble of particles with a single relaxation time
τ , the Debye model for the dynamic susceptibility [135] yields
χ′ =

χ0
,
1 + (ωτ )2

χ′′ =

ωτ χ0
,
1 + (ωτ )2

χ0 = µ0 Ms2 V /(kB T ).

(3.4)

Relaxation of the nanparticles’s magnetization can occur through one of two
mechanisms. In Brownian relaxation, characterized by the relaxation time τB , the
magnetic dipole is locked in the particle which rotates as a rigid body together with
ﬁxed magnetization vector. In Néel relaxation, the magnetic dipole switches between
so called easy axes inside a non-moving particle with characteristic time τN . In a
typical superparamagnetic ferroﬂuid the Brownian and Néel relaxations processes
take place in parallel and therefore the eﬀective relaxation time can be given by:
[

τB =

4πηrh3 /(kB T ),

τN

]
KV
τN τB
= τ0 exp
, τeﬀ =
kB T
(τN + τB )
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where rh is the hydrodynamic radius of the particles, η is the viscosity of the surrounding ﬂuid, τ0 is a characteristic time, typically assumed to have the approximate value 10−9 s, K is the magnetocrystalline anisotropy constant of the magnetic
nanoparticles, and V is the volume of the magnetic particle core.
The magnetic relaxation involves dissipative processes which can be distinguished
by the frequency dependence of the imaginary part χ′′ of the complex-magnetic
susceptibility. From Debye theory [136], it is known that the relaxation time τ is
correlated with the angular frequency ω at which χ′′ has a maximum, by the relation:
ωτ = 1. In the case of pure Néel relaxation, for example, if magnetic nanoparticles
are bonded to a solid medium, the measurements of the magnetic response have two
temperature regimes above and below the blocking temperature TB . The relaxation
of the magnetization of a single particle with anisotropy constant K is characterized
by the Néel relaxation time τN . If the relaxation time is short enough and the particle
can achieve the thermal equilibrium in the time of measurement, the particle is in
the superparamagnetic state (above TB ). In the opposite case the so called blocked
state (below TB ) is realised. Since diﬀerent types of experiments have diﬀerent time
windows over which the magnetic response is detected, the blocking temperature
of the magnetic particles directly depends on the measurement method, i.e. its
characteristic frequency.
Depending on the actual material, an oscillating magnetic ﬁeld induces movement of the magnetic nanoparticles and/or rotation of the magnetic moment inside
the particle that compose the ferroﬂuid, which causes energy dissipation, commonly
referred to as volumetric power dissipation (P ) [135], or speciﬁc loss power (SLP)
[137, 138]. Rosensweig [135] has deduced an expression that describes the energy
dissipation of a ferroﬂuid in the presence of an oscillating magnetic ﬁeld by considering the thermodynamics of the system. From this analysis the power dissipation
(P) is expressed as
P = µ0 πχ0 f H02
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where ω = 2πf is the cyclic frequency.
The power dissipation can be related to the increase in temperature with time of
heating, which is commonly referred to as the speciﬁc absorption rate (SAR). This
thermal dissipation can be estimated from a calorimetric method, from which the
mass normalized SAR (unit: W/gparticle ) is expressed by [135, 139]

SAR = C

mpart.Sol. dT
mpart. dt

(3.7)
t→0

Here, mpart. , mpart.sol. , and C are the mass of the magnetic particles, the mass of the
particle solution, C the heat capacity of the solution and (dT /dt)t=0 is the initial
slope of the variation T (t) of temperature as a function of time.
According to clinical criteria regarding safe-tolerance of human exposition to AC
magnetic ﬁelds during a magnetic hyperthermia treatment, particular therapeutic
conditions for appropriate magnetic ﬁeld strength and frequencies have been determined. Hergt et al. [139, 142] have estimated the clinical use limitation of the
product of ﬁeld amplitude H and frequency f to be about 5.0 · 109 Am−1 s−1 in
order to obtain a maximum speciﬁc loss power avoiding clinical problems. For the
same reason, a commercial prototype was developed by Jordan and co-workers for
the generation of an AC magnetic ﬁeld is suitable for MFH treatment on human
patients [143, 144].
To summarize, several parameters inﬂuence the energy dissipation of magnetic
nanoparticles during the application of a magnetic ﬁeld such as size and size distribution of the nanoparticles [145-149]. This is related to the dependence of magnetic
properties such as coercivity and relaxation on nanoparticle size [145].
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Experimental Techniques
In this chapter the used experimental setup for all the measurements is presented
starting with the synthesis method and followed by the applied characterization techniques including those used for assessing their feasibility for magnetic hyperthermia.

4.1

Synthesis of nanoparticles

As described in the previous chapter, a variety of methods has been used in literature
for the synthesis of magnetic nanoparticles. Among all these synthesis methods, CVD
is one of the best choices because of its upward scalability, low cost, and rather low
production temperatures in comparison to arc discharge and laser ablation and hence
has been used in the work at hand.

4.1.1

High pressure chemical vapor deposition (HPCVD)

High pressure chemical vapor deposition technique has been used for synthesis of
carbon coated magnetic nanoparticles whether it is pure elements or alloys. The idea
of this method is similar to the idea of HiPco device which invented by Smalley 1999
[150]. HiPco idea has worked on producing single wall carbon nanotubes SWNTs
by ﬂowing CO mixed with a small amount of Fe(CO)5 through a heated reactor.
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Figure 4.1: Experimental home made setup of high pressure chemical vapour deposition equipment (HPCVD).
The products of Fe(CO)5 thermal decomposition (probably Fe(CO)n , n= 0-4) react
to produce iron clusters in gas phase. Fig.4.1. shows the experimental home made
setup of HPCVD used for this process that is similar to the one used for the HiPco
process [150].
In the work at hand, carbon coated Fe, Co, Ni, FeRu, CoRu, NiRu, NiPt, and
CoPt magnetic nanoparticles have been synthesized using HPCVD. For production
of the magnetic nanoparticles, the starting materials were metallocenes, such as ferrocene for Fe, Cobaltocene for Co, nickelocene for Ni, and Ruthenocene for Ru. In
the case of Pt-containing alloys, metallorganic precursor which is trimethyl methylcyclopentadienyl platinum (IV) has been used. These precursors have been chosen
because of their low sublimation and decomposition temperatures.
The main part of HPCVD device is the CVD reactor which consists of a quartz
tube surrounded by an electrical heating element as shown in Fig. 4.2. Both the
reactor and the quartz tube are placed within a thick-walled aluminum cylinder. The
heating element itself and the space between the quartz tube and the inner wall of

53

4.1. Synthesis of nanoparticles

4. Experimental Techniques

Figure 4.2: A parallel cross-section of the high-pressure CVD reactor [151, 152].
the aluminum cylinder reside under an atmosphere of argon maintained at slightly
higher pressure than that inside the quartz tube. The material sources are placed
into a thermostated sublimation chamber where the precursors can sublimate and
become in the gas phase. The temperature of the sublimation chamber can be varied
from room temperature to 200 ◦ C. By means of argon gas ﬂow (1400 sccm), the vapor enters the CVD reactor which consists of two diﬀerent temperature zones. The
ﬁrst zone is called the hot zone, in which the reactions occur due to the thermal decomposition of the metallorganic precursors. The second zone is called the cold zone
which consists of a copper ﬁnger connected to cooling water where the nanoparticles
are deposited and collected. As explained in the previous chapter, supersaturation is
required to induce homogeneous nucleation of particles. In the hot zone the precursors material enter the gas phase in order to generate a state of supersaturation. In
order to control this part of the process and hence the entire synthesis process, three
parameters have to be controlled: the temperature of the sublimation chambers as
well as, the pressure and the temperature inside the CVD reactor. As will be pointed
out in detail when discussing the experimental results, the eﬀect of pressure change
on the morphology and the properties of the synthesized alloys nanoparticles was
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studied in particular detail. In addition, as trial for controlling the particle size and
the composition of the alloys component, the metallorganic precursors are placed in
a particular separated crucible located in a separated thermostated chambers and
are sublimated and transported using high pressure argon gas ﬂow into the reactor.
Then, the eﬀect of the sublimation temperature variation on the alloys composition,
size distribution and average particle size is tested. The reason for using a high
pressure of argon gas is that the frequent collisions of the gas atoms decrease the
diﬀusion rate of atoms away from the source region. The collisions, and the Ar-ﬂow
cool the atoms. If the diﬀusion rate is not suﬃcient, then supersaturation will not
be achieved and individual atoms or very small clusters of atoms will be deposited
on the cooper ﬁnger. So, the high pressure is necessary for achieving the supersaturation [153]. It was found that, the optimal temperature and pressure to obtain
carbon coated spherical nanoparticles amounts to be T = 900 ◦ C, P = 13 bar or
higher.

4.2
4.2.1

Characterization of nanoparticles
X-Ray diﬀractometer

A Miniﬂex X-ray diﬀractometer (XRD)(Philips Company, Eindhoven, Netherlands)
with Cu Kα radiation was used for determining the crystallographic parameters of the
produced material such as, crystal structure, the phase analysis of the synthesized
samples and estimation of the mean particle size based on the broadening of the
peaks in the XRD proﬁle using the Scherrer equation [154]. The broadening of the
diﬀraction peaks is related to the small particle size.

DXRD =

Kλ
∆ 2θhkl cos θhkl
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This equation is often used to calculate the average particle diameter D (in nm),
where θhkl is the angle of a particular diﬀraction peak, ∆ 2θhkl is the width at half
maximum (FHWM) of the respective XRD peak, λ is the wavelength of the applied
X-ray radiation Cu-Kα (in nm) and K is a constant which is very close to unity and
is related to the crystallite shape.

4.2.2

Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) analysis was performed by means of a NanoSEM 200 device with acceleration voltage of 15 kV. SEM is a widely used technique
for the determination of morphology and size distribution of particles in the scales
of micro to nano range. The resolution of the SEM is relatively low compared to
transmission electron microscopy and it is not eﬃcient for visualizing nanoparticles
with particles size lower than 20 nm. In the work at hand, the SEM has been
used as a tool to initially study the shape and structure of the synthesized magnetic
nanoparticles.

4.2.3

Energy dispersive X-ray (EDX) analysis

An EDAM III energy dispersive X-ray analysis (EDX) unit has been used to provide
elemental analysis and determination of the chemical composition of the prepared
magnetic nanoparticles. From EDX data, the ratio of the elements in the alloys
nanoparticles structure can be estimated [Done with the help of Frau. S. Pichl].

4.2.4

Transmission electron microscope (TEM)

High resolution transmission electron microscopy (HRTEM) images were realised by
means of a FEI Tecnai F30 TEM with ﬁeld emission gun at 300 kV. HRTEM is
commonly used for characterization of core/shell nanoparticles. A provided infor56
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mation about the core size (crystalline and amorphous parts), the thickness and the
structure of the shell. Furthermore, it provides details regarding the size distribution
and the shape for small particles (below 20 nm). However, this technique needs an
analysis by image treatment, and must be performed on a statistically signiﬁcant
large number of particles [Done by Frau. G. Kreutzer].

4.2.5

Alternating gradient magnetometer (AGM)

For investigation of the magnetic behavior of the synthesized magnetic nanoparticles
as powder at room temperature, a PMC MicroMag-2900 alternating gradient magnetometer (AGM) has been used. AGM is powerful tool to measure the sample‘s
net magnetization as afunction of the external magnetic ﬁeld at room temperature.
The alternating ﬁeld gradient exerts an alternating force on the sample proportional
to the magnitude of the gradient ﬁeld and the magnetic moment of the sample.
The mass of the magnetic nanoparticles powder is measured and then the powder
is ﬁxed with non magnetic glue on a glass extension and put in the magnetic ﬁeld
of the AGM. From this measurement, one can get information on the uniform (DC)
magnetic response of the sample such as its magnetization, the remanence and the
hysteresis behaviour. The external magnetic ﬁeld can vary for the used AGM within
± 1 T. Based on the obtained AGM curve at room temperatures, the magnetic behaviour of the synthesized magnetic nanoparticles can be identiﬁed. In particular
the saturation magnetization MS can be determined from the plateau part of the
M − H curve.

