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Zusammenfassung

Die Eigenschaften magnetischer Partikel hängen sehr stark von ihrer Größe ab.
Unterhalb eines kritischen Wertes (typischerweise im Nanometer-Bereich) bildet
sich in den Partikeln jeweils nur eine magnetische Domäne. Man kann sich eine
Vielzahl solcher Partikel als Ansammlung riesiger magnetischer Momente, die ggf.
miteinander magnetisch wechselwirken können, vorstellen. Ohne Wechselwirkung
untereinander, sind zwischen der Curie- bzw. Néel-Temperatur des Systems und der
sog. Blocking-Temperatur TB, die magnetischen Momente im Inneren der Partikel
zueinander ausgerichtet, können aber kollektiv fluktuieren. Magnetische Anisotropien
sind in diesem Temperaturbereich nicht stark genug, um diese Fluktuationen zu
unterbinden. In Analogie zu einem Paramagneten, nennt man diesen Zustand Su-
perparamagnetismus. Erst unterhalb der Blocking-Temperatur ist die Anisotropie
so stark, dass die Momente der Partikel einfrieren. Bei magnetischer Wechsel-
wirkung zwischen den Partikeln, können die Momente schon oberhalb der Blocking-
Temperatur einfrieren und sich unterschiedliche Grundzustände ausbilden.

Die Mössbauerspektroskopie ist eine der Standardmethoden bei der Untersuchung
eisenhaltiger Nanopartikel. Sie ist eine lokale Messmethode; mit ihr lassen sich
Eigenschaften, wie z.B. die Valenz der verwendeten Sondenatome, deren lokale Sym-
metrie oder die Kationenverteilung bestimmen. Die Form der magnetischen Hyper-
feinspektren hängt bei Nanopartikeln außerdem stark vom Relaxationsverhalten der
Partikel ab, wie z.B. vom Einfrierprozess, von der Wechselwirkung zwischen den
Partikeln etc. Durch eine adäquate Auswertung der Spektren, lässt sich dieses Ver-
halten genauer untersuchen. Zwar existieren Modelle für die Beschreibung von Möss-
bauerspektren an Nanopartikeln, jedoch sind diese entweder stark vereinfacht oder
sehr komplex, weshalb die in der Literatur berichteten Auswerteverfahren häufig nur
qualitativer Art sind, bzw. auf unzutreffenden Modellannahmen beruhen, so dass ein
Großteil der dynamischen Informationen nicht erfasst wird. Die vorliegende Arbeit
beschäftigt sich mit der eingehenden Auswertung der magnetischen Hyperfeinspek-
tren von Partikeln, die von Anwendungsinteresse sind und daher wissenschaftlich
vielfältig untersucht werden.

Im ersten Teil, wird eine Einführung in die physikalischen Eigenschaften von Nanopar-
tikeln und die häufig verwendeten Messmethoden gegeben.
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4 Zusammenfassung

Bei einem Überblick über die unterschiedlichen Modelle zur Beschreibung der Möss-
bauerspektren zeigt sich, dass das sog. multi-level relaxation model (MLR) und
das super-ferromagnetism/ super-spin glass model (SFM/SSG), die beiden vielver-
sprechendsten Modelle für eine Analyse der Mössbauerspektren sind.

Zum Test dieser beiden Modelle, werden als Erstes Messungen an ZnFe2O4-Nano-
partikeln mit einem Durchmesser von ca. 10 nm betrachtet. Da diese Partikel als
Pulver vorliegen, kann man von einer starken magnetischen Wechselwirkung zwi-
schen ihnen ausgehen, die bei der Auswertung berücksichtigt werden muss. Es zeigt
sich, dass das MLR keine korrekte Beschreibung der Mössbauerspektren ermöglicht.
Der Grund ist, dass die Wechselwirkung der Partikel in diesem Modell nicht imple-
mentiert ist. Erst nach einer Modifikation, gelingt die erste Anwendung des MLRs
auf ein System aus magnetisch wechselwirkenden Nanoteilchen. Das SFM/SSG
Modell ist auf wechselwirkende Partikel ausgelegt. Auch dessen Anwendung gibt
wertvolle Informationen, ist aber nicht so ergiebig wie die des MLRs.

Diese Erkenntnisse werden in einem weiteren experimentellen Teil zur detaillierten
Untersuchung der Entstehung von Eisenoxid Partikeln, während ihrer Herstellung
mit der nicht-wässerigen Sol-Gel Methode, angewendet. Dazu wird Probenmaterial
durch ein Ventil des zur Herstellung verwendeten Ofens während unterschiedlicher
Stufen der Synthese entnommen. Mit Röntgendiffraktionsmessungen und Trans-
missionselektronenmikroskopie wird zunächst eine Charakterisierung der Partikel
hinsichtlich ihrer Größe und der strukturellen Eigenschaften durchgeführt. Im An-
schluss, werden die magnetischen Eigenschaften durch eine Untersuchung der Möss-
bauerspektren der Partikel, unter Verwendung der Ergebnisse aus dem vorherigen
Abschnitt, untersucht. Es zeigt sich, dass die Anwendung des MLRs eine nahezu
vollständige Charakterisierung der magnetischen Eigenschaften erlaubt. Durch die
Messungen kann die Entwicklung der strukturellen und magnetischen Eigenschaften
der Partikel während des gesamten Herstellungsprozesses nachvollzogen und Ansätze
zur Optimierung des Prozesses entwickelt werden.

Nach der erfolgreichen Beschreibung der Mössbauerspektren von magnetischen Eisen-
oxid Nanoteilchen, die entweder getrocknet oder in Lösung vorlagen, wird im letz-
ten Abschnitt dieser Arbeit untersucht, wie sich die Spektren eines völlig anderen
Typs magnetischer Nanoteilchen auswerten lassen. Es handelt sich dabei um dünne
Filme, bei denen Cluster metallischen Eisens in eine nicht-magnetische Matrix (Ag
oder Yb) eingebettet sind. Sie wurden durch Codeposition der verdampften Aus-
gangsmaterialien hergestellt. Durch eine genaue Einstellung der Verdampfungsrate,
lassen sich unterschiedliche Eisenkonzentrationen in den Filmen realisieren. Frühere
Messungen hatten gezeigt, dass dabei unterschiedliche Clustertypen, sowie RKKY-
Wechselwirkung zwischen den Clustern auftritt. Daher unterscheidet nicht nur der
metallische Charakter der Cluster, sondern auch deren Einbettung in die Matrix und
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die unterschiedliche Art der Wechselwirkung dieses System stark von den bisher Un-
tersuchten.

Zunächst werden die Ag(Fe) Filme untersucht. Zur Auswertung der Tieftemper-
aturspektren wird ein spezielles Modell entwickelt, was exakt auf die Eigenschaften
dieser Cluster abgestimmt ist. Es wird sich zeigen, dass dieses Modell die Spektren
sehr gut nachbilden kann. Zum Vergleich wird auch das MLR angewendet. Die
Spektren, die an Eisenclustern in einer Ytterbiummatrix gemessen wurden, kön-
nen mit keinem der Modelle gefittet werden. Der Grund ist der gleichzeitige Ein-
fluss von dynamischer und inhomogener Verbreiterung auf die Mössbauer Linien.
Allerdings gibt auch schon eine qualitative Analyse Informationen über die Wechsel-
wirkungsstärke zwischen den Clustern und ihre Position in den Filmen. Zusätzliche
AC-Suszeptibilitätsmessungen unterstreichen die Ergebnisse.

Diese Arbeit verdeutlicht, dass eine eingehende Auswertung der Mössbauerspektren
von magnetischen Nanopartikeln sehr lohnend ist und gibt Beispiele für eine erfolgrei-
che Anwendung verschiedener Modelle. Es wird über die erste erfolgreiche Beschrei-
bung der Mössbauerspektren von magnetisch wechselwirkenden Nanopartikeln mit
einemMLR berichtet. Durch dessen Anwendung lassen sich neben den lokalen Eigen-
schaften, auch Informationen über das Relaxationsverhalten der Partikel gewinnen.
Weitere Messungen mit anderen Methoden werden dadurch überflüssig. Darüber
hinaus, werden durch die Anwendung der Modelle bei einer genauen Untersuchung
der Entstehung von Nanopartikeln während ihrer Synthese mit der nicht-wässerigen
Sol-Gel Methode, wichtige Informationen über den Herstellungsprozess gewonnen
und die magnetischen Eigenschaften von Eisenclustern in eine Silber- bzw. Ytter-
biummatrix genauer bestimmt.
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Abstract

The properties of magnetic particles depend strongly on their size. Below a critical
value (typically in the nanometer range), only one magnetic domain forms inside
the particles. A multiplicity of those particles can be understood as a conglomerate
of huge magnetic moments, that may interact with each other. Between the Curie-
resp. Néel-temperature of the system and the so-called blocking temperature, TB,
the magnetic moments within the particles are aligned with each other but fluctuate
collectively in case of vanishing interparticle interactions. Magnetic anisotropies are
not strong enough to suppress these fluctuations in this temperature range. Inspired
by a paramagnet, this scenario is called ”superparamagnetism”. Only below TB, the
strength of the magnetic anisotropies is sufficient to allow a freezing of the particle
magnetic moments. In the presence of interparticle interactions, a freezing of the
moments may happen above TB and different magnetic groundstates may develop.

Mössbauer spectroscopy is one of the key methods when examining nanoparticles
that contain iron. Since it is a local probe method, properties like e.g. the valence
and the local symmetry of the probe atoms or the cation distribution can be stud-
ied. The shape of the magnetic hyperfine spectra depends furthermore strongly on
the dynamic behavior of the particles, e.g. the freezing process, interparticle inter-
actions, etc. An adequate evaluation of the spectra allows a detailed examination
of these properties. However, the existing models are either too simplified or too
complex, wherefore the evaluation of Mössbauer spectra on this type of samples are
typically only qualitative or not using appropriate assumptions. Hence, most of the
informations about the dynamic behavior of the particles is not determined. The
present work is focused on the detailed examination of magnetic hyperfine spectra
measured on particles, that are commercially interesting and therefore frequently
discussed in scientific literature.

The first part of this work gives an introduction to the physical properties of nanopar-
ticles and the frequently used measurement techniques.

An overview over the different models for the description of the hyperfine spec-
tra of magnetic nanoparticles identifies the so-called multi-level relaxation model
(MLR) and the super-ferromagnetism/ super-spin glass model (SFM/SSG) as the

7



8 Abstract

most promising candidates for a successful application to the spectra.

In order to prove their usability, they are applied to measurements on a sample
of ZnFe2O4-nanoparticles with a size of approximately 10 nm. Since these particles
are dried, strong interparticle interactions are supposed to be present. The MLR
is not able to give a correct description of the Mössbauer spectra. This is due to
the interparticle interactions, which are not implemented. A slight modification is
necessary, to allow the correct description of the spectra. This is the first successful
application of a MLR to a series of measurements on strongly interacting magnetic
nanoparticles. The SFM/SSG is designed for particles that experience interparti-
cle interaction. Its application reveals valuable informations, but is however not as
fruitful as the application of the MLR.

The findings from the application of the MLR are used in a further experimental sec-
tion for a detailed study on the development of iron oxide nanoparticles during their
preparation using the non-aqueous sol-gel method. Sample material is extracted
through a valve in the preparation apparatus at different stages of the synthesis.
For a characterization of the size and the structural properties of the particles, x-ray
diffraction measurements and transmission electron microscopy is used. The mag-
netic properties are examined by a detailed analysis of Mössbauer spectra measured
on different samples at different temperatures, using the results of the previous sec-
tion. The application of the MLR allows an almost complete characterization of the
magnetic properties. With the measurements discussed in this chapter, a detailed
reconstruction of the structural and magnetic properties during the entire prepara-
tion process and the development of approaches to improve the properties of the
particles from this reaction is possible.

After the successful application of the Mössbauer models on measurements on mag-
netic iron oxide nanoparticles, dried or dispersed in a solution, the following section
of this work is focused on the evaluation of Mössbauer spectra measured on a whole
different type of magnetic nanoparticles. It deals with thin films of silver or yt-
terbium that contain clusters of metallic iron. They were prepared using vapor
codeposition with different iron concentrations. Earlier measurements revealed the
presence of different cluster types as well as RKKY interactions between them. The
difference of this system to the ones discussed in the earlier chapters, is therefore
not only the metallic character of the clusters, but also their embedding in the Ag
or Yb matrix and the RKKY interaction.

Initially, the Ag(Fe) films are examined. For the analysis of their low tempera-
ture Mössbauer spectra, a model designed specifically on the basis of the properties
of this system, is developed. It is able to reproduce the spectra very well. For
comparison, the MLR is applied as well. The spectra measured on iron clusters in
an ytterbium matrix cannot be reproduced with these models, due to the simulta-
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neous presence of dynamic and inhomogeneous broadening of the Mössbauer lines.
However, a qualitative analysis already gives informations about the intercluster in-
teraction strength and about the positions of the clusters within the film. Additional
AC-susceptibility measurements support these findings.

This work emphasizes the importance of a careful analysis of the Mössbauer spectra
of magnetic nanoparticles, and gives examples for a successful application of differ-
ent models, amongst other the first application of a MLR to a set of interacting
magnetic nanoparticles. This allows not only the examination of local properties of
the particles, but of the dynamic behavior as well. Additional measurements with
other techniques are therefore not necessary. Furthermore, detailed informations
about the preparation of particles with the non-aqueous sol-gel method are gained
through the application of the models on samples extracted during the synthesis, as
well as details about the magnetic properties of iron clusters in a silver or ytterbium
matrix.
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Introduction

Nanoparticles affect the life of people already for a long time. One of the first exam-
ples of the (accidental) utilization of nanoparticles is the Lycurgus cup, an artifact
being dated to the 4th century AD, whose color changes whether it is illuminated
from the outside or from the inside [1]. This is due to gold nanoparticles with a size of
roughly 40 nm, which are dispersed in the glass. When light is transmitted through
the cup, surface plasmons on the metal nanoparticles are excited, which results in an
increased absorption of certain wavelengths [2]. In the subsequent decades, nanopar-
ticles could e.g. be found in stained glass windows in churches. The first scientific
approach to nanoparticles can be dated to the 1850s, when Michael Faraday dis-
cussed the formation of gold nanoparticles (although not yet called nanoparticles at
that time, but ”exceedingly fine particles”) [3]. However, the attention was drawn
on the nanoparticles predominately because of their optical properties, at that time.

In the subsequent decades, the interest on nanoparticles grew not only because
of their optical properties. In addition, the magnetic properties of nanoparticles
were found to differ significantly from the bulk properties of the same material. The
first correct explanation of this effect was given by Frenkel and Dorfmann in 1930
[4], who predicted that ferromagnetic particles below a critical size form only one
magnetic domain. This results in a superparamagnetic state below the Curie-/Néel-
temperature of the material, where the spins within the particles are already in a
(anti-)ferro- / ferrimagnetic state, but the collective of the spins in one particle still
undergoes magnetic relaxation. Below a certain temperature, the blocking temper-
ature TB, the magnetic moment of the particles ”freezes”.

Nowadays, nanoparticles are an important and growing topic in scientific research, as
it can be observed from figure 1. Therein, the number of publications with the term
”nanoparticles” in the title in five year steps as found in Google scholar is plotted. In
the years 2005 - 2010, more the 40000 publications on nanoparticles can be found.
The articles do not only have a pure physical background, they also cover different
branches like material science, chemistry, medicine and pharmacology, amongst oth-
ers. This shows, that nanoparticles are not only interesting for the purely scientific
research, but also offer the possibility of different applications.

15
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Figure 1: Number of articles with the term ”nanoparticles” in the title as listed in
Google scholar within time intervals of five years.

A very important example of the applications of magnetic nanoparticles is their
utilization for medical purposes, especially in cancer therapy. The large surface to
volume ration allows an effective coating of the nanoparticles with selected materi-
als, e.g. molecules that allow a targeting of the nanoparticles to special (cancer) cells
within the body. When the nanoparticles arrive at the tumor, imaging techniques
like magnetic resonance imaging (MRI) can be applied or the region can be exposed
to electromagnetic waves, resulting in a heating of the area around the particles and
the destruction of the surrounding (cancer) cells. For recent reviews on the actual
progress of this topic, see e.g. [5, 6].

Heating of magnetic nanoparticles by an electromagnetic wave can also be used
for non-medical application, e.g. for a rapid hardening of glue at a certain position.
This subject is one application of the nanoparticles prepared at the Institut für Par-
tikeltechnik (iPAT) at the TU Braunschweig. Two sections of this work are based
on a collaboration with the iPAT and dealing with particles prepared in this institute.

However, all the applications discussed above require nanoparticles with well de-
fined and reproducible properties. An accurate characterization of the nanoparticles
is therefore essential in order to allow their application. One outstanding method
for the characterization of magnetic nanoparticles, which is frequently used in sci-
entific publications, is Mössbauer spectroscopy. Despite its frequent application to
this type of materials and although different models that describe the Mössbauer
spectra of magnetic nanoparticles can be found in literature, the evaluation of the
Mössbauer spectra in publications is often performed only qualitatively or even with
inaccurate approaches. The most prominent example is the description of the data
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with a distribution of static magnetic hyperfine fields even at temperatures around
TB and higher, where the magnetic moments of the nanoparticles are undoubtedly
fluctuating (see e.g. [7, 8, 9]). The reason for this frequently occurring inaccurate
description is, that the applicable models are rather complex and that they are de-
veloped only for an ideal particle system. Characteristic features that influence the
Mössbauer spectrum and can be found in almost every nanoparticle system, like
interparticle interactions, surface spin canting, particle size distributions etc. are
commonly not implemented. This makes the application of the models complicated.

The main topic of this work, is the application of the most promising Mössbauer
relaxation models to different types of magnetic nanoparticles and, if necessary, a
modification of the models in order to allow a valuable usage of them. In order to
get access to nanoparticles of different types, samples obtained from two different
synthesis methods are discussed in this work. On the one hand, a detailed examina-
tion of the formation of magnetic nanoparticles during the preparation process with
the so-called solvothermal synthesis was performed, while on the other hand, the low
temperature properties of small iron clusters in metallic, nonmagnetic matrices pre-
pared by vapor co-deposition are discussed. Furthermore, Mössbauer spectroscopy
was not the only applied technique, AC- and DC-susceptibility, x-ray diffraction and
transmission electron microscopy were used as well.

The structure of this thesis is as follows. The first block deals with the summary
and discussion of the physical properties of magnetic nanoparticles, as found from
other publications, and covers chapters 1-1.7. The first chapter provides a detailed
insight into the physical properties of magnetic nanoparticles, followed by a chap-
ter about the most common experimental methods used for their characterization,
drawing a special attention on Mössbauer spectroscopy. The fourth chapter gives a
small insight into the different methods of nanoparticle preparation.

In the second block, the experimental results are presented and discussed. In chapter
3, the applications of different models on the Mössbauer spectra of strongly interact-
ing ZnFe2O4 nanoparticles is presented. Chapter 4 gives details about the formation
of magnetic nanoparticles during their preparation with the solvothermal synthesis
(a collaboration with the Institut für Partikeltechnik of the TU Braunschweig). The
subsequent chapter deals with the interpretation of the low temperature Mössbauer
spectra of iron clusters in a silver or ytterbium matrix. A new model for the de-
scription of the low temperature Mössbauer data of these samples, is developed and
applied and the results are compared to those of established models (a collaboration
with the Centro Brasileiro de Pesquisas f́ısicas (CBPF) in Rio de Janeiro, Brasil).

The third block contains the summary, the codes that were used to simulate the
models and the bibliography.



18 Introduction



Chapter 1

Magnetic dynamics of nanoscale
particles

In this chapter, the basics of the magnetic dynamics of nanoscale particles are pre-
sented.

1.1 Superparamagnetism

1.1.1 Single domain particles

Macroscopic ferromagnetic samples tend to form domains, in order to reduce stray
fields and hence their magnetic potential energy. A domain is a region, in which
the spins are aligned ferromagnetically but in another direction than the spins of

(a) (b)

Figure 1.1: The influence of the formation of domains on the magnetic stray fields.
Ferromagnetic material (a) without and (b) with a domain structure and the cor-
responding magnetic stray fields indicated by the curved lines with the arrowheads.
Almost no demagnetization field occurs outside of the sample in case of a formation
of domains in the material.
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its neighboring domain. The reduction of the stray fields due to the formation of a
domain structure is shown schematically in figure 1.1

The domains are separated by a so-called Bloch wall, which can be understood
as a region where the spins turn their direction from being parallel to the spins in
the first domain to being parallel to the spins in the second domain. In order to
reduce the overall energy of the spins within the Bloch wall, it should be infinitely
big in a first approach. However, the influence of the magnetocrystalline anisotropy
(for more details, see next section), results in a finite thickness of the Bloch wall as
the energetically most favorable state.

When the particle radius r decreases, the energy the system needs to form a domain
wall (surface energy, scales with r2) becomes bigger than the energy the system gains
through the reduction of the magnetic stray fields (volume energy, scales with r3).
The critical size, where the energy loss through the formation of a domain wall can-
not compensate the energy gain through the reduction of the magnetic stray fields,
can be estimated by

rcrit <
9σ180

◦

W

µ0M2
, (1.1)

with σ180
◦

W being the energy of a 180◦ domain wall per unit area [10]. Therewith,
the critical radius rcrit is ≈ 10−7m, for the typical values σ180

◦

W ∼ 10−2 Jm−2 and
µ0M

2 ∼ 1T [10]. Particles with a radius r < rcrit consist of one single domain and
hence perfectly aligned (anti-) parallel spins for T < TC. Notably, the actual critical
radius differs strongly, for different materials and the value given here should only
be understood as a rough approximation.

The direction of the ensemble of parallel spins is defined by the ”anisotropy”, the
spins experience. The most common magnetic anisotropies can be described by an
uniaxial potential

EMC = K1 sin(θ)
2 +K2 sin(θ)

4, (1.2)

as it is shown in figure 1.2 (a) and discussed in the next section. If the temperature is
high enough to allow the magnetic moments of the particles to overcome the energy
barrier between the two minima in the uniaxial potential corresponding to different
orientations of the magnetic moment of the nanoparticle, a fluctuation between the
minima in the E(θ) potential will take place. These fluctuations are called ”overbar-
rier fluctuations”, the particle is now ”superparamagnetic”. This term is based on
the fact, that due to the fluctuations of the spin ensembles, a sample may appear
paramagnetic below TC. In contrast to a ”normal” paramagnet, where the spins
of single atoms fluctuate, the collective of the spins in the particle fluctuates here,
while still being parallel to each other. The sample can therefore be understood, as
paramagnet with giant magnetic moments, a superparamagnet.

If the temperature is not high enough to allow the particle magnetic moment to



1.1. Superparamagnetism 21

overcome the anisotropy energy barrier, the magnetization direction will fluctuate
around a local minimum in the E(θ) potential. These fluctuations are called ”col-
lective excitations” and have frequencies in the order of 1010 − 1013 s−1 [11].

The overbarrier fluctuation rate of a single domain particle with a uniaxial anisotropy
for ∆E ≫ kT , can be estimated using the Néel-Brown expression [12, 13]

τ = τ0 exp

(

∆E

kBT

)

, (1.3)

where τ0 has a value of typically 10−9 − 10−11 s and ∆E is the anisotropy energy
barrier, the particle experiences. Different models describing the overbarrier fluc-
tuation rate are presented in section 1.3. This relaxation should not be mistaken
with the Brownian relaxation time, which describes the relaxation of the particle
magnetic moment due to a motion of the particle in a solution or a liquid.

Only when the relaxation time of the magnetic moments of the particles exceeds
the timescale of the technique used, the particle moments appear to be static for
this technique. The temperature where this occurs is called blocking temperature
TB. It varies for the different experimental methods due to their different intrinsic
timescales. The term superparamagnetism only refers to the magnetic state with
T > TB. Below TB, the magnetically ordered state is called either superferromag-
netic or super-spin glassy (see below).

1.1.2 Magnetic anisotropies experienced by nanoparticles

The easiest model for describing the magnetic behaviour of a superparamagnetic
nanoparticle includes uniaxial anisotropy. Equation (1.2), can be further simplified
by assuming K2 = 0, since K2 has almost no influence on the physical properties of
the nanoparticles [14]. However, magnetic nanoparticles always experience various
types of anisotropies, resulting in a non-uniform potential and different easy axes.
The most important types of anisotropies will be discussed in the following.

Magnetocrystalline anisotropy

The origin of the magnetocrystalline anisotropy is spin-orbit interaction. The elec-
tronic orbitals of an atom in a material are connected to its well defined crystal axes.
Through the spin-orbit interaction, the spin is linked to the oriented orbitals and
hence experiences a preferred orientation.

Due to the link between the orbitals and the crystal structure, the magnetocrys-
talline anisotropy varies for different materials. When the structure possesses a
single axis with high symmetry, it can be described by the uniaxial shape given in
equation (1.2) and shown in figure 1.2 (a). Magnetite, a very common material used
for producing superparamagnetic nanoparticles, has a cubic crystal structure and
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Figure 1.2: Different scenarios for the magnetocrystalline anisotropy. (a) Uniaxial
shape for a crystal with a single axis with high symmetry. (b) Approximate shape
for a crystal with a cubic structure with K1 > 0 after equation (1.4).

develops a potential that can be described relative to the three different orientations
of the crystal by [15]

EMAE,(100) = KV (cos(θ)2 sin(θ)2 + sin(θ)4 cos(φ)2 sin(φ)2 (1.4)

EMAE,(110) =
KV

4
(cos(θ)4 + sin(θ)4(sin(φ)4 + sin(2φ)2))

+
KV

4

(

sin(2θ)2 ·
(

cos(φ)2 − 1

2
sin(θ)2

))

(1.5)

EMAE,(111) = KV

(

1

3
cos(θ)4 +

1

4
sin(θ)4

)

−

KV

(√
2

3
sin(θ)3 cos(θ) cos(3φ)

)

. (1.6)

A three-dimensional plot of this scenario is shown in figure 1.2 (b). Although this
structure shows eight different maxima and six different minima, the path between
two neighboring minima via the smallest potential well still looks similar to the uni-
axial potential shown in figure 1.2 (a) with the only difference, that a transition
between these two maxima would include an angle of only π/4 and not π/2.

The shape of the magnetocrystalline anisotropy for other types of crystal structures
will not be discussed here and it is referred, e.g., to [16] instead.
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Shape anisotropy

Shape anisotropy arises from the demagnetization field in the nanoparticle. It can
be expressed by

(Hd)i = −
∑

j

NijMj , (1.7)

where Nij is a tensor of demagnetization factors and Mj the magnetization of the
sample. In general, it is very complicated to calculate Nij for a randomly shaped
sample. Analytical solutions are only available in the case of an ellipsoid [17]. If the
magnetization M lies parallel to one of the principal axes a,b or c of the ellipsoid, N
can be diagonalized [10]. The energy, the system loses through the demagnetization
field Hd can finally be calculated by integrating over the whole sample

E = −1

2

∫

M ·Hd dV. (1.8)

In case of an ellipsoid with a > b = c the energy in dependence of the angle between
the magnetization and the a axis is given by [18]

E =
1

2
M2(Nzz −Nxx) sin(θ)

2, (1.9)

where Nii are the components of the diagonalized N .

Hence, the shape anisotropy forces the magnetization to point along the largest
principle axis of an ellipsoidal shaped sample and therefore has an uniaxial charac-
ter as well. If the particles have a spherical shape, it is zero.

Stress anisotropy

The origin of the stress anisotropy is pressure on the particle that induces strain.
Due to the magnetostriction, which is induced by the spin-orbit coupling, the spins
in the particle are forced to change their direction in order to minimize the overlap
of the orbitals. The direction of this anisotropy depends on the directions of the
strain and it has uniaxial character as well.

Surface anisotropy

Due to the strongly increased surface / volume ratio of magnetic nanoparticles com-
pared to bulk materials, their surface properties become important. The physical
properties that are present in the core of the particles may change significantly at
the surface, for example by a variation of the lattice constants etc. All these phe-
nomena can contribute to the magnetic anisotropy and are summarized under the
term ”surface anisotropy” [19].
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Dependence on temperature and particle size

In real systems, there will always occur a superposition of the different types of
anisotropies. For this reason, the temperature and particle size dependences are
very complex and vary for the different materials.

After [20], the magnetocrystalline anisotropy of a bulk material decreases with
increasing temperature, following (1 − T/TC)

2.2. However, for the nanoparticles
discussed in this work, TB ≪ TC, wherefore the influence of the temperature depen-
dence of the magnetocrystalline anisotropy can be neglected.

A theoretical approach on the temperature dependence of the magnetic surface
anisotropy has been presented in [19] for different types of anisotropies. The mag-
netic anisotropy at T = 0.1TC has already decreased by a factor of ≈ 0.1 for uniaxial
anisotropies and by a factor of ≈ 0.2 for cubic anisotropies.

As one can find in the following sections, the anisotropy constant K has mostly
been defined as temperature independent in the literature, although a temperature
dependence is relevant and should be kept in mind.

The dependence of the magnetic anisotropy on the particle size is directly con-
nected to the surface / volume ratio and therewith on the importance of the surface
anisotropy compared to the volume dependent magnetic anisotropies (magnetocrys-
talline, shape and stress ansiotropy). With decreasing particle size, the influence of
the first one increases, which results in different values for the magnetic anisotropies
for different particle sizes. A phenomenological description of the particle size de-
pendent behavior has been proposed by Bødker et al. [21] as

Keff(D) = KV +
6

D
KS , (1.10)

where KV is the anisotropy constant of the volume anisotropy and KS for the sur-
face anisotropy. This describes the size dependent anisotropy constant of metallic
Fe-nanoparticles determined with Mössbauer spectroscopy very well.

Luis et al. [22] used the same formula to describe Keff(D), which follows from a
careful analysis of AC- and DC-susceptibility data of Co nanoparticles.

Comment

Almost every model that is used for the description of the physical properties of
magnetic nanoparticles in literature is based on an uniaxial potential (see subsequent
chapter 2). This is a reasonable assumption, since almost all relevant anisotropies for
magnetic nanoparticles have this uniaxial character, except the magnetocrystalline
anisotropy in part. Therefore, the anisotropy that is used for the description of
non-interacting particles in the following is based on uniaxial anisotropy, as well.
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1.2 Interparticle interactions

So far, no magnetic interactions between the particles have been taken into account.
They may, however, have a strong influence on the physical properties of the mag-
netic nanoparticles. Different types of interparticle interactions and their influence
on the behavior of the magnetic nanoparticles are discussed in the following.

Furthermore, electric dipole-dipole interactions between the particles exists as well,
which are not discussed here.

Dipole-dipole interaction

The magnetic dipole-dipole interaction energy between the spins of the single atoms
in a conventional paramagnet lies in the order of Edip/kB ≈ 1K and is therefore
much smaller than other mechanisms that force an ordering of the spins. However,
magnetic nanoparticles have a strongly increased magnetic moment compared to the
magnetic moments of single atoms and therefore, dipole-dipole interactions become
important for such systems.

A special case is a chain of nanoparticles coupled with dipole-dipole interactions,
whose magnetic moments arrange parallel to each other along the chain direction
(compare to figure 1.3 (a)).

However, the interaction between two neighboring particles forces them to find the
best possible orientation which matches their stray magnetic field, as one can see as
well from the dipolar energy of two interacting magnetic moments

Edip =
µ0
4πr3

(

µ
1
· µ

2
− 3

r2
(µ

1
· r)(µ

2
· r)
)

. (1.11)

As shown in [18], the influence of a particle with a fixed orientation of its magnetic
moment on the orientation of the magnetic moment of another particle at a random
site can be described by connecting these two particles with a vector r. When the
magnetic moment of the first particle has an angle of θ with respect to r, then the
magnetic moment of the second particle has an angle of approximately −θ with re-
spect to r (see figure 1.3 (b)).

Hence, multiple particles in close contact coupled through dipole-dipole interaction
experience a random distribution of interaction strengths and directions, which is
comparable to frustration of individual spins due to competing interactions at their
sites, resulting in a spin-glass like state. This scenario is shown in figure 1.3 (c) for
three particles. In analogy to the term superparamagnetism, this scenario is called
”super-spin glass” [23].

Irrespective of their orientations, dipole-dipole interactions between nanoparticles



26 Chapter 1. Magnetic dynamics of nanoscale particles

(a)

θ

−θ

r

(b)

r1
r2

−θ2

θ2

(c)

Figure 1.3: Different effects of the dipole dipole interaction on the orientation of
the magnetic moments of neighboring particles. The dipolar fields are indicated
by broken lines. (a) The magnetic moments in a chain of particles are aligned
parallel to each other along the chain direction. (b) Determination of the direction
of the magnetic moments of two neighboring particles with the method after [18] as
described in the text. (c) Competing interactions on a third particle as a result of
the superposition of the interactions described in (b) on the site of the third particle.
Here r1 and r2 are the connecting vectors between the particles 1 → 3 and 2 → 3,
respectively. θ2 is the angle between r2 and the direction of the magnetic moment
of particle 2, θ1, has a value of 90◦C and is not shown here for reasons of clarity.

always result in a cos()-shaped potential (i.e. there is an easy direction). It can be
described by

Eint = E0 ·
1

2
(cos(θ) + 1). (1.12)

The function has been normalized to values between 0 and 1 in order to act analogous
to equation (1.2). A superposition of unidirectional potentials with different phases
and strengths, again result in a unidirectional potential. This can be shown by using
the concept of a phasor

A cos(x+ θ) = Re (A exp(i(x+ θ))) (1.13)

and calculating therewith the superposition

A1 cos(x+ θ1) +A2 cos(x+ θ2) = Re(A1 exp(ix) exp(iθ1)) (1.14)

+ Re(A2 exp(ix) exp(iθ2)) (1.15)

= A3 cos(x+ θ3). (1.16)
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Figure 1.4: Superposition of a uniaxial Eua and unidirectional potential Eint after
the equation E0 · 1

2(sin(ϕ − π/3) + 1) +KV sin(ϕ)2 for KV = 0, E0 = 1; KV = 1,
E0 = 1 and KV = 1, E0 = 0 (from left to right).

The blocking temperature of the system depends on the interaction energy E0 and
the strength of the anisotropy constant K as well. Since both of them must not
necessarily be parallel to each other, complex potentials might occur. Examples are
given in figure 1.4 for a fixed phase of−π/3 and different strengths of the interparticle
interactions and the anisotropy energy.

Exchange interaction between nanoparticles in close contact

Next to dipole-dipole interactions, exchange interactions between the surface atoms
of particles in close contact play an important role in interparticle interactions, espe-
cially for ferrimagnetic or antiferromagnetic particles, whose net magnetic moments
and hence the dipole-dipole interaction between them is small compared to ferro-
magnetic particles. These might be either direct exchange or super exchange inter-
actions. In contrast to the dipole-dipole interactions, exchange interactions tend to
align the particle moments parallel to each other, which results in an ordered state,
being called ”super-ferromagnetism” [23]. The influence of the exchange interactions
on the magnetic energy of a particle was found to be well described by a mean field
[24]

E = −JeffM(T ) · 〈M(T )〉 . (1.17)

Here, Jeff 〈M(T )〉 represents an effective interaction mean field from the neighboring
particles, M(T ) is the sublattice magnetization and Jeff =

∑

i Jij is the effective
exchange coupling constant. This interaction has a unidirectional character as well.

However, surface spin canting (described below) is able to influence the effective
exchange interactions between the particles (i.e. decrease its strength).

A transition from a super-spin glass to a super-ferromagnetic groundstate has been
observed with increasing concentration of Fe clusters in an Ag matrix [25]. When
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the concentration of Fe clusters exceeds a critical value, the clusters are in very
close contact and form bigger structures of ferromagnetically ordered clusters, due
to exchange interactions, resulting in the super-ferromagnetic groundstate of the
system.

RKKY-interaction

If the magnetic nanoparticles are embedded in a matrix of a metallic, non-magnetic
material, RKKY interactions between the particles via the conduction band of the
host material may occur. The interaction between two spherical clusters, whose
radius r is much smaller than their distance R, can be described by [26]

E = J̃0
cos(2kFR)

R3
. (1.18)

Here, J0 is the effective coupling constant and kF is the Fermi-wave vector. In con-
trast to dipole-dipole interactions, RKKY-interactions exhibit an oscillatory char-
acter, which results in a superspinglass groundstate of a system with randomly
distributed magnetic clusters in a non-magnetic host matrix.

Effect on TB

The effect of the interparticle interactions on the relaxation time depends on the
strength of the interactions. It has been shown for weakly interacting maghemite
nanoparticles, that the blocking temperature TB decreases with increasing interac-
tion [27, 11]. This behavior has been explained by calculating the average fluctuation
rate for weak interparticle interactions and different angles between the direction of
the interparticle interactions and the easy axis (compare to section 1.3.3 and 1.3.4).

If the interparticle interactions are much stronger than the anisotropy energy, the
energy barrier, the magnetization direction has to overcome, is increased, relative to
the barrier without interparticle interactions and hence the blocking temperature is
increased as well.

Freezing behavior

The freezing of the non-interacting particles can be described by the Néel-Brown
equation (see equation 1.3 and the next section) and therefore yields different block-
ing temperatures for different techniques due to the different experimental timescales.
In contrast, particles experiencing magnetic interparticle interactions exhibit a col-
lective freezing over a small temperature range, once the interactions become rele-
vant. Hence the blocking temperature is similar for different techniques.

By performing temperature dependent AC-susceptibility measurements for differ-
ent frequencies of the applied magnetic field, it is possible to gain information about
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the presence of interparticle interactions through the different freezing behaviors of
interacting and non-interacting particles (see section 2.2.2).

Comment

When interparticle interactions are discussed in the following, they should always
be understood as effective average magnetic interparticle interactions. The particles
do interact magnetically even in the superparamagnetic regime at temperatures
far above the blocking temperature. However, these interactions do basically not
affect the magnetic properties of the particles, since they average to zero due to
the fast fluctuations of the particles. Therefore, the term ”effective” always denotes
interparticle interactions, that do not average to zero due to fast fluctuations of the
particles. The term ”average” accounts for the average value of the distribution of
the interparticle interactions in case of a super-spin glass groundstate.

1.3 Relaxation time of magnetic nanoparticles

Various models describing the temperature dependence of the relaxation time of
magnetic nanoparticles were proposed in the literature throughout the last decades.
The most important approaches will be reviewed in this chapter.

1.3.1 The Néel-Brown expression

The first expression presented is valid for particles with a uniaxial anisotropy, no
interparticle interactions, no external magnetic field and for ∆E ≪ kBT . It is the
so-called Néel-Brown expression [12, 13]

τ = τ0 exp

(

∆E

kBT

)

, (1.19)

with

τ0 =

√
π

2

µ

γ0∆E

√

kT

∆E
, (1.20)

where ∆E is the energy barrier, µ is the magnetic moment of the particle and γ0 is
the gyromagnetic ratio. It was already presented in the first section of this chapter
(equation (1.3)). This equation can still be found in almost every publication on
superparamagnetism up to now, despite its limited applicability. The reason is, that
it is generally used to explain the features of the particular measurement qualitatively
through the variation of the relaxation time τ , typically with temperature. A rough
estimation of τ is therefore sufficient in most of the cases. Furthermore, the more
detailed models presented in the following are under strong debate up to now and
selecting a proper model is therefore hardly possible.
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1.3.2 Solutions for any ∆E/kBT

The limitation σ = ∆E/kBT ≫ 1 of the Néel-Brown expression is based on an
approximation Brown used in the calculation (see e.g. [28]). An exact solution of
this problem for all values of ∆E/kBT was presented in [28]. Since this analytical
expression is very complex, the approximate expression

τ = τ0

(

4σ

exp(σ)− 1

(

1

1 + 1/σ

√

σ

π
+ 2−σ−1

))−1

, (1.21)

with τ0 ∝ VMs [29], has been presented as well [30].

1.3.3 The model after Dormann et al.

A model based on the Néel-Brown expression but including interparticle interactions
has been presented by Dormann et al. [31]. Based on the dipole-dipole interactions
between the particles, they calculated the relaxation time for weakly interacting
particles to

τ = τ0 exp

(

∆E

kBT
+
n1ǫ

2(3z2 − 1)2

3k2BT
2

)

, (1.22)

and for strongly interacting particles to

τ = τ0 exp(−n1) exp
(

∆E

kBT
+
n1ǫ(3z

2 − 1)

kBT

)

, (1.23)

with

ǫ =
µ0
4π

µiµj
r3ij

, (1.24)

originating from the expression of the dipole-dipole interaction between the particles
i and j, their respective magnetic moments µi and µj and the interparticle distance
rij , ǫ(3z

2 − 1), being the so called interaction parameter and n1 being the number
of nearest neighbors.

After the observation of a decrease of the relaxation time for weak interparticle
interactions (see above, section 1.2), this model was extended using [32]

τ0 = τ0(T ) (1.25)

in order to involve this effect.

1.3.4 The model after Mørup et al.

Another model including interparticle interactions was proposed by Mørup and
Tronc [11], after calculating the global minimum and maximum of the E(θ) po-
tential including the influence of the interparticle interactions of the neighboring
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Figure 1.5: The relaxation time τ in dependence of the interaction strength cal-
culated from the model after Mørup et al. [11] for the following different values of
KV/kBT ; — : 3/2, — : 1,— : 3/4,— : 3/5 and — : 1/2. For more details, see text.

particles, which results in

τ = τ0 exp

(

∆E

kBT
− µ2

〈

B2
i

〉

3k2BT
2

(

1− 3

4

kBT

∆E

)

)

, (1.26)

with
〈

B2
i

〉

is the average dipole interaction field, which can be expressed by

〈

B2
i

〉

= 2
(µ0
4π

)2
µ2
∑

j

r−6
ij . (1.27)

The authors claimed, that their model is only valid for µiBi . ∆E [33] and µiBi ≪
kBT . As it is shown in figure 1.5, the relaxation time decreases with increasing inter-
action strength µ 〈Bi〉 for kBT . KV and increases with increasing µ 〈Bi〉 for bigger
values of kBT/KV . Hence, this model includes at least qualitatively the decrease of
the relaxation time for weak interparticle interaction strength. However, due to the
limitations mentioned above, the graphs shown in figure 1.5 are only valid for small
values of µB.

Equations (1.22), (1.23) and (1.26) have the same structure based on the Néel-
Brown equation, their only differences are the numerators in the second term in the
exp()-function and hence the calculation of the interaction strength.

In a direct comparison of these two models by Hansen and Mørup [34], the model
by Dormann et al. was criticized and the better validity of the model after [11] was
emphasized.
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Obviously, both models for the relaxation time for particles including interparti-
cle interactions presented here, have only limited applicability since they are only
defined for a very constricted set of parameters. Furthermore, the debate between
the two groups came to an abrupt end, with the death of J.-L. Dormann [7]. There-
fore, the scientific discussion about the two expressions can be understood as still
being open.

1.4 Surface-spin canting

In 1968, a unexpected decrease of the saturation magnetization of maghemite nanopar-
ticles with decreasing particle size has been observed [35]. Mössbauer measurements
on the same material suggested surface effects of the particles as the origin [36, 37],
while finite size effects have been discussed as well (i.e. a uniform spin canting all
over the particle) [38]. However, in the following years, measurements with a huge
variety of experimental techniques pointed to surface spin canting as the origin of
the decrease in the saturation magnetization [39, 37, 40]. In the latter, evidence for
the spin glass structure of the surface layer was found. A numerical calculation of
the spin structure in a 25 Å particle can be found in [41]. The thickness of the dis-
ordered surface layer was found to be 1.2 nm for CoFe2O4 particles with an average
diameter of 4.3 nm [39], ≈ 0.9 nm for NiFe2O4 with a diameter of 4.2 nm [42], 1 -
2 nm for magnetite particles with an average diameter of 10 nm [43] and 0.4 nm for
maghemite nanoparticles [44]. In another publication [45], the surface / volume ratio
of iron oxide nanoparticles for different sizes has been determined from Mössbauer
spectroscopy. It ranges from 80% for particles with a diameter of 3 nm to 40% for
particles with a diameter of 10 nm. Hence, surface spin canting plays an important
role, even for bigger particles with a diameter of 10 nm and more. The canting of
the surface spins, especially in oxides, can be related to broken exchange bonds [46].

It was found from Mössbauer spectroscopy [47], that the fraction of frozen spins in-
creases over a wide temperature range, hence the freezing temperature of the spins
in the surface layer, Tfr, and the blocking temperature TB are in general not the
same. Above Tfr the spins are not frozen and hence should align with the strongest
anisotropy at their site or fluctuate. Due to the broken exchange bonds, this is
not necessarily the exchange interaction between the core and the surface layer, the
dipole-dipole interactions between the atoms in the surface shell and the huge mag-
netic moment of the ordered core may contribute as well. In order to gain more
information about this scenario, we performed a simulation. The orientation of the
spins in the surface shell can be seen in figure 1.6 (a). In figure 1.6 (b) - (d), the
energy of the interaction of the spins in the surface layer with the magnetic moment
of a neighboring particle is given. In case of the relative positions in subfigures (b)
and (c), the spins in the surface shell lower the energy of the system and hence
increase interparticle interactions between the particles (notice the average energy
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Figure 1.6: (a) Orientation of free magnetic moments in a surface shell coupled to
the core by dipole-dipole interaction. (b) - (d) Energy of the interaction of the atoms
in the surface shell with an orientation as shown in subfigure (a) with the ordered
core of a second particle for different relative positions. The orientation of the second
particle is defined by the dipole dipole interaction with the core of the first particle.
The legends help to identify the strength of the energy for the different positions in
the shell, below the legend, the average energy EAv of the actual positions is given.
The thickness of the surface layer is 0.2× the radius of the whole particle. The core
- core distance of both particles is the same for every position, hence the energies
are comparable.

EAv below the legends). Only in the scenario in subfigure (d), the energy of the
system is increased, however, by a value which is much smaller than the ones in the
other two scenarios. As shown with these simulations, a surface shell coupled to the
core by dipole-dipole interactions, basically increases the interparticle interaction
strength between neighboring particles. Hence a freezing of the spins in the surface
layer into random directions at low temperatures would result in a decrease of the
strength of the interparticle interactions.
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Figure 1.7: Probability density function of a log normal distribution after equation
(1.28) with σ = 1 and µ = 0.

1.5 Particle-size distribution

Real particle systems always have a finite particle-size distribution. The most com-
mon function to describe particle size distributions is the probability density function
of the log-normal distribution

fLN =
1

xσ
√
2π

exp

(

−(lnx− µ)2

2σ2

)

, x > 0, (1.28)

where µ is the mean deviation and σ is the standard deviation. The function is
plotted in figure 1.7.

For non-interacting particles, a particle-size distribution leads to a distribution of
blocking temperatures TB, since the anisotropy energy barrier scales with the par-
ticle volume.

In the case of interacting particles, the particle-size distribution plays a minor role in
the freezing process, since the interparticle interactions are averaged over the neigh-
boring particles and hence the particle-size distribution is not relevant (see above).

Experimental methods that help to determine the particle-size distribution are dis-
cussed in the next chapter.

1.6 Materials

The most common material used for the production of magnetic nanoparticles is
γ-Fe2O3 (maghemite). It has been used in numerous studies up to now and will be
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Figure 1.8: Crystal structure of magnetite with a highlighted tetrahedral (up) and
octahedral group (down) (extracted and turned). Here, are the oxygen ions,
are the A ions and are the B ions.

a part of this work as well. However, the crystal structure of maghemite is closely
related to the crystal structure of magnetite, Fe3O4, which will be described at first.

1.6.1 Magnetite

Magnetite crystallizes in the FD3m space group and can be described by the general
formula AB2O4, where A are ions at tetrahedral sites and B are ions at octahedral
sites. In one unit cell, four octahedral groups and four tetrahedral groups can be
found. The first consists of four B ions and four O ions, while the tetrahedral group
consists of one A ion and again four O ions. Additional A ions are situated at the
corner and the surface of the cube. The complete unit cell and the two groups are
shown in figure 1.8. This structure is called normal spinel. An example is bulk
ZnFe2O4, with the divalent Zn2+ ions being on the tetrahedral site and the trivalent
Fe3+ ions being on the octahedral site.

However, it is possible, that the tetrahedral sites are occupied by half of the B ions
and the octahedral sites by the remaining A and B ions. This structure is called
inverse spinel and can be described by the general formula B(AB)2O4. In the case of
magnetite, the A ions are trivalent iron ions (Fe3+) and the B ions are divalent and
trivalent iron ions (Fe2+ and Fe3+). Intermediate states between the normal spinel
and the inverse spinel are described by introducing the inversion parameter x to the
general formula which results in AxB1−x(A1−xB1+x)2O4, with x = 0 resulting in an
inverse spinel and x = 1 in a normal spinel.

In order to understand the magnetic properties of magnetite, one has to take a closer
look on the individual ions. The trivalent Fe3+ ions have the electronic configura-
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tion [Ar]4s23d5 while the divalent Fe2+ ions have the configuration [Ar]4s23d6. The
Fe2+ and Fe3+ ions on the octahedral sites are coupled via double exchange, which
is a ferromagnetic exchange between ions with a different valence where the addi-
tional electron delocalizes between the two ions and hence lowers its energy. The
tetrahedral Fe3+ ions are coupled to the Fe3+ on the octahedral sites by an antifer-
romagnetic superexchange coupling via an O2+ ion. Hence the moments of the Fe3+

on the tetrahedral and octahedral sites are aligned antiparallel and compensating
themselves and only the magnetic moment of the Fe2+ is left. Therefore, magnetite
is a ferrimagnet [10].

Bulk Fe3O4 undergoes a phase transition at around TV ≈ 125K, the so-called Ver-
wey transition, named after its discoverer [48]. At the Verwey transition, electron
hopping between Fe2+ and Fe3+ sets in, leading to a mixed valence state. A change
in the conductivity and in the crystal structure occurs at this transition. It has been
investigated very well since its discovery, however, its physical origin is still under
discussion up to now. A comprehensive review with the historical context has been
presented by Walz [49]. TV strongly depends on the scale of the sample, it decreases
and smears out with decreasing particle size. While TV has still the bulk value for
150 nm particles, it decreases down to ≈ 20K for particles with an average diameter
of 50 nm and vanishes for smaller particles [50]. However, in another study [51],
the Verwey transition has been observed in smaller particles as well. Therefore one
can assume, that not only the particle size but also properties like the fraction of
defects or the presence of other phases play an important role (e.g. magnetite is
frequently accompanied by maghemite, which is hard to distinguish from magnetite
with common techniques and does not exhibit a Verwey transition and therefore is
capable of reducing the volume of magnetite within the particles).

1.6.2 Maghemite

The structural properties of maghemite (γ-Fe2O3) are closely related to those of
magnetite. Both exhibit a spinel structure, with the difference, that the octahedral
sites in maghemite are not fully occupied and cation vacancies exist instead, which
is manifested in the formula (Fe3+)8[Fe

3+
5/6�1/6]16O32. There are different possibili-

ties for vacancies � at the octahedral sites. A random distribution of the vacancies
over the octahedral sites would result in the same space group like magnetite, Fd3m
[52, 53]. However, various types of space groups for maghemite have been identified
in the past, indicating at least a partially ordering of the vacancies on certain octa-
hedral sites (see for example [54, 55]). In actual publications, ordered vacancies seem
to be the exception and it is still not clear, in which cases the vacancies are disor-
dered, as pointed out by [56]. Bastow et al. [57] found increasing vacancy disordering
with decreasing particle size for ball-milled maghemite nanoparticle from 57Fe-NMR
in contrast to [58], where indications for ordered vacancies in particles with an av-
erage size of 240 nm × 30 nm were found from powder neutron and X-ray diffraction.
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The presence of vacancy order / disorder can in principle be verified by Mössbauer
spectroscopy. As pointed out in, [59] the magnetically split spectrum at low tem-
peratures looks asymmetric in case of ordered vacancies and symmetric otherwise.
However, the linewidth of spectra measured on magnetic nanoparticles using Möss-
bauer spectroscopy is typically strongly enhanced, which makes the observation of
this effect typically hardly possible.

Maghemite is as well ferrimagnetic and has a Néel-temperature of approximately
950K and a saturation magnetization of 87.4 emu/g [36].

1.6.3 Distinguishing between magnetite and maghemite

It was found, that magnetite nanoparticles transform to maghemite at a temperature
of approximately 473K [60], which easily leads to the coexistence of both, magnetite
and maghemite in one sample e.g. in case of heating during the preparation process.
However, due to their similar structural properties, the differentiation between mag-
netite and maghemite is not very easy, especially in the case of nanoparticles, where
the small scales lead to a broadening of the spectral shapes in most spectroscopic
methods like Mössbauer spectroscopy and NMR, for example. However, it was dis-
covered, that Raman-spectroscopy is a reliable tool to distinguish between the two
materials, even in case of nanoparticles, since the Raman spectra for maghemite and
magnetite have a different shape. Examples for the spectra for different iron oxides
are presented in [61]. However, one has to be careful when measuring the Raman
spectra, since too much laser power and a too small spot size can result in a heating
of the sample at the measuring position and hence to a undesired transformation of
magnetite to maghemite during the measurement.

A distinction between magnetite and maghemite is also possible from a careful
analysis of spectra measured with x-ray photoelectron spectroscopy, as discussed
in [62, 63].

1.6.4 Various ferrites

Next to the ferrites containing only iron and oxygen, numerous other types exist.
Their physical properties strongly depend on the added material and on the degree
of inversion x. Typical examples are ZnFe2O4 and CoFe2O4. More details about
ZnFe2O4 can be found in chapter 3.

1.6.5 Other types of iron oxides

Another iron oxide material that plays an important role in nanoparticle research
is wustite (FeO). It was found, that a (partial) phase transformation from Fe3O4 to
FeO may occur for particles with a size of & 15 nm prepared via decomposition of
iron oleate [64, 65].
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Goethite (α-Fe3+O(OH)) particles are investigated in [23]. This publication will
be further discussed in section 2.1.3.

1.6.6 Metallic iron

The treatment of metallic nanoparticles is very difficult. Due to their large sur-
face / volume ratio the particles oxidize easily when they are in contact with oxygen
or water. One can distinguish between two types of measurements on metallic iron
nanoparticles. On the one hand, in situ measurements on bare metallic nanopar-
ticles in order to avoid the contact of the particles with air [21, 66] and on the
other hand measurements on particles embedded into a matrix of another material
[67, 68, 69, 70, 71, 72, 73].

Bødker et al. performed in situ Mössbauer measurements on bare metallic iron
nanoparticles with a diameter of 2 - 4 nm on carbon supports [21, 66]. They found
two main components of the magnetic hyperfine field, being connected to atoms in
the core of the particles (α-Fe) with a hyperfine field of around 25T and to atoms
on the surface of the particles with a hyperfine field of around 36 - 40T. In addition,
they observed a decrease of the blocking temperature with increasing particle size.
Both effects underline the strong influence of surface effects on the physical proper-
ties of metallic iron nanoparticles.

The properties of metallic iron nanoparticles embedded in different materials depend
on the physical properties of the matrix [67, 68, 69, 70, 71, 72]. Detailed analysis
on this topic will be presented in chapter 5 of this work. The study of nanoparti-
cles embedded in a polymer, revealed further specifics of metallic iron nanoparticles,
namely an increased magnetic moment per atom of around 2.6µB compared to the
bulk α-Fe value of 2.2µB [73].