4.2.6

Squid magnetometer (SQUID)

The temperature dependence of the magnetization at constant magnetic ﬁeld in the
temperature range 5 to 400 K was studied using a Superconducting Quantum Interference Device Magnetometer (VSM-SQUID) from Quantum Design. The samples

57

4.2. Characterization of nanoparticles

4. Experimental Techniques

Thermometer
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~
AC generator

PC

Figure 4.3: Schematic experimental setup for heating experiments.
have been investigated as dry powders. Magnetization measurements as a function
of temperature on materials cooled with (FC) or without (ZFC) an applied magnetic
ﬁeld followed by heating the particles in the presence of a magnetic ﬁeld allows to
determine the characteristic blocking temperature TB of superparamagnetic particles. In the case of ZFC magnetization measurements, the sample was ﬁrstly heated
from room temperature up to 400 K, then cooled down to 5 K in zero magnetic
ﬁeld. Then, after applying the magnetic ﬁeld, the magnetization measurements were
performed up to 400 K. For FC magnetization measurements, the sample was cooled
in the same magnetic ﬁeld down to 5 K and the magnetization was measured in the
warming cycle up to 400 K under applied magnetic ﬁeld.

4.2.7

Alternating frequency generator (AFG)

A Hüttinger TIG 5.0/300 oscillator and AC/DC power supply have been used for
measurement of the heating eﬀect of magnetic nanoparticles in alternating magnetic
ﬁelds as shown in Fig. 4.3. The AFG consists of a high frequency generator with
a water-cooled magnetic coil system providing alternating magnetic ﬁelds with the
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frequency f = 120 kHz and the magnetic ﬁeld strength of 0 - 100 kA/m. Here the
induced heating eﬀect of magnetic nanoparticles in liquid medium was studied. In
order to obtain a stable suspension, magnetic nanoparticles were mixed with human
albumin solution and dispersed using ultra sonicator. The temperature change per
time was detected using a ﬁber-optic temperature controller (Luxtron One), which
is suitable for measurements at high frequency magnetic ﬁelds.
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Carbon coated Fe, Co and Ni nanoparticles
Although there is many methods have been developed for synthesis and morphological controls of nanoparticles, rods, and wires of semiconductors, carbon encapsulated
magnetic nanoparticles and metal oxides, only limited success has been made in making small and uniform spherical nanoparticles with narrow size distribution [155-182].
It is therefore desirable to use smaller nanoparticles that have enhanced magnetic
properties. In addition, understanding details of nano-scaled magnetic materials in
complex core/shell structures is interesting from a fundamental materials science
point of view since tailoring their magnetic properties requires understanding of the
size eﬀects on the relevant parameters [183]. However, several problems have to be
solved before using these materials for applications [184,185]. Hence, this chapter
introduces a complete study from the fundamental point of view for synthesis to the
investigation of the physical properties and feasibility for hyperthermia therapy for
carbon encapsulated pure Fe, Co, and Ni nanoparticles. The results of this chapter
have been published in Ref. [186].
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Nanoparticles synthesis

Synthesis of the carbon coated Fe, Co and Ni nanoparticles (Fe@C, Co@C, and
Ni@C respectively (done by E. Ibrahim)) has been carried out by means of the high
pressure chemical vapour deposition HPCVD process using ferrocene, cobaltocene
and nickelocene, respectively, as precursors. The construction of the equipment has
been described in chapter 4. Brieﬂy, the corresponding metallocene is sublimated
in a thermostated chamber at 95◦ C and transported using argon gas ﬂow (1400
sccm) into the reactor. Due to the high ﬂow rate of the carrier gas, the synthesized
material transfers from the reaction zone and deposits on the cooling ﬁnger surface.
It was found that, for given argon ﬂow rate, temperature and pressure are crucial to
obtain pure carbon coated materials. At low temperature and pressure, it was found
the formation of carbon nanotubes attached to magnetic particles. By increasing
the pressure and the temperature inside the reactor, the formation of the spherical
magnetic particles coated with carbon have been achieved. Therefore the optimum
pressure and temperature inside the CVD reactor have been found at 13 bar and 800
◦

C, 900 ◦ C, 900 ◦ C for synthesis of Fe@C, Co@C, and Ni@C respectively.

5.2
5.2.1

Result and discussion
Morphology and structure

After particles synthesis, the samples were characterized by scanning electron microscopy (SEM), transmission electron microscope (TEM), and X-ray diﬀraction
patterns (XRD). Fig. 5.1(a-c) shows SEM images of the synthesized Fe@C, Co@C,
and Ni@C nanocapsules, respectively. All images indicate the formation of spherical
nanostructured material. As will be proven by the TEM images below, the particles exhibit a core-shell structure with carbon coating. Fig. 5.1(a) assumes the
presence of amorphous carbon between the nanosized particles which is clear more
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Figure 5.1: SEM images of prepared
(a) Fe@C
(b) Co@C
(c) Ni@C nanoparticles.
The arrows mark regions with amorphous carbon.

in Fig. 5.1(a) (white arrows) while no clear information about amorphous carbon
can be extracted from Fig. 5.1(b,c). More detailed information can be achieved by
Raman spectroscopy which was applied for investigating the crystallinity of carbon
in our materials. Both the so-called G-line and D-line are found in our analysis. The
Raman-active tangential G-line is observed around 1600 cm−1 . It can be associated
to the E2g -mode in graphite and thus implies the presence of graphitic carbon. The
so-called D-line around 1300 cm−1 is known to raise a defect induced double Raman
scattering process [155, 156] thereby providing direct insight into the defect concentration. It disappears for perfect carbon crystals [157]. Therefore, the ratio D/G
provides information about the presence and crystallinity of carbon. For our Fe@C,
Co@C, and Ni@C samples we ﬁnd D/G ratios of 0.86, 0.40, and 0.78, respectively,
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indicating both graphite and amorphous carbon in our samples. The data imply that
Co@C exhibits the best crystallinity among our materials.In addition, in the upper
right part of Fig. 5.1(a) there are some chain-like particles.
The detailed morphology of the coated particles was studied with TEM. Representative TEM images are shown in Fig. 5.2(a, b, d, e, g, h) together with the
resulting size distribution based on the TEM analysis presented in Fig. 5.2(c, f,
i). Note, that the material under study is magnetic which reduces the resolution of
the images. As shown in the top panel of Fig. 5.2, a majority of the material exhibits the desirable core/shell structure of carbon coated metallic nanoparticles. In
few cases, however, as highlighted (white circle) in Fig. 5.2(a) also carbon particles
without metallic cores have been formed. A typical example of the desired core-shell
Fe@C particles is displayed in Fig. 5.2(b) which shows a spherical Fe nanoparticle
of about 24 nm coated by 5 nm of carbon. The average size of the Fe particles in
Fe@C amounts to 22 nm with a size distribution in the range 2-58 nm as presented
in Fig. 5.2(c). The thickness of the carbon layers encapsulating the core particles
amounts to 3-7 nm. In the cases of Co@C and Ni@C the carbon shells are rather
similar to Fe@C, but the core size distribution is slightly diﬀerent. To be speciﬁc,
for Co@C and Ni@C, a core size distribution in the range of 4-100 nm and of 5-50
nm, with average diameters of 27 nm and 20 nm, respectively have been observed
(Fig. 5.2(f, i)). In addition to spherical carbon-coated metal particles, some amount
of amorphous carbon are found (top panel of Fig. 5.2). Moreover, the images in the
middle panel of Fig. 5.2 imply the presence of more than one metal particle in the
same shell.
In the following, the results of XRD studies are presented. Diﬀraction patterns
of the three materials under study are displayed in Fig. 5.3. Note, that none of
the XRD patterns exhibits characteristic peaks of related oxides. In contrast, the
observed peaks conﬁrm the metallic phase of the respective transition metals. For
Fe@C, we observe diﬀraction peaks at 2Θ= 43.4◦ and 44.6◦ which are characteristic
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Figure 5.2: TEM images and average size distribution of Fe@C (a, b, c), Co@C (d,
e, f) and Ni@C (g, h, i).
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Figure 5.3: X-ray diﬀraction spectra of (a) Fe@C , (b) Co@C and (c) Ni@C nanocapsules.
of α-Fe and γ-Fe, respectively. Analogously, the structure of the core materials is
also conﬁrmed for Co@C and Ni@C as proven by Co (111), (200), and (220) peaks
at 44.1◦ , 51.5◦ and 75.7◦ , respectively, and Ni (111), (220), and Ni (200) peaks at
2Θ = 44.3◦ , 76.2◦ and 51.7◦ , respectively. The width of the characteristic diﬀraction
peaks is aﬀected by the average diameter of the nanoparticles. To be speciﬁc, the
Scherrer equation Eq. 4.1 [154] allows to estimate the average particle size DXRD
dependent on the full width at half maximum of the characteristic peak for each
sample. According to Eq. 4.1, the peak widths in Fig. 5.3 yield average diameters of
around 16 nm, 21 nm, and 19 nm for Fe@C, Co@C, and Ni@C, respectively. These
values fairly agree to the results of the TEM analysis. Note, however, that both
results can not be compared straightforwardly since XRD can not detect very small
particles and measures the bulk of the samples while the TEM analysis provides
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information about a ﬁnite number of about hundred particles visible (i.e. not too
thick) in the electron microscope.

5.2.2

Magnetic Properties

The magnetic properties of the prepared samples have been investigated by studies
of the ﬁeld dependence of the magnetization at room temperature and of its temperature dependence at constant external magnetic ﬁeld. In Fig. 5.4 the full hysteresis
loops of the magnetization in external ﬁelds up to 1T are presented for the three
materials under study. For all samples, the data imply a ferromagnetic behavior as
indicated by the open hysteresis loops, i.e. the presence of a remanent magnetization
Mr . The ferromagnetic behavior is conﬁrmed by the saturation of the magnetization
curve in rather small external magnetic ﬁelds at room temperature. The quantitative analysis yields the saturation magnetization MS of 79 ± 5, 158 ± 7 and 32 ± 7
emu/g for Fe@C, Co@C and Ni@C, respectively, while the remanent magnetization
values amount to 16, 21 and 2 emu/g, respectively. Corresponding to the presence
of a spontaneous magnetic moment there are ﬁnite coercive ﬁelds HC which amount
to 441 Oe (Fe@C), 249 Oe (Co@C) and 54 Oe (Ni@C). The comparison with the
magnetization of the bulk materials allows estimating the mass ratio of the magnetic
material in the carbon coated particles. Note that surface enhancement of the magnetization is expected to be insigniﬁcant due to the rather large size of the metallic
cores. In addition the tiny diamagnetic response of the carbon shells is neglected
[187, 188]. The metal mass ratio is about 36 %, 97 % and 55 % of the total sample
mass was estimated for Fe@C, Co@C and Ni@C, respectively.
Our data indicate a particularly small hysteresis and a low critical ﬁeld HC for
Ni@C. In bulk samples, where the particle size strongly exceeds the domain wall
width, magnetization reversal is related to domain wall motion. As domain walls
move through a sample, they can become pinned at grain boundaries, and additional
energy is needed to continue moving. Pinning is one of the main sources of the
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Figure 5.4: Hysteresis loops at room temperature of (a) Fe@C, (b) Co@C and (c)
Ni@C nanoparticles.
coercivity [189]. Therefore, reducing the grain size in general is expected to create
more pinning sites and to increase HC . This is true for larger grain sizes, but below
a certain value, HC decreases rapidly. This threshold is the maximum size, DC , for
which coherent magnetization reversal of a single magnetic domain is feasible. The
critical size is predicted to be DC = πS[J/Kao ]1/2 , where S is the spin moment per
atom, J is the exchange energy density, K is the magnetocrystalline anisotropy and
ao is the lattice constant [190]. Quantitatively, DC amounts to 15, 15, 55 nm for Fe,
Co and Ni, respectively [191]. In particles with D < DC , the critical ﬁeld HC will
decrease rapidly as the particle size decreases (HC ∝ D6 ) [192]. In the materials
at hand, the case of D < DC is realized only for Ni@C which is consistent with
the observed small hysteresis. On the other hand, theory predicts (HC ∝ D−1 )
for D > DC [192], which is found in our Fe@C and Co@C samples. The data in
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Fig. 5.4 clearly imply a ferromagnetic behavior at room temperature. If at all,
superparamagnetic behavior evolves at higher temperatures. In order to answer this
question, the temperature dependence of the magnetization have been measured as
presented in Fig. 5.5. Here, the samples were ﬁrstly cooled in zero magnetic ﬁeld to
5 K and then a magnetic ﬁeld of 10 Oe or 100 Oe was applied to the samples. In
such a ”zero ﬁeld cooled” (ZFC) condition the measurements were performed upon
heating up to 400 K. In contrast, ”ﬁeld cooled” (FC) data were obtained after cooling
the sample in the same ﬁeld which was used for the actual measurements.
As seen in Fig. 5.5 (black arrows), the ZFC magnetization increases rapidly upon
heating for low temperatures below ∼ 75 K (Fe@C), ∼ 50 K (Co@C) and ∼ 25 K
(Ni@C). At higher temperatures (red arrows), there is a region of linear increase and
a sharper upturn around 400K. The ZFC magnetization is lower than the FC magnetization in the whole temperature range under study, i.e. ferromagnetism is present
up to at least 400 K. For higher temperatures, due to the small size of the particles we
expect superparamagnetic behavior. In this scenario, the expected blocking temperature TB would be higher than 400 K. In a simple quantitative model, TB amounts
to TB = KV /25kB , where KV is the anisotropy energy barrier, K is the eﬀective
anisotropy constant and V is the volume of the magnetic particle [193]. Our observation of TB > 400 K hence allows an estimate of the lower value of the particles mean
diameter D, i.e. the data imply D > 18, 9 and 39 nm for Fe, Co and Ni, respectively.
One might speculate whether the sharp increase of the ZFC magnetization at very
low temperatures is also related to blocking of superparamagnetic particles, i.e. of
smaller particles whose blocking temperatures TB are in the temperature range of the
kink in ZFC curve. This interpretation would imply the presence of particles with
D = 10, 4 and 15 nm for Fe, Co and Ni, respectively. The magnetic studies provide
indirect information about the amount of magnetic material (as deduced from MS )
and the average particle size (from TB , HC ). It is hence reasonable to compare our
results to materials produced by the arc plasma and combustion synthesis method
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Figure 5.5: Zero-ﬁeld-cooled (ZFC) and (H = 100 or 10 Oe) ﬁeld-cooled (FC) magnetization curves of nanocapsules. (a) Fe@C, (b) Co@C and (c) Ni@C. The magnetization is normalized to the mass of the magnetically active materials as determined
by analysis of hysteresis curves.
[79]. As seen in Table 5.1, the Fe@C sample produced using HPCVD exhibits larger
values of MS and HC . While larger MS directly implies a larger relative amount of Fe
in our material, the larger value HC provides evidence that our particles are smaller
than the ones from Ref. [79]. Quantitatively, the relation HC ∝ D−1 implies that
the cores of the material made by the arc plasma method are twice as large as the
ones made by our HPCVD technique.
Table 5.1: Comparison of magnetic parameters at T= 300 K for Fe@C synthesised
by diﬀerent methods

Fe@C synthesis methods

DTEM (nm)

HC (Oe)

Ms (emu/g)

HPCVD

2-55

441

79

Arc Plasma [79]

10-100

200

53

Combustion [79]

10-100

4

11
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Heating in AC magnetic fields

In the following section the feasibility of Fe@C, Co@C and Ni@C for magnetically
induced heating is studied. In contrast to the measurements presented above, the
following experiments have been performed by means of dispersed particles in an
aqueous solution. In order to prepare the dispersions, human albumin has been used
as a biocompatible surfactant. The particles were dispersed in a water-albumin solution using a tip sonicator for 2 minuets (10 sec on, and 1 sec oﬀ). The concentration
of the particles was chosen to be 6 mg/ml and 8 mg/ml for Co@C and Ni@C respectively. The concentration of albumin in the water was in both cases approximately 5
mg/ml. Fe@C where the feasibility for magnetic hyperthermia could not be shown as
discussed below. The heating eﬀect of the particles dispersion in AC magnetic ﬁelds
was studied by means of a high frequency generator with water cooled magnetic coil
system. AC magnetic ﬁelds with a frequency of 120 kHz and magnetic ﬁeld strengths
of 0 - 100 kA/m were applied to the samples. The temperature of the sample was
measured by a ﬁber-optical temperature sensor.
Fig. 5.6(a , c) present time-dependent calorimetric measurements at diﬀerent
applied magnetic ﬁelds for Co@C and Ni@C. For both samples, a signiﬁcant heating
eﬀect is observed at applied magnetic ﬁelds > 25 kA/m. At the maximum applied
magnetic ﬁeld of 80 kA/m, the heating rate reached values of 7 ◦ C/min and 11
◦

C/min for Co@C and Ni@C, respectively. The heating eﬀect of Co@C is lower

than of Ni@C although the former sample is supposed to have 97% of magnetic
material and the Ni@C one only 55%. Such eﬀects might occur if the Co particles are
agglomerated stronger than Ni which can imply a diﬀerent mechanism of magnetic
induced heating. Possible mechanisms will be discussed later. In contrast, no heating
was observed when the suspension of Fe@C is exposed to AC magnetic ﬁelds. Based
on the present data one can not judge whether this is due to the agglomeration of
Fe@C to larger magnetic agglomerates in the suspension or caused by a considerable
amount γ-Fe particles in the material which is paramagnetic at room temperature
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Figure 5.6: Temperature versus time upon application of AC magnetic ﬁelds and
corresponding SAR values for (a, b) Co@C and (c, d) Ni@C.
and hence does not contribute to the heating process. In the following, the results
for Co@C and Ni@C will be described.
Heating eﬀectiveness of magnetic particles in AC magnetic ﬁelds is usually described in terms of the speciﬁc absorption rate (SAR). The SAR expresses the heating
ability of a magnetic material and, therefore, the feasibility of a material for application in magnetic hyperthermia. The SAR value is calculated from the initial slope
of the T versus t curves using Eq. 3.7 [135, 139, 194] and C the heat capacity of
water (C = 4.118 Jg−1 K−1 ). Fig. 5.6 (b, d) shows the magnetic ﬁeld dependence of
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the SAR for Co@C and Ni@C. At the maximum applied magnetic ﬁeld of 80 kA/m,
the SAR values of 162 W/gCo@C and 131 W/gNi@C are found for Co@C and Ni@C,
respectively. The observed quadratic ﬁeld dependence is in agreement with the fact
that the dissipated magnetic energy is proportional to H 2 . Heating of magnetic particles in an alternating magnetic ﬁeld may be understood in terms of several types
of energetic barriers which must be overcome for reversal of the magnetic moments
[194]. With decreasing particle size, these barriers decrease and the probability of
jumps of the spontaneous magnetization due to the thermal activation processes increases, i.e. superparamagnetism evolves. The relatively broad size distribution in
the samples implies both superparamagnetic and ferromagnetic particles at room
temperature. Hence diﬀerent heating mechanisms might appear concomitantly from
which Néel and Brownian relaxation are expected to be the relevant processes for
the observed power absorption as explained before in chapter 3 [25, 135, 195].

5.3

Conclusions

Fe@C, Co@C and Ni@C nanocapsules as produced by high pressure chemical vapour
deposition (HPCVD) have been investigated with respect to their structural and
magnetic properties. The SEM and TEM studies show that carbon coated particles with Fe, Co, and Ni core are formed with a size distribution from few to tens
nanometers. X-ray diﬀraction was applied to conﬁrm the phase of the core material.
The size of the core particles has been deduced from TEM and from the width of
the XRD peaks. The coated nanoparticles are ferromagnetic up to 400 K. AC magnetic heating studies of the dispersed nanoparticles yield the maximum SAR of 162
W/gCo@C and 131 W/gNi@C at 80 kA/m and 120 kHz. The corresponding heating
rates amount to 7 ◦ C/min and 11 ◦ C/min for Co@C and Ni@C, respectively.
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6

Carbon coated FeRu, CoRu, NiRu
nanoalloys
The synthesis of metal nanoparticles of deﬁnite size and shape remains a challenging
problem. This is even more diﬃcult to synthesize bimetallic nanoparticles taking
into account the size, shape, and composition must be controlled. However, recently
alloy bimetallic nanoparticles have been extensively studied because they can exhibit
unique electronic, optical, and catalytic properties that are absent in corresponding
monometallic nanoparticles. Furthermore, the addition of second metal provides a
method to control the chemical and physical properties of nanoparticle. In the last
decades, the 4d transition metals Ru, Rh, and Pd and 3d transition metals Ni, Co,
and Fe and their alloys have been the focus of both experimental and theoretical
investigations. Because of there is only few literatures which have dealt with such
nano-scaled alloys (nanoalloys), this chapter reports the synthesis of carbon coated
FeRu, CoRu, and NiRu nanoalloys and the investigation of their properties have
been discussed in details. Some of these results have been published in Ref. [196].

73

6.1. Nanoalloys synthesis

6.1

6. Carbon coated FeRu, CoRu, NiRu nanoalloys

Nanoalloys synthesis

As mentioned in the previous chapter the high pressure chemical vapour deposition
process (HPCVD) has been applied for the synthesis of carbon coated pure metals. It was also a challenge to use the same device for synthesis of carbon coated
FeRu, CoRu, and NiRu nanoalloys. Here, ferrocene, cobaltocene, nickelocene and
ruthenocene as precursors have been used for the nanoalloying constituents Fe, Co,
Ni and Ru, respectively. The Fe:Ru, Co:Ru, and Ni:Ru metallocene powders with a
weight ratio of 2:1 were positioned in a separated crucible located in a thermostated
chamber at 95 ◦ C, and are sublimated and transported using argon gas ﬂow (1400
sccm) into the CVD reactor. It was found that, for all experiments Ar ﬂow rate was
ﬁxed at 1400 sccm, temperature (T) and pressure (P) inside the reactor were varied
from 200-1000 ◦ C and 5-40 bar respectively. The optimal temperature for obtaining spherical particles has been found to be T = 900 ◦ C for synthesis of FeRu@C,
CoRu@C, and NiRu@C. In order to investigate more diﬀerent compositions of the
alloys the pressure inside the reactor has been varied in the range after the optimum
pressure which is used for production of spherical particles. As will be shown in
detail below, the variation of the pressure aﬀects the amount of Ru inside the alloy
as well as the amount of carbon in the whole material.

6.2
6.2.1

Result and discussion
Morphology and structure

The synthesized particles have been characterized using SEM which reveals the formation of spherical nanoparticles for all synthesized samples as displayed in Fig.
6.1(a, b, c). The composition of the resulting material was investigated by EDX. In
general, the synthesis process yields carbon coated FeRu, CoRu, and NiRu nanoalloys (FeRu@C, CoRu@C, NiRu@C) with diﬀerent compositions as listed in table 6.1,
74

6.2. Result and discussion

6. Carbon coated FeRu, CoRu, NiRu nanoalloys

Figure 6.1: SEM images of prepared
(a) FeRu@C
(b) CoRu@C
(c) NiRu@C nanoparticles.