1.7 Preparation routes

A scientific or industrial usage of magnetic nanoparticles demands certain properties
of the particles, e.g. a small size distribution, good crystallinity, well defined mag-
netic state for the whole particle and no agglomeration. Hence it is desirable, that
the synthesis route provides particles with these properties and furthermore allows
the control over important nanoparticle parameters, e.g. the size, the morphology
and the material. In addition, the synthesis should be fast, environmental friendly
and not involve too many materials and machines. Many different synthesis routes
have been developed so far, matching the above mentioned requirements more or less.

In general, one can distinguish between two different approaches regarding the prepa-
ration of magnetic nanoparticles, the bottom-up and the top-down approach. The
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latter begins with bigger clusters of the material, which are systematically mini-
mized until the desired size is achieved. A common method that is based on this
approach is ball milling. Although this preparation route is environmental friendly
and does typically not need too much hardware, it has several disadvantages, e.g.
the emergence of defects within the nanoparticles (less crystalline regions) due to
the acting mechanical forces as well as a contamination of the particles with the
milling material. However, as shown e.g. in [74, 75], different types of materials like
mixed ferrites may be prepared by the so-called mechanochemical route.

Bottom-up approaches are based on the nucleation of clusters from monomers within
a carrier medium followed by a steady growth of the nuclei to nanoparticles of the
desired size. These approaches are able to produce particles of different materials,
sizes and morphologies and a good crystallinity, since they do not introduce de-
fects due to mechanical forces. A typical preparation method based on a bottom-up
approach is the solvothermal synthesis, which will be discussed in more detail in
chapter 4. In this method, Fe(acac)3 is used as a precursor and and mixed with a
solvent. The mixture is heated up, which results in the formation of nuclei and a
subsequent development and growth of nanoparticles.

Another preparation method, which will be discussed in this work, is vapor co-
deposition. Two immiscible materials are vaporized and are accumulating again on
a substrate, which results in thin films. The formation of clusters of one of the ma-
terials in a matrix of the other material can be achieved by choosing very different
vaporization rated for both materials. More details about this method can be found
in chapter 5.
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Chapter 2

Experimental methods

A wide range of different experimental methods can be used in order to analyze the
physical properties of nanosized particles, e.g. AC- and DC-susceptibility, NMR and
electron micrographs (TEM). An outstanding role in this context plays Mössbauer
spectroscopy, which is an extraordinary helpful tool when studying this type of sam-
ples.

However, details of the analysis of the Mössbauer data are still controversially dis-
cussed. Mössbauer spectra of nanosized particles exhibit various types of shapes,
depending on the material, the interaction between the particles, the fraction of a
surface shell with canted spins on the whole particle, etc. Plenty of different mod-
els have been proposed in the literature during the last decades, yet none of them
involves all the different effects and hence can be used as a universal model. Further-
more, up to now, no detailed overview over the different models has been presented.

In this chapter, the different experimental methods used to examine magnetic nano-
particles with a special focus on Mössbauer spectroscopy will be discussed. At first,
a short introduction to Mössbauer spectroscopy will be given, followed by a de-
scription of the most important models which can be used for the interpretation of
Mössbauer spectra of magnetic nanoparticles. The section is divided in a discussion
of models, which allow the simulation of the Mössbauer absorption spectrum itself
and a model, that allows the simulation of the temperature dependence of a single
Mössbauer parameter (see below). For simplicity reasons, ~ = 1 in the following.

In the subsequent sections, further techniques used in this work to study the prop-
erties of magnetic nanoparticles in this work are discussed.

41
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2.1 Mössbauer spectroscopy

2.1.1 Introduction

The experimental technique is based on the Mössbauer effect, discovered by Rudolf
L. Mößbauer in 1957 [76]. He examined the nuclear absorption of 129 keV γ-radiation
by a natural Ir crystal. A 191Ir source was mounted on a rotating disc, which offered
the possibility to regulate the velocity vrel of the source relative to the absorber. Due
to the Doppler effect, the energy of the radiation depends on vrel. Hence Mößbauer
was able to measure the absorption of the crystal for different energies. This proce-
dure is very similar to the experimental realization of the Mössbauer spectroscopy
used nowadays (see below).

However, the most important result of Mössbauer’s work was achieved by measuring
the temperature dependent cross section of a system where source and absorber are
at rest with respect to each other. At that time, it was believed that the emission-
and absorption line are not centered around the same energy, since the γ-quantum
transfers momentum to its origin ion. Hence it was expected, that the cross section
increases with increasing temperature, since the width of the emission- and absorp-
tion lines and therewith their overlap increases with temperature as well. However,
Mössbauer observed a completely different behavior as expected. He measured an
increase of the cross section with decreasing temperature. Mössbauer interpreted
this effect with a complete absorption of the momentum of the γ-quantum by the
crystal lattice, while the energy of the quantum is not lowered. Since the γ-quantum
is able to create a phonon, the fraction of this recoil-less emission is strongly con-
nected to the presence of phonons in the material, which decreases with decreasing
temperature. Therefore, the fraction of recoilless emitted γ-quanta increases with
decreasing temperature, which results in the observed increase of the absorption.
The temperature dependent recoil-less fraction of the radiation can be calculated
using the Mössbauer-Lamb factor. The effect of the emission of the γ-radiation
without a shift of the energy is called recoilless emission, or Mössbauer effect. For
this discovery and its correct interpretation, Mößbauer received the Nobel price in
physics in 1961.

For more details about the discovery of the Mössbauer effect, it is referred to [77].

Based on the Mössbauer effect, an experimental method was developed, which uses
the particularly small linewidth and well defined energy of the emitted γ-rays, called
Mössbauer spectroscopy.

The experimental procedure in modern Mössbauer spectroscopy is based on the
measurement of the fraction of absorbed γ-quanta by a sample containing specific
probe atoms whose nuclear transitions match the energy of the γ-rays for different
values of Eγ around the original value. In this work, the probe atoms are 57Fe.
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With this method it is possible, to monitor the transition of the nuclear spin from
the ground state to the excited state, Ig → Ie, in the nucleus of the probe atom. The
width of the γ-ray line is small enough to observe changes in the hyperfine structure
of the probe atoms and therewith to gain information about their electronic and
magnetic properties. In a Mössbauer spectrum, the relative transmission is plotted
relative to the excitation energy of the free nucleus (represented here by the Doppler
velocity of the source, which is proportional to the energy).

In the following section, static hyperfine interactions and their influence on the
Mössbauer spectrum are discussed.

2.1.2 Static hyperfine interactions

Static electric and magnetic interactions between the nucleus and its environment
lead to a shifting and / or splitting of the hyperfine patterns. This can be observed in
the Mössbauer spectrum. The most important effects are described in this section.
More details about the static hyperfine interactions in Mössbauer spectroscopy can
be found e.g. in [78] or [79]. The following section is based on both sources.

Isomer shift and quadrupolar interaction

As discussed in [79], in the framework of a point-charge model, the energy arising
from the interactions of electric charges (described by their potential at the site of
the nucleus φ(r)) in the surrounding of the nucleus (with a distribution of positive
electric charges ρ(r)) can be described by

E =

∫

ρ(r)φ(r)d3r. (2.1)

A Taylor series expansion of φ(r) gives

E = φ0

∫

ρ(r)d3r (2.2)

+
3
∑

α=1

(

∂φ

∂xα

)

0

∫

ρ(r)xαd
3r

+
1

2

∑

α,β

(

∂2φ

∂xα∂xβ

)

0

∫

ρ(r)xαxβd
3r

+ ...

The first term only describes the Coulomb interaction at the site of the nucleus and
can be neglected here. The second term represents the dipole moment of the charges
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Figure 2.1: Splitting of the energy levels resulting in the isomer shift. The left
term scheme represents the source (index s), while the right term scheme represents
the sample (absorber) (index a). Note that Es 6= Ea.

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.6

0.8

1.0

T
ra
n
sm

is
si
on

(
%
)

v (mm/s)

Figure 2.2: Simulation of a single line Mössbauer spectrum made with an isomer
shift of +0.2mm/s.

in the nucleus, which is zero. However, the third term can be rearranged to

1

2

∑

α,β

(

∂2φ

∂xα∂xβ

)

0

∫

ρ(r)xαxβd
3r =

1

6

∑

α

(

∂2φ

∂x2α

)

0

∫

ρ(r)r2d3r (2.3)

+
1

2

∑

α

(

∂2φ

∂x2α

)

0

∫

ρ(r)

(

xα − r2

3

)

d3r.

Both terms of this last expression are relevant for Mössbauer spectroscopy.

Using the relation for the average quadratic radius of the nucleus,

< r2 >=
1

Ze

∫

ρ(r)r2d3r, (2.4)

and
(∆φ)0 =

∑

α

φαα =
e

ǫ0
|ψ(0)|2 , (2.5)

with φαα =
(

∂φ
∂xα

)

0
, which follows from the Poisson-equation, the first term can be

rearranged to

EI =
Ze2

6ǫ0
|ψ(0)|2 < r2 > . (2.6)
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Figure 2.3: Splitting of the I = 3/2 level due to the nuclear quadrupolar interac-
tion.
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Figure 2.4: Simulation of a Mössbauer spectrum in the presence an isomer shift of
+0.2mm/s and a quadrupolar splitting with ∆Q = 0.2mm/s.

This monopole energy describes a shift of the energy level, which depends on the
average quadratic radius of the nucleus, < r2 >, and on the probability of finding
an electron at the site of the nucleus, |ψ(0)|2. The difference between the shift of
the source Es

I and the absorber Ea
I , δ = Es

I − Ea
I is the isomer shift. It moves the

spectrum along the velocity axis, as demonstrated in figure 2.1 and in figure 2.2,
respectively.

Since the last integral in equation (2.3) equals the equation for a quadrupole moment
for xα = z, the whole term can be summed up to

EQ =
e

6

∑

α

φααQαα =
e

6

∑

α

VααQαα, (2.7)

describing the interaction of an electric field gradient at the nucleus, V , with its
quadrupolar moment, Q. In case of a field gradient with axial symmetry, the
quadrupolar energy results in

EQ =
[

3I2z − I(I + 1)
] eQVzz
4I(2I − 1)

, (2.8)
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where Vzz is the last element in the trace of the matrix describing the electric field
gradient at the nucleus. The quadrupolar energy results in a splitting of the I = 3/2
level into two sublevels with an energy difference ∆EQ. This energy difference can be
observed as the quadrupolar splitting in the Mössbauer spectrum. One can find from
this equation, that a non-vanishing quadrupolar interaction results in a splitting of
the Mössbauer line into a doublet, as shown in figure 2.3 and 2.4. A quadrupolar
splitting happens when a non-vanishing electric field gradient at the site of the core
is present, typically in the case of a non-cubic arrangement of the atoms around the
probe atom.

The second order Doppler shift

This effect is based on the thermal motion of the lattice atoms. The relativistic
description of the Doppler effect yields a term, where the quadratic average velocity
of the lattice atoms is included. This additional term describes a shift of the energy
of the γ-rays and therewith a shift of the complete Mössbauer spectrum along the
v-axis, similar to the aforementioned isomer shift. The effect depends on the tem-
perature difference between the absorber and the source, ∆T . An estimation of the
second order Doppler shift for 57Fe, using Dulong-Petit’s law [79] (i.e. in the high T
limit for T > ΘD), gives

− dω

dT

1

ω0
= 2.4 · 10−15K−1. (2.9)

For ∆T ≈ 200K, one expects a frequency shift which corresponds to a shift of the
complete spectrum in the order of magnitude of 0.1mm/s.

The isomer shift and the second order Doppler shift both result in a shift of the
spectrum along the v-axis, which makes a distinction between both effects compli-
cated.

The magnetic hyperfine interaction

The magnetic hyperfine interaction is based on the interaction between the magnetic
dipole moment of the nucleus with a magnetic field H at the site of the nucleus.
Under the influence of magnetic hyperfine interactions, a Zeeman splitting occurs
and the degeneracy of the Iz states is lifted. The selection rule for M1 radiation,
∆Iz = 0,±1 results in six possible transitions between the I = 1/2 groundstate into
the I = 3/2 state. The Mössbauer spectrum therefore splits into six different lines,
as it can be seen in figure 2.6.

The magnetic hyperfine field is be described by the interaction of the nuclear spin I
with the spin of the electronic system H = I AS, where A is the so-called hyperfine
tensor. In most cases, this Hamiltonian can be simplified to an effective Zeeman
interaction H = BeffI, with the ”effective magnetic hyperfine field”, Beff. In the



2.1. Mössbauer spectroscopy 47

E0

Iz = −3/2

I = 1/2

I = 3/2

−1/2
1/2
3/2

−1/2
1/2

Figure 2.5: Magnetic splitting of the I = 3/2 and the I = 1/2 level and the
corresponding allowed transitions.
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Figure 2.6: Simulation of a Mössbauer spectrum in the presence of an isomer shift
of +0.2mm/s and a magnetic splitting with a value of 16mm/s between the outer
lines. This value corresponds to a magnetic field of about 49.5T.

following, Beff will be denoted as the magnetic hyperfine field Bhyp.

The different contributions to Bhyp are

Bhyp = Bel +Bex. (2.10)

Bel, which is proportional to the electronic spin Bel ∝ 〈Sz〉, denotes the magnetic
fields at the nucleus with an electronic origin. It contains a contribution of the or-
bital angular momentum of the electrons, Boam and a contribution arising from the
dipole-dipole interaction between the nucleus and the electrons, Bdip. However, the
main contribution on the local magnetic field at the 57Fe nucleus arises from the
Fermi-contact term BFer, which is based on the uncompensated s-electron density
in the nucleus. The magnitude of BFer is of the order of some 10T.

The influence of an external magnetic field Bex on Bhyp contains basically three
components. Next to the contribution of the external field itself, Bext, the influence
of the neighboring atoms due to the polarization, which is the so-called Lorentz-
field BLor = 4π

3 µ0M and the demagnetization field BDM = −µ0DM ′, where D is
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Figure 2.7: Flip of the particle moment in analogy to spin flips within a Kramers
doublet with effective spin 1/2.

the geometry dependent demagnetization factor and M ′ is the magnetic moment
per volume. However, the strength of Bex has typically a maximum value of a few
hundreds of T and is rather small compared to Bel.

2.1.3 Magnetic dynamics in Mössbauer spectroscopy

Basics

In this section, the most important models that are used to describe the Mössbauer
spectra of fluctuating magnetic fields, are discussed. However, at first, the difference
between the thermally activated spin flips of an ordinary paramagnet are compared
to the spin flips of a superparamagnetic particle.

In the simplest case, the electronic spin system can be described by a Kramers
doublets with effective spin-12 . For a normal paramagnet, the Kramers doublet is
degenerate above TC. Below TC, when the magnetic interaction between the atoms
sets in, the degeneration of the doublet is lifted, the population of the two states
becomes unequal and is determined by Boltzmann statistics. The magnetic moment
of the doublet g 〈Sz〉µB is increasing with decreasing T due to a stronger population
of the energetically lower spin state. Therefore, the magnetic hyperfine field Bhyp,
which is proportional to 〈Sz〉 increases with decreasing temperature as well.

A magnetic nanoparticle below TC, is made up of multiple magnetic moments which
are coupled through exchange interactions. Therefore, each of these moments can be
described by a non-degenerate Kramers doublet. The reason for the non-magnetic
Mössbauer pattern for TB < T < TC is therefore not a equal population of the two
states in the non-degenerate Kramers doublet. In fact, when the magnetic moment
of the nanoparticle revolves, the state with the higher energy and the state with the
lower energy of the Kramers doublet are changing positions (see figure 2.7). There-
fore, the state at the lower level experiences a spin flip, although not being thermally
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Figure 2.8: (a) Uniaxial anisotropy, the minima are at θ = 0 and θ = π, further-
more KV = 1. (b) Sketch to illustrate the B = B0 cos(θ) dependence, the z-axis
lies parallel to the easy axis.

excited to the higher spin state. At temperatures T . TB, the time between these
spin flips becomes long enough to allow the observation of a magnetically split Möss-
bauer pattern.

Hence, the magnetic dynamics of nanoparticles can be divided in two different pro-
cesses: thermal excitations, which lift the spin in the lower state to the higher state
and a change of the upper and lower state due to a revolution of the magnetic mo-
ment of the nanoparticle. Both processes occur parallel to each other, but are on
different timescales.

Since thermal excitations of the spin in the state with the lowest energy are al-
ways present (i.e. 〈Sz〉 of the individual spins within the particles is a function of
temperature), the system is in the fast limit (even if the superparamagnetic relax-
ation frequency is slow). Therefore, the effective field approximation can be used
and the Hamiltonian of the magnetic hyperfine interaction can be written as [80]

H = AS I ∼ BhypI. (2.11)

The magnetically split Mössbauer spectrum at T . TB of the nanoparticles presented
in this work hence always consists of the familiar six line pattern. The only exception
is the Fe(acac)3 dispersed in benzyl alcohol spectrum presented in chapter 4, which
will be discussed there.

One can distinguish three regimes with different fluctuation rates of the magnetic
moment of the particles, when discussing the influence of magnetic dynamics on
the Mössbauer spectrum. In the presence of magnetic hyperfine fields like those
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typically observed in this work (30 − 55T) the crucial parameter in all three cases
is the nuclear Larmor precession frequency ωL = γ ·B (≈ 109 s−1), since it is faster
than the inverse timescale of the interaction of the nucleus of the probe atom with
the γ-quantum. If

• the timescale of the magnetic dynamics is much faster than that of ωL, the
magnetic hyperfine field fluctuates numerous times during one period of ω−1

L

and the observed hyperfine field averages to zero and no magnetic splitting of
the Mössbauer spectrum is observed

• the timescale of the magnetic dynamics is much slower than that of ωL, the
magnetic hyperfine field appears to be static and a magnetically completely
split Mössbauer spectrum can be observed

• the timescale of the magnetic dynamics is comparable to that of ωL, complex
hyperfine patterns are observed.

During the last decades, numerous models that try to simulate Mössbauer spectra of
magnetic nanoparticles over the whole temperature range, from 0K up to tempera-
tures where the system is far in the superparamagnetic regime, have been published.
One can distinguish between two types of models, i.e. those that simulate the Möss-
bauer spectrum directly and those, that simulate the temperature dependence of
certain parameters (here, the average hyperfine field). This chapter begins with
the discussion of models of the first type, followed by a discussion of models of the
second type.

Two level relaxation model

One of the first attempts to model the effect of magnetic dynamics on the Mössbauer
spectrum has been presented by Wickman et al. in 1966 [81]. This model is based
on the relaxation in a Kramers doublet, but can however be applied to a uniaxially
shaped two valley potential. The relaxation occurs between two states with hyperfine
fields of the same size but different sign, which are separated by an energy barrier,
denoted as KV here (see figure 2.8 (a)). If the z-axis is parallel to the easy axis,
the hyperfine field fluctuates from +B0 to −B0, according to figure 2.8 (b). The
Wickman model gives a pair of Lorentzians

I(ω) = −Re
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, (2.12)

where ω0 is the magnitude of the magnetic splitting, Γ is the linewidth and γ ∼ 1/τ
is the relaxation frequency. Three of those pairs have to be summed up with their
corresponding area and splitting in order to simulate a Mössbauer spectrum, like it
is shown in figure 2.9.
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Figure 2.9: Mössbauer spectra calculated by use of the Wickman model [81] for
a hyperfine splitting of 8mm/s, Γ = 0.2mm/s, and γ = 1.2 · 106Hz, = 1.2 · 107Hz,
= 3.6 · 107Hz and = 1.2 · 108Hz from top to bottom, respectively.

For high and low frequencies, one can observe a behavior corresponding to the first
two cases described in the beginning of this section. However, at intermediate fre-
quencies, the spectrum smears out and finally collapses into a non-magnetic single
line structure. The peak in the center of the spectrum in figure 2.9 in the case of
γ = 3.6 · 107Hz (conversion from mm/s to Hz after [82]), is typical for magnetic
dynamics with a uniaxial character, as it will be discussed later in this section.

Generalized two level model (GTL)

An expansion of the two level relaxation model, was presented in [83]. In the GTL,
the lowest point of the two energy minima (see figure 2.8 (a)) are not at the same
energy, but separated by an energy difference 2∆E. This scenario hence describes
magnetic nanoparticles in a potential, with a dominant uniaxial character combined
with a small unidirectional contribution. This corresponds to the scenario given in
figure 1.4 (b) in section 1.2, namely particles under the influence of interparticle
interactions, that are weak compared to their uniaxial magnetic anisotropy.

Since dipole-dipole interactions between randomly distributed particles result in an
distribution of interparticle interaction strength, Afanas’ev and Chuev included a
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Figure 2.10: Mössbauer spectra calculated by use of the GTL model forKV/kBT =
5, 4.54, 3.33 and 2.23 and τ0 = 10−9 s from top to bottom, respectively.

normal distribution of ∆E

P (∆E, σ) =
1√
2πσ

exp

(

−(∆E)2

2σ2

)

(2.13)

in the model.

A set of spectra resulting from the GTL for different temperatures is shown in
figure 2.10. The temperature dependence of the relaxation rate was calculated with
τ = τ0 exp(KV/kBT ) and σ = 0.2KV .

At intermediate temperatures, asymmetric line broadening is present, which is of-
ten observed in Mössbauer spectra of interacting magnetic nanoparticles, as it is
demonstrated in chapter 3.

Spherical relaxation

A model for spherical relaxation with a similar formalism has been presented as
well [84]. In this case, there is no energy barrier between the different states in
the potential landscape and every direction is equally probable. All three pairs of
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Figure 2.11: Mössbauer spectra resulting calculated on basis of spherical relaxation
for Γ = 0.2mm/s, ω0 =̂ 8mm/s and γ = 1.2 · 107Hz, = 1.2 · 108Hz, = 3.6 · 108Hz
and = 5.8 · 108Hz from top to bottom, respectively.

Lorentzians are given by

I(ω) = −Re
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where a(i) and I(i) are parameters that can be extracted from table 2.1. An example
for the simulation of the Mössbauer spectra is shown in figure 2.11. Compared to
the model describing uniaxial relaxation, the Mössbauer spectrum of the spherical
relaxation is not dominated by a central peak at intermediate relaxation rates, but
rather exhibits a uniform collapse.

Table 2.1: Approximate values for a(i) and I(i).

i 1 2 3 4 5 6

a(i) 1 0.5790 0.1580 -0.1580 -0.5790 -1

I(i) 1 0.66 0.33 0.33 0.66 1
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Figure 2.12: Mössbauer spectra in the case of an electrical field gradient oriented
perpendicular to the direction of the fluctuating magnetic field. The parameters are:
h = 30mm/s, Γ = 0.5mm/s, Q = 0.15mm/s; the relaxation rate γ is 5.8 · 106Hz,
2.3 · 107Hz, 5.8 · 108Hz and 1.2 · 1010Hz from top to bottom.

Fluctuating magnetic field in the presence of an electric field gradient

In 1968, M. Blume and J.A. Tjon proposed a model describing the Mössbauer spec-
tra of a randomly fluctuating magnetic hyperfine field between values B0 and −B0 in
the presence of an electric field gradient [85]. This publication includes two different
simplified cases, namely the electric field gradient being oriented perpendicular or
parallel to the fluctuating magnetic field. The case with the electric field gradient
being perpendicular to the magnetic field is more complex, since transitions between
the nuclear levels can be induced in this scenario, which is not possible in the other
case. However, Blume and Tjon succeeded in finding an analytical expression that
describes the Mössbauer spectrum for this scenario. Details about the calculations
are not given here, but can be found in [85].

Simulations of this scenario with different fluctuation rates γ can be found in figure
2.12. In the case of slow relaxation rates, the model gives a pattern similar to a
superposition of a static magnetic hyperfine field Bhyp with an electric quadrupo-
lar interaction q where Bhyp ≫ q. At intermediate relaxation rates the spectrum
begins to collapse. In contrast to the model which describes uniaxial relaxation
without a quadrupolar interaction, the main peak is not at v = 0mm/s but appears
shifted to negative velocities which can be attributed to the quadrupolar interaction.
This scenario can be easily mistaken with the spectrum calculated from the model
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Figure 2.13: Simulations of Mössbauer spectra on the basis of the the MLR model.
The simulation includes n = 35 steps and τ0 = 106 s for the left panel and τ0 = 109 s
for the right panel. The simulation was executed with KV/kBT = 10, 3, 1 and 0.1
from top to bottom for the left panel and KV/kBT = 10, 5, 4 and 1 for the right
panel.

with uniaxial relaxation and no quadrupolar interaction at fast frequencies, shown
in figure 2.9. In order to prevent a misinterpretation of Mössbauer spectra in this
scenario, a careful discussion of the data is necessary.

For fast relaxation rates, the spectrum turns into a doublet.

Multi-level relaxation (MLR) model

So far, the models describing relaxation with an uniaxial character involve only the
relaxation between the two lowest states of the potential. This is an oversimpli-
fication, since in reality, the direction of the magnetic moment of nanoparticles is
able to occupy various positions in the potential landscape. An expansion from the
two-level relaxation model to a multi-level relaxation model was introduced by Jones
and Srivastava in 1986 [86]. Due to its complexity, it has yet only been used a few
times to describe experimental data (see e.g. [29] and [87]).

The model is based on an expansion from the two steps used in the Wickman model
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to n = 2S+1 steps (details about the calculations can be found in [29]). It has been
found, that the number of levels that are necessary in order to describe the spectra
properly is about 25 - 36 [29]. The relaxation rate can be calculated by using the
equation presented in section 1.3.2. Therewith, the only free parameters next to the
typical Mössbauer parameters are the energy barrier height KV and the relaxation
time constant τ0. A particle size distribution can be included by using a distribution
of KV .

Simulations of the Mössbauer spectra with different values of the parameters can
be found in figure 2.13. The corresponding code can be found in section A.1.2. The
character of the collapse of the six line spectra differs for different values of τ0. For
the smaller value presented in figure 2.13, the lines become asymmetric at interme-
diate KV/kBT values, until the whole spectrum collapses into a triangular shaped
structure (left panel). For larger values of τ0, the collapse of the spectrum resembles
the collapse of the spectra in the framework of the Wickman model.

In the fitting procedure established by Lierop et al. [29], the relaxation parameter
R is set to zero at low temperatures, since the system is in the collective excitations
regime, where no overbarrier fluctuations occur. Only at higher temperatures, R > 0
(typically around T = 0.3KV/kB, see [29]). In this scenario, the lowest temperature
with R > 0, defines the blocking temperature TB. This definition is only valid for
Mössbauer spectroscopy. Since the timescale of Mössbauer spectroscopy (≈ 10−9 s)
is similar to τ0 in equation 1.3, the temperature where the nanoparticles enter the
superparamagnetic regime (≈ 0.3KV ) is similar to the instrumental timescale and
is therewith the blocking temperature. However, if R = 0, the off-diagonal elements

Mkk±1 = −Pkk±1

(

exp

(

−∆E

kBT

))

, (2.15)

with

Pkk+1 = R[S(S + 1)− (k − S − 1)(k + S)] k < (2S + 1)/2 (2.16)

Pkk−1 = R[S(S + 1)− (k − S − 1)(k + S − 2)] k ≥ (2S + 1)/2, (2.17)

in the matrix M that describes the Mössbauer spectrum vanish. Than, the diagonal
elements are

Mkk = i(ω − ωk) + Γ. (2.18)

In order to calculate the Mössbauer spectrum I(ω), one has to evaluate the relation

I(ω) = 2Re(W M−11). (2.19)

Here, W is the occupation probability and 1 is a vector with the dimension of the
matrix, that is filled up with 1. The inversion of M and the multiplication with
W yields an equations, whose real part is a sum of Lorentzians whose distance to
the center depends on the angle θ to the easy axis (see figure 2.8), weighted with
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Figure 2.14: MLR spectra from the code used here (see section A.1.2) with the
same parameters as those in the simulated spectra in figure 1 in [86] (not shown
here). The shape of the spectra presented in this figure and those presented in [86]
are the same, demonstrating the correct performance of the code used here.