6.2, 6.3 for FeRu@C, CoRu@C, and NiRu@C respectively. For each batch, several
EDX measurements were done at diﬀerent positions of the sample in order to get
average values for the core composition. As shown in table 6.1, 6.2, and 6.3 the
data imply that moderately increasing the pressure yields a higher Ru content in the
produced FeRu, CoRu, NiRu alloys respectively. Also, the carbon contents in the
material have been observed to be increased when the pressure have been increased.
The morphology of the coated particles was studied by HRTEM which in general
conﬁrms a nanostructured material exhibiting the core/shell structure Fig. 6.2(a, d,
g). A typical example of FeRu@C, CoRu@C, and NiRu@C is displayed in Fig. 6.2(b,
e, h) which shows a spherical FeRu, CoRu, and NiRu core of about 26, 23, and 22
nm respectively, and a carbon shell of about 3 nm.
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Figure 6.2: TEM images and average size distribution of FeRu@C (a, b, c), CoRu@C
(d, e, f) and NiRu@C (g, h, i).
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Table 6.1: Composition of the FeRu@C nanostructures synthesized at diﬀerent pressures as determined by EDX analysis.
Pressure (bar)

13

21

26

Ru (wt%)

17 ± 1

28 ± 2

41 ± 2

Fe100−x Rux (x in wt%)

Fe83 Ru17

Fe72 Ru28

Fe59 Ru41

C (wt%)

18

30

57

Table 6.2: Composition of the CoRu@C nanostructures synthesized at diﬀerent pressures as determined by EDX analysis.
Pressure (bar)

13

21

26

Ru (wt%)

31 ± 1

38 ± 3

39 ± 5

Co100−x Rux (x in wt%)

Co69 Ru31

Co62 Ru38

Co61 Ru39

C (wt%)

22

34

40

Table 6.3: Composition of the NiRu@C nanostructures synthesized at diﬀerent pressures as determined by EDX analysis. The relative amount of carbon has been
determined by magnetisation studies.
Pressure (bar)

13

21

26

31

Ru (wt%)

7±1

8±1

19 ± 1

16 ± 1

Ni100−x Rux (x in wt%)

Ni93 Ru7

Ni92 Ru8

Ni81 Ru19

Ni84 Ru16

C (wt%)

61

73

75

84
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Figure 6.3: X-ray diﬀraction spectra of (a) FeRu@C , (b) CoRu@C and (c) NiRu@C
nanocapsules.
From the TEM studies, the images yield an average size of the FeRu, CoRu, and
NiRu core of < DTEM > = 13 ± 5, 9 ± 3, and 8 ± 3 nm with a relatively large
size distribution as displayed in Fig. 6.2(c, f, i). The thickness of the carbon shells
amounts to 2-3 nm.
A typical XRD diﬀraction pattern of the deposited material has been measured
for investigation of the phase structures of the alloys as shown in Fig. 6.3. Noteworthy, characteristic peaks of other related compounds especially oxides have not
been observed. The results conﬁrm the pure metallic constitution of the nanoalloys
except for the case of FeRu, where Fe3 C is formed at 50.1◦ . The diﬀraction peaks at
2Θ = (43.3◦ , 44.3◦ ), (40◦ , 43.7◦ , 46◦ , 51◦ ), and (39.8◦ , 44◦ , 51.5◦ ), are related to the
main reﬂexes (002, 101),(100, 111, 101, 200), and (100, 002, 111) of the FeRu, CoRu,
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and NiRu alloy, respectively. The very broad peak at 2Θ = 26◦ for all samples corresponds to graphitic carbon shells and amorphous-like carbon. As mentioned in the
previous chapter the XRD pattern allows to determine the average diameter of the
nanoalloys core from the width of the characteristic diﬀraction peaks. Evaluating the
reﬂexes of FeRu, CoRu, and NiRu (Fig. 6.3) by means of Eq. 4.1 yields an average
diameter of 9 ± 2, 6 ± 2, and 6 ± 2 nm respectively, which agrees well with the
TEM results. Also, the width of the XRD peaks does not change signiﬁcantly upon
variation of the synthesis pressure, i.e. the mean diameters of the metallic cores do
not signiﬁcantly depend on the pressure. In contrast, the peak positions are slightly
shifted which is in agreement with the observed changes in the composition of the
nanoalloys.

6.2.2

Magnetic properties

The magnetic properties of the prepared samples have been investigated by studies
of the ﬁeld dependence of the magnetization at room temperature. The ﬁeld dependencies for the nanoalloys synthesized at various pressure, i.e. the full hysteresis
loops of the magnetization, in an external ﬁeld up to 1T are presented in Fig. 6.4.
For FeRu@C, CoRu@C samples, the data reveal a ferromagnetic behaviour at room
temperature for all samples prepared at diﬀerent pressure (open hysteresis loop)
Fig. 6.4(a, b). In the case of NiRu@C samples, the data imply a ferromagnetic-like
behaviour at room temperature Fig. 6.4(c), i.e. the presence of a remanent magnetization Mr and the saturation of the magnetization curve in rather small external
magnetic ﬁelds at room temperature. The quantitative analysis of the data reveals
a clear dependence of the saturation magnetization MS on the synthesis pressure
(table 6.4, 6.5, 6.6). In addition, corresponding to the presence of small spontaneous
magnetic moments of NiRu@C samples, there are small coercive ﬁelds HC close to
zero. The other parameters presented in table 6.4, 6.5, 6.6 do not show a signiﬁcant
dependence on pressure.
79

6.2. Result and discussion

(a)

100

13 bar

50

21 bar

(b)

13 bar
21 bar

50

31 bar

M (emu/g)

M (emu/g)

6. Carbon coated FeRu, CoRu, NiRu nanoalloys

0

31 bar

0

-50

-50
T= 300 K

-10

-5

0

5

T= 300 K

-100
-10

10

-5

0

10

H (kOe)

H (kOe)

20

5

(c)

13 bar

M (emu/g)

21 bar

10

26 bar
31 bar

0

-10
-20
-10

T= 300 K

-5

0

5

10

H (kOe)

Figure 6.4: Magnetization loops at room temperature of (a) FeRu@C (b) CoRu@C
(c) NiRu@C nanoalloys synthesized at diﬀerent synthesis pressures.
Table 6.4: Magnetic parameters at T = 300 K for FeRu@C synthesised at diﬀerent
pressures.
Pressure

HC

MS

Mr

DTEM DXRD

(bar)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

13

373 ± 2

52

12± 2

13

9

21

437 ± 2

25

7±2

14

10

26

363 ± 2

18

4±2

13

9
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Table 6.5: Magnetic parameters at T = 300 K for CoRu@C synthesised at diﬀerent
pressures.
Pressure

HC

MS

Mr

DTEM DXRD

(bar)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

13

339 ± 2

92

24 ± 2

9

6

21

296 ± 2

85

18 ± 2

8

6

26

362 ± 2

67

16 ± 2

9

6

The magnetization studies provide another alternative to deduce information on
the size of the magnetic cores by evaluating the initial slopes of the M-H curves.
The major contribution to the initial slope arises from the largest particles. Their
larger magnetization vectors are more easily oriented by a magnetic ﬁeld and thus,
an upper boundary for the magnetic size Dmag can be estimated by applying Eq. 6.1
[197]. Whereas, the magnetic ﬁeld dependence of the magnetization at values near
the saturation is determined by the ﬁne particles, the orientation of which requires
larger ﬁelds. This equation is valid only for particles which has coercivity near to
zero. So, this equation has been applied for calculation of the particle size of NiRu
core.
[

Dmag

18kB T dM
dH
=
2
πρMs

]1/3
(6.1)

Here, kB is the Boltzmann constant, dM/dH is the initial slope near zero ﬁeld,
and ρ is the bulk density of the sample. The analysis of the experimental data in Fig.
6.4(c) by means of Eq. 6.1 allows to estimate an upper boundary for the magnetic
core size (table 6.6). In agreement with the TEM and XRD analysis, the estimated
average particle size from the magnetic properties amounts 9 ± 1 nm for all samples
of NiRu nanoalloys. The similar core size of all materials is also conﬁrmed by the
similar values of the coercive ﬁeld HC . In contrast, there are strong diﬀerences in the
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Table 6.6: Magnetic parameters at T = 300 K for NiRu@C synthesised at diﬀerent
pressures Dmag , DTEM , DXRD denote the mean core diameters as determined by
analysis of magnetization, TEM, and XRD data, respectively.
Pressure

HC

MS

Mr

Dmag

DTEM DXRD

(bar)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

(nm)

13

30 ± 2

17

1.0 ± 0.1

8

8

6

21

6±2

11

0.2 ± 0.1

9

9

7

26

45 ± 2

5

0.5 ± 0.1

10

9

7

31

26 ± 2

4

0.1 ± 0.1

9

8

6

saturation magnetization values. This value depends both on the relative amount of
magnetic core material in the samples and on its composition. Since the composition
is known from our EDX analysis, the comparison of the saturation magnetization
enables to deduce the nanoalloy to carbon ratio by considering the corresponding
values of pure NiRu bulk material [198]. The comparison with the magnetization of
the related bulk NiRu allows estimating the mass ratio of the magnetic material in
the carbon coated particles (table 6.3), but in the case of FeRu, and CoRu, there
was no information in the literatures for the magnetic properties of the related bulk
materials regarding to the obtained compositions. In general, the saturation magnetization decreases upon increasing the pressure which is mainly associated with
a decreasing relative amount of magnetic materials, i.e. an increase of the relative
carbon content. As displayed in table 6.3, the relative amount of carbon sensitively
depends on the applied synthesis pressure and it monotonously increases at higher
pressure. Note that the actual amount of carbon in the samples implies average interparticle distances of 20-30 nm between the particle centers. This yields only small
dipolar interactions in the range of a few K which can be neglected in the analysis
of the room temperature magnetization.
82

6.2. Result and discussion

6. Carbon coated FeRu, CoRu, NiRu nanoalloys

From the data in Fig. 6.4(c), the small values of HC and Mr indicates the existing
of smaller particles at diﬀerent temperature range. It is noted that due to the observed size distribution, the superparamagnetic blocking temperatures are supposed
to cover a large temperature range for each sample of the NiRu@C materials. In
particular, the smallest particles might exhibit superparamagnetic behavior down to
lowest temperatures. However, the blocking temperature depends not only on the
particle size but also on the actual magnetic anisotropy of the material. This is
underlined by the fact that the mean diameter of the particles as measured by XRD
and TEM is very similar for all materials. Hence, in order to study this in more
detail, the temperature dependence of the magnetization for all NiRu@C samples
has been measured as presented in Fig. 6.5. As explained before, here the samples
were ﬁrstly cooled down to 5 K in zero magnetic ﬁelds and then a magnetic ﬁeld of
100 Oe was applied to the samples. Under such ZFC conditions the measurements
were performed upon heating up to 400 K. In contrast, FC data have been obtained
after cooling the sample in the same ﬁeld.
Fig. 6.5 exhibits a cusp in the ZFC magnetization which might be attributed to
the blocking temperature, TB . However, the ZFC-FC curves depart from each other
already at temperatures far beyond the peak in the ZFC curve. On the other hand,
the FC magnetization continues to increase without indication of saturation below
the peak in the ZFC, which distinguishes the system from the canonical spin-glass
systems [199]. The broad size distribution of our nanoparticles already implies a
broad distribution of blocking temperatures so that one can attribute the observed
ZFC maxima with the average blocking temperature of the mean particles diameter.
In general, for superparamagnetic particles, the blocking temperature TB is linked
to particle size and eﬀective anistropy constant via the Néel-Brown equation as explained in the previous chapters [193]. By assuming average blocking temperature at
the ZFC maxima associated with the mean diameter as given above, the data yield
magneto crystalline anisotropy constants of 0.3-2.6 · 105 J/m3 for the samples pre83
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Figure 6.5: Zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) magnetisation curves of
NiRu@C nanocapsules at H = 100 Oe, prepared at a pressure of (a) 13 bar , (b) 21
bar, (c) 26 bar and (d) 31 bar, respectively.
sented in Fig. 6.5(a-d). On the other hand, the broad size distribution implies that
a considerable amount of particles is ferromagnetic at room temperature in which
case the coercivity is given by Eq. 6.2 [200].
[
[
]1/2 ]
2Keﬀ
25kB T
HC =
1−
MS
Keﬀ V

(6.2)

By knowing the values of Hc , MS and the volume of the magnetic particles, our data
yield anisotropy constants of 3.8 - 0.2 · 105 J/m3 for the four samples which is in
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the same order of the estimated values by using Néel-Brown formula. Similar high
values of compared to the bulk materials have also been observed for other magnetic
nanoparticles and are often ascribed to the surface anisotropy eﬀects of the clusters
[201].