Wk. This is a distribution of static hyperfine patterns with different splitting and
does not take into account any relaxation effects (for more details, see chapter 3).
However, the model is able to reproduce the Mössbauer spectra of different types of
non- or weakly interacting nanoparticles very well.

The simulated model used in the following, is verified by creating spectra with the
same parameters as those used for the simulation of the spectra shown in figure 1
in [86] (see figure 2.14). Both results look very similar, indicating the validity of the
code used here. Noticeable, the absorption values presented in the spectra in Ref.
[86], is misleading. The collapsed, non-magnetic pattern for high relaxation rates,
has the same maximum absorption as the very broad pattern top right. Therefore,
the values for the different spectra are not comparable and each spectrum is normal-
ized to a maximum absorption of ≈ 10% and should not be compared to the values
of the MLR used here.

The MLR model does not include a quadrupolar interaction. Hence the fitting
of experimental spectra including a quadrupolar interaction will always yield some
discrepancies, especially when the relaxation rate is fast and a distinct peak in the
center in the center of the spectrum appears.
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Figure 2.15: Simulation of the temperature dependent development of the normal-
ized average magnetic hyperfine field with ǫ = 0 and ǫ = 1.

An expansion of the MLR including the quadrupolar interaction, has been pub-
lished by Chuev in 2011 [88]. This model is however even more complex than the
MLR presented here and would therefore require even more calculation time. For
this reason, and since the quadrupolar splittings of the materials discussed in the
following are rather small, only the MLR without a quadrupolar interaction will be
used in the following.

A particle size distribution can be implemented, by calculating the spectra for dif-
ferent values of KV and perform a weighted sum afterwards. The corresponding
code is given in chapter A.

Temperature dependence of the average hyperfine field

So far, the discussed models always predicted the shape of a Mössbauer spectrum of
non-interacting magnetic single-domain nanoparticles under different circumstances.
In the 1980’s, S. Mørup et al. [89] developed models, that predict the tempera-
ture dependent behavior of the average hyperfine field of non-interacting magnetic
nanoparticles for different potential shapes. The average hyperfine field is deter-
mined by fitting the Mössbauer spectrum with a hyperfinefield distribution and
calculating its average value.

They showed that, if kBT ≪ KV , the normalized magnetic hyperfine field is given
by

Bobs/B0 = 1− kBT

KV

(

(

∂2E

∂u2x

)−1

0

+

(

∂2E

∂u2y

)−1

0

)

, (2.20)
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Figure 2.16: Simulation of the temperature dependent development of the normal-
ized average magnetic hyperfine field for ǫ = 0 and ǫ = 1.

where ui are the direction cosines of the magnetization vectors [89]. They described
the potential by

E(θ) = KV [ǫ sin(θ)2 + (1− ǫ) sin(θ)4] (2.21)

and gave two approximations for ǫ = 0 and ǫ = 1. The results are shown in figure
2.15. Using these models and assuming non-interacting particle, it is possible to
estimate the anisotropy constant from low-temperature measurements.

The super-ferromagnetism / super-spin glass models

In the same year and by the same group, further models for interacting particles were
developed [23]. They predict the temperature dependence of the magnetic hyperfine
field from T = 0K up to TB for the case of a single value of the exchange coupling
constant (this scenario is called ”super-ferromagnetism” (SFM)) and a Gaussian dis-
tribution of the exchange coupling constant (this is called ”super-spin glass” (SSG))
(compare to section 1.2).

Both models are based on a modified Weiss mean field approach [89], after which
the average magnetization of a crystallite can be calculated by

〈M〉 =M0(T )L

(

∑

j K
ij
ex 〈M〉M0(T )

kBT

)

, (2.22)

where
∑

j K
ij
ex is the sum over the different exchange coupling constants between

the particles, L(x) is the Langevin function and M0(T ) is the magnetization of the
crystallite. This was assumed to be the same as the bulk value of the same material.
Further calculations finally led to the expression

b(T ) =
Bobs

B0(T )
= L

(

3Tp
T

[

B0(T )

B0(Tp)

]2

b(T )

)

(2.23)



60 Chapter 2. Experimental methods

for the SFM scenario and
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dz(2π)−1/2 exp

(

−z
2

2

)

L

(

3Tp
T

[

B0(T )
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]2√
q z

)2

(2.24)

for the SSG scenario. In the last case,
√
q is used as b(T ). Tp is the transition

temperature above which the system is superparamagnetic, while it is in the SFM
or SSG state below. Tp is the only free parameter. In order to plot the equa-
tions, it is necessary to know the temperature dependent magnetization B0(T ) of
the corresponding bulk material. However, if Tp ≪ TC, the magnetization curve
becomes approximately static and the influence of B0(T ) almost vanishes. Hence,
for the normalized numerical solutions for both cases, which are plotted in figure
2.16, B0(T ) = 1 was used. Despite this simplification, the basic trend of the two
cases can still be observed.

The two scenarios can be attributed to two different types of interaction between
the nanoparticles. A direct exchange interaction between the surface atoms of ideal
ferromagnetic particles without a surface spin canting and a negligible dipole-dipole
interaction between the particles would result in a coupling constant Kex > 0 with a
small distribution. This scenario can be attributed to the SFM case. Dipole-dipole
interactions between particles in close contact with a negligible direct exchange in-
teraction would result in a distribution of coupling constants around Kex = 0, which
can be related to the SSG case. The last scenario is realized e.g. for coated particles
with a big magnetic moment, where the surface atoms are not in direct contact.
The SFM scenario, however, should rather be observed, for particles with a small
net magnetic moment in direct contact with a negligible surface spin canting.

In Ref. [23], the temperature dependence of the average normalized hyperfine field
was successfully fitted with the SFM model, the SSG model was not able to describe
the data.

The code for the simulation of the SFM/SSG model are shown in chapter A.

The capability of describing the Mössbauer data for different types of nanoparticles
of the different models presented in this section, will be discussed in the following
chapters.

Qualitative analysis of Mössbauer spectra

The complex shape of the Mössbauer spectra allows a qualitative interpretation of
the data, which might already be sufficient in many cases (especially, when a com-
parison with different samples is not necessary). E.g. the blocking temperature
can be estimated with satisfying accuracy from the spectral shape. Furthermore,
the presence of interparticle interactions can be identified from the Mössbauer spec-
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tra at temperatures near the blocking temperature. If the particles are truly non-
interacting, the spectrum is made up of a non-magnetic contribution in its center
and an additional broad magnetic structure (see e.g. the spectra resulting from the
simulation with the uniaxial Wickman model in figure 2.9). In the case of strong
interparticle interaction, the Mössbauer spectra at T ≈ TB typically show a broad
structure, indicating a collective collapse of the magnetically split structure into a
non-magnetic pattern (similar to the patterns extracted from the MLR for small τ0,
see figure 2.13, left side). For a comparison of the Mössbauer spectra of interacting
and non-interacting particles, it is referred to [24].

However, the problem for the application of the models to measurements, is obvious
from the description of the models in this section. The first ones only describe a two-
level relaxation process, which is sufficient to demonstrate the general behavior of
Mössbauer spectra measured on magnetic nanoparticles at different temperatures,
but not sufficient for a fitting of measured data. The model for spherical relax-
ation describes the Mössbauer spectra resulting from particles that undergo a rather
uniform relaxation (like e.g. Brownian relaxation of spherical nanoparticles) very
well, but is not applicable to processes based on uniaxial relaxation. The MLR is a
good expansion of the two-level relaxation models, but is however only designed for
non-interacting particles. For this reason, the only applications of this model were
performed on Mössbauer measurements on a ferrofluid [29, 87]. The only model that
is designed to fit interacting magnetic nanoparticles is the SFM/SSG model, which
is however only capable to reveal limited information from the spectra compared to
the MLR.

2.2 DC- and AC-susceptibility

Susceptibility measurements are another well-known tool in magnetic nanoparticle
research. While DC-susceptibility is mostly used to gain information about the
blocking temperature and the surface spin canting, AC-susceptibility provides the
possibility to measure the blocking temperature for different time scales, which can
be used to quantitatively identify the strength of the interparticle interaction.

Memory effects were observed in both techniques.

In the following, the typical measurement procedures of both techniques, commonly
used in nanoparticle research, are shortly discussed.

2.2.1 DC-susceptibility

The DC-susceptibility χ =M/H measures the magnetization of a sample under the
influence of an external magnetic field.
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Figure 2.17: Simulations of ZFC/FC curves of non-interacting magnetic nanopar-
ticles with a size distribution after [90] with the parameters ν0 = 1010Hz, νT =
2K/min and (a) Keff = 7kJ/m3, µ = 1nm and σ = 0.33 nm as well as (b)
Keff = 20 kJ/m3, µ = 4nm and σ = 0.8 nm. µ and σ are the parameters defin-
ing the underlying log-normal (a) and normal (b) particle diameter distribution.

Zero-field-cooled (ZFC) and field-cooled (FC) measurements

These types of measurements are commonly used in order to identify TB. In the
ZFC case, the sample is placed in the cryostat and cooled down to a low tempera-
ture (typically the lowest accessible temperature Tl) without an external magnetic
field. After reaching Tl, the external field is switched on and the sample is heated
up again. During the heating up process, the measurement is performed.

The FC procedure is almost the same except that the sample is cooled down to
Tl in the presence of a high external magnetic field (typically 0.1T). The external
magnetic field applied during the heating-up process must not necessarily be the
same.

A model that describes the ZFC/FC curves for magnetic nanoparticles in a uni-
axial potential was presented in [90]. Simulations for a realistic set of parameters
are shown in figure 2.17 for a log-normal and a normal distribution of the particle
diameter. The code for the simulation of the ZFC/FC curves is given in chap-
ter A. Both scenarios show the typical temperature dependent behavior. For the
ZFC curve, the susceptibility is small at low temperatures and increases with in-
creasing temperature up to Tmax. For higher temperatures, it decreases again and
finally units with the FC curve. The susceptibility of the FC curve is much higher
at low temperatures and it decreases continuously over the whole temperature range.

When the system is cooled down without an external field, the magnetic moments of
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Figure 2.18: Simulation of the ZFC/FC curve for different heating up rates νT .
νT = 800K/min and νT = 40K/min are certainly not realistic but are displayed as
examples.

the individual nanoparticles are oriented in random directions, therefore χ is small
at low temperatures in the ZFC case. The external field, that is applied during the
heating up process, is not sufficient to align the frozen magnetic moments at low
temperatures. With increasing temperature, however, the thermal energy combined
with the influence of the external magnetic field is strong enough to change the di-
rection of the magnetic moment of the nanoparticles and achieve an alignment along
the direction of the magnetic field. At Tmax, the maximum number of the particle
magnetic moments are aligned. With increasing temperature, the thermal energy
becomes bigger, so that the particles become superparamagnetic and χ decreases
continuously since the time average of the magnetization decreases.

After cooling the sample in a strong external magnetic field (FC), the magnetic
moments of the particles are aligned parallel to the magnetic field, which results in
the high value of χ at low temperatures. With increasing temperature, relaxation
of the nanoparticles sets in and χ decreases. When the FC and ZFC curve coincide,
the influence of the parallel alignment of the nanoparticles at low temperatures has
vanished.

The detailed shape of the curves depends on the heating up rate νT . Simulations of
the curve presented in figure 2.17 (b) for different values of νT after [90] are shown
in figure 2.18. With increasing νT , Tmax is increasing as well as the point where the
two curves merge into each other. The reason for this effect is the time-dependent
relaxation of aligned particles (see e.g. [90]).

Since the shape of the curves depends on νT and on the applied magnetic field,
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Tmax cannot be understood as the blocking temperature TB of the system. A way
to calculate the anisotropy energy Keff from Tmax and other parameters through

Keff =
γkBTmax

Vmax
(2.25)

with

γ ≈ 0.9609 · ln
(

ν0Tmax

νT

)

− 1.629 (2.26)

and

V 3
max =

γ

γ − 1

1

ρ(Vmax)

∫ Vmax

0
V 2ρ(V )dV (2.27)

was presented in [90].

So far, interparticle interactions have not been taken into account. In [91], a study
on the development of ZFC/FC curves of Fe3O4 nanoparticles mixed with different
amounts of SiO2 nanoparticles in order to increase the average distance between the
particles and therefore the interparticle interaction strength, has been presented.
While the χ(T ) curves of the nanoparticles with the biggest spacing (≈ 31.5 nm)
show the typical behavior, namely an increase of the FC curve below Tmax and
could be fitted with a model of non-interacting particles1, the other curves devel-
oped a different behavior. With increasing interparticle interaction strength, the
increase below Tmax starts to flatten at low temperatures. For the pure magnetite
powder, the FC curve is almost constant below Tmax. Hence the χ(T ) measurements
can be used for an estimation of the interparticle interaction strength. One should
however keep in mind, that a flattening of the FC curve at low temperatures occurs
as well for non-interacting particles with a normal particle size distribution (see fig-
ure 2.17). Therefore the observation of a flattened FC curve at low T should only
be correlated with interparticle interactions very carefully.

Magnetization versus external field M(H)

M(H) measurements are performed at a fixed temperature but with a variation of
the external magnetic field (typically in the range from −5T to 5T). The measure-
ments start at 0T and the field is sweeped through the complete range afterwards.

The description of the M(H) curves can be separated into three different regimes
(as described e.g. in [93]).

1The model they used is the same as in [92], which was blamed to be incorrect in [90]. As
described therein, the error results mainly in an underestimation of the influence of the bigger
particles. Hence the shape of the simulated curves stays basically the same, but the anisotropy
energy constant K is erroneous.
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Figure 2.19: Simulation of the M(H) curves after equation (2.28) for different
values of µP /kBT . The particle size distribution is the same as the one used in
figure 2.17 (b).

For T > TB, the curves can be described using the Langevin function

M(H,T ) = Np

∫

∞

0
ρ(v)µpL

(

vµpH

kBT

)

dv (2.28)

with

L(x) =
1

tanh(x)
− 1

x
, (2.29)

being the Langevin function, µp being the particle magnetic moment, ρ(v) being the
volume distribution of the particles and v = V/Vmax. Simulations of the Langevin
function for different values of µP /kBT are shown in figure 2.19.

The Langevin function arises from the Brillouin function for J → ∞ [10]. Due
to the big magnetic moments of the magnetic nanoparticles, it is a good approxi-
mation. However, it is only valid at T ≫ TB, since it describes the response of a
paramagnetic system without the influence of any anisotropy . When the tempera-
ture approaches TB, anisotropy is not negligible against the thermal energy anymore
and hence the Langevin function is not able to describe the measurements anymore.

In this temperature range, the M(H) curves have to be described by the follow-
ing model. The curves can be calculated using

M(H,T ) =

∫

∞

0
ρ(v)M(H,T, v)dv (2.30)

with

M(H,T, v) = NpkBT
1

2

∫ π

0

∂ lnZ(H,T, α, v)

∂H
d(cosα) (2.31)
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Figure 2.20: Comparison of a simulation of a Langevin curve with (black) and
without (blue) an extra paramagnetic contribution due to a distorted layer after
equation (2.35). Here, V = 462 nm3, χp = 0.1 m·A/V·s, T = 250K and a paramag-

netic outer shell of approximately 10%̇ of the overall radius.

and

Z(H,T, α, v) =

∫ 0

−π
exp

(

v(Ea cos
2 θ + µmH cosα cos θ)

kBT

)

(2.32)

×I0
(

vµmH sinα sin θ

kBT

)

d(cos θ),

with I0(x) = π−1
∫ π
0 exp(x cos t)dt, being a modified Bessel function of the order

zero (more details can be found in [93]).

At low temperatures, the particles start to block, which results in hysteresis effects.
In order to describe the M(H) curves, it was proposed in the same work to separate
the reversible from the irreversible part. Both parts can be calculated by adding
and subtracting the part of the hysteresis curve with increasing and decreasing field,
respectively, and dividing it by two. The reversible part can be simulated by

Mrev(H,T ) =

∫ v∗
T
(H)

0
ρ(v)M(H,T, v)dv, (2.33)

with v∗T (H) = v∗T /(1−H/Hirr(T ))
β . v∗T is defined by v∗T = T/T0 (T0 is the peak in

the ZFC measurement). The irreversible part can be simulated by

Mirr(H,T ) =Mrem(0)

∫

∞

v∗
T
(H)

ρ(v)dv, (2.34)

for H < Hirr(T ). Mrem(0) is the remanent magnetization at T = 0K.
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An important parameter that can be extracted from M(H) curves is the satura-
tion magnetization Ms. However, it has been found in several studies, that Ms of
nanoparticles is in general smaller than the corresponding bulk value and decreases
with decreasing particle size (see e.g. [35, 94]). The origin of this effect is the
non-magnetic surface layer, discussed in the previous chapter. In order to incorpo-
rate this, Chen et al. [95] proposed a model that includes a paramagnetic layer in
combination with the Langevin function and a particle size distribution

M(H) =

∫

∞

0
ρ(V )

MsVcL(x) + VsχpmH

V
dV, (2.35)

where ρ(V ) is the particle volume distribution, Vc is the volume of the magnetic core
of the particle, L(x) is the Langevin function, x = µ0MsVcH/kBT , Vs is the volume
of the paramagnetic shell and χpm is the paramagnetic susceptibility. Since their
model is based on the Langevin function and on a paramagnetic layer, it should be
only applicable at T > TB. A simulation of the M(H) curves with and without a
paramagnetic layer after equation (2.35) is shown in figure 2.20. The corresponding
code is given in chapter A.

As shown in [96], interparticle interactions lead to an increase of the coercivity.
A model that describes the magnetization curves of magnetic nanoparticles in the
presence of weak dipole-dipole interaction has been presented in [97].

2.2.2 AC-susceptibility

AC-susceptibility is measured by applying a fluctuating external magnetic field

Hac = H0 exp(−iωt) (2.36)

to the sample. The susceptibility

χac =
∂M

∂Hac
= χ′

ac + iχ′′

ac (2.37)

contains an in-phase component χ′
ac and an out-of phase component χ′′

ac, shifted
relative to the in-phase component by a phase of π/2. As described in [98], χ′

ac is
the dispersive magnetic response, while χ′′

ac is connected to absorptive processes. It
is possible to access different timescales by changing the frequency of the applied
field.

A rough description of the temperature dependent behavior of non-interacting mag-
netic nanoparticles can be found in [99]. Above the blocking temperature, χ′

ac =
αT−1 (Curie’s law). It is possible to extract information about the average particle
volume from α.
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Figure 2.21: Plots of equation (2.38) and (2.39) withKV/kB = 200K, ω = 1000Hz
and M2

s /3K = 0.92. For the calculation of τ , equation (1.19) was used.

An expression for the simulation of AC-susceptibility curves of magnetic nanopar-
ticles can be found e.g. in [100]. Therein, the experimental curves are described
by

χ′

ac,A(ω, T ) =
M2

s

3K

(

1 +
KV

kBT

1

1 + (ωτ)2

)

(2.38)

χ′′

ac,A(ω, T ) =
M2

s

3K

KV

kBT

ωτ

1 + (ωτ)2
. (2.39)

The curves are plotted in figure 2.21.

From the temperature that corresponds to the peak, Tp, it is possible to determine
the blocking temperature. However, in general Tp 6= TB in presence of a distribution
of particle sizes [101]. As discussed therein, a linear dependence

T ′

p = α′ + β′TB (2.40)

T ′′

p = α′′ + β′′TB (2.41)

can be assumed for χ′
ac and for χ′′

ac. Different values for α′, α′′, β′ and β′′ are given
in the same publication in dependence of the width of the log-normal particle size
distribution for antiferromagnetic particles2. These calculations are based on non-
interacting particles.

Information about the strength of the interparticle interactions can be extracted
from the frequency depended shift of Tp, by plotting τ vs. 1/Tp and fitting the

2This is considered in the volume dependence of the magnetic moments of the particles M(V ).
For different types of magnetism, it is necessary to include different M(V ) dependences.



2.3. Determination of the particle size distribution by transmission electron
microscopy

69

result with either an Arrhenius law

τ = τ0 exp

(

− Ea

kBTp

)

(2.42)

or a Vogel-Fulcher law (see [102] for details)

τ = τ0 exp

(

− Ea

kB(Tp − TVF)

)

. (2.43)

While the Arrhenius law is only applicable to non-interacting nanoparticles, the
Vogel-Fulcher law is able to describe the τ dependence of Tp for interacting nanopar-
ticles. The strength of the interparticle interaction correlates with TVF.

2.3 Determination of the particle size distribution by
transmission electron microscopy

An important parameter regarding the resolution of microscopes based on the scat-
tering of light, is the wavelength λ in combination with the numerical aperture,
which limits its maximum value. For typical light-microscopes, the maximum reso-
lution lies in the range of µm, and is hence not sufficient in order to explore the size
of nanoparticles.

In a transmission electron microscope (TEM), electrons are used instead of light.
The de-Broglie wavelength of electrons in dependence of their kinetic energy is given
by [103]

λ =
12.3√
E

Å, (2.44)

wherein E is measured in eV. The typical accelerating voltage in a TEM lies in the
range of a few 100 kV, which gives λ100 kV ≈ 0.04 Å. However, due to aberration
effects, the maximum resolution is not as good (the highest resolution achieved with
a TEM lies around 0.5 nm [104]). Hence, the resolution of a microscope using elec-
trons instead of light is in principle good enough to directly observe nanoparticles.

A conventional TEM is made up of three different parts [105]: the illumination
stage, the objective and the imaging stage. In the first stage, the electrons are ac-
celerated in an electron gun followed by a parallelization of the electron beam in
an electromagnetic lens system. After passing the sample, sufficiently thin to allow
the electron beam to pass through, the beam enters the imaging stage, where it is
widened and finally falls on a fluorescent screen. This screen converts the electron
beam into visible light.

Next to the imaging, a TEM can also be used for different measurement techniques,
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Figure 2.22: (a) Original TEM image of iron-oxide nanoparticles (see section 4).
(b) Binarized version of the same image. (c) Resulting image showing the outlines
of the detected particles. Note, that the big clusters of overlying particles are not
detected. This is due to the manually defined maximum area of the particles, above
which all detected particles are neglected. (d) The resulting particle radius distri-
bution assuming spherical particles.

as it is described in [105]. However, since the TEM was only used for imaging in
this work, no further explanation of the other methods will be given here.

For the evaluation of the images, imagej, a freeware software, is used3. At first,
the images are converted into a binary mode, therefore a good contrast between
the particles and the background is desirable. If necessary, overlying and connected
particles have to be deleted by hand or neglected by defining a maximal value for the

3http://rsbweb.nih.gov/ij/

http://rsbweb.nih.gov/ij/
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area of the particles. After that, the software searches for any clusters of black color
and calculates their areas (and other parameters, if desired). By assuming spherical
particles, one can extract the distribution of radii from the distribution of areas. An
example for the described procedure is given in figure 2.22.
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Chapter 3

Application of the MLR and
SFM/SSG model to interacting
nanoparticles

The models described in the previous chapter are mostly based on non-interacting
magnetic nanoparticles. However, most of the examined particles experience non-
negligible interparticle interactions, e.g. dried particles and even particles dispersed
in a liquid, in case of agglomeration or a high density of the particles. For this reason,
none of the models presented above, except the SFM/SSG model, are applicable to
the Mössbauer spectra of most of the examined particles in science and application.
In the following, a series of temperature dependent Mössbauer measurements on
strongly interacting ZnFe2O4 nanoparticles is evaluated using the SFM/SSG model
and as well the MLR model. While an application of the unmodified MLR to the
data gives unreasonable results, it will be demonstrated, that small modifications
of the model will allow its application to strongly interacting magnetic nanoparticles.

In the first section, the sample preparation and characterization are presented, fol-
lowed by a section describing the application of the models. At the end, the results
from the application of the models to the Mössbauer measurements are confirmed
by DC-susceptibility measurements.

3.1 Sample preparation and characterization

3.1.1 Preparation

The particles were prepared at the Institut für Partikeltechnik of the TU Braun-
schweig by I.-M. Grabs in the group of G. Garnweitner by a non-aqueous sol-gel
method, a procedure presented e.g. in [106] and as well in the following chapter of
this work. The only difference to the procedures presented therein is, that next to
Fe(acac)3 also Zn(acac)hyd was used as a precursor. In the preparation procedure,

73
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Figure 3.1: XRD pattern of the ZnFe2O4 particles.

the metal-acetylacetonate is dispersed in benzyl alcohol and heated up to 200◦C for
several hours. During this time, the particles are formed. Afterwards, the particles
are extracted from the solution and dried, which results in a powder of ZnFe2O4-
nanoparticles.

3.1.2 Characterization

In order to characterize the particles, XRD measurements as well as TEM measure-
ments were performed.

ZnFe2O4 crystallizes in the spinel structure, similar to magnetite. Its detailed struc-
ture can be described by (Zn1−xFex)[ZnxFe2−x]O4, which includes a tetrahedral A
site (labeled by ( )) and an octahedral B site (labeled by [ ]). In this formula, x is the
inversion parameter. The magnetic properties of (Zn1−xFex)[ZnxFe2−x]O4 depend
strongly on this value as it can be seen in the phase diagram presented in [107]
(not shown here). For x > 0.2, the material is ferrimagnetic at high temperatures
and exhibits a short-range ordered phase at lower temperatures, while for smaller
x, the material has a cluster glass and a paramagnetic phase at high temperatures,
which turns into a short-range ordered phase below ≈ 30 − 70K. For x < 0.1, a
long-range ordered phase at very low temperatures (T < 15K) has been observed.
A correlation of the inversion parameter with the particle size can be extracted from
a comparison of both phase diagrams in the same figure. It shows an increasing
inversion parameter with decreasing particle size.
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Figure 3.2: TEM image of the ZnFe2O4 nanoparticles.

The XRD spectrum is displayed in figure 3.1. It is fitted using FullProf, a freeware
XRD fitting program and a ZnFe2O4 pattern taken from the ICSD database. The
peaks match the typical spinel structure found for these compounds. No indication
for undesired phases are found.

Furthermore, TEM measurements were performed on the sample in order to deter-
mine the mean particle size and to gain information about the particle morphology.
The measurements were performed by L. Hoffmann of the Institut für angewandte
Physik of the TU Braunschweig. An example for the TEM images is shown in fig-
ure 3.2. It shows spherical particles with an diameter of 10.5 ± 2 nm1. A particle
diameter of 10.5 nm indicates, the the particles are in a ferrimagnetic state with a
possible short-range ordered state at very low temperatures after the phase diagram
presented in [107].

3.2 Mössbauer measurements

Mössbauer measurements were performed between 4K and 210K on the dried pow-
der. Representative spectra are shown in figure 3.3. They show a behavior being
typical for superparamagnetic nanoparticles, as it is already described in section
2.1.3. At low temperatures, the spectrum shows a well-resolved six line pattern,
which collapses into a broad structure at intermediate temperatures (around 70K)
and finally into a sharp doublet. The broad spectrum at intermediate temperatures
is typical for interacting magnetic nanoparticles, as discussed section 2.1.3.

1These values were roughly estimated from manual measurements of the diameter for random
particles, since the image is not suitable for an automated analysis as described in section 2.3.

FullProf
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Figure 3.3: A set of representative Mössbauer spectra measured on the ZnFe2O4

particles for different temperatures. From top to bottom: 4.2K, 40K, 70K, 100K
and 210K.

The shape of the Mössbauer spectra depends on the inversion parameter x, since the
fraction of iron ions occupying A- and B-sites changes with x. Unfortunately, even
the spectra at the lowest temperatures are not distinct enough to achieve a definite
value for x, due to spin canting at the surface or the interior of the nanoparticles (see
section 1.4). However, the Mössbauer spectra can be used as well to estimate x from
the phase diagram presented in [107]. Since the spectra show superparamagnetic
behavior above 50K, the particles are still in a ferrimagnetic state in this temper-
ature range. Therefore the inversion parameter can be estimated to be bigger than
x = 0.2. This agrees well with the findings above, where the magnetic state was
estimated from the particle size. Indications for a short range ordered phase at low
temperatures cannot be found from the Mössbauer measurements, which however
can easily be explained by the expected big error bars in the phase diagram.

In the following subsections, some of the models discussed in the previous section will
be used in order to evaluate the Mössbauer spectra. Furthermore, DC-susceptibility



3.2. Mössbauer measurements 77

measurements will be presented, in order to underpin the results found from the
evaluation of the Mössbauer measurements.

3.2.1 Multi-level relaxation model

The Mössbauer spectra were fitted using two subspectra with an equal area but
different isomer shifts, magnetic hyperfine splittings and linewidth, given in table
3.1. The values of the linewidth found from the application of the MLR are rel-
atively high, compared to the values measured on bulk material. The reason for
the increased linewidth is most likely a distribution of isomer shifts and quadrupo-
lar interactions due to the increased surface / volume ration of the nanoparticles as
well as inhomogeneous broadening. The applications of the MLR to non-interacting
nanoparticles by Lierop et al. revealed similar values [29]. A quadrupolar interaction
is not implemented in the model used here (as discussed in the previous chapter).
The effective quadrupolar interaction in the magnetically frozen state of systems
being superparamagnetic at higher temperatures is known to be very small [88]. A
mismatch between the simulations and our data due to the neglected quadrupolar
interaction is therefore only expected at higher temperatures.

The equality of the spectral weights (x = 1) is only an approximation, since the ex-
act value of the inversion parameter is not known. However, since different sites are
supposed to experience the same magnetic dynamics, both subspectra exhibit the
same temperature dependent collapse of the magnetic hyperfine pattern. Therefore,
x only has a minor influence on the shape of the spectrum. Furthermore, in this first
approach, a particle size distribution is not taken into account. The fits for different
temperatures are shown in figure 3.4.

As it can be seen from the fits, the simulations reproduce the data very well at
low temperatures. At intermediate temperatures (especially for 100K), a mismatch
between the measurements and the simulations can be observed. At 210K, the
magnetic hyperfine pattern is almost completely collapsed into a quadrupole dou-
blet (blue subspectrum). Only a small fraction of the particles undergoes magnetic
relaxation which results in a broadening of the spectrum (green subspectrum).

The parameters which describe the magnetic dynamics within this model are the
relaxation parameter R, the height of the anisotropy energy barrier KV , and the
onset temperature for overbarrier fluctuations TB. This temperature corresponds to
a blocking temperature, where a transition occurs from collective excitations within
the potential well to overbarrier fluctuations.

The relaxation parameter R describes the overbarrier fluctuations. As seen in figure
3.5, it decreases with decreasing temperature and reaches R = 0 at TB [29, 108].
At lower temperatures, no overbarrier fluctuations exist anymore, but collective ex-
citations are present. In the MLR, these are not treated explicitly using a further
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Figure 3.4: Spectra calculated from MLR model adjusted to the measured Möss-
bauer spectra. For details about the parameters, see text.

relaxation parameter, the spectral shape resulting from these excitations is rather
modeled by a distribution of static magnetic hyperfine patterns2, changing with tem-
perature due to the changing occupation probabilities of the various states within the
potential well. Although this treatment is an inadequate description of the spectral
shape under collective excitations, it allows a systematic analysis of the parameters
within the MLR, as demonstrated in [29].

2See [86]: the matrix M which defines the Mössbauer spectrum I(ω) according to equation (3)
in [86], is defined by

Mkl

{

= 0 for k 6= l

∈ C for k = l
(3.1)

for R = 0 after equation (15) in [86]. This results in a sum of weighted Lorentzians for I(ω).
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Figure 3.5: Temperature dependence of the anisotropy energy KV (black) and the
relaxation parameter (red).

The temperature dependence of the energy barrier KV is plotted in figure 3.5. Its
average value is KV ∼ 134K · kB. At higher temperatures, a decreasing tendency
is observed. This can again be related to the already above mentioned misfit due to
the neglect of quadrupolar interaction and particle size distribution. Furthermore,
the decrease of the anisotropy energy with temperature, as it has been discussed in
section 1.1.2 can partially contribute to this behavior. Regarding the low tempera-
ture behavior, further explanations are needed, which will be given in the course of
the further analysis of the measurements.

From simulations of the transition from collective excitations to overbarrier fluc-
tuations [109] one would expect a value of TB ∼ 0.3 · KV/kB for the blocking
temperature. The value derived from the simulations presented here, is however
TB ∼ 0.6 ·KV/kB and hence rather big. A possible reason for this increased value
are interparticle interactions. Since the MLR uses a uniaxial E(θ) potential, the
unidirectional character of the dipolar interparticle interactions is neglected. A su-
perposition of the interparticle interaction contributions from the neighboring par-
ticles with different strength and direction, results again in another unidirectional

Table 3.1: Parameter of the spectra shown in figure 3.4, used for the analysis
within the MLR. Isomer shifts δ given here are for the spectrum at 20K relative to
Fe metal at RT.

B0,hyp (T) δ (mm/s) W (mm/s) fraction ()

Site A 52.8± 0.8 0.31 0.42 0.5
Site B 51.7± 0.8 0.35 0.56 0.5
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Figure 3.6: Simulation of the modified MLR adjusted to the measurements (see
text for more information).

potential (compare to section 1.2). This more adequate cos θ-shaped potential would
increase the transition probability to states far away from the easy direction and re-
sult in a faster broadening of the lines with increasing temperature; this means,
that the derived value for kBTB/KV will decrease. The ratio kBTB/KV = β can
therefore be understood as a parameter indicating the strength of the interparticle
interactions, with vanishing interaction for β ∼ 0.2− 0.4 and strong interaction for
values around β ∼ 0.6 and bigger. In this way it is possible to gain information
about the interparticle interactions from the MLR, although it is not directly imple-
mented in the formalism. From the application of the MLR to weakly interacting
particles [29], β ∼ 0.22 − 0.32 can be extracted, which supports the interpretation
of β given here.

As shown so far, the fitting of the ZnFe2O4 nanoparticles using an unmodified MLR
is possible, but goes along with several inconsistencies. Their reasons are basically
the interparticle interactions as well as the neglected quadrupolar interaction. In
the following, the low temperate and high temperature regimes are treated individ-
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ually, by a slightly modified MLR as well as a MLR which includes a particle size
distribution.

In order to incorporate interparticle interactions, a cos θ-shaped potential within
the framework of the MLR was used. Simulations were performed and adjusted
to the measurements (see figure 3.6). The same parameters as in the unmodified
MLR, discussed above, were used, except a decreased linewidth (W = 0.4mm/s)
and a different height of the energy barrier. This parameter is now rather related to
the strength of the interparticle interactions than to the anisotropy energy, which is
conventionally labeled as KV . Therefore, it will be called Eint in the following. The
temperature dependence of Eint is shown in figure 3.7 (a). Especially at low tem-
peratures, the modified MLR is less sensitive to slight changes in the spectral shape,
due to the wide valley of the cos() shaped potential compared to the cos()2 shaped
one, for which reason the decrease of the KV at low temperatures, as found from the
unmodified MLR, cannot be observed here. While the low temperature simulations
match the spectra very well, a mismatch between the simulation and the spectra in
the center of the spectra manifests with increasing temperature. However, the outer
lines are reproduced very well.

The temperature dependence of the energy barrier can be explained, if one assumes
predominantly dipole-dipole interaction between the particles3. This type of inter-
particle interactions leads to a super-spin glass groundstate with a broad distribution
of Eint (compare to section 1.2). Due to this distribution of Eint, a fraction of the
particles experiences only very weak interparticle interaction. Their magnetic relax-
ation behavior is therefore predominantly determined by their anisotropy energyKV
or a superposition of Eint and KV , with Eint ≪ KV . For T < β ·KV/kB, even the
particles that experience hardly no interparticle interactions are frozen, since their
anisotropy energy is strong enough to fix the orientation of their magnetic moment.
At intermediate temperatures, T ≈ β · KV/kB, the fraction of particles that are
able to overcome the KV dominated energy barriers increases with temperature, for
which reason the mismatch between the simulation and the model increases. With
the increasing fraction of fluctuating particles, the strength of the average inter-
particle interactions decreases4, as it can be seen in figure 3.7 (a). Finally at high
temperatures, interparticle interactions break down totally over a small temperature
range, when a crucial fraction of the particles has overcome the Eint barrier and the
fraction of particles contributing to the interparticle interactions is too small.

This reasonable decrease of Eint with increasing temperature is the explanation for
the decrease of KV found from the application of the unmodified MLR above. It
cannot be explained, when interpreting the energy barrier as an anisotropy energy

3This type of interaction will be proven to occur in the sample in the next subsection.
4The term interparticle interactions discussed here, corresponds to an effective average interpar-

ticle interactions (see section 1.2).
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Figure 3.7: (a) Temperature dependence of the interparticle interactions extracted
from the simulations of the modified MLR (black) and from the modified MLR which
includes a normal distribution of Eint (blue). (b) Normalized distribution of Eint as
it was used in the modified MLR which includes a distribution of Eint.

barrier KV in the framework of the unmodified MLR due to the application of a
improper model, but in the framework of the modified MLR, where the energy bar-
rier is associated with Eint.

A decrease of the interparticle interaction strength Eint has been discussed in the
literature before [110]. Therein, the T dependence of Eint in the (not well defined)
scenario when ”most of the particles are fluctuating”, i.e. not at very low tempera-
tures, can be described by

Eint ∝ L (En/kBT ) , (3.2)

where L(x) is the Langevin function and En is the static interaction per neighbor.
The intermediate temperature range between 30K and 70K shows a comparable
trend.

An accurate modeling, especially of the low and intermediate temperature range
including the distribution of Eint and KV , is hardly possible, since the easy axis of
a particle due to its anisotropy energy and its preferred orientation due to the in-
terparticle interactions are not correlated. The superposition of KV and Eint would
therefore in general lead to a multiplicity of strongly asymmetric potentials of dif-
ferent shapes that contribute to the shape of the Mössbauer spectrum.

However, a simulation of the low temperature spectra supporting the SSG ground-
state that neglects the aforementioned difficulties of the superposition of Eint and
KV by setting KV = 0 can be achieved by simply assuming a normal distribution of
Eint, centered around a value Eint, max > 0 (see figure 3.7 (b)). The resulting spectra
are shown in figure 3.8. Here, only one subspectrum was used, for simplicity reasons.
The simulated spectra are similar to the spectra obtained before, however, the max-
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Figure 3.8: Simulation of the modified MLR including a normal distribution of
Eint adjusted to the measurements (see text for more information).

imum value of the interparticle interaction strength Eint, max is slightly increased
compared to the Eint values obtained before (see figure 3.7 (a)). These simulations
show, that the modified MLR without a distribution of Eint is a fair approximation.
Likewise to the simulations presented above, deviations in the center of the spectra
appear with increasing temperature for the same reasons.

The modified MLR presented here, is only an ad hoc approach to demonstrate the
influence of interparticle interactions in combination with the MLR. The influence
of the asymmetric potentials at low temperatures as well as the increasing fraction
of particles overcoming the Eint barriers at intermediate temperatures are problems
that are not included in the simulations. Furthermore, the strength and direction of
the Eint, the particles experience, are supposed to be static in this model, since the
incorporation of a potential that changes on the same timescale as the Mössbauer
timescale, would involve further complications. However, at lower temperatures, this
assumption is well justified. These problems contribute to the mismatch between
measurement and simulation in the center of the spectra at higher temperatures,
already discussed before. Both approaches are, however, sufficient for an estimation
of the strength and the temperature dependence of the interparticle interactions.



84
Chapter 3. Application of the MLR and SFM/SSG model to interacting

nanoparticles

0.98

1.00

0.96

0.98

1.00

-10 -5 0 5 10

0.95

1.00T
ra
n
sm

is
si
on

()

v (mm/s)

120K

100K

90K

Figure 3.9: Simulation of the high temperature spectra using the MLR with a
particle size distribution. Here, only one subspectrum was used.

At high temperatures, where the interparticle interactions have already collapsed,
the Mössbauer spectra can be simulated using an unmodified MLR including the
particle size distribution (PSD). Since the TEM image of the ZnFe2O4 nanoparti-
cles presented above is not detailed enough to perform an automated analysis of
the PSD, an estimation on basis of the TEM image was used. Within the MLR, a
particle size distribution is included through a distribution of energy barriers KV .
The resulting distribution of KV , already adjusted to the simulated values, is shown
in figure 3.10 (a). The simulations of the Mössbauer spectra are shown in figure 3.9.
Only one subspectrum was used here, for simplicity reasons. The simulations of
the spectra at 100K and at 120K match the data very well, while the simulation
of the measurement at 90K shows a considerable mismatch between the data and
the simulation. Furthermore, the distribution of the energy barrier KV was found
to be stable for 100K and 120K, while a shift to lower values was necessary for
the spectrum measured at 90K (see figure 3.10 (a)). The relaxation rates used for
the simulations are shown in figure 3.10 (b). They match the values obtained from
Lierop et al. very well [29]. The parameter β = 0.43 and therefore in the expected
range for very weak or vanishing interparticle interactions.
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Figure 3.10: (a) Distribution of the energy barrier due to the particle size distribu-
tion for 100K and 120K (black) and for 90K (blue). (b) Temperature dependence
of the relaxation rate R for the maximum value of KV . A KV dependence of R
was implemented by using the model after [30].

From this observation one can conclude, that a unmodified MLR which includes
a PSD is able to describe the high temperature data very well, while it starts to
fail below 100K and that the spectra above ≈ 100K can be described using single
particle dynamics.

Using a combination of the modified MLR including a cos()-shaped potential and
a unmodified MLR with a PSD, it is possible to reconstruct the spectral shape of
strongly interaction magnetic ZnFe2O4 nanoparticles almost over the complete tem-
perature range, where the magnetic relaxation occurs, beside the temperature range,
where the interparticle interactions collapses and a complex superposition of differ-
ent potential shapes occurs. A combination of the energy barriers found from both
approaches gives a good overview over the regions with different magnetic properties
(see figure 3.11). At low temperatures, the relaxation of the magnetic moments of
the nanoparticles is dominated by the interparticle interactions, whose influence de-
creases with temperature. At T ≈ 70K, the strength of the interparticle interactions
Eint approaches KV and complex potentials are supposed to occur. A fitting in the
intermediate region is not possible. Finally, at 100K and above, the interparticle
interactions breaks down completely and the Mössbauer spectra can be fitted with
an unmodified MLR with a particle size distribution.

A similar scenario has been observed from Jonsson et al. [111] using magnetization
measurements. They investigated a set of interacting particles and came to the con-
clusion, that the interacting particle system can be described using a spin-glass like
groundstate with a broad distribution of energy barriers at low temperatures, which
turns over into a single-particle dynamic regime at higher temperatures.
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Figure 3.11: Combination of the energy barriers as derived from the modified
(from 0 to ≈ 60K) and unmodified MLR (above 100K). Here, ⋆ belongs to the
energy barriers without a distribution, and � to the maximum value of the energy
barrier distribution (both in the framework of the modified MLR).

In summary, using the MLR gives valuable quantitative information about the mag-
netic properties of the examined nanoparticles, at least after some modifications.
The biggest inconsistency of the model is the description of the collective excita-
tions. As described above, these are modeled by assuming a distribution of static
hyperfine fields, which assumes the relaxation between the occupied states to be
much slower than the nuclear Larmor precession frequency. In fact, the relaxation
frequency in the collective excitations regime is much faster than the nuclear Lar-
mor precession frequency. Therefore, the low temperature spectra should rather be
modeled using an average hyperfine field instead of a distribution of static hyperfine
fields. Nevertheless, this arguable approach is able to describe the Mössbauer spectra
at low temperatures very well and provides a reasonable temperature dependence of
the different parameters.

The analysis of the Mössbauer spectra using the MLR is, however, very complex.
An easier model, was proposed by Mørup et al. The application of this model on the
obtained data will be presented in the following section.

3.2.2 The super-ferromagnetism/ super-spin glass model5

In this super-ferromagnetism / super-spin glass model (SFM/SSG) model, the Möss-
bauer spectrum itself is not simulated, but instead the temperature dependence of
the average magnetic hyperfine field 〈Bhyp〉. This is obtained from a fit of the spec-

5Parts of the data presented in this section were obtained in the framework of a co-supervised
bachelor thesis of F. Körkemeyer.
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Figure 3.12: (a) The best fits for the SFM model and the SSG model to the
experimental data. The transition temperature is Tp = 130K and Tp = 174K,
respectively. (b) A SSG model multiplied with the factor 1.09 and with a transition
temperature of Tp = 155K. For further explanations see text.

tra with a hyperfine field distribution [23]. The analysis further requires knowledge
of the macroscopic magnetization curve of the bulk material.

The model explicitly includes interparticle interactions resulting in two possible
groundstates. In the SFM case, the coupling constant between the particles has
one single value, while in the SSG case, it has a Gaussian distribution. A SFM
regime is based on direct ferromagnetic exchange interactions between particles,
while a SSG regime is typically based on dipole-dipole interactions (see section 1.2).
The only free parameter in each of the cases is the temperature Tp, at which the
average hyperfine field extrapolates to zero (see figure 3.12).

The magnetization curve for ZnFe2O4 in the high temperature ferrimagnetic phase
was extracted from [107]. However, one should keep in mind that the phase diagram
of (Zn1−xFex)[ZnxFe2−x]O4 is rather complex [107] and especially that TN depends
on the inversion parameter.

The Mössbauer data and the simulations are shown in figure 3.12 (a) and (b). Both,
the simulations for the SFM and the SSG model (figure 3.12 (a)) do not match the
data very well.

Therefore, a further approach was made, assuming that some fraction of iron spins
become randomly frozen in a magnetically canted structure at low temperatures,
which reduces the average hyperfine fields, since the magnetic hyperfine field of a
frozen surface layer is expected to be smaller than the value for the core of the
particles (see i.e. [44] for a comparison of the surface to the bulk hyperfine field
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Figure 3.13: M vs. µ0H curves at different temperatures. — 100K, — 60K, —
25K and — 2K.

for different iron oxides). Whether this canted spin fraction is only restricted to
a surface layer can, however, not be proven from these data. Whereas the experi-
mental data represent the average hyperfine field of the entire particles, the values
obtained by the SSG model only give those for the non-canted fraction. The values
extrapolated from intermediate temperatures using the SSG will therefore overshoot
the experimental ones when lowering temperature below the freezing temperature
of the spin canted structure.

This scenario demonstrating the effect of a reduced hyperfine field compared to
the simulated values from SSG at low temperatures is shown in figure 3.12 (b). The
experimental data are very well reproduced down to 30K when SSG values are scaled
by a factor 1.09. This is done since the normalization of experimental data is based
on the contribution of the average hyperfine field of the entire particle including
the spin canted fraction, as described above. Below 30K the effect of freezing of a
fraction of spins into a canted structure becomes apparent.

Another possibility to explain a reduction from the expected temperature depen-
dence of the magnetic hyperfine field is related to the inversion parameter x. From
the phase diagram of (Zn1−xFex)[ZnxFe2−x]O4 [107] it is well known, that a small
change of the degree of inversion can destabilize the ferrimagnetic phase with high
Curie temperature in favor of a phase revealing only short-range order at low tem-
peratures. This may occur due to slight changes in stoichiometry of the particle. In
consequence, this change of magnetic coupling in the particle may also result in a
reduction of the average magnetic hyperfine field.

Taking into account the effect of freezing of a fraction of spins into a canted spin
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Figure 3.14: ZFC/FC curve measured on the ZnFe2O4 particles under an external
field of 1T.

structure at low temperatures on the spectral shape, the low temperature behavior of
the parameterKV , as found from the data analysis by the unmodified MLR, can now
also be explained. The freezing results in an extra contribution to the Mössbauer
spectra with a decreased magnetic hyperfine splitting enhancing the asymmetric
line shape at low temperatures. This can be compensated in the MLR by a reduced
parameter KV at low temperatures (see figure 3.5). Hence the low temperature be-
havior of KV derived from MLR is not related to a temperature dependent energy
barrier but is caused by a fraction of spins freezing into a canted structure.

In summary, the SFM/SSG model reproduces the experimental data, when assuming
a canted spin fraction, which is not implemented in the model. Furthermore it sup-
ports the assumption, that the sample has a super-spin glass groundstate. Therefore,
the dominant interaction between the magnetic nanoparticles is the dipole-dipole
interaction. A small organic layer around the particles (a leftover from the prepa-
ration) or a layer of canted spins at the particle surface can be the reason for the
minor influence of the direct exchange interaction between the particles.

3.3 DC-susceptibility measurements

M vs. H loops were performed at different temperatures and are shown in figure
3.13. They show the typical Langevin-like shape. Details about the values of the
saturation magnetization Ms are shown in the inset. Ms increases with decreasing
temperature down to 25K, where it reaches its maximum. The curve measured at
2K finally shows a decrease of Ms. As described in [112], this behavior is related to
spin canting.
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The ZFC/FC curves are presented in figure 3.14. From room temperature down to
50K, both curves increase identically. Below 50K, the ZFC curve decreases strongly,
while the FC curve decreases only slightly. The observed decrease of the FC curve
at low temperatures is atypical for superparamagnetic particles. As described in
section 2.2.1, a flattening, but no decrease, of the FC curve at low temperatures for
strongly interacting particles has been observed. The low temperature behavior of
the FC curve can hence not only be explained by strong interparticle interactions. In
fact, the spin canting which was found from theM vs. H curves and the application
of the SFM/SSG model may explain this behavior. In this scenario, the external
field of 1T is not strong enough to align all the spins frozen into a canted structure
below 25K. When the sample is warmed up again, the frozen spins start to melt and
can therefore be aligned in the external field more easily. Therefore the FC curve
increases slightly at low temperatures and is not flat.

From M(H) as well as χ(T ), indications for a low temperature spin canting in
the ZnFe2O4 particles have been observed, supporting the findings from the appli-
cation of the SFM/SSG model. Furthermore, the χ(T ) curve gave indications for
interparticle interactions, supporting the findings from the application of the MLR.

3.4 Summary

In this chapter, the application of the MLR to Mössbauer spectra of strongly inter-
acting magnetic nanoparticles has been presented. The unmodified MLR was found
to give unphysical results, namely an increase of the parameter β = kBTB/KV
above the expected value and a decrease of KV with temperature above ≈ 30K.
After introducing a unidirectional potential instead of the uniaxial potential and a
distribution of interparticle interaction strength due to a SSG groundstate (see be-
low), the low temperature data were reproduced very well. At higher temperatures,
a mismatch between the measurements and the simulation in the center of the spec-
tra could be observed. This mismatch was attributed to the onset of fluctuations
of particles that experience only weak interparticle interactions. A decrease of the
average interparticle interaction strength with temperature goes along with these
fluctuations. At intermediate temperatures, the interparticle interactions vanish,
since the majority of the particles is fluctuating. In this region, the shape of the
potentials of the individual particles are expected to be very complex, since the angle
between the orientation of the interparticle interactions and the anisotropy energy
are random, and the orientation and the strength of the interparticle interactions
are time dependent. Therefore, a fitting in this region is not possible. At higher
temperatures, when almost all particles fluctuate very fast, the interparticle interac-
tions average to zero and the Mössbauer spectra can be fitted using the unmodified
MLR with a particle size distribution.

The application of the SFM/SSG model revealed the presence of a SSG ground-
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state and gave indications for a freezing of a fraction of spins into a canted structure
at low temperatures, which can explain the observed low temperature decrease of
KV from the MLR. The freezing of a fraction of spins as well as the presence of
interparticle interactions have been confirmed by magnetization measurement as
well.
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Chapter 4

Development of the physical
properties of particles during
the solvothermal synthesis

In this chapter, the development of the structural and magnetic properties of iron
oxide nanoparticles during their preparation with the solvothermal synthesis (see
section 1.7) is described. In order to gain information about the properties of the
particles during the preparation, not only the final reaction product itself is exam-
ined, but also sample material that has been extracted at different times during the
synthesis.

Furthermore, this chapter demonstrates the application of the (modified) MLR,
as discussed in the previous chapter, to a series of Mössbauer measurements on
nanoparticles with different properties. The results are compared with complemen-
tary DC-susceptibility measurements on the same samples in order to demonstrate,
which kind of information can be drawn from the Mössbauer data.

In the first sections, the basics of nanoparticle preparation in general and earlier
measurements on this system are discussed. Further on, the measurements on sam-
ples extracted at different times during the reaction, using benzyl alcohol (BnOH) as
a solvent, are presented. This section is divided into a part concerning the nucleation
phase and into a part, where the following growth of the nanoparticles is described.
The presentation of the measurements is followed by a section with a discussion.
Afterwards, measurements on a preparation using triethylene glycol (TEG) instead
of BnOH are shortly presented and discussed.

Detailed knowledge about the development of the physical and magnetic properties
during the synthesis of the particles offers the possibility of improving the synthesis
process and allows a tuning of the parameters of the particles.

93
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The research on this topic has been performed in close collaboration with the group
of Prof. G. Garnweitner from the Institut of Partikeltechnik at the Technische Uni-
versität Braunschweig, especially with I.-C. Masthoff.

The results presented in this section are partially published in [113] and [114].

4.1 Theoretical aspects on the preparation of magnetic
nanoparticles

The experimental realization of the preparation of different types of nanoparticles
has already been discussed shortly in section 1.7. In the following section, the the-
oretical aspects of the preparation will be discussed shortly.

Fundamental work on the preparation of nanoparticles was done by LaMer et al. in
the 50’s [115, 116]. Recent introductions to nanoparticle synthesis, based on the
work of LaMer, can be found e.g. in [117] and [118]. If not mentioned differently,
the following section is based on these sources as well as on private communication
with I.-C. Masthoff.

4.1.1 Nucleation

The first step in the formation of nanoparticles is the nucleation, i.e. the formation
of a new phase, which arises in the mixture of molecular colloids (monomers) and
a solvent (in the case of the solvothermal synthesis presented in this chapter, the
monomers are Fe(acac)3 and the solvents are benzyl alcohol (BnOH) or triethylene
glycol (TEG)). Nucleation occurs, when the solution is supersaturated, which results
in a high Gibbs free energy G. By forming a nucleus within this supersaturated
solution the volume part of the Gibbs free energy difference, 4

3πr
3∆GV , is negative

due to a reduced pressure in the solid phase with respect to the liquid pressure.
However, the nucleus is only stable, when the reduction of G by 4

3πr
3∆GV is not

compensated by the surface energy 4πr2γ, which is positive. Here, γ is the surface
energy per unit area. The overall change of Gibbs free energy of the process is hence
calculated using a superposition of both terms

∆G =
4

3
πr3∆GV + 4πr2γ. (4.1)

The corresponding graph is shown in figure 4.1. For r < rc, the formed nucleus is
not stable, since an increase of the radius is energetically unfavorable. The nucleus
dissolves again in the solution. However, after reaching the maximum value of ∆G
at rc, the system would have to spend energy in order to overcome the barrier and
decrease the size of the nucleus again. Therefore, the size of the nucleus increases
further after reaching this point. The radius

rc = − 2γ

∆Gv
(4.2)
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Figure 4.1: Superposition of the surface energy term (black) with the volume
energy term (blue) resulting in the ∆G vs. r dependence. For more details, see text.

marks the smallest size, stable nuclei can have. After the formation of a nucleus, the
decrease of the surface / volume ratio favors a further growth of this cluster. The
particle growth will be discussed in the following section.