6.2.3

Heating in AC magnetic fields

In order to test the samples potential for hyperthermia therapy, the feasibility of the
highest magnetization NiRu@C nanocapsules for magnetically induced heating has
been investigated. In contrast to the measurements presented above, the following
experiments have been performed by means of dispersed particles in an aqueous
solution. For the sake of preparing the dispersions, the particles were dispersed in a
water-albumin solution using a tip sonicator for 2 minuets (10 sec on, and 1 sec oﬀ).
The concentration of the particles was chosen to be 3 mg/ml. The concentration of
albumin in the water was 5 mg/ml. The heating eﬀect of the particles dispersion in
AC magnetic ﬁelds was studied using applied AC magnetic ﬁelds with a frequency
of 120 kHz and magnetic ﬁeld strengths of 0 - 80 kA/m to the highest magnetization
sample. The temperature of the sample was detected in dependence of time as shown
in Fig. 6.6(a) which presents time-dependent calorimetric measurements at diﬀerent
applied magnetic ﬁelds for NiRu@C nanocapsules. A signiﬁcant heating eﬀect has
been observed at applied magnetic ﬁelds larger than 20 kA/m. At the maximum
applied magnetic ﬁeld of 80 kA/m, the heating rate reached values of 0.4 ◦ C/min.
The speciﬁc absorption rate (SAR) has been calculated from the initial slope of the
T versus t curves using Eq. 3.7. Fig. 6.6(b) shows the magnetic ﬁeld dependence of
the SAR for NiRu@C. At the maximum applied magnetic ﬁeld of 80 kA/m, the SAR
value of 23 W/gNiRu @C was determined for NiRu@C. The observed quadratic ﬁeld
dependence ﬁts to the fact that the dissipated magnetic energy is proportional to H 2 .
The relatively broad size distribution in our sample implies both superparamagnetic
and ferromagnetic particles at room temperature. So, diﬀerent heating mechanisms
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Figure 6.6: (a) Temperature versus time upon application of AC magnetic ﬁelds, and
(b) corresponding SAR values for the highest magnetization sample of NiRu@C.
can appear from which Néel and Brownian relaxation are expected to be the relevant
processes for the observed power absorption [195].

6.3

Conclusions

The synthesis of FeRu@C, CoRu@C, and NiRu@C nanoalloys using the HPCVD
technique has been successfully done. The samples have been investigated with
respect to their morphology and magnetic properties. Core/shell nanostructures
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of FeRu@C, CoRu@C, and NiRu@C have been revealed from the analysis of our
HRTEM and XRD data. X-ray diﬀraction studies reveal FeRu, CoRu, NiRu binary
alloys and no oxidized metals. It is to be particularly mentioned that the content
of carbon in the deposited nanoalloy material clearly depends on the synthesis pressure while the average sizes of the nanoparticles do not signiﬁcantly change. Hence,
this leads to control the composition of the produced alloys by controlling the pressure during the synthesis process as well as control of the magnetic properties, too.
For FeRu@C and CoRu@C samples, the magnetization curves show ferromagnetic
behaviour, while NiRu@C samples show ferromagnetic-like behavior for samples prepared at the lowest pressure and typical superparamagnetic behaviour for the sample
made at highest pressure. Diﬀerent values for the saturation magnetization are obtained by variations in the chemical composition of the alloy core but primarily are
caused by diﬀerent carbon contents in the deposited material, especially by more
amorphous-like carbon while the thickness of the graphitic shells is relatively constant. On the other hand, the mean superparamagnetic blocking temperatures are
mainly associated with the changing of the chemical composition of the core material. A large anisotropy has been noticed from the analysis of (ZFC) magnetization
curve of NiRu nanoalloys. The AC heating studies for the dispersed NiRu@C sample
displayed induced heat inside the sample solution which yields SAR of 23 W/gNiRu@C
at 80 kA/m.
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7

Carbon coated NiPt and CoPt nanoalloys
When aiming at realizing the promises of applied nanoscience, the production of
uniform nanoparticles with controlled particle size is still one of the main challenges.
Here, it is demonstrated how carbon-shielded NiPt and CoPt nanoparticles (NiPt@C,
CoPt@C) can be progressively synthesized under precise size-control.

7.1

Size-controlled NiPt@C nanoalloys

In this section, the ability of synthesis diﬀerent sizes of carbon coated NiPt nanoalloys
has been achieved by HPCVD technique using diﬀerent metallorganic precursors of
Pt and Ni which can be sublimated in a thermostated sublimation chamber. The
particle size of the synthesized NiPt nanoalloys has been controlled by varying the
sublimation temperature of the precursors.

7.1.1

Nanoalloys synthesis

HPCVD has been applied for the synthesis of carbon coated NiPt nanoalloys. Here,
nickelocene and (trimethyl) methylcyclopentadienyl platinum (IV) precursors have
been used as starting materials for the nanoalloying constituents Ni and Pt, respectively. The advantage of using these types of precursors is that they can sublimate at
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low temperature range. These allow to have large range of sublimation temperature
variation. The metallorganic precursors (weight ratio Ni:Pt = 2:1) have been placed
in a particular separated crucible located in a separated thermostated chambers and
are sublimated and transported using argon gas (1400 sccm) into the reactor. The
temperature and the pressure inside the CVD reactor can be varied in the range of
200-1000 ◦ C and 5-40 bar respectively. Actually, in order to control the synthesis
process, three main parameters have to be controlled as mentioned in chapter 4. The
ﬁrst parameter is the temperature inside the CVD reactor which is adjusted and ﬁxed
at 900 ◦ C as the optimum temperature for production of the spherical nanoparticles.
The second parameter is the change of the pressure inside the CVD reactor which
already have been tested for FeRu@C, CoRu@C, and NiRu@C where no observable
size variation has been occurred. So, the pressure has been ﬁxed at the optimum
value for producing spherical nanoparticles which amounts 13 bar. The last main
parameter is the sublimation temperature of the precursors which aﬀects mainly the
particle size of the produced NiPt alloy and partially the alloy composition as well
as the amount of carbon in the whole material. Here the temperature can be varied
for both sublimation chambers in the range of 30-95◦ C and 95-170◦ C for Pt and Ni
chambers respectively. However, when the temperature of any chamber is ﬁxed and
the other is varied, one can get alloys with diﬀerent compositions as well as diﬀerent
particle sizes.

7.1.2

Result and discussion

7.1.2.1

Morphology and structure

In the vapour-phase synthesis of nanoparticles, the molecules are in the gas phase and
under certain conditions, the particles will be formed and the re-evaporation of the
particles will be prevented. This is the situation of a supersaturated vapour which
has been discussed in chapter 2. After production of the samples, it is expected to

89

7.1. Size-controlled NiPt@C nanoalloys

7. Carbon coated NiPt and CoPt nanoalloys

obtain various samples with diﬀerent particle sizes and physical properties when the
sublimation temperature sources be varied. However, the composition, the particle
size, and the core/shell morphology of the resulting material were investigated by
EDX, and HRTEM as shown in table (7.1, 7.2) and Fig. 7.1. The EDX data
(table 7.1, 7.2) imply that moderately increasing the temperature of the sublimation
chambers of Ni or Pt yields a higher Ni or Pt content respectively in the produced
samples. From these results, It is clear that at low sublimation temperatures the
amount of the sublimated particles is small which leads to formation of low Ni or
Pt content in the alloys composition as well as the carbon content in the whole
sample. In contrast at high sublimation temperature the amount of the sublimated
particles is large which leads to the formation of high Ni or Pt content in the alloys
composition as well as the carbon content in the whole sample.
Table 7.1: Composition of the NiPt@C nanoparticles synthesized at diﬀerent sublimation temperatures of Ni (TSNi ) and constant sublimation of Pt (TSPt ) at 95 ◦ C
determined by EDX analysis. Particle size is evaluated by TEM.
TSNi (◦ C)

(a,b) 95

(d,e) 110

(j,k) 130

Ni (wt%)

4±1

8±1

17 ± 1

DTEM (nm)

13 ± 5

9±3

2±1

C (wt%)

21

36

90

As shown in the TEM images of Fig. 7.1(a, d, g, j), the formation of diﬀerent
particle sizes has been observed for all samples which prepared at diﬀerent temperatures of the sublimation chambers. Also examples of particles coated with carbon
have been displayed for all samples in Fig. 7.1(b, e, h, k). From the TEM studies,
an average size of the NiPt core of 13 ± 5, 9 ± 3, 6 ± 2, and 2 ± 1 nm has been
extracted with a relatively small size distribution for the samples prepared at higher
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Figure 7.1: TEM images of (a, d, g, j) NiPt coated with carbon shells prepared at
diﬀerent sublimation temperature chamber with diﬀerent particle size listed in table
(5.1, 5.2). (b, e, h, k) Assembly of carbon coated NiPt. (c, f, i, l) Size distribution
for each sample.
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Table 7.2: Composition of the NiPt@C nanoparticles synthesized at diﬀerent sublimation temperature of Pt (TSPt ) and constant sublimation temperature of Ni (TSNi ) at
130 ◦ C determined by EDX analysis. Particle size is evaluated by TEM. The relative
amount of carbon has been determined by magnetization studies.
TSPt (◦ C)

(g,h) 50

(g,h) 60

(j,k) 95

Pt (wt%)

69 ± 1

73 ± 1

83 ± 1

DTEM (nm)

6±2

6±2

2±1

C (wt%)

28

57

90

sublimation temperature as shown in Fig. 7.1(c, f, i, l). Note that the thickness
of the carbon shells amounts to 1-2 nm. The data in table (7.1, 7.2) and Fig. 7.1
imply the increasing of the particle size when the sublimation temperature of any
chamber increases. The resultant smaller particles at higher sublimation temperatures (low supersaturation ratio) conﬁrm the surface growth mechanism. This is
resulting in a good crystalline structure and therefore homogeneous nucleation of
NiPt@C spherical nanocapsules. While the larger particles which is synthesized at
lower sublimation temperatures (high supersaturation ratio) conﬁrm the agglomeration growth mechanism. Hence, a clear dependence of the NiPt particle size as well
as of the alloy composition on the sublimation temperature is indeed evident from
the obtained data which is shown in Fig 7.2. Here, the inversely linear dependance
of the particle size on the sublimation temperature of one chamber where the other
chamber is ﬁxed and vice versa has been shown.
In order to explore the structure of the prepared samples, a typical XRD diﬀraction pattern of the deposited material has been measured as shown in Fig. 7.3.
The XRD pattern of the samples prepared at diﬀerent sublimation temperatures of
Pt (TSPt ) at ﬁxed sublimation temperatures of Ni (TSNi )= 130 ◦ C are shown in Fig.
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Figure 7.2: Particle size dependence on sublimation temperatures of (a) Pt at TSNi =
130 ◦ C and (b) Ni at TSPt = 95 ◦ C of NiPt@C nanostructures.
7.3(a, b) and at diﬀerent (TSNi ) at constant (TSPt )= 95 ◦ C as shown in Fig. 7.3(c).
The results conﬁrm the elementarily pure constitution of the nanoalloy core. The
diﬀraction peaks at 2Θ = 40◦ , 46◦ , 68◦ and 82◦ are related to the main reﬂexes (111),
(200), (220) and (311) in which NiPt alloy crystallize in bulk. From the width of the
characteristic diﬀraction peaks, evaluating the four main reﬂexes of NiPt by means
of Scherrer equation yield an average diameter of 7 ± 4, 7 ± 4 and 3 ± 1 nm for samples prepared at diﬀerent (TSPt ) and constant (TSNi )= 130 ◦ C as shown in Fig. 7.3(a,
b) and 15 ± 7, 10 ± 5, and 3 ± 1 nm for samples prepared at diﬀerent (TSNi ) and
constant (TSPt )= 95 ◦ C as seen in Fig. 7.3(c). These results are in good agreement
with the TEM results. In contrast, the peak positions are slightly shifted which is
in agreement with the observed changes in the composition of the nanoalloys.
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Figure 7.3: X-ray diﬀraction spectrum of NiPt@C nanostructures for samples prei
◦
pared at diﬀerent sublimation temperatures of (a, b) Pt at TN
S = 130 C and (c) Ni

at TPS t = 95 ◦ C.
7.1.2.2

Magnetic properties

The magnetic properties of NiPt@C have been studied by means of studies of the
ﬁeld dependence of the magnetization at room temperature and of the temperature
dependence at a constant ﬁeld of H = 100 Oe. The ﬁeld dependencies for the
nanoalloys synthesized at diﬀerent sublimation temperature, i.e. the full hysteresis
loops of the magnetization, in an external ﬁeld up to 1 T are presented in Fig. 7.4.
The ﬁgure shows ferromagnetic-like behaviour at room temperature for all samples prepared at diﬀerent sublimation temperatures, i.e. the presence of a remanent
magnetization Mr and coercivity HC in rather small external magnetic ﬁelds at room
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Figure 7.4: Magnetization loops at room temperature of NiPt@C nanoalloys synthesized at diﬀerent sublimation temperatures of (a) Ni at TSPt = 95 ◦ C, and (b) Pt at
TSNi = 130 ◦ C.
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temperature. The quantitative analysis of the data reveals a clear dependence of the
magnetization on the sublimation temperature (table 7.3, 7.4). It is clear from Fig.
7.4 (a, b) that the magnetization decreases with increasing the Pt-content and increases with increasing the Ni-content of the alloy. Corresponding to the presence of
a small Mr , there are small coercive ﬁelds HC close to zero indicates the existence of
small particle size of the magnetic cores which conﬁrms the results from TEM and
XRD. All the magnetic parameters have been listed in table (7.3, 7.4).
Table 7.3: Magnetic parameters at T = 300 K for NiPt@C synthesized at diﬀerent
TSNi and at constant TSPt = 95 ◦ C.
TSNi