A simple diagram, showing the process of nucleation and growth after LaMer is
shown in figure 4.2. The concentration of monomers is increased until it reaches
the minimum concentration that allows nucleation Cmin. During the nucleation,
the concentration of monomers within the solvent decreases again, which results in
a reduction of ∆G. Eventually, after the concentration falls again below Cmin, no
nucleation appears anymore and only the growth of particles takes place, until the
equilibrium concentration, Ceq is reached.

The nucleation rate can be described by

R =
C0kBT

3πd3η
exp

(−∆G

kBT

)

, (4.3)

where C0 is the initial concentration of monomers in the solution, d is the diameter
of the growth species and η is the viscosity of the solution.

In order to achieve a narrow size distribution, the nucleation should occur in a very
small time window, resulting in nuclei with nearly identical size as a starting point
for the subsequent growth of the nanoparticles. If the nucleation happens over a
larger time window, the nuclei that arose at the beginning are already growing,
while further nuclei are still being formed. This results in a considerable particle
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Figure 4.2: Schematic LaMer diagram, showing nucleation and particle growth
over time.

size distribution.

4.1.2 Particle growth

As described in [117], the growth of nanoparticles that follows the nucleation step,
can be divided into 4 parts. (1) is the formation of growth species, i.e. monomers or
small particles / nuclei, that are not energetically favorable with respect to the big-
ger particles due to their increased surface / volume ratio and resolve in the solution
in order to be (2) transported to the surface of the growing particle, (3) adsorption
of these species onto the surface of the growing particle and finally (4), irreversible
integration of the species onto the particle surface. However, these four steps can be
divided in two categories, namely the diffusion of the growth species to the particle
surface and the irreversible integration of the species on the particle surface (reac-
tion). The growth of nanoparticles is typically limited by one of these processes, i.e.
the slower process determines the growth conditions.

A quantitative description of the particle growth [118], known as the LSW the-
ory, is based on the different concentrations around the particle (concentration of
monomers / growth species within the solvent and concentration at the particle sur-
face) and on Fick’s first law

J = 4πx2D
dC(x)

dx
. (4.4)

Here, J is the flux of growth species passing through a surface with the radius
x around the particle, D is the diffusion coefficient and C(x) is the x dependent
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Figure 4.3: Radius versus reaction time for diffusion limited growth (blue), reaction
limited growth (black) and a combination of both using A = 1, B = 1 and C = 0
(red).

concentration of monomers / growth species. From this starting point, it is possible
to obtain

dr

dt
∝ 1

1/D + 1/kDr

1/rb − 1/r

r
. (4.5)

Here, kD is the rate constant of a simple first order deposition reaction and rB is
the critical radius, for which smaller particles decrease in size and bigger particles
grow.

Diffusion limited growth

In this scenario, the particle growth is limited by the supply of growth species to
the particle surface, i.e. the first three steps described at the beginning of this
chapter are much slower than the fourth step. Particle growth, which is controlled
by diffusion of growth species, which originate from the surface of smaller particles to
the larger particle surface is called Ostwald ripening. Close to the particle surface, a
concentration gradient is present, due to the lack of supply with new growth species
to the particle surface. This can be described by D ≪ kDr and allows (using other
approximations) the simplification of equation (4.5) to

dr

dt
∝ 1

r2
→ r3 − r30 ∝ t. (4.6)

Reaction limited growth

Here, the irreversible integration of the monomers / growth species onto the surface
of the nanoparticle is much slower than the supply with new growth species, i.e.



98
Chapter 4. Development of the physical properties of particles during the

solvothermal synthesis

D ≫ kDr. This approximately results in

dr

dt
∝ 1

r
→ r2 ∝ t. (4.7)

Both processes are shown in figure 4.3.

However, in real systems one would expect a superposition of both scenarios. The
resulting t(r) behavior can be calculated to

t = Ar3 +Br2 + C (4.8)

and is shown as well in figure 4.3.

4.2 Preparation route

The preparation of the magnetic nanoparticles investigated in this chapter begins
with the mixture of 50 g Fe(acac)3 with 1 l of the solvent BnOH or TEG. This mix-
ture is heated up in in a 1.5 L reactor (Polyclave, Typ 3/1 Büchi Glas Uster) to
200◦C, where it remains for at least 24 h. A valve at the reactor allows a withdrawal
of sample material at any desired time during the preparation without affecting the
thermal reaction conditions. The extracted particles are still in solvent. For certain
cases, measurements on dried particles were performed as well. The drying process
includes two washing procedures using ethyl-acetate, followed by a drying of the
particles under vacuum for 48 h.

The reaction taking place during the preparation process can be described by [106,
113]

Fe(acac)3
solvolysis−−−−−−→ Fe(OH)3-x(OR)x

condensation−−−−−−−−→ Fe2O3.

4.3 Earlier measurements on similar systems

Measurements on similar systems performed at iPAT have been published before
[106]. The results of this work are shortly presented in this section.

From UV/Vis measurements, it was found that the concentration of Fe(acac)3 in
BnOH and TEG decreases to almost zero within the first one and two hours, respec-
tively.

The formation of the magnetic nanoparticles in the solvents BnOH and TEG are
traced using dynamic light scattering (DLS), magnetization measurements and XRD
measurements. For the particles dispersed in BnOH system, the DLS measurements
revealed an average particle size of 12.5 nm even for the first hours of reaction,
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Figure 4.4: Mössbauer spectra measured on Fe(acac)3 powder at the indicated
temperatures.

followed by a slight increase of 15 nm with prolonged annealing. This can be un-
derstood in two ways. Either, particles already form in the heating-up phase and
develop their almost entire size in that small time range, or despite the stabilization
of the particles, a considerable amount of agglomerated particles exists within the
sample.

The XRD measurements show an improvement of the crystallinity throughout the
first four hours of reaction, which has however only been discussed qualitatively.

The saturation magnetization of the particles is very low below 2 h and jumps to a
stable, high value afterwards.

When TEG is used as a solvent, the particle size determined from DLS increases
from 7nm within the first hours to 30 nm after 47 h of reaction, indicating that the
agglomeration of the particles is less important in this case. The XRD measurements
showed, that the crystallinity of the particles increases constantly throughout the
first 14 h of reaction and hence over a much bigger timescale, compared to BnOH.
Furthermore, the saturation magnetization increases more smoothly within the first
4.5 h and does not saturate.

For the synthesis with both solvents, it is proposed that magnetite is the result-
ing product. However, since this assumption is based on XRD measurements, a
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Figure 4.5: Mössbauer spectra measured on Fe(acac)3 mixed with BnOH with the
same proportion as the one used for the particle synthesis [113].

certain fraction of maghemite might also be present in the particles.

The measurements presented in the following, are based on these results but are
supposed to extend the observations by using other measurement techniques and
evaluation methods.

4.4 Experimental observations

In this section, experimental observations are presented and discussed. It is sepa-
rated into a part about the properties of the initial materials and the heating-up
phase, followed by a part about the thermal annealing of the mixture of the particles
with BnOH. Afterwards, a short discussion about the Mössbauer measurements on
particles dispersed in TEG will follow.

Different methods have been applied in order to investigate the physical properties
of the particles during their growth. XRD, XPS and UV/Vis have been performed
and evaluated and TEM has been performed by I.-C. Masthoff. ZFC/FC andM(H)
measurements have been performed by D. Menzel. Mössbauer measurements in an
external magnetic field have been performed by J.A.M. Cagigas in Rio de Janeiro.
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Figure 4.6: Mössbauer spectra measured at 15K on samples extracted during the
sample synthesis after the reactor has reached 160◦C (top) and 180◦C (bottom)
[113].

The preparation of all particles discussed in the following was performed at the
iPAT by I.-C. Masthoff using the solvothermal synthesis.

4.4.1 heating-up phase1

During the heating-up phase, samples were extracted from the reactor every 20◦C
and immediately cooled to room temperature afterwards.

As a first step, Mössbauer spectra were taken on Fe(acac)3 powder at 100K and
at room temperature. The spectra are shown in figure 4.4. They show a broad
single peak exhibiting a non-Lorentzian lineshape, which is almost temperature in-
dependent. Mössbauer measurements on the same material can be found in the
literature [119]. The Mössbauer spectra presented therein have a similar shape and
show almost no temperature dependence. By ruling out every other mechanism that
could lead to a broadening of the Mössbauer lines, the author concluded, that slow
spin-spin relaxation between the trivalent iron ions in Fe(acac)3 is the reason for the

1Parts of the data presented in this section were obtained in the framework of a co-supervised
bachelor thesis of A. Borchers.
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broadening of the single line.

In figure 4.5, measurements on the mixture of Fe(acac)3 with BnOH at 20K and 80K
with the same proportion as the one used for the particle synthesis are presented.
At low temperatures, the spectrum is made up of a well resolved sextet pattern,
a superimposed broad structure and a non-magnetic single line pattern. At 80K,
the spectrum is severely broadened compared to the low temperature spectrum. At
first glance, this temperature dependent behavior might be interpreted as result-
ing from superparamagnetic relaxation of magnetic nanoparticles emerging from the
mixture of Fe(acac)3 with the solvent. However, the magnetic hyperfine splitting
of the sextet pattern corresponds to approximately 55T, which is too big for the
typical magnetic hyperfine pattern of iron oxide nanoparticles at low temperatures
(≈ 52T for maghemite, see [120]). Therefore, it can be assumed, that the shape
of the Mössbauer spectra is not due to magnetic nanoparticles and that no reac-
tion took yet place. It can rather be explained with the increased distance between
the Fe(acac)3 molecules, which leads to a slowing down of spin-spin relaxation and
thus is the origin of the magnetically split Mössbauer spectrum. The trivalent iron
ions in Fe(acac)3 have a [Ar]3d5 electron configuration resulting in a spin S = 5

2
groundstate. Due to the missing orbital moment (L = 0), spin-lattice relaxation is
suppressed. Therefore, spin-spin relaxation is the only relaxation mechanism. When
the relaxation time decreases below the characteristic timescale of Mössbauer spec-

Table 4.1: Parameters of the spectra shown in figure 4.6: centershift CS relative
to metallic Fe at RT, magnetic hyperfine field Bhyp, quadrupole splitting e2qQ/2,
linewidth W (HWHM) and the relative spectral area. The site numbers in the first
column are given in the same color as the corresponding subspectra. The first three
columns contain the parameter of the subspectra for the sample extracted at 160◦C,
while the last four columns contain the parameter of the subspectra for the sample
extracted at 180◦C.

# CS (mm/s) Bhyp (T) e2qQ/2 (mm/s) W (mm/s) Area (%)

1 0.51 0.00 0.50 0.19 9

2 0.51 0.00 0.00 3.58 55

3 0.52 54.3 0.01 0.32 36

1 0.51 0.00 0.45 0.16 16

2 0.44 0.00 0.00 5.68 33

3 0.54 54.4 -0.03 0.27 8

4 0.45 46.3 0.01 0.56 43

±0.02 ±0.8 ±0.04 ±0.02 ±2
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Figure 4.7: UV/Vis spectra taken on samples extracted during the heating-up
phase at different temperatures [113].

troscopy, a magnetic hyperfine pattern can be observed. Similar observations were
made in [119].

Measurements at 15K on samples extracted during the heating-up phase of the
reactor at 160◦C and at 180◦C, are presented in figure 4.6. The spectrum of the
sample extracted at 160◦C looks similar to the low temperature spectrum in figure
4.5, hence no reaction has occurred yet. It is fitted using a sextet pattern, a broad
background and a non-magnetic doublet. The parameters can be found in table 4.1,
the magnetic hyperfine field of the sextet matches the estimation for the magnetic
pattern in figure 4.5 given above. However, the spectrum of the sample extracted at
180◦C shows an additional magnetic sextet with a smaller splitting of ≈ 46.3T. This
additional magnetic hyperfine pattern can be attributed to the first nuclei arising in
the solution. Its value of 46.3T is smaller than the expected value for maghemite,
which can be explained by a considerable amount of spin canting within the particle,
which reduces the observed magnetic hyperfine field.

Therefore, the Mössbauer measurements provide clear indications for a nucleation of
the Fe(acac)3 monomers to magnetic nanoparticles / clusters while the temperature
of the reactor is between 160◦C and 180◦C.

In addition, UV/Vis spectra were measured on these samples on a UV-3100PC
Spectrophotometer from VWR. The curves are shown in figure 4.7. For T < 180◦C,
the curves show two distinct maxima around 360 nm and 440 nm, being typical for
Fe(acac)3 [121]. The second maximum in the curve of the sample extracted at 180◦C
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Figure 4.8: XRD spectrum of the sample obtained after 23 h of run #1. The
spectrum was fitted using a maghemite powder pattern.

has almost vanished completely, indicating a transformation of Fe(acac)3. The curves
of the samples extracted at 200◦C and after the reactor stood at 200◦C for 23 h, both
show a different shape compared to the low temperature spectra as well. Hence, the
UV/Vis measurements support the findings from Mössbauer spectroscopy presented
above.

Using Mössbauer spectroscopy, it would in principle be possible to quantitatively
determine the nucleation rate during the heating-up phase if more samples between
160◦C and ≈ 200◦C were available. With the exact knowledge of the temperature
vs. time dependence during the heating-up phase of the reactor, one could verify
equation (4.3). This is, however, not part of this work.

4.4.2 Thermal annealing at 200◦C

After the heating-up phase, the temperature of the reaction stays constant at TR =
200◦C until the end of the preparation process. The time of material extraction after
the reaction temperature is reached, will be called reaction time tR in the following.

The measurements presented in the following have been performed on samples ob-
tained from two different preparation runs (#1 and #2) under similar conditions.
During run #1, samples were extracted every 30min for the first 8 h and with big-
ger intervals of 60min for increased reaction times. This results in a total extracted
volume of ≈ 60%. As it has been shown before [122], an extraction of too much
sample material during the synthesis may shift the equilibrium of the system, which
might result in different properties of the particles. Therefore, another preparation
run (#2) was performed, where sample material has been extracted every minute
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Figure 4.9: (a) TEM image of the sample with tR = 24h. (b) High resolution
TEM of the latest sample of run #1. The lattice plains are marked for one of the
particles. The borders of this particle are parallel to different lattice plains, which
results in the canted shape. (c) Particle size distribution for different values of tR.
From [114].

for the first 15min, every 2 h for tR ≤ 8 h and one last time at tR = 24h. Less
sample material was withdrawn per extraction in run #2, which results in less total
extracted volume compared to run #1. For the first 12 h of reaction, the particle
size obtained from samples from both runs behaves similar, while at longer reaction
times, the particle size of the run #1 increases strongly, compared to the particle
size of run #2 (as it will be discussed in the following section). However, since
the particle size of both preparation runs behaves similar within the first 12 h of
reaction time, it is assumed that the properties of particles from both preparation
runs extracted in this tR region are the same and therefore the discussion of the
measurements in the following chapter will be focused on tR < 12 h. If not otherwise
stated, the measurements presented in the following have been performed on run
#1.

Structural properties and particle growth

In order to examine the structural properties of the magnetic nanoparticles, XRD
and TEM measurements have been applied. The XRD spectrum of the dried sample
obtained after tR = 24h is presented in figure 4.8. It is fitted with a pattern ex-
pected for maghemite, however, a differentiation between maghemite and magnetite
from XRD is hardly possible, since both materials share the same spinel structure.
A second phase cannot be observed. The peaks appear rather sharp, which is an
indication of the good crystallinity of the particles. A broadening of the diffraction
lines of the XRD patterns can be observed for lower tR (not shown here). By using
the Scherrer equation [123], this broadening can be correlated with the size of the
crystalline regions within the particles (called ”crystallite size” in the following), as
shown in figure 4.10.
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Figure 4.10: Particle diameter obtained from TEM and and crystallite diameter
obtained from XRD for run #1 (left) and run #2 (right) (partially adopted from
[114]).

TEM and HTEM images are presented in figure 4.9 (a) and (b). The TEM image
taken on a sample obtained after 24 h of reaction shows almost spherical particles
aligned in a chain structure, which would imply, that the magnetic moments of the
particles in this image are well aligned along the chain direction (compare to section
1.2) and hence the system is super-ferromagnetic. However, since the samples have
been dried in order to make a TEM image, the chain structure may have developed
during the drying process as well. Other TEM images not presented here, show that
most of the particles agglomerate in a more random structure. The high-resolution
TEM image presented in figure 4.9 (b) shows spherical particles as well as particles
with a rather polygonal structure. The lattice plains have been determined for a
particle with a polygonal structure. This examination shows, that most of the bor-
ders of this particle are parallel to different lattice plains. In figure 4.9 (c), different
particle size distributions (PSD’s), extracted from the TEM images after the method
described in section 2.3, are presented, showing that the average particle diameter
increases with tR and that the width of the particle size distribution increases as
well.

The average crystallite / particle diameter determined from both methods for both
runs are shown in figure 4.10. The particle diameter for run #1 from TEM measure-
ments has a value of approximately 7 nm for tR = 10min and increases systematically
up to 16 nm for tR = 24h. The XRD values start with approximately 7 nm and in-
crease up to approximately 18 nm for tR = 21h. For run #2, TEM and XRD start
at approximately 5 nm, for tR = 0min and increase up to approximately 12 nm for
tR = 24h. Notably, the first value for run #1 was only estimated, since the quality
of the TEM image was not good enough to allow an automatic analysis of the par-
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Figure 4.11: Combination of the particle diameter as obtained from TEM for both
runs, fitted with a diffusion limited Ostwald ripening model (left). Crystallite radius
as obtained from XRD divided by the particle radius as obtained from TEM as a
measure for the crystallinity (black) and the radius obtained from XRD subtracted
from the radius obtained from TEM (red) (partially adopted from [114]).

ticle size. The first 12 h, the particle diameter obtained for both runs behave very
similar, as discussed above (see figure 4.11).

The curve of the tR dependent particle diameter was fitted using the diffusion lim-
ited Ostwald ripening approach (equation (4.6)), which matches the data best. The
curve describing the surface controlled growth does not fit the data.

As it can be observed in figure 4.10, the crystallite size obtained from XRD mea-
surements is smaller than the particle size obtained from TEM measurements for
tR < 12 h. The reason is, that XRD measurements are limited to well crystalline
regions within the particles, while TEM is able to measure the particle size, irre-
spective of potentially present non-crystalline regions. Therefore, the fraction of the
crystallite size obtained from XRD on the particle size obtained from TEM can be
understood as a measure for the crystallinity of the particles (compare to [124]).
The corresponding plot is shown in figure 4.11 (right in black). Up to tR = 4.5 h,
rXRD/rTEM increases strongly and converges afterwards almost to 1, indicating that
the crystallinity of the particles for small tR is rather poor and of similar good qual-
ity above tR ≈ 5 h. In the same figure, the difference between the radius obtained
from TEM and the radius obtained from XRD, rTEM − rXRD, is shown (in blue). If
the non-crystalline region would have the same size for every tR and the crystallinity
would only improve due to the increasing particle size, this parameter should be the
same for every tR. However, it decreases significantly with temperature throughout
the first 14 h. This proves, that the increase of crystallinity is not only due to an
increase of the particle size but also to a healing of the non-crystalline regions with
prolonged reaction time.
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Figure 4.12: XPS spectrum of the sample obtained after 23 h reaction time from
[114].

In order to distinguish whether the particles consist of maghemite or magnetite,
XPS measurements were performed. The XPS spectrum is shown in figure 4.12.
The peak structure indicates, that maghemite is the predominant material, how-
ever, the presence of a small fraction of magnetite cannot be excluded from these
data. For more details, see [114].

Summing up the results obtained so far, the measurements on structural properties
revealed that the examined particles grow continuously throughout the synthesis
time up to 16 nm (run #1) and 12 nm (run #2). Their crystallinity increases to
an almost optimal value within the first 4.5 h. The particles are spherical like and
consist most likely of maghemite with possibly a small fraction of magnetite.

Magnetic properties2

The magnetic properties have been investigated using Mössbauer spectroscopy and
magnetization measurements. In this section, the measurements are presented, while
in the subsequent section the results are discussed.

The Mössbauer spectra of measurements on selected samples, still dispersed in
BnOH, are presented in figure 4.13. Since it has to be ensured that the absorber is
still in a frozen state, the maximum temperature of the Mössbauer measurements
presented here is 200K. At low temperatures, the spectra are made up of a well
resolved quasi-static six line pattern, indicating that the particles are in a blocked
state. With increasing temperature, the magnetic six line pattern starts to collapse
into a non-magnetic structure due to the fast fluctuations of the magnetic moments
of the nanoparticles. This can, however, only be observed for the sample with the

2Parts of the data presented in this section were obtained in the framework of a co-supervised
bachelor thesis of D. Mauch.
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Figure 4.13: Mössbauer spectra measured on samples with tR = 1h, tR = 4.5 h
and tR = 23h (from left to right) at the indicated temperatures [114].

lowest tR, since the blocking temperature for the particles increases strongly with
tR and is far above 200K for longer tR. Notably, the low temperature spectrum
at tR = 23h reveals a shoulder between the 2nd and the 3rd line at ca. -3.5mm/s
and the weight of the outer lines changes between 50K and 200K from the left one
being the predominant line at low temperatures to the right one at higher tempera-
tures. The shoulder is typical for magnetite at low temperatures and the change of
weights of the outer lines is an indication for the Verwey transition, occurring only
in magnetite and not in maghemite, as discussed in [51]. Therefore, at least a small
fraction of magnetite must be present within the particles.

The spectra are fitted using the MLR model which includes the particle size distri-
bution, which is discussed in section 2.1.3. Two subspectra were used, which is the
smallest number of subspectra which fits the data. The temperature where overbar-
rier fluctuations set in, corresponds to 0.6KV for the samples with a small tR, which
is strongly increased compared to the expected value and indicates the presence of
strong interparticle interactions (see previous chapter). It was not necessary to in-
crease the onset temperature of overbarrier fluctuations for samples with tR > 4.5 h,
since the blocking temperatures of these samples in Mössbauer spectroscopy is so
high, that the overbarrier fluctuation regime is not reached at the highest mea-
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Figure 4.14: Left: temperature dependence of the energy barrier resulting from
the fit with the MLR model. Right: tR dependence of the 50K values of the energy
barrier from the unmodified MLR. The value corresponding to the tR = 6h sample
was extrapolated from higher temperatures (black). Eint dependence on tR resulting
from a fit using the modified MLR (red). tR dependence of the maximum tempera-
ture of the ZFC curves (blue). The black line is only a guide to the eyes. The dotted
line is an extrapolation of the curves above tR = 6h. Partially adopted from [114].

surement temperature (200K), even for the smallest particles of the samples. The
temperature dependence of the energy barrier (see figure 4.14 left) is similar to the
one presented in the previous chapter (see figure 3.5). It increases with decreasing
temperature and converges against a constant value for low temperatures 3. A plot
of the tR dependence of the 50K value of the energy barrier extracted from the
MLR is shown in figure 4.14 right4. The low temperature value was chosen, since
the energy barrier for every tR has roughly stabilized at this temperature. For the
first 6 h of reaction, it increases strongly with tR followed by a less strong rise.

In order to take into account interparticle interactions, the spectra were fitted again,
using a modified MLR with a cos()-shaped potential (see previous chapter). An ex-
ample of the fits is shown in figure 4.15. At lower temperatures, the model matches
the measurements very well, while at higher temperatures a mismatch can be ob-
served in the center of the spectrum. This mismatch can be explained by the influ-
ence of some fluctuating particles, which experience almost no interparticle interac-
tions due to the super-spin glass groundstate, as discussed in the previous chapter.
Moreover, the 200K spectrum of the sample with tR = 1h could not be fitted using
this model, presumably because it is in the intermediate regime, where interparticle
interactions vanish. In the same figure, the temperature dependence of the energy

3The 100K point of the tR = 11h sample does not match the trend of the other samples. This
deviation is interpreted as an artifact.

4In cases where no 50K value was measured, it was extrapolated from the values at higher
temperatures, assuming a similar temperature dependent behavior of the energy barrier for all
samples.
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Figure 4.15: Example for a fit with the cos()-shaped potential to the sample with
tR = 4.5 h (left). Temperature dependence of Eint for the different samples (right).

barrier (in this case it can be associated with the interparticle interaction strength
Eint) is presented. The trend of the temperature dependence looks similar to the
temperature dependence of the energy barrier from the unmodified MLR in figure
4.14, left. The reaction time dependence of Eint is plotted as well in figure 4.14,
right. Although the absolute values of Eint are much larger compared to the energy
barrier resulting from the fit with the unmodified MLR, the trend of the data is the
same. Note, that the different values differ only by a constant factor. The reason
for the different absolute values, is the shape of the potential. A collapse of the
Mössbauer spectrum within the framework of the unmodified MLR can be achieved
by much smaller KV/kBT values as in the framework of the unmodified MLR, since
the relative angle to the easy axis / direction increases much faster in the latter case.

An accurate description of the distribution of interparticle interactions would, how-
ever, include not only the super-spin glass groundstate due to the dipole-dipole
interactions between the particles but also the distribution of the particles within
the solution (including a certain degree of agglomeration, see next section). Since
the latter distribution can be hardly estimated, a fit using a distribution of Eint is
not applied to these measurements.

Magnetization measurements were performed in order to gain complementary in-
formation about the magnetic properties of the nanoparticles.

In figure 4.16, the ZFC/FC curves measured on samples with different tR are pre-
sented. The curves are normalized to the low temperature FC value and show two
unexpected steps, one around 260K and one around 200K for every sample. The
step at higher temperatures can be associated with the freezing of BnOH, which
results in a turnover from Brownian relaxation to Néel relaxation and therewith a
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Figure 4.16: ZFC/FC measurements on samples with tR = 30min (orange), 2 h
(green), 6 h (red), 8 h (pink) and 13 h (black), normalized to the value of the FC
curve at the lowest temperature [114].

change in the relaxation rate. After a publication where similar anomalies were ob-
served in measurements on a ferrofluid [125], the second anomaly can be associated
with the defreezing process of the solution. After [126], the freezing temperature
of the solution depends on the density of nanoparticles. When the interparticle
interaction strength becomes effective at the freezing temperature of the solvent, ag-
glomeration of particles can occur slightly before the freezing of the solution. While
the density of nanoparticles in the region around the agglomerated clusters is very
small, particles with a smaller interparticle interaction strength do not agglomerate.
In the regions without agglomeration, the density of particles is higher, compared to
the first scenario. Therefore, the solution contains regions with almost no nanoparti-
cles and as well regions with a high density of nanoparticles. During the heating-up
process, there are mainly two different melting points, due to the two different parti-
cle densities, and therefore two anomalies. Whether this explanation can indeed be
applied to the samples discussed here, would be the topic of further investigations
and can not be conclusively clarified here.

Apart from the step anomalies, the curves show the typical behavior for ZFC/FC
curves measured on magnetic nanoparticles. The ZFC curves exhibits a broad max-
imum. The temperature of the maximum value, Tmax, is connected to the block-
ing/freezing temperature of the sample. The FC curve increases from room temper-
ature down to Tmax for every sample and flattens at lower temperatures more and
more for increasing tR. A flattening of the FC curve at low temperatures can be
associated with the presence of interparticle interactions (see section 2.2.1). There-
fore, the ZFC/FC measurements support the findings from Mössbauer spectroscopy
which indicate an increase of the interparticle interactions with increasing tR.
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Figure 4.17: M(H) magnetization curves fitted with a model after [95] for different
tR (left). The resulting volume fraction of the paramagnetic layer with the calculated
contribution of a particle-size-independent surface shell of 0.4 nm and the difference
between the curves in the inset (right). The red data points indicate the volume
fraction of the paramagnetic layer as found from Mössbauer measurements in an
external magnetic field on samples from an older preparation run. For more details,
see text. From [114].