HC (Oe)

M (1 T)

Mr

DTEM

DXRD

(◦ C)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

95

126 ± 2

0.09

0.02

13 ± 5

15 ± 7

110

75 ± 2

0.26

0.02

9±3

10 ± 5

130

58 ± 2

0.42

0.03

2±1

3±1

Table 7.4: Magnetic parameters at T = 300 K for NiPt@C synthesised at diﬀerent
TSPt and at constant TSNi = 130 ◦ C.
TSPt

HC (Oe)

M (1 T)

Mr

DTEM

DXRD

(◦ C)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

50

32 ± 2

11

0.8

6±2

7±4

60

31 ± 2

5

0.2

6±2

7±4

95

58 ± 2

0.42

0.03

2±1

3±1

The formation of diﬀerent core sizes for all samples is conﬁrmed by the observed
diﬀerent values of the coercive ﬁeld HC . Also, there are diﬀerences in the magnetization values M (1 T), which depends both on the relative amount of magnetic
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Figure 7.5: Magnetization of NiPt@C independence on the Pt content.
core material in the samples and on its composition. Fig. 7.5 shows an decreasing
in the magnetization value according to the increasing of the Pt content inside the
alloy which ﬁts to an exponential dependance of the magnetization on Pt content
is increasing. So, the comparison of the magnetization values to the corresponding
values of pure NiPt bulk material with the same Ni:Pt ratio [198] enables to deduce the nanoalloy to carbon ratio. As displayed in table 7.2, the relative amount
of carbon sensitively depends on the sublimation temperature and it monotonously
increases at higher sublimation temperatures. Note that the actual amount of carbon in the samples implies average interparticle distances of 8-20 nm between the
particle centers. At these distances, only small dipolar interactions in the range of a
few K are expected which can be neglected in our analysis of the room temperature
magnetization.
The magnetization data imply small values of HC and TEM data show narrow
size distribution of the particles which indicate the existence of superparamagnetic
particles. This already announces that the superparamagnetic blocking temperature
(TB ) is smaller than 300 K for most of the samples. In contrast, for some samples large
ﬁnite HC was found at room temperature which may exhibit a blocking temperature
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TB > 300 K especially for the sample which showed broad size distribution. Hence,
due to the observed size distribution from TEM analysis for all samples prepared at
diﬀerent sublimation temperatures, the superparamagnetic blocking temperatures
are supposed to cover a large temperature range for the material prepared at lower
sublimation temperatures. The smallest particles might exhibit superparamagnetic
behavior down to lowest temperatures for the material prepared at higher sublimation
temperatures and shows narrow size distribution.
In order to investigate TB , the temperature dependence of the magnetization has
been measured as shown in Fig. 7.6. For these measurements, the samples were
ﬁrstly cooled down to 5 K in zero magnetic ﬁelds and then a magnetic ﬁeld of 100
Oe was applied to the samples. Fig. 7.6 exhibits a cusp in the zero-ﬁeld cooled
(ZFC) magnetization which might be attributed to the blocking temperature TB .
However, the ZFC-FC curves depart from each other already at temperatures far
beyond the peak in the ZFC curve. On the other hand, the FC magnetization continues to increase without indication of saturation below the peak in the ZFC, which
distinguishes the system from the spin-glass systems [199]. However, the separation
of ZFC and FC branches of magnetization curves on decreasing the temperature
is a characteristic feature of an agglomeration of superparamenetic particles. The
broad size distribution for some of our samples already implies a broad distribution
of blocking temperatures such as for the sample which was prepared at TSNi , TSPt =
95, 95 ◦ C (Fig. 7.6(a)). One might conclude that the observed ZFC maxima are attributed to the average blocking temperature of the particles with the mean diameter.
The maxima of the ZFC curve at Fig. 7.6(a) indicates the blocking temperatures
TB of 395, 45, 10 K for samples prepared at TSNi , TSPt = (95, 95), (110, 95), and
(130, 95) ◦ C, respectively. The ZFC maxima at Fig. 7.6(b) imply that TB amounts
to 10, 25, and 215 K for samples prepared at TSNi , TSPt = (130, 95), (130, 60), and
(130, 50) ◦ C respectively. Therefore, the blocking temperature dependance on the
sublimation temperature is clear as shown in Fig. 7.7. Here the data show that TB
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Figure 7.6: Zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) magnetisation curves of
NiPt@C nanocapsules at H = 100 Oe, prepared at diﬀerent sublimation temperature
of (a) Ni at TSPt = 95 ◦ C, and (b) Pt at TSNi = 130 ◦ C.
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Blocking temperature dependence on sublimation temperature of

NiPt@C nanocapsules prepared at at diﬀerent sublimation temperature of (a) Pt
at TSNi = 130 ◦ C and (b) Ni at TSPt = 95 ◦ C.
decreases exponentially according to the increasing of the sublimation temperature
of one chamber where the other chamber is ﬁxed (Fig. 7.7).
As known from the Ref. [202], the obtained particle sizes are still linked to TB via
the Neel-Brown equation TB = KV /25kB [193]. Then, by assuming a mean blocking
temperature at the ZFC maxima associated with the mean diameter as given above,
the data yield magneto-crystalline anisotropy constants K of 0.3-4 · 105 J/m3 for
all samples presented in Fig. 7.6(a, b). These large values of the magnetocrystaline
anisotropy is useful to keep the magnetic energy barriers (KV ) suﬃciently high which
motivate the potential of NiPt@C nanocapsules for the recording media applications.
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Size-controlled CoPt@C nanoalloys

In this section the synthesis of diﬀerent CoPt@C particle sizes, alloy compositions,
and carbon to metal ratio by varying the temperature of the sublimation chamber
of Co are studied.

7.2.1

Nanoalloys synthesis

The synthesis of carbon coated CoPt nanoalloys has been performed using the same
HPCVD technique which is used for synthesis of NiPt@C samples. During the synthesis of CoPt@C samples, the temperature and the pressure inside the CVD reactor
have been ﬁxed at 900 ◦ C and 13 bar respectively. These conditions was the optimum for production of spherical particles coated with carbon. The two diﬀerent
metallorganic precursors of copaltocene for Co and trimethylmethylcyclopentadienyl
platinum (IV) for Pt have been located in a separated thermostated chambers (weight
ratio Co:Pt = 2:1) and are sublimated and transported using argon gas (1400 sccm)
into the CVD reactor. The temperatures of the sublimation chambers have been
varied in the range of 95-170◦ C for Co chamber, while is ﬁxed at 95 ◦ C for Pt chamber. Here only the sublimation temperature of the Co chamber is varied in order to
increase the Co content inside the alloy, therefore one can get samples with higher
magnetic properties. In addition, in order to synthesis Co rich content in the CoPt
alloy, the temperature of the sublimation chambers for Co and Pt have been adjusted
at 170 ◦ C, 60 ◦ C respectively. It is expected that the change of the temperatures of
the sublimation chambers will lead to production of various samples with diﬀerent
particle sizes, alloy compositions, and carbon to metal ratio as well as characteristic
magnetic properties.
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The synthesis of diﬀerent particle sizes for CoPt@C has been done based on the
principle of the particle surface growth in the gas phase which has been discussed in
details in chapter 2 and in the previous section. It is also clear here that at higher
sublimation temperature one can get smaller particles (surface growth mechanism),
and larger particles at lower sublimation temperature (agglomeration mechanism).
However, the alloy composition, the particle size, and the core/shell morphology of
the synthesized material have been investigated using EDX and HRTEM as shown
in table 7.5 and Fig. 7.8. The EDX data give information regarding the alloy composition for all the prepared samples. According to the increase of the sublimation
temperature of Co TSCo , the amount of the sublimated particles increase. Therefore,
the Co content inside the alloy increases as well as the carbon content in the whole
sample.
Table 7.5: Composition of the CoPt@C nanoparticles synthesized at diﬀerent TSCo
and at constant TSPt = 95 ◦ C determined by EDX analysis. Particle size is evaluated
by TEM.
TSCo (◦ C)

(a,b) 95

(d,e) 110

(g,h) 130

(j,k) 150

(m,n) 170

Co (wt%)

5±1

7±1

11 ± 1

13 ± 1

15 ± 1

DTEM

18 ± 6

14 ± 5

6 ± 1.5

2±1

2 ± 0.5

15

20

22

37

42

(nm)
C (wt%)

The formation of spherical CoPt@C nanocapsules with diﬀerent particle sizes
have been observed from TEM images and are listed in table 7.5 for all prepared
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Figure 7.8: TEM images of (a, d, g, j, m) CoPt@C prepared at diﬀerent TCo
S and at
constant TPS t = 95 ◦ C. (b, e, h, k, n) Assembly of carbon coated CoPt. (c, f, i, l, o)
Size distribution for each sample.
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Figure 7.9: Particle size and magnetization dependence of TSCo at TSPt = 95 ◦ C.
samples at diﬀerent sublimation temperatures of Co at ﬁxed TSPt = 95 ◦ C as shown
in Fig. 7.8(a, d, g, j, m). In order to display the core/shell structure, an examples
of CoPt alloys coated with carbon for all samples have been presented in Fig. 7.8(b,
e, h, k, n). The TEM studies revealed an average size of the CoPt core of 18 ±
6, 14 ± 5, 6 ± 1.5, 2 ± 1 and 2 ± 0.5 nm with narrow size distribution for the
samples prepared at higher sublimation temperature as shown in Fig. 7.8(c, f, i, l, o)
respectively. The thickness of the carbon shells has been determined to be 1-2 nm.
So, it is clear from the TEM images that the particle size depends on TSCo at ﬁxed
TSPt = 95 ◦ C (Fig. 7.9). Fig. 7.9 shows that the particle size decreases exponentially
versus the increasing of the sublimation temperature of the Co. In addition, the
ﬁgure shows the magnetization dependance on the sublimation temperature which
will be discussed in the next subsection.
In order to get higher content of Co in the alloy system, another composition
has been synthesized at lower sublimation temperature of Pt (60 ◦ C), and at higher
sublimation temperature of Co (170 ◦ C). The Co composition has been analyzed
using EDX to be 40 wt% and the carbon contents amounts 18 wt%. The core/shell
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Figure 7.10: TEM images of (a) CoPt coated with carbon shells prepared at TSCo =
170 ◦ C, and TSPt = 60 ◦ C (b) Assembly of carbon coated CoPt. (c) Size distribution
of the prepared sample.
structure, the particle size distribution have been investigated by TEM and the
average core size was found to be 20 ± 6 nm as shown in Fig. 7.10(a-c).
After investigation of the morphology of the samples, the structure has been
explored. Typical XRD diﬀraction patterns of the deposited materials are shown in
Fig. 7.11. The results conﬁrm the elementarily pure constitution of the nanoalloys
cores. The diﬀraction peaks at 2θ = 33◦ , 41◦ , 48◦ , 61◦ , 69◦ , and 82◦ are related to
the main reﬂections (100), (111), (200), (210), (220) and (311) of the CoPt alloy.
The average diameter of the nanoparticles as determined by using Scherrer equation
amount to 18 ± 10, 17 ± 10, 9 ± 4, 6 ± 3, 4 ± 2 and 19 ± 10 nm for all the samples
from (a) to (f), respectively. These values conﬁrm the obtained values from TEM
images. Note that the peak positions are slightly shifted due to the changes in the
composition of the nanoalloys.
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Figure 7.11: X-ray diﬀraction specta of CoPt@C nanostructures for samples prepared
at diﬀerent sublimation temperatures of Co, and Pt (TSCo , TSPt ).
7.2.2.2

Magnetic properties

In order to investigate the magnetic properties of the synthesized CoPt nanoalloys,
the ﬁeld dependence of the magnetization at room temperature has been measured
in external ﬁelds up to 1 T (Fig. 7.12). Here Fig. 7.12 shows open hysteresis
curves so that already from a ﬁrst glance it can be concluded that samples exhibit
ferromagnetic-like response at room temperature.
The result shows a clear dependence of the magnetization on the sublimation
temperature and on the platinum content inside the alloy (Fig. 7.9, 7.13, table 7.6).
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Figure 7.12: Magnetization loops at room temperature of CoPt@C nanoalloys synthesized at (1-5) diﬀerent TSCo at ﬁxed TPS t = 95 ◦ C and at (6)TSPt = 60 ◦ C and TSCo
= 170 ◦ C.
Fig. 7.9 shows linear dependence of M (1 T) on TSCo which can be expected from the
increase of the Co content inside the alloy due to the increasing of the TSCo which
leads to an increase in the magnetization of the alloy under applied external magnetic
ﬁeld. In contrast the situation when the Pt content increases inside the alloy, the
magnetization of the alloys decreases under applied external magnetic ﬁeld as shown
in Fig. 7.13. Corresponding to the presence of a small remnant magnetization Mr ,
there are small coercive ﬁelds HC which are close to zero. The diﬀerent core sizes of
all materials which are observed in TEM are conﬁrmed by the diﬀerent values of the
coercive ﬁeld HC . Also, the magnetization depends both on the relative amount of
magnetic core material and on its composition. Note that interparticle interaction
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Table 7.6: Magnetic parameters at T = 300 K for CoPt@C synthesized at diﬀerent
TSCo and TSPt .

TSCo , TSPt

HC (Oe)

M (1 T)

Mr

DTEM

DXRD

(◦ C)

(Oe)

(emu/g)

(emu/g)

(nm)

(nm)

(1) 95, 95

51 ± 2

2

0.1

18 ± 6

18 ± 12

(2) 110, 95

51 ± 2

3

0.1

14 ± 5

17 ± 10

(3) 130, 95

27 ± 2

17

0.2

6 ± 1.5

9±4

(4) 150, 95

31 ± 2

24

0.5

2±1

6±3

(5) 170, 95

14 ± 2

26

0.1

2 ± 0.5

4±2

(6) 170, 60

199 ± 2

46

7

20 ± 6

19 ± 10

can be neglected in the data interpretation due to rather larger interparticle distances
of 12-20 nm.
From the obtained data in table 7.6, the small values of HC , Mr and the narrow
size distribution of the particles one can already expect the existence of superparamagnetic behavior at lower temperature range. This is in deep conﬁrmed by the
magnetization data shown in Fig. 7.14. Here, the temperature dependence of the
magnetization at constant magnetic ﬁelds of 50, 100, or 150 Oe is presented. The
ﬁgure includes two types of measurements are carried out namely zero-ﬁeld cooling
(ZFC) and ﬁeld cooling (FC). The FC procedure diﬀers from ZFC only by the fact
that the sample is cooled in a nonzero magnetic ﬁeld. For magnetic nanoparticles,
the FC (T ) and ZFC (T ) curves usually coincide at relatively high temperatures but
start to diﬀer below a certain temperature.
As seen in Fig. 7.14, there is a peak in ZFC-magnetization which usually is
related to the average blocking temperature TB . At temperature beyond TB the
ZFC-FC depart from each other. This separation of the ZFC and FC curves is
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Figure 7.13: Magnetization of CoPt@C independence on the Pt content.
an indication for an agglomeration of the superparamagnetic particles. Here Fig.
7.14(a, b, f) display a broad ZFC curve which is a characteristic feature for broad
distribution of TB . This is usually due to the broad size distribution of the particular
synthesized particles at lower sublimation temperature. In contrast Fig. 7.14(c, d, e)
exhibit the relative narrow ZFC curve which is characteristic feature for the narrow
distribution of TB . This is according to the narrow size distribution of the particular
synthesized particles at higher sublimation temperatures. Hence from Fig. 7.14
one can attribute the observed ZFC maxima as the average blocking temperature
of the particles according to the mean particle size. So that the average blocking
temperature TB amounts to 231, 50, 37, 11, 8, and 82 K for the samples shown in
Fig. 7.14(a-f) respectively. However, one can conclude the dependence of TB on
the synthesis sublimation temperature as well as the particle size as shown in Fig
7.15. Here the blocking temperature shows an exponential decay versus the synthesis
sublimation temperature which conﬁrms the same behaviour in the case of NiPt@C
samples. Since, the blocking temperature depends not only on the particle size but
also on the actual magnetic anisotropy of the material, one can use the Neel-Brown
equation for estimation of the magneto crystalline anisotropy constant. By assuming
a mean blocking temperature with the mean diameter as mentioned above, the data
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Figure 7.14: Zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) magnetization curves of
(a-f)CoPt@C nanocapsules prepared at diﬀerent TSCo , TSPt .
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= 95 ◦ C.
yield anisotropy constants of 0.2-6.7 ·105 J/m3 for all samples presented in Fig.
7.14(a-f). These values is large which open the potential of the synthesized particles
for recording media application.
7.2.2.3

Heating in AC magnetic fields

The feasibility of the Co40 Pt60 @C sample for magnetically induced heating has been
investigated under applied AC magnetic ﬁeld. For the sake of preparing the dispersions, carboxy methyl cellulose (CMC) has been used as a biocompatible surfactant.
The particles were dispersed in a water-CMC solution using a tip sonicator for 2
minuits (10 sec. on, and 1 sec oﬀ). The concentration of the particles was chosen to
be 5.5 mg/ml. The concentration of CMC in the water was approximately 5 mg/ml.
AC magnetic ﬁelds with a frequency of 120 kHz and magnetic ﬁeld strengths of 080 kA/m were applied to the highest magnetization sample. The experiment was
performed as described in chapter 4. In Fig. 7.16(a), the time-dependent calorimetric measurements at diﬀerent applied magnetic ﬁelds for CoPt@C nanocapsules are
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shown. A heating eﬀect has been observed at applied magnetic ﬁelds > 20 kA/m.
At the maximum applied magnetic ﬁeld of 80 kA/m, the heating rate reached values
of 4 ◦ C/min.
The speciﬁc absorption rate (SAR) usually displays the heating ability of a magnetic material and, therefore, the feasibility of a material for application in magnetic
hyperthermia therapy. The SAR values have been calculated from the initial slope of
the T versus t curves using Eq. 3.7 but here C is the heat capacity of CMC solution
(C = 4.4 Jg−1 K−1 ) had to be used [203]. The resulting SAR values for CoPt@C
are shown as a function of the applied AC magnetic ﬁeld strength are shown in Fig.
7.16(b). The observed quadratic ﬁeld dependence is in agreement with the fact that
the dissipated magnetic energy is proportional to H 2 .
At the maximum applied magnetic ﬁeld of 80 kA/m, the SAR value amount to
69 W/gCoPt@C for CoPt@C. This value is not large in order to be used for real application. But it can be large if the sample being chemically functionalized to get
better dispersions of the magnetic nanoparticles in the liquid. In contrast there was
no observable induced heating in the case of NiPt@C samples. The reason is due
to the large magnetization of the CoPt@C samples in comparison to the NiPt@C
samples. The relatively broad size distribution in CoPt@C sample implies both superparamagnetic and ferromagnetic particles at room temperature. However, heating
mechanisms which responsible for the observed power absorption might appear concomitantly from Néel and Brownian relaxation. This is because of the behaviour of
dispersed particle in liquid induce heating via the movement of the particle in the
solution (Brownian relaxation) and the rotation of the entire magnetic moment of
the particles (Néel relaxation).
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Figure 7.16: (a) Temperature vs. time upon application of AC magnetic ﬁelds, and
(b) corresponding SAR values for the highest magnetization sample of CoPt@C.
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Conclusions

NiPt@C and CoPt@C nanoalloys have been synthesized under controlled conditions
using the high pressure chemical vapor deposition technique. The samples have been
investigated with respect to their morphology and magnetic properties. Core/shell
nanostructures of NiPt@C and CoPt@C have been formed with a controlled mean
core size range from 3 to 15 nm, and 2 to 20 nm, respectively. X-ray diﬀraction measurements reveal NiPt and CoPt binary alloys only. It is to be particularly mentioned
that the content of carbon in the deposited nanoalloy material as well as the actual
Ni:Pt and Co:Pt ratio clearly depend on the synthesis sublimation temperature Also
the average sizes of the nanoparticles do signiﬁcantly change with the variation of
the sublimation temperature. Hence the produced particle size can be controlled by
monitoring the sublimation temperature of each precursor. This also directly aﬀects
the magnetic properties. The magnetization curves show ferromagnetic-like behavior
at room temperature for all samples. Diﬀerent values for the magnetization M(1 T)
are obtained by variations in the chemical composition of the NiPt, and CoPt core
but primarily caused by diﬀerent carbon contents in the deposited material. The
thickness of the carbon shells is relatively constant. In contrast, the mean superparamagnetic blocking temperatures are mainly associated with the changing of the
particle size of the core material. This dependence has been observed from the exponential decay of the blocking temperature versus the sublimation temperature which
is also inversely proportional to the particle size of the core material. In addition
a relatively large anisotropy for NiPt@C and CoPt@C have been noticed from the
analysis of (ZFC) magnetization curve which opens the opportunity of using this
samples for the recording media applications. In order to suggest the use of CoPt@C
for the medical application, their feasibility for magnetic hyperthermia therapy has
been studied. This was resulting in observed induced heating under applied AC
magnetic ﬁeld larger than 20 kA/m.
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Summary