The tR dependence of Tmax is presented in figure 4.14. It shows the same trend
as the energy barriers extracted from the MLR fits to the Mössbauer spectra. How-
ever, the absolute values are again different, which is connected to the different
timescales of Mössbauer and susceptibility measurements (which is however less im-
portant in the presence of interparticle interactions). Furthermore, Tmax is on the
one hand connected to the blocking / freezing temperature and not to the energy
barrier like the results from the MLR and on the other hand, is not exactly the
blocking temperature but only a measure for it.

M(H) measurements performed at 250K are presented in figure 4.17. The curves
are normalized to their maximum value, in order to allow a better comparison. Since
the measurements were performed on the particles still being in solution, no reliable
calculation of the absolute values of the magnetization curves could be performed,
due to possible sedimentation, residues of unreacted Fe(acac)3, etc. Therefore, the
saturation magnetization of the curves is not discussed in the following. Since the
measurement temperature is higher than Tmax for all samples, the curves can be
fitted using the Langevin function (see section 2.2.1). However, in order to allow
simulation of the data, a model which combines the Langevin function with a param-
agnetic layer (see [95] and section 2.2.1) was used. The fraction of the paramagnetic
layer decreases with increasing tR from 32% at tR = 1h to 20% at tR = 6h, where
it stabilizes (figure 4.17).
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Figure 4.18: Mössbauer measurements on similar samples from an older prepara-
tion run (which was not used for other measurements presented in this chapter) in
an external magnetic field of 5T at the indicated reaction times, at 10K.

As an example for the Mössbauer measurements in an external magnetic field on
similar samples, two spectra measured at tR = 1.5 h and tR = 6h at 10K are shown
in figure 4.18. The spectra were fitted using three subspectra. The dark cyan sub-
spectrum with an increased magnetic hyperfine field of 55.2T can be attributed to
tetrahedral A site, with a moment of 5µB per unit cell. The purple subspectrum
with a decreased magnetic hyperfine field of 46.6T corresponds to the octahedral
B-site, which has a magnetic moment of 9µB per unit cell. Due to their bigger
magnetic moment, the B site moments align parallel to the external field and the
magnetic moments on the A site are aligned antiparallel to the external field. Since
the magnetic hyperfine field of Fe is negative, this results in a reduction of the hy-
perfine field of the corresponding subspectrum in the first case and in an increase
in the latter case. A preferred orientation of the magnetic moments of the probe
atoms parallel to the incoming γ-rays due to the external magnetic field leads to a
disappearance of the 2nd and the 5th line in the Mössbauer spectrum (see e.g. [79]).
Therefore, in both subspectra, the area of those lines is set to zero, since the corre-
sponding magnetic moments are supposed to be in the magnetically ordered region
within the nanoparticle which aligns parallel to the external magnetic field. The
third subspectrum has the normal 3:2:1 ratio of the areas of the lines, since this is
attributed to the canted spins within the particles, which have no correlation to the
incoming γ-rays. From the area of this subspectrum, it is possible to estimate the
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volume fraction of the canted spins. Therefore it is possible to get the same informa-
tion from Mössbauer spectroscopy as the one from the fit with the model after Chen
et al. [95] to the M(H) curves presented above. The resulting volume fractions are
shown in figure 4.17. However, since the samples used for the Mössbauer measure-
ments in an external field presented here originate from an older preparation run, the
values obtained here should only be understood as an example for the determination
of the volume fraction of the canted spins from Mössbauer spectroscopy. Unfortu-
nately, no measurements in external field on the two preparation runs discussed in
this chapter could be performed.

Discussion

While XPS and DC-susceptibility measurements indicated, that the particles consist
of maghemite, Mössbauer measurements gave clear indications of a Verwey transi-
tion, which only occurs in magnetite. Since all measurements were performed after
a similar time after preparation of the particles, a time dependent oxidation of the
particles cannot be the explanation for these observations. Furthermore, Mössbauer
and DC-susceptibility measurements were both performed on samples still being in
solution. Therefore, the presence of a solvent cannot be an explanation of the dif-
ferent results, as well. The only possible interpretation of these results is, that both
materials are present in the particles. A typical scenario would be a magnetite core,
with an outer layer which is oxidized to maghemite or to an intermediate stage [127].

The fact, that the Verwey transition is only visible in the Mössbauer data and not in
the ZFC/FC curves, even though both maghemite and magnetite are expected to be
present in the particles, can be explained by a smearing out of the Verwey transition
over a larger temperature range for smaller particles [51]. For particles that exist of
magnetite and maghemite, the effective volume of the fraction of magnetite within
the particles is smaller as the observed particle size i.e. from TEM. Since the tem-
perature of the Verwey transition corresponds roughly to the maximum temperature
of the ZFC curve, a broadened transition riding up on the global maximum may be
hardly observable.

In earlier studies, the average center shift of the Mössbauer spectra at room temper-
ature was used to differentiate between magnetite and maghemite, since it depends
on the fraction of vacancies in the particles (see e.g. [128]). An average center shift
of 0.510mm/s was found for magnetite particles, while an average center shift of
0.314mm/s was found for maghemite nanoparticles. Since the maximum temper-
ature of the measurements presented here is 200K and not room temperature, it
is not possible to estimate the absolute value of the magnetite /maghemite ratio
from these values, due to the temperature dependence of the center shift, but its tR
dependence. The average center shift for different samples measured at 10K is pre-
sented in figure 4.19. The centershift changes within a range of ±0.01mm/s for the
different tR, which indicates, that the fraction of the materials stays approximately
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Figure 4.19: tR dependence of the average center shift rel. to Fe metal at RT
extracted from the samples measured at 10K.

constant throughout the first 8 h of the reaction. Therefore, it is rather unlikely, that
the particles consist of a shell of maghemite and a core of magnetite, since in this
case, the thickness of the maghemite layer would increase with tR by chance exactly
in a way, that the ratio of the materials stays the same throughout the preparation.
A scenario which is more likely is, that some particles consist of pure magnetite and
some particles consist of pure maghemite or that small enclosures of magnetite are
distributed within the maghemite particles.

The fitting of the Mössbauer data revealed strong indications for the presence of
interparticle interactions, which is supported by the low-temperature behavior of
the FC curves. Furthermore, the depth of the step anomaly in the ZFC/FC curves
at 200K increases with tR, which is as well a proof for the increase of interparticle
interactions, following the explanation of this anomaly given in the previous section.
Both techniques showed a similar reaction time dependence of the energy barrier and
the maximum temperature of the ZFC curve, respectively, which is divided into two
different regimes. For reaction times below tR = 6h, both parameters show a strong
linear increase, followed by a less strong linear increase for higher temperatures.

In order to verify if the observed linear tR dependence is reasonable, a simple calcu-
lation based on randomly distributed particles in the solution without any layer of
canted spins being coupled by dipole-dipole interaction, can be used. As a starting
point, one has to calculate the average distance in dependence of the particle size.
To do this, the concept of the Wigner-Seitz radius rs is used, which is the radius
of a sphere whose volume equals the average space around each particle which does
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not touch the space of neighboring particles

4

3
πr3s =

V

N
. (4.9)

The average distance between two neighboring particles can therefore be calculated
to

d = 2rs ∝
(

V

N

)1/3

. (4.10)

The number of particles within a fixed volume V can be calculated using the mass of
all particles within the sphere, m0. This step however assumes, that no monomers
(Fe(acac)3) are left in the solution, that could contribute to the particle growth.
With

m0 = ρpNVp, (4.11)

where ρp is the density of the material of which the particles consist and vp is the
average volume of the particle, the number of particles within V is

N =
3m0

4ρpπr3p
. (4.12)

Therefore, the average distance between the particles in dependence of their radius
is

d ∝
(

V ρpVp
m0

)1/3

∝ rp, (4.13)

assuming perfectly spherical particles. The next step includes the calculation of the
particle magnetic moment µp in dependence of its radius, assuming that the particle
consists of perfectly aligned spins without a canted layer. Therefore, µp only depends
on Vp and magnetic moment per volume, µ, of the particle material

µp = µ
4

3
πr3p ∝ r3p. (4.14)

Since the average dipole-dipole interparticle interaction depends on the square of the
particle magnetic moment and the inverse of the third power of distance, it follows

〈Eint〉 ∝
µ2p
d3

∝ r3p. (4.15)

Using the rp ∝ t
1/3
R dependence found from the fit presented in figure 4.11, results

in the expected linear tR dependence of the energy barrier

〈Eint〉 ∝ tR. (4.16)

However, a linear dependence of Eint on tR can be found in both regimes, above
and below tR = 6h. In order to explain the origin of the two different regimes, it is
necessary to take a closer look on the tR-dependence of the paramagnetic layer as
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found from M(H) measurements presented above.

The volume fraction of the paramagnetic layer, presented in figure 4.17, can be
understood as a superposition of the always present fraction of canted surface spins
(see e.g. [36]) and a possibly present additional distortion of the magnetic struc-
ture within the particles. In order to estimate the tR dependence of a magnetically
distorted surface layer with a constant thickness compared to the overall fraction
of the distorted magnetic fraction, a simple calculation was performed, assuming
spherical, monosized particles (not discussed here in detail). 0.4 nm was used for the
layer thickness, a value found from Mössbauer measurements on γ-Fe2O3 particles
[44], as already presented in section 1.4. The blue curve shown in figure 4.17, rep-
resents the results of the calculation. For higher reaction times, the calculation and
the measurements are in very good agreement, but below tR = 6h, the difference
between the simulation and the measurement increases (compare to the inset in fig-
ure 4.17). This is an indication for an additional fraction of a distorted magnetic
structure within the particles, that exceeds the expected value of the particle-size-
independent surface layer below tR ≈ 6 h.

An increasing fraction of a distorted magnetic structure, as found from the M(H)
measurements shown in figure 4.17, can explain the strong decrease of Eint and Tmax

below tR = 6h, since the average dipole-dipole interaction is proportional to the
square of the magnetic moments of the particles, which is decreasing with increasing
distorted magnetic structure. Furthermore, a distorted magnetic structure whose
magnetic moments are aligned due to the dipole-dipole interaction of the magneti-
cally ordered core of its particle, reduces the interparticle interaction strength not
only due to the reduced magnetic moment of the particle but also due to the ori-
entation of the spins within its shell for most of the orientations of the neighboring
particles (see section 1.4). The effect of the additional paramagnetic volume below
tR ≈ 6 h on Eint can be roughly estimated using Eint ∝ µ2 ∝ V 2. The volume of the
magnetically ordered region within each particle at tR = 1h decreases by additional
15% due to the increase of the fraction of the additional paramagnetic volume, as
shown in the inset in figure 4.17, right. Therefore, the average interparticle interac-
tion strength should decrease by Eint ≈ 0.72E′

int (assuming no contribution of the
distorted magnetic structure to the interparticle interaction), where E′

int denotes
the exrapolated interaction strength at tR = 1h if the distorted magnetic structure
would not be additionally increased at low tR (and would therefore follow the dotted
line at low tR in figure 4.14, right). The measured Eint at tR = 1h is however only
half as big as this extrapolated E′

int from the high tR regime. But considering that
the estimation of Eint is rather rough and the big errorbars, the calculated decrease
of Eint of 0.72 to its original value due to the additional distorted magnetic structure
compared to the extrapolated value, seems reasonable close to the measured decrease
by a factor of 0.5. Moreover, at small tR, the fraction of yet unreacted Fe(acac)3
is presumably bigger compared to higher tR, which might further contribute to the
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decrease of Eint.

In this first, simple approach, the reaction time dependence of the energy barrier
as well as the maximum temperature of the ZFC curve can be explained very well.
However, it is necessary to estimate as well the strength of the interparticle interac-
tion. Therefore, the distance between the particles is calculated, assuming that all
Fe(acac)3 monomers contribute to the particle growth and the particles are spher-
ical, monodisperse and monosized. At first, the number of monomers in the initial
solution is calculated, using the molecular mass and the overall mass of the solvent
and Fe(acac)3 mixture. Afterwards, equation (4.13) is used to calculate the distance
between the particles under the assumptions given above. The distance between
the particles is found to be approximately 25× their diameter. The magnetic mo-
ment of a particle with a diameter of 12 nm (neglecting the influence of a canted
surface layer) can be calculated from the magnetic moment of 4µB per unit cell,
which results from the uncompensated Fe2+ moments. Using a unit cell volume of
590 Å3 results in a magnetic moment of ≈ 6000µB per particle. The interparticle
interaction strength for particles with a distance of 300 nm and a magnetic moment
of 6000µB is

Edip =
µ0
4π

µ2

d3
≈ 1 · 10−3K · kB (4.17)

and therefore negligible. The interparticle interactions would be stronger if the
magnetic moments of the particles would be bigger or if the distances between the
particles would be smaller. Since the magnetic moments of the particles depend
strongly on their size, which was measured unambiguously via TEM and, due to the
surface layer, can only be smaller and not bigger, the only possible explanation is a
smaller distance between the particles. This would be the case if they are strongly
agglomerated. In fact, a comparison between the tR-dependent particle size on a
similar system estimated from DLS presented in [106] with the particle size mea-
sured from TEM presented in this work shows, that the values from DLS are bigger
than the TEM values, especially for smaller tR. This is another indication for ag-
glomeration of the particles. Since DLS only measures the Brownian motion of the
agglomerates of particles in the solution and not that of the single particles, the
resulting value is increased.

Even when the particles are agglomerated, the increased fraction of the param-
agnetic layer at low reaction times can explain the peculiar tR dependent behavior
of the energy barrier, as well as the maximum temperature of the ZFC curve, around
tR = 6h (shown in figure 4.14, right), since the decrease of the magnetically disor-
dered region in the particles increases the interparticle interaction. However, one
has to take into account, that the degree of agglomeration and therewith the average
particle-particle distance probably changes with tR and can therefore contribute to
the reaction time dependence of the energy barrier as well. It increases presumably
with tR and especially strongly for tR > 6 h, since an increase of the interparticle
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Figure 4.20: interparticle interaction strength Eint as found from the fit with the
modified MLR to the Mössbauer measurements plotted vs. the particle diameter.
In order to calculate the particle diameter for the different tR, the fit presented in
figure 4.11 was used.

interactions with the decreasing fraction of the paramagnetic layer also supports the
agglomeration of the particles.

The magnetic properties of the nanoparticles develop very similarly to the struc-
tural properties. The fraction of the magnetically ordered regions within the parti-
cles increases only within the first 6 h of reaction and stabilizes for higher tR, which
has been observed for the crystallinity of the particles as well. These observations
indicate a close correlation of the structural and the magnetic properties.

In a previous section, slow paramagnetic relaxation due to non interacting L = 0
ions was given as an explanation for the Mössbauer spectra measured during the
heating-up phase before the first particles were formed. However, the examination
presented in this section, indicate a strong magnetic interaction between the par-
ticles. In order to extrapolate the interparticle interaction strength Eint and to
estimate the interparticle interaction strength during the nucleation, it is helpful
to plot Eint vs. the particle diameter and not vs. tR. This is presented in figure
4.20. The (extrapolated) interparticle interaction strength Eint vanishes already for
particles with a diameter between 3.5 and 7 nm, indicating that the particles with
a size smaller than 3.5 - 7 nm and therefore the nuclei and the initial monomers are
non-interacting. This agrees well with the findings of the previous section.

In summary, the examined particles consist predominantly of maghemite with a
small fraction of magnetite. Although dispersed in BnOH, the particles experience
strong magnetic interactions among each other, which can only be explained with
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strong agglomeration of the particles. Their average energy barrier increases with
tR, at first strongly for tR < 6 h, followed by a less strong linear increase. The origin
of these two different regimes, is presumably the tR dependence of the magnetically
ordered fraction within the particles. For very low reaction times, the magnetically
disordered region within the particles is much higher than the expected value for
the always present surface layer, which results in a smaller interparticle interaction
strength compared to particles which have only a magnetically disordered surface
layer and otherwise similar properties. However, within the first tR = 6h of reaction,
this additional contribution vanishes completely, for which reason the interparticle
interaction strength can catch up with the expected value for particles of similar
properties but only with the always present magnetically disordered surface struc-
ture. This results in the overproportional strong increase for tR < 6 h. For longer
tR, the magnetically disordered region remains restricted to the surface shell and
therefore the interparticle interactions increase less strongly. The origin of the mag-
netically disordered region within the particles at low tR can be found in the degree
of crystallinity of the particles, which is worse at very low tR and improves within the
first 6 h of reaction, similar to the extra contribution of the magnetically disordered
region within the particles. Therefore, the structural and magnetic properties of the
particles only improve within the first tR = 6h of reaction time, further annealing
at 200◦C only results in a slight increase of the particle size and presumably in an
increased degree of agglomeration.

Remarkably, all the results on the magnetic properties of the particles discussed
in this section (interparticle interactions / surface spin canting / freezing tempera-
tures) can in principle be found using only Mössbauer spectroscopy. However, in
order to gain information about these properties from the Mössbauer spectra a fit-
ting with the rather complex (modified) MLR is necessary. With some experience
in this topic, a preliminary qualitative interpretation without fitting the data is pos-
sible as well. DC-susceptibility measurements are only used as a complementary
technique in order to support the Mössbauer measurements here.

4.4.3 TEG as solvent medium

Mössbauer measurements have been performed on a set of samples extracted during
the synthesis using TEG as solvent medium. The measurements were performed on
samples extracted at tR = 0h, 0.75 h, 1.5 h and 10 h and are shown in figure 4.21
and 4.22.

At tR = 1.5 h and below, the spectra show the expected six line structure which
collapses with increasing temperature superimposed with a non-magnetic pattern.
The origin of this non-magnetic pattern is, however, not only superparamagnetic
relaxation of small particles but as well a signal resulting from the yet unreacted
Fe(acac)3 especially for the first two samples (see figure 1 in [106]). A fit to the
spectra using the MLR is hardly possible, since the exact fraction and shape of
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Figure 4.21: Mössbauer measurements on particles extracted during the prepara-
tion using TEG as a solvent at tR = 0h, 0.75 h and 1.5 h (left to right) and different
temperatures.

the signal arising from the Fe(acac)3 molecules is not known and therefore hard to
distinguish from the signal of the nanoparticles. Even at tR = 1.5 h, when almost
no unreacted Fe(acac)3 is left, a strong non-magnetic signal, that is superimposed
with a well resolved magnetic hyperfine pattern, can be observed at 25K. This is
an indication for only weak interparticle interactions in the system. The blocking
temperature of the particles increases with increasing tR, as expected for increasing
particle size.

Measurements on samples extracted at tR = 10h are shown in figure 4.22. The
spectra on the left side were measured on nanoparticles, still dispersed in TEG,
while the spectra on the right side were measured on dried particles. On first
glance, the spectra of both samples appear very similar, however, at the highest
measured temperature, the shape changes. While the spectrum of the particles in
solution shows a less collapsed magnetic hyperfine pattern, superimposed with a
non-magnetic structure in its center, the spectrum measured on the dried sample at
the same temperature shows a more strongly collapsed hyperfine pattern with only
a small contribution of the non-magnetic pattern in the center. In order to quantify
this behavior, the spectra were fitted using the unmodified MLR with a particle size
distribution resulting from the DLS measurements presented in [106]. As expected,
the value of β increases with decreasing interparticle distance from β = 1.1 for the
particles in solution to β = 2.0 for the dried sample. Noticeable, both values of β are
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Figure 4.22: Comparison of the measurements on the sample extracted at tR = 10h
with the particle dispersed in TEG (left) and the dried sample (right).

strongly enhanced compared to the expected value for non-interacting nanoparticles
after [29] and therefore unphysical. This can be explained by considerable interpar-
ticle interactions, even for the particles in solution and by the fact, that the utilized
particle size distribution was extracted from DLS measurements on another older
batch of particles prepared under similar conditions (see [106]). The PSD from DLS
might differ considerably from the actual PSD, since this technique is not sensitive
to agglomeration of the particles. Furthermore, although prepared under similar
conditions, the PSD of the sample measured here must not necessarily be similar to
the PSD of the older batch of samples.

The temperature dependence of the energy barrier height for both samples shows a
peculiar behavior. While the low temperature value for both samples is the same (at
very low temperature, the MLR is very insensitive to slight changes in the energy
barrier height and therefore its value is always connected with a large error), at
higher temperature, KV of the dried sample is smaller as the corresponding values
of the particles in solution (see figure 4.23). The reason for this unexpected KV vs.
T dependence is the increased value of β of the dried sample. In order to achieve
a collapsed structure like it is presented in the 80K spectrum, the MLR still has
to be in the collective excitation regime and the temperature must be high enough,
that the occupation probability of the states far away from the easy axis, and there-
with big values of the angle θ, is high. Since the temperature is fixed to 80K, this
scenario can only be achieved by a decrease of the energy barrier. For this reason,
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Figure 4.23: Temperature dependence of the energy barrier height resulting from
the measurements presented in figure 4.22.

the absolute values of the energy barrier height, resulting from the application of
the unmodified MLR can only be taken serious in case of non-interacting particles.
However, when the values of β are similar, the resulting values can be used for com-
parison.

More information about the properties of the nanoparticles synthesized using TEG
as a solvent, can be found from older DC-susceptibility measurements on samples
synthesized under the same conditions in the iPAT by I.-M. Grabs and performed
by D. Menzel in the IPKM in the year 2011, which have not been published yet.
The measurements for different reaction times are shown in figure 4.24. From the
measurements, it is obvious that no indication for a Verwey transition can be found.
Only for the samples with tR = 2h and 4 h, very weak indications for an anomaly
around 200K are observable, presumably with the same origin as the anomaly in
this temperature region discussed in the previous sections. Furthermore, the curves
demonstrate that the interaction between the particles is negligible at low tR (from
the strong increase of the FC curve at low T ). With increasing reaction time, Eint,
however, seems to increase (flattening of the FC curve at low T and small anomalies
around 200K). However, the interparticle interaction strength does not get as strong
as it is in the particles with BnOH as a solvent, as it can be observed as well from
the shape of the Mössbauer spectra.

4.4.4 Origin of the different interparticle interaction strength

The measurements on the particles dispersed in BnOH and TEG gave indication
for a decreased interparticle interaction strength for the latter. A possible reason
are the different magnetic properties of the solvents. The temperature dependent
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Figure 4.24: ZFC/FC measurements performed on samples prepared in the same
way using TEG as a solvent.

ZFC/FC curves on BnOH and TEG is presented in figure 4.25. Both solvents show
a diamagnetic susceptibility at higher temperatures. However, the susceptibility of
TEG is about one order of magnitude smaller than the susceptibility of BnOH. A
diamagnetic matrix around the particles is able to shield their magnetic moments
to some extent and therefore to decrease the interparticle interaction strength. In
order to estimate the influence of the diamagnetic matrix on the dipolar interparticle
interaction, a very simple model is presented in the following.

The model is based on two interacting particles with parallel magnetic moments
along their connection line with diamagnetic molecules between them. The inter-
particle interaction strength of both particles in vacuum is compared to the dipolar
energy of the diamagnetic moments of the molecules along the connection line to
one of the particles (see figure 4.26).

As a first step, the diamagnetic moment of each of the BnOH and TEG molecules
has to be calculated. By using

M =
χ ·Bext

µ0 · (1 + χ)
, (4.18)

the magnetization is calculated from the mass susceptibility and the applied external
field (here 0.1T). The magnetic moment of a single molecule µ can now be calculated
from the magnetization by

µ =
M

n
, (4.19)
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where n is the number of magnetic moments N in a volume V . This results in
µBnOH = −3.1 · 10−7µB and µTEG = −5.4 · 10−6µB.

Using the distance between the particles calculated in the previous section, the
number of the molecules on the line between the particles is ≈ 600 for BnOH and
≈ 550 for TEG. Now, the absolute values of the dipolar energy of the diamagnetic
molecules on the connection line between the particles, and the particle is compared
to the dipolar energy between the two particles by

(|
∑

i

Eint(rMoli-Part, µMol, µPart)|)/Eint(rPart-Part, µPart, µPart). (4.20)

This gives a value of 0.005 for BnOH and of 0.07 for TEG. The dipolar energy of the
BnOH molecules is two orders of magnitude smaller than the interaction strength
between both particles and is therefore negligible. However, the interaction strength
of the TEG molecules with the particle is only approximately one order of magnitude
smaller than the interaction strength between the two particles and can therefore not
be neglected. This observation supports the findings of the decreased interparticle
interaction strength in case of TEG. This very simple model may, however, only be
used for a very rough estimation for the influence of the diamagnetic solvents.

The calculation presented here does not take into account the agglomeration of the
particles, which has been discussed in the previous sections. However, it shows in
general, that the magnetic properties of the solvents are able to reduce the mag-
netic interaction between the particles. A reduction of the interparticle interaction
is capable of reducing the degree of agglomeration and is therefore a possible expla-
nation for the different interparticle interaction strength between particles prepared
in TEG and BnOH.

It should however be noted, that not only a shielding of the magnetic moments
of the particles by the diamagnetic molecules of the solvent contributes to the re-
duction of agglomeration when TEG is used, but also the structure of the molecules.
While the TEG molecule has a rather elongated shape, the benzyl alcohol molecule
has a ring structure. Therefore, the TEG molecules are rather able to prevent the
particles from agglomerating.

4.5 Summary

The formation of magnetic iron oxide nanoparticles during the solvothermal syn-
thesis has been studied. The main part of the examination has been performed
on samples from a preparation path where benzyl alcohol (BnOH) is used as a sol-
vent. Furthermore, measurements on samples from a similar preparation route, using
triethylene-glycol (TEG) instead of BnOH as a solvent, were shortly presented and
discussed. The preparation process with the solvothermal synthesis can be divided
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Figure 4.25: Comparison of the ZFC susceptibility curves measured on both sol-
vents. The container where the solvents were stored during the measurement was
measured empty before and the resulting signal was subtracted from the measure-
ments of the container with the solvents. Nevertheless, the increase of the signal at
low temperatures might be explained by superparamagnetic particles still present
in the container, whose magnetic properties (i.e. the interaction with neighboring
particles) are modified by the presence of the solvents and therefore give a slightly
different signal compared to the signal of the empty box.

into a heating-up phase at the beginning of the synthesis and into an annealing
phase, after the reaction temperature TR is reached.

For the preparation based on BnOH, it was found that the Fe(acac)3 monomers
do not react and undergo slow paramagnetic relaxation up to a reaction temper-
ature of TR ≈ 160◦C, which is an indication of vanishing interaction between the
monomers. The nucleation of the nanoparticles from the monomers sets in, when
the reaction temperature reaches ≈ 180◦C. The knowledge of the temperature where
the nucleation sets in, in principle allows a reduction of the width of the particle
size distribution by e.g. heating only the solvent up to the nucleation temperature
and injecting the Fe(acac)3 when the temperature is reached. Thus the time interval
during which the nucleation takes place (see figure 4.2) should be shortened consid-
erably.

TEM measurements during the annealing phase indicate, that the size of the parti-
cles increases continuously up to 12 nm within the first 24 h of reaction. The particles
are made up predominantly of maghemite, however, at least a small fraction of mag-
netite is present. From a comparison of the crystallite and the particle size, as
obtained from XRD and TEM, it is concluded that the crystallinity of the particles
improves during the first 4.5 h after reaching the reaction temperature and stabilizes
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Figure 4.26: Schematic illustration of the model used here to estimate the influence
of the diamagnetic matrix.

at a very high value afterwards. The fraction of the magnetically ordered volume
within the particles behaves similar to the crystallinity. Within the first 6 h after
reaching the reaction temperature, it increases up to ≈ 80%, which is the expected
value when taking into account a disordered surface-shell of 0.4 nm (as determined
for maghemite nanoparticles in [44]) for the corresponding particle size. The analogy
in the tR-dependence of both parameters is an indication for their close correlation.