The work at hand covers the development of new synthesis procedures for carbon
coated magnetic nanoparticles and their detailed investigation with respect to potential biomedical applications. In order to achieve these aims, a novel gas phase
synthesis process for carbon coated magnetic nanoparticles using a high pressure
chemical vapor deposition technique has been developed. Hence, a main part of the
thesis describes the synthesis of the core/shell structure with the magnetic nanoparticle as core and carbon layers as shell, protecting the magnetic core from oxidation.
In addition the detailed investigation of the structural morphology, the structure,
the magnetic properties, and the feasibility for hyperthermia therapy as one of the
most important applications of the synthesized materials is described.
A new procedure was developed to synthesize carbon coated magnetic nanoparticles such as Fe@C, Co@C, Ni@C, FeRu@C, CoRu@C, NiRu@C, NiPt@C, and
CoPt@C nanocapsules. The high pressure chemical vapor deposition technique was
applied for this purpose. As material sources, diﬀerent metallorganic precursors such
as metallocenes (ferrocene, cobaltocene, nickelocene, ruthenocene) and trimethyl
methylcyclopentadienyl platinum (IV) were chosen. These precursors have advantage that they can sublimate and decompose at relatively low temperatures. The
synthesis procedures were developed via controlling three main parameters. These
parameters are the temperature and the pressure inside the CVD reactor and the
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sublimation temperature of the thermostated chambers.
In the case of Fe@C, Co@C, and Ni@C nanocapsules production, the temperature and pressure of the CVD reactor were varied and adjusted while the sublimation
chamber temperature was ﬁxed at 95 ◦ C. Therefore, the optimum temperature and
pressure conditions for the production of spherical Fe@C, Co@C, and Ni@C nanocapsules was found to be 900 ◦ C and 13 bar.
These optimum conditions for the temperature and the pressure inside the CVD
reactor were the limit for spherical nanostructures production. In order to extend the
synthesis procedure from pure metals to alloys nanostructures production, the synthesis parameters were further developed. Actually it was found that the optimum
condition of producing spherical Fe, Co, and Ni are the same optimum conditions
as for alloys production. This was the case of FeRu@C, CoRu@C, and NiRu@C
production. In addition the pressure inside the CVD reactor was examined within
the range 13-31 bar in order to get alloys with diﬀerent compositions. Therefore, according to the change in pressure, diﬀerent alloy compositions of FeRu@C, CoRu@C,
and NiRu@C have been obtained.
For the sake of expanding the use of HPCVD for producing more materials with
controlled properties, NiPt@C, and CoPt@C nanocapsules have been synthesized.
Here the temperature and the pressure inside the CVD reactor were ﬁxed at 900◦ C
and 13 bar, while the temperature of the sublimation chambers was changed. Therefore, various samples with diﬀerent compositions were obtained.
In order to investigate the structural morphology and the magnetic properties of
all the synthesized samples, many tools such as SEM, HRTEM, EDX, XRD, AGM,
SQUID, and the alternating frequency generator (AFG) have been used.
In the case of Fe@C, Co@C, and Ni@C samples, the SEM and TEM studies
show that carbon coated particles with a Fe, Co, and Ni core are formed with a size
distribution from few to tens nanometers. X-ray diﬀraction was applied to conﬁrm
the phase of the core material. The size of the average core particles was deduced
116

from TEM and from the width of the XRD peaks to be in the range of 25 nm for all
the samples. The coated nanoparticles are ferromagnetic up to 400 K. AC magnetic
heating studies of the dispersed nanoparticles yield a maximum SAR of 162 W/gCo@C
and 131 W/gNi@C at 80 kA/m and 120 kHz. The corresponding heating rates amount
to 7 ◦ C/min and 11 ◦ C/min for Co@C and Ni@C, respectively.
For carbon coated FeRu, CoRu, and NiRu nanoalloys samples, core/shell nanostructures and the alloy’s composition were revealed from the analysis of our HRTEM
and EDX data. X-ray diﬀraction studies reveal FeRu, CoRu, NiRu binary alloys and
no related oxidized metals. The average particle sizes were determined from HRTEM
and XRD to be 9, 6, and 6 nm for FeRu, CoRu, and NiRu respectively. It is worth
mentioning that the content of carbon in the deposited nanoalloy material clearly
depends on the synthesis pressure while the average sizes of the nanoparticles do not
signiﬁcantly change. Hence, this leads to control of the composition of the produced
alloys by controlling the pressure during the synthesis process. This uprightly aﬀects
the magnetic properties, too. For FeRu@C and CoRu@C samples, the magnetization
curves show ferromagnetic behaviour, while for NiRu@C samples, ferromagnetic-like
behavior was found for samples prepared at the lowest pressure and typical superparamagnetic behaviour for the sample made at highest pressure. Diﬀerent values
for the saturation magnetization were obtained for diﬀerent chemical composition of
the alloy core but primarily are caused by diﬀerent carbon contents in the deposited
material. On the other hand, the mean superparamagnetic blocking temperatures
are mainly associated with the changing of the chemical composition of the core
material. A large anisotropy was noted from the analysis of the (ZFC) magnetization curve of NiRu nanoalloys. The AC heating studies for the dispersed NiRu@C
sample displayed induced heat inside the sample solution which yields a SAR of 23
W/gNiRu@C at 80 kA/m.
In the last part of the thesis, the investigated properties of carbon coated NiPt
and CoPt nanoalloys were discussed. The core/shell nanostructures of NiPt@C and
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CoPt@C have been formed with a controlled mean core size range from 3 to 15 nm,
and 2 to 20 nm, respectively. X-ray diﬀraction measurements reveal NiPt and CoPt
binary alloys only. It is to be particularly mentioned that the content of carbon in
the deposited nanoalloy material and the average particle sizes as well as the actual
Ni:Pt, and Co:Pt ratio clearly depend on the synthesis sublimation temperature.
Also the average sizes of the nanoparticles do signiﬁcantly change with the variation
of the sublimation temperature. Hence the produced particle size can be controlled
by monitoring the sublimation temperature of each precursor. This also directly affects the magnetic properties. The magnetization curves showed ferromagnetic-like
behavior at room temperature for all samples. Diﬀerent values for the magnetization
are aﬀected by variations in the chemical composition of the NiPt, and CoPt core
but are primarily caused by diﬀerent carbon contents in the deposited material. In
contrast, the mean superparamagnetic blocking temperatures are mainly associated
with the changing of the particle size of the core material. This dependence has
been observed from the exponential decay of the blocking temperature versus the
sublimation temperature which is also inversely proportional to the particle size of
the core material. In addition a relatively large anisotropy for NiPt@C and CoPt@C
was noticed from the analysis of the (ZFC) magnetization curve which opens the
opportunity of using these samples for recording media applications. In order to
test the feasibility of CoPt@C for magnetic hyperthermia therapy, AC heating studies for the dispersed CoPt@C were conducted. Induced heating under applied AC
magnetic ﬁeld larger than 20 kA/m was observed. Hence, due to the particular
magnetic properties of NiPt, and CoPt nanoalloys, their small particle size, narrow
size distribution, high magnetocrystaline anisotropy and uniform coating by carbon
shells, these materials are a promising candidate for industrial and biomedical applications such as magnetic data storage, magnetic hyperthermia and contrast agent
for magnetic resonance imaging.
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[19] Néel LCR. Acad. Sci. 1949, 228, 664.
[20] Bean CP. J. Appl. Phys. 1955, 26, 1381.
[21] Majetich SA, Sachan M. J. Phys. D: Appl. Phys. 2006, 39, R407.
[22] Frey NA, Peng S, Cheng K, and Sun S. Chem. Soc. Rev. 2009, 38, 2532.
[23] Stoner EC, Wohlfarth EP. Philos Trans R Soc London, Ser A 1948, 240:599642.
[24] Bedanta S and Kleemann W. J. Phys. D: Appl. Phys. 2009, 42, 013001.
[25] Jordan A. J. Nano. Part. Res. 2003, 5, 597.
[26] Pankhurst QA, Connolly J, Jones SK, Dobson J. J. Phys. D: Appl. Phys. 2003,
36, R167.
[27] Hansen MF and Morup S. J. Magn. Magn. Mater. 1999, 203, 214.
120

BIBLIOGRAPHY

BIBLIOGRAPHY

[28] Hanson M, Johansson C, and Morup S. J. Phys. Condens. Matter. 1995, 7,
9263.
[29] Dormann JL, Fiorani D and Tronc E. Adv. Chem. Phys. 1997, 98, 283.
[30] Chikazumi S. Physics of Ferromagnetism. Oxford University Press, New York
1999.
[31] Farle M. Rep. Prog. Phys. 1998, 61, 755.
[32] Chikazumi S. Physics of Magnetism. Robert E. Kriger Publishing Company
Malabar, Florida 1964.
[33] Chen C. Magnetism and Metallurgy of Soft Magnetic Materials, Dover Publications, Inc. New York 1986.
[34] Scheinfein MR, Schmidt KE, Heim KR and Hembree GG. Phys. Rev. Lett.
1996, 76, 1541.
[35] Ruderman MA and Kittel C. Phys. Rev. 1954, 96, 99.
[36] Dormann JL, Cherkaoui R, Spinu L, Nogue´s M, Lucari F, D´orazio F, Fiorani
D, Garcia A, Tronc E, and Jolivet JP. J. Magn. Magn. Mater. 1998, 187, L139.
[37] Weller D, and Doerner ME. Annu. Rev. Mater. Sci. 2000, 30, 611.
[38] Sun S, Murray CB, Weller D, Folks L, Moser A. Science 2000, 287, 1989.
[39] Li J, Wang ZL, Zeng H, Sun S, Liu JP. Appl. Phys. Lett. 2003, 82, 3743.
[40] Pankhurst QA, Thanh NKT, Jones SK, Dobson J. J. Phys. D: Appl. Phys.
2009, 42, 224001.
[41] Puntes VF, Krishnan KM, and Alivisatos AP. Science, 2001, 291, 2115.
[42] Liu G, Yan X, Lu Z, Curda SA, and Lal J. Chem. Mater. 2005, 17, 4985.
121

BIBLIOGRAPHY

BIBLIOGRAPHY

[43] Murray CB, Sun S, Doyle H, and Betley T. MRS Bulletin, 2001, 26, 985.
[44] Lisiecki I and Pileni MP. Langmuir. 2003, 19, 9486.
[45] Frommen C, Rösner H, Fenske D. J. Nanosci. Nanotech. 2002, 2, 509.
[46] Shevchenko EV, Talapin DV, Rogach AL, Kornowski A, Haase M, Weller H.
J. Am. Chem. Soc. 2002, 124, 11480.
[47] Wang Y and Yang H. J. Am. Chem. Soc. 2005, 127, 5316.
[48] Ely TO, Pan C, Amiens C, Chaudret B, Dassenoy F, Lecante P, Casanove M-J,
Mosset A, Respaud M, Broto J-M. J. Phys. Chem. B. 2000, 104, 695.
[49] Klem MT, et al. Adv. Funct. Mater., 2005. 15: p. 1489-1494.
[50] Park S-J, Kim S, Lee S, Khim Z, Char K, Hyeon T. J. Am. Chem. Soc. 2000,
122, 8581.
[51] Sun X, Gutierrez A, Yacaman MJ, Dong X, Jin S. Mater. Sci. Eng. A 2000,
286, 157.
[52] Neveu S, Bee A, Robineau M, Talbot D. J. Colloid Interface Sci. 2002, 255,
293.
[53] Grasset F, Labhsetwar N, Li D, Park DC, Saito N, Haneda H, Cador O, Roisnel
T, Mornet S, Duguet E, Portier J, Etourneau J. Langmuir. 2002, 18, 8209.
[54] Sun S and Zeng H. J. Am. Chem. Soc. 2002, 124, 8204.
[55] Hu J, Lo IMC, Chen G. Sep. Purif. Technol. 2007, 56, 249.
[56] Park J, An K, Hwang Y, Park J-G, Noh H-J, Kim J-Y, Park J-H, Hwang N-M,
Hyeon T. Nat. Mater. 2004, 3, 891.

122

BIBLIOGRAPHY

BIBLIOGRAPHY

[57] Pellegrino T, Manna L, Kudera S, Liedl T, Koktysh D, Rogach AL, Keller S,
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J. Phys. Chem. C 2010, 114, 10745.
[197] Glaspell G, Abdelsayed V, Saoud KM, El-Shall MS. Pure Appl. Chem. 2006,
78, 1667.
[198] Crangle J and Parsons D. Proceedings of the Royal Society of London. Series
A, Mathematical and Physical Sciences 1960, 255, 509.
[199] Binder K and Young AP. Rev. Mod. Phys. 1986, 58, 801.
[200] Peng DL, Chena Y, Shea H, Katoh R, Sumiyama K. J. Alloys and Compounds
2009, 469, 276.
[201] Ammar S, Helfen A, Jouini N, Fievet F, Rosenman I, Villain F, Molinie P,
Danot M. J. Mater. Chem. 2001, 11, 186.
[202] Hergt R, Dutz S, and Zeisberger M. Nanotechnology 2010, 21, 015706.
[203] Semmar N, Tanguier JL, and Rigo MO. Thermochimica Acta 2003, 402, 225.

133

List of Publications

• M.U. Lutz, K. Lipert, Y. Krupskaya, S. Bahr, A. Wolter, A. A. El-Gendy,
S. Hampel, A. Leonhardt, A. Taylor, K. Kraemer, B. Buechner, R. Klingeler.
Feasibility of magnetically functionalised carbon nanotubes for biological applications: From fundamental properties of individual nanomagnets to nanoscaled
heaters and temperature sensors, in: Carbon Nanotubes for Biomedical Applications, R. Klingeler, R.B. Sim (eds.), Springer-Verl. (2011), 97-124.
• A. A. El-Gendy, V.O. Khavrus, S. Hampel, A. Leonhardt, B. Büchner, R.
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