Strong interparticle interactions throughout the whole annealing phase were found
from Mössbauer and magnetization measurements. Since the expected interaction
between randomly distributed particles within the solution is negligible, it is con-
cluded that a strong agglomeration of the particles is present. The interparticle
interaction strength Eint showed a behavior, which is closely connected to the crys-
tallinity and the fraction of the paramagnetic layer; a strong increase below tR = 6h,
followed by a moderate increase at higher tR. The strong increase at low tR is pre-
sumably connected to the overproportionally increasing fraction of the magnetically
ordered region within the particles and an increase of the degree of agglomeration
as well.

Taking all these results for the preparation with BnOH as a solvent into account,
one can conclude that after tR = 6h, the particles are fully developed and a further
annealing only results in a slight increase of the particle size and does not improve
the structural or magnetic properties. On the contrary, the degree of agglomeration
is presumably increased thereby.

The knowledge of the reaction time dependent development of the physical prop-
erties of the particles, enables one to obtain particles with different properties. By
stopping the reaction within the first tR = 6h, it is possible to obtain magnetic
nanoparticles with a particle size which ranges from very small particles with an in-
creased fraction of magnetically disordered areas to particles with a bigger size and
an almost optimal magnetically ordered fraction. The blocking temperature of the
particles can in general be tuned by stopping the reaction at different points as well,
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but due to the agglomeration of the particles, further processing of the particles will
presumably change the blocking temperature again.

Mössbauer measurements and DC susceptibility have been performed on particles
prepared with the same technique but using TEG instead of BnOH as a solvent.
ZFC/FC measurements showed no indications for a Verwey transition, wherefore the
particles consist presumably basically of maghemite. The shape of the Mössbauer
spectra are a superposition of a magnetically split contribution and a non-magnetic
pattern in the center of the spectra. This shape is typical for non- or weakly interact-
ing particles. A comparison of the Mössbauer spectra of particles dispersed in TEG
and dried particles revealed an increase of the parameter β, which is connected to the
interparticle interaction strength (see previous chapter), for the dried particles, sup-
porting the observation that the interparticle interactions for the particles in solution
are only weak. ZFC/FC measurements allowed a similar conclusion. The magnetic
properties of the solvents BnOH and TEG can be used as an explanation for the
different interparticle interaction strength, as demonstrated by a very simple model.
While the influence of the diamagnetic BnOH on the interparticle interactions is
two orders of magnitude smaller than the interparticle interaction strength, the dia-
magnetic moments of the TEG molecules are big enough to exhibit a considerable
shielding of the particle magnetic moments and therefore reduce the interparticle in-
teraction strength. A shielding of the magnetic moments of the particles reduces as
well the agglomeration of particles. By using other even more appropriate solvents,
the degree of agglomeration among the nanoparticles can further be controlled. In
combination with an interruption of the synthesis at a well-defined reaction time, it
might be possible to achieve well-crystalline, non-agglomerated particles. This will,
however, be the topic of further studies and cannot be discussed in this work.

The solvothermal synthesis therefore is an easy, environmental friendly, low-energy
preparation method for magnetic nanoparticles. It offers the possibility to tune the
magnetic and structural properties of the final particles by stopping the synthesis
at different reaction times. The knowledge of the temperature where the nucleation
sets in, in principle allows a reduction of the width of the particle size distribution.
A problem of this preparation method is the agglomeration of the particles already
during the preparation. However, it was found that the degree of agglomeration
depends on the magnetic properties of the solvent. The usage of a proper solvent
might reduce the degree of agglomeration considerably.

Notably, all the results regarding the magnetic properties of the particles presented
in this chapter could have been obtained only from a careful analysis of the Möss-
bauer spectra. Only the quantitative determination of the magnetically disordered
fraction within the particles was determined from theM(H) measurements, since no
Mössbauer measurements in an external magnetic field were performed on the sam-
ples discussed here. Apart from that, the susceptibility measurements discussed in
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this chapter do not give additional informations, that could not have been obtained
from Mössbauer spectroscopy. Furthermore, informations about the structural prop-
erties are obtained from Mössbauer spectroscopy as well, emphasizing its versatile
character.



Chapter 5

Fe-nanoclusters in Ag and Yb
films prepared by vapor
co-deposition

In the previous chapters, the physical properties of magnetic nanoparticles, dried
and in a solution, both with a size of mostly around 10 nm, have been discussed.
The Mössbauer spectra of those particles were mainly evaluated using the MLR after
Jones et al. [86].

In order to demonstrate the evaluation of the low temperature Mössbauer spec-
tra of a very different sample type, measurements on iron clusters, distributed in a
matrix of Ag and Yb are examined in this chapter. A new approach to evaluate the
low temperature Mössbauer spectra is presented, since although the MLR was found
to give good results when applied to spectra measured on magnetic nanoparticles,
the description of the collective excitation regime in the framework of this model is
not physically reasonable, as discussed before (see section 3.2). The reason is, that
the relaxation within the potential well is described by a superposition of static mag-
netic hyperfine patterns, weighted with the occupation probability of the individual
states in the potential well at a certain temperature. However, the fluctuation time of
the collective excitations is far smaller than the timescale of Mössbauer spectroscopy.

Therefore, a more adequate description of the Mössbauer spectra in this regime
should be based on a temperature dependent, average hyperfine field, resulting from
the time average of the orientation of the magnetic moment of the particle in the
potential landscape. For comparison with the results of the different approaches,
the MLR is applied to the Mössbauer spectra as well.

In the 1960s and 1970s, Au1−xFex and Cu1−xMnx have been studied extensively,
since both systems were proposed as model spin glass systems [129, 130, 131]. A
phase diagram for Au1−xFex is presented in [132]. It includes seven different phases,
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starting with a transition from a paramagnetic to a spin glass phase for low con-
centrations, turning over to a paramagnetic to superparamagnetic to a cluster glass
phase transition. Beyond a critical concentration (here ≈ 15.5%), the system turns
ferromagnetic up to high temperatures, while a combined ferromagnetic and cluster
glass phase is found at lower temperatures. After [25], a super-spin glass groundstate
can be expected for the concentration range of Fe in Ag discussed in the following.

As it can be seen from [129, 130, 131, 132], the complex behavior of these mate-
rials has already been studied intensively 40 years ago and their different phases
have been well understood.

Nowadays, the study of magnetic nanoclusters in different, non-magnetic materials
is again of great interest. For small concentrations and therewith very dilute sys-
tems, the single-ion Kondo effect has been observed, while bigger clusters, resulting
from a higher concentration, are interesting since they may reveal more information
about the electronic properties of quantum dots.

Systems ranging between these two regimes are not studied very extensively yet.

Therefore, a series of measurements on Fe diluted in Ag and Yb, using concen-
trations ranging from 0.3% up to 5%, with different methods, including X-ray
diffraction, (magneto-) resistivity, DC- and AC-susceptibility, low-energy µSR and
Mössbauer-spectroscopy, was started in the group of E. Baggio Saitovitch at the
Centro Brasileiro de Pesquisas f́ısicas (CBPF) in Rio de Janeiro (Brasil). Several of
these results have been published [67, 68, 69, 70]. The aim of the measurements on
these materials is, to learn more about the formation of magnetic clusters in non-
magnetic materials, the magnetic dynamics of the clusters, including the strength
and the type of magnetic interaction, and the dependence on different preparation
parameters.

The results presented in following chapter come in part from a long-lasting col-
laboration between the group of E. Baggio-Saitovitch with the IPKM. The aim of
the present work is, to gain information about the low-temperature magnetic proper-
ties of the clusters, by evaluating the low temperature Mössbauer spectra, measured
mainly at CBPF, and by evaluating AC susceptibility measurements on the sam-
ples. The AC-susceptibility measurements have been performed by M. Thede at the
ETH Zurich. Other work, like e.g. the preparation and characterization of the films
and the identification of the cluster types, has been done before in master and PhD
theses at CBPF by P. Munayco, W.T. Herrera and C. Rojas-Ayala [133, 68, 72].

In the following sections, the results of earlier measurements on Ag(Fe) are described
and a simulation for the low temperature Mössbauer data is presented. This simu-
lation is based on the specific physical properties of the Fe clusters, as found from
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Figure 5.1: Room temperature Mössbauer spectra for the Ag(Fe) films with dif-
ferent concentrations (adopted from [68]).

the earlier measurements. Afterwards, the measurements on Yb(Fe) and their dif-
ferences to Ag(Fe) are presented and discussed.

The percentage of iron in Ag or Yb films should always be understood as atomic %
in this chapter.

5.1 Ag(Fe)

5.1.1 Sample Preparation

The samples were prepared by vapor co-deposition. Simultaneous evaporation of
pure iron and silver on a kapton substrate with different evaporation rates leads to
thin Ag(Fe) films with adjustable concentrations of Fe (details about the preparation
technique can be found in [134, 68, 133]). The thickness of the films is in the range
of a few µm. A comparison of different films showed, that the results do not vary
for different thicknesses.
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The kapton temperature during the preparation was either 285K or 85K. The re-
sults differ slightly for the two temperatures, which can be explained as a result of
the different diffusion behavior of Fe for different temperatures. Since the differences
between the Mössbauer patterns in the magnetic regime around helium temperature
are minor, only the films prepared at 285K kapton temperature are considered.

Samples with Fe concentrations ranging between 0.3% and 1.5% have been studied.

If not mentioned differently, the results presented in the following section originate
from [67].

5.1.2 Measurements

Room Temperature Mössbauer Spectroscopy

The room temperature Mössbauer spectra of the different samples are shown in
figure 5.1. The spectra are well described by three non magnetic subspectra, two
doublets (DI with bigger quadrupolar interaction and DII with smaller quadrupolar
interaction) and one singlet (S), for all concentrations. Earlier measurements had
been fitted with one doublet and two singlets [134] but a careful comparison showed,
that the present model matches the spectra slightly better.

The spectra can be attributed to different Fe aggregates by taking a closer look
at the hyperfine parameters. The concentration dependent variation of the parame-
ters is shown in figure 5.2. The area, the quadrupolar splitting and the isomer shift
are varying systematically, which is an evidence for the good quality of the model. A
bigger quadrupolar interaction can be correlated with particles with a less symmetric
surrounding, for example particles on the surface of a cluster. Therefore, a first idea
is to associate DI with particles on the surface of a cluster and DII with particles in
the core of a cluster. This can be excluded, since the areas of these two subspectra
would imply clusters in the µm range. Clusters with such a size would exhibit a
freezing of their magnetic moment at much higher temperatures as observed in the
following.

The most likely explanation therefore is, that DII belongs to bigger clusters with a
higher symmetry around Fe than those responsible for DI. The remaining singlet S
has to be attributed to Fe monomers, since they do not experience any quadrupolar
interaction at all in a cubic lattice site of Ag.

With increasing concentration, the fraction of monomers and small clusters de-
creases. Since this behavior is expected, it supports the interpretation of the different
cluster types given here.

Mössbauer measurements under an external magnetic field ranging from Bext = 0T
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Figure 5.2: Variation of the parameters of the room temperature Mössbauer spec-
tra for different concentration (adopted from [68]).

up to Bext = 7T at T = 30K gave more information about the cluster types. A
fit of the dependence of the magnetic hyperfine field on the external magnetic field
with a modified Brillouin function after [135] for uniaxial fluctuations yielded an av-
erage magnetic moment of µ ≈ 35µB which is a reasonable for small, ferromagnetic
clusters. However, this value should just be understood as a rough approximation,
since the utilized model does not include interparticle interactions, which are clearly
present in this system as it will be shown below.

(Magneto-) Resistance

More information about the magnetism in the Ag(Fe) system can be found from re-
sistivity measurements. The results for different concentrations can be found in [67].
The resistivity for high concentrations shows a decreasing resistance with decreas-
ing temperature for temperatures above 20K, an area with a smaller slope around
T = 12K and a strong decrease around T = 7K down to the lowest temperature.
With decreasing Fe concentration, the slope in the region around T = 12K con-
tinues decreasing and even turns negative for concentrations below 0.5%. In the
0.3% measurement, a minimum around T = 18K is followed by a maximum around
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Figure 5.3: DC-susceptibility FC and ZFC curve for a 1% Ag(Fe) film [133] with
Bext = 20Oe. The solid lines are fits, which are not discussed in the present work.
Instead, it is referred to [133]. Reproduced with the kind permission of P. Munayco.

T = 6K, for lower temperatures, the resistance decreases again.

The minimum around T = 18K and the following increase of resistance at lower T
are a result of the Kondo-effect, which is due to a polarization of the Ag conduction
electrons around the magnetic Fe impurities. The decrease at lower temperatures
can be interpreted as the onset of the magnetic coupling between the magnetic Fe
clusters via the Ag conduction electrons. They couple through the RKKY inter-
action, which results in a suppression of the Kondo-effect and, for this reason, the
following decrease of the resistivity [136, 137].

For higher concentrations, the magnetic coupling sets in at higher temperatures and
hence suppresses the Kondo effect much earlier. Therefore, the distinct structure
resulting from the Kondo-effect smears out with increasing concentration.

AC- and DC-susceptibility measurements

AC- and DC-susceptibility measurements were performed in order to gain more
information about the magnetic regime, i.e. the blocking temperature and the in-
terparticle interaction.

The ZFC/FC curve, presented in figure 4 in [67], looks atypical. The increase of
the FC curve for low temperatures appears to be strongly enhanced, in comparison
with similar measurements leaving the physical meaning of this experiment under
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question. Therefore, data from a similar sample of the same concentration is used
for further discussion (see figure 5.3).

From the maximum of the ZFC DC-susceptibility curve shown in figure 5.3, it is
possible to estimate a blocking temperature of TB ≈ 6.5K since the external mag-
netic field is only Bext = 20Oe and therefore the difference between the maximum
temperature and the blocking temperature is only small. The FC curve is increasing
with decreasing temperature and finally flattens around T = 6K, which is a clear
evidence for interparticle interactions.

To confirm the presence of interparticle interactions in the sample, AC-susceptibility
measurements have been performed. The freezing of the particles can be seen as a
maximum, which changes its temperature for measurements at different frequencies.
This frequency dependent shift gives information about the interparticle interactions
in the system.

The AC-susceptibility curve for a 1% film in [67] shows a peak at around T = 10K,
which is associated with the blocking temperature. In order to confirm the presence
of interparticle interactions, additional AC-susceptibility measurements with differ-
ent frequencies on another similar 1% film have been performed at ETH Zürich by
M. Thede. Their evaluation was a part of this work. The results are shown in figure
5.4.

With increasing frequency, the maximum shifts to lower temperatures, which is
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Figure 5.5: Comparison between a fit with the Vogel-Fulcher law ( ) and the
Arrhenius law ( ) to the data from figure 5.4.

shown in figure 5.5. The temperature which corresponds to the maximum value
of the real susceptibility χ′ has been determined by fitting with a polynomial and
solving the extreme value problem. The best fits with an Arrhenius law

τ = τ0 exp

(

A

T

)

(5.1)

and a Vogel-Fulcher law

τ = τ0 exp

(

A

T − TV F

)

(5.2)

are presented in the same figure. The parameters for the Arrhenius law are τ0 =
1·10−25 s and A = 440K and for the Vogel-Fulcher law are τ0 = 1·10−10 s, A = 48.8K
and TV F = 5.66K. They show clearly, that it is necessary to use a Vogel-Fulcher
law for an appropriate description of the data, since the values of the parameters
derived from the Arrhenius law are physically not reasonable. This is an evidence
for considerable interaction between the magnetic clusters (compare for example to
[138]). Since the value of TVF ≈ 0.7 ·Tmax is rather big, the interparticle interactions
appears to be very strong in this system.

LE-µSR

LE-µSR TF measurements have been performed at the Paul-Scherrer-Institut on a
1% Ag(Fe) film. The spectra at different temperatures were fitted with a damped
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cosine function

A(t) = A0 cos (ω · t+ ϕ) · exp
(

−(λt)β
)

, (5.3)

as shown in [70]. From the loss of asymmetry around 18K, one can clearly define
the onset of magnetic order or magnetic freezing, respectively. The strength of the
damping of the cosine function is related to the fluctuations of the magnetic mo-
ments of the clusters. Between 15K and 100K, the damping parameter λ can be
described by an Arrhenius law with an activation energy of EA = 22K ·kB for β = 1
and EA ≈ 40K ·kB for β = 1/2. At higher temperatures, muon diffusion sets in and
it is not possible to evaluate the spectra anymore.

The applicability of the Arrhenius law to the data at higher temperatures demon-
strates, that no magnetic interaction between the clusters is present in this temper-
ature range. The magnetic interaction only sets in, when the clusters start to freeze.
This behavior is similar to the temperature dependence of the interaction strength
of the strongly interacting ZnFe2O4 nanoparticles below the blocking temperature
presented and discussed in figure 3.11 in chapter 3. In order to fit the low temper-
ature spectra it was necessary to include strong magnetic interparticle interaction,
which however decreases with increasing temperature. At higher temperatures, a
fitting of the data with a model that does not include interparticle interactions was
possible, indicating a decreasing and finally vanishing interparticle interactions with
increasing temperature.

Preliminary summary

So far, the results from the described measurements draw a coherent picture of the
magnetic properties of the the Ag(Fe) films.

The Fe ions form three different types of aggregates in the Ag film, i.e. ferromagnetic
clusters with two different sizes and monomeric Fe. Their relative fractions depend
on the Fe concentration. The clusters are expected to be randomly distributed in
the Ag(Fe) film. At low temperatures, they couple through the conduction electron
band of Ag by RKKY interaction and hence exhibit a spin glass temperature below
which the magnetic clusters are frozen.

The following simulation is based on a random distribution of the clusters in the
Ag film. It is, however, not possible to exclude a scenario, where the Fe clusters are
located at phase boundaries in the Ag film.

5.1.3 Simulation of the low-T Mössbauer data

In this section, a possible simulation of the low temperature Mössbauer data of
the Ag(Fe) films is presented. As discussed in chapter 3, modelling of the collec-
tive excitations within the framework of the MLR, is based on a distribution of
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magnetic hyperfine fields. Since the fluctuation rate of the collective excitations is
much higher than the nuclear Larmor precession frequency, Mössbauer spectra in
this regime should, however, rather be modeled using an average hyperfine field in-
stead of a distribution. This approach is used for the development of a model in this
section. It is based on the physical properties of the systems found from the mea-
surements described above, namely randomly distributed ferromagnetic Fe clusters
coupled via RKKY interaction. In the first step, the simulation of the Mössbauer
spectrum resulting from the collective excitations of the Fe clusters that experience
strong interparticle interactions and in the second part the simulation of the over-
barrier fluctuations are described.

As a comparison, fits to the data using the MLR are presented and discussed after-
wards.

The potential

At first, it is necessary to define a potential for a certain cluster. This topic has
already been discussed in chapter 1.2, but will be repeated here shortly. Without
interparticle interactions, the potential is of uniaxial shape

Euniaxial(θ) = KV sin(θ)2. (5.4)

In this case, the particle has one easy axis and it can flip between its two easy di-
rections parallel to this axis. A potential shape like this is mostly generated by one
of the two strongest anisotropies, the shape anisotropy or the magnetocrystalline
anisotropy. More details about the different anisotropies can be found in chapter
1.1.2 of this work.

The interparticle interaction, however, acts as a molecular field, which results in
a different potential, since the particle has only one easy direction and no easy axis
anymore. Therefore, the potential has to be described as

Einteraction(θ, ϕ) = Eint · 0.5(sin(θ + ϕ) + 1). (5.5)

Eint is the strength of the interparticle interactions (i.e. the superposition of all
interparticle interactions contributions of the neighboring particles) at the cluster
site and the phase accounts for the different directions of the interparticle interac-
tions relative to the other anisotropies at the cluster site. The calculation of Eint is
described in the next section.

A complete potential of a particle is described by the superposition of these two
shapes

E(θ, ϕ) = Euniaxial + Einteraction (5.6)

and depends strongly on the magnitude of KV relative to Eint.

In general, one can consider three different cases:
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1. KV ≫ Eint: essentially uniaxial character, the anisotropy of the system can
be described with equation (5.4)

2. KV ≈ Eint: potential shape depends strongly on the phase ϕ; which means
the angle between the easy axis and the easy direction, random values of ϕ
result in many different potential shapes and hence presumably broad spectra
in Mössbauer spectroscopy

3. KV ≪ Eint: only one easy direction, potential is described by equation (5.5)
and ϕ can be easily neglected

The interparticle interaction

The fitting model is based on the spin-glass ground state of the nanoscale Fe clusters
in the Ag film. One cluster is surrounded by its neighboring clusters, whose spin is
pointing into random directions, due to the RKKY interaction between the clusters.
Furthermore, the clusters are supposed to be randomly distributed in the sample,
which results in a normal-distribution of the cluster - cluster distance around the
average distance.

This was realized by summing up the RKKY interaction of one central cluster with
its six nearest neighbors for N different clusters.

The starting point of the calculation was the simulation of the distance between
the clusters, which was realized by using the inverse errorfunction

R =
√
2 erf−1 (Λ) · µ · σ + σ (5.7)

with Λ being a random number between −1 and 1 and σ being the average distance
between the clusters. By choosing a value of µ = 0.4, the FWHM of the correspond-
ing distribution remains in a reasonable range for every value of µ 1. The resulting
values of R for different Λ give distances, whose probability of occurence is related
to a normal distribution of the clusters in the film.

The strength of the interparticle interactions at a certain cluster was than modeled
by using the expression for the RKKY interaction between ferromagnetic spherical
clusters, whose radius is much smaller than their distance (after [26])

E =
J2m∗k2FMs,1Ms,2K

(2π)9~2
π2 cos(2kFR)

8k3FR
3

, (5.8)

with K being

K = (sin(2kFr1)− 2kFr1 cos(2kFr1))(sin(2kFr2)− 2kFr2 cos(2kFr2)). (5.9)

1That means, the height of the corresponding normal distribution at x = 0 is less than 5% of
the maximum height.
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Here, kF is the Fermi wave vector, Ms the magnetization of the cluster, R the
distance between the clusters and r the radius of the cluster. In the following, all
constants except the distance between the clusters will be combined to an effective
coupling constant J̃0, which reduces equation (5.8) to

E = J̃0
cos(2kFR)

R3
. (5.10)

The average distance between iron clusters containing 20 particles in fcc silver with
a lattice constant of 4.1 Å [103] and an iron concentration of 1% is approximately
3.2 nm and the Fermi wave vector for silver is kF = 1.2 ·1010m−1 [103]. That means,
that the average distance corresponds to an angle of approximately 75o in the cosine
function in equation (5.10). In the following, kF is set to 75/R in order to keep the
correct length scale of the cosine function, deviations from this calculation due to
different concentrations are neglected in the following.

Another distribution is resulting from the spin/cluster glass groundstate of the sys-
tem, hence the orientation of the neighboring spins is supposed to be random in all
three dimension. This was realized by multiplying the interparticle interactions for
each neighboring cluster with a three dimensional, normalized vector whose compo-
nents are random numbers between −1 and +1. The complete expression for the
interparticle interactions at one cluster site, resulting from its six nearest neighbors
is therefore

Eint =

∣

∣

∣

∣

∣

∣

6
∑

i=1

J̃0
cos(2kFR)

R3
· 1
√

x2i + y2i + z3i





xi
yi
zi





∣

∣

∣
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∣
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(5.11)
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where xi, yi and zi are the random numbers between −1 and 1. It is possible to use
only the magnitude of the vector and lose the information about the direction of the
interaction, because its only use would be, to know the direction relative to the easy
axis of the particle which will be neglected as described below.

Performing this calculation for 20000 different clusters and evaluating the result-
ing data leads to a distribution of interparticle interactions as shown in figure 5.6
for the 0.5% and the 1% sample (these are the results of the best match of the sim-
ulation with the Mössbauer data, the parameters will be given below). As expected,
the average interparticle interaction energy of the 0.5% sample is much smaller than
that of the 1% sample. The units of Eint cannot be derived from the calculations
performed yet, but only from the comparison with the experimental data, which will
be done in the subsequent section.

The fits were performed using the log-normal distribution probability density func-
tion

f(x, µ, σ) = a · 1√
2πσx

exp

(

(ln(x/c)− µ)2

2σ2

)

, x > 0, (5.12)

which gives very good results. The only reason to perform these fits is, to use them
for the following calculations, which is much easier and faster than using the discrete
results from the numerical calculations.

The hyperfine field-distribution

The next step is, to calculate the distribution of hyperfine fields from the distribu-
tion of interparticle interactions. A distribution of Eint leads to a distribution of
the heights of the potentials for interacting clusters described by equation (5.5) as
shown in figure 5.7.

The hyperfine field is connected to the angle θ by

Bhyp = B0 cos(θ) (5.13)

with B0 being the hyperfine field a T = 0K. Hence one needs to find an expression for
P (Eint) in dependence of θ, which can be converted to the hyperfine field distribution.
Eint as a function of θ follows from equation (5.6)

Eint(θ) =
E −KV sin(θ)2

0.5(sin(θ + ϕ) + 1)
(5.14)

which can be converted to Eint(Bhyp) by using

θ(Bhyp) = arccos

(

Bhyp

B0

)

. (5.15)
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Figure 5.7: Distribution of potentials resulting from the distribution of interparticle
interactions. The horizontal black line indicates a certain temperature T0 while the
vertical lines indicate the range of angles θ for this special case. The red lines
are already lying below E = kBT0 and do not take part in the calculation of the
distribution of hyperfine fields anymore. An uniaxial contribution with KV < Eint

can be identified in the increase of the potential at low energies around +π/2 and
−π/2.

With this equation it is possible to determine the value of Eint that gives a potential
shape that results in a hyperfine field of Bhyp at a temperature kBT . Inserting this
Eint as x in the log-normal distribution probability density function (equation (5.12))
results in the probability of a certain value of Eint as a function of the hyperfine field
Bhyp

P (Eint(Bhyp)) = P (Bhyp) = a · 1√
2πσEint(Bhyp)

exp

(

(ln(Eint(Bhyp)/c)− µ)2

2σ2

)

,

(5.16)
which is the hyperfine field distribution.

The results for the 1% and the 0.5% sample are shown in figure 5.8.

The Mössbauer spectrum was derived from the hyperfine field distribution by sum-
ming up standard sextets

M(v,Γ, Bhyp) =
6
∑

i=1

1

π

I(i)Γ

Γ2 + (v − a(i)Bhyp)2
(5.17)

with the hyperfine field distribution

Mdist(v) =
∑

i

PBhyp/B0
(i) ·M(v,Γ, i). (5.18)
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Figure 5.8: Hyperfine field distributions calculated from the distribution of inter-
particle interactions shown in figure 5.6 for the 1% sample ( ) and the 0.5%
sample ( ).

for 50 different nodes. The values for a(i) and I(i) can be found in table 2.1 in
section 2.1.3.

In both cases shown in figure 5.8, a significant fraction of the distribution has neg-
ative values of Bhyp/B0. This is due to θ exceeding ±π/2 which is connected to
interparticle interactions with kT > 0.5 · Eint. In this region, overbarrier fluctua-
tions set in and the Mössbauer spectrum can no more be described by the collective
excitations of the clusters in their potential wells. In the following section, the
fraction of clusters that experience overbarrier fluctuations is calculated and the
resulting Mössbauer spectrum of these clusters is simulated.

The overbarrier fluctuations

In order to calculate the fraction of clusters experiencing overbarrier fluctuations one
has to define a temperature at which the overbarrier fluctuations set in. As discussed
before, numerical calculations [109] indicated a strong increase of the overbarrier-
fluctuations for a value of kBT/Eint = 0.3 − 0.4. However, in order to prevent a
sharp cut off of the hyperfine field distribution, a value of kBT/Eint = 0.5 was chosen
here, since this value accompanies a hyperfine field of Bhyp = 0T.

The fraction of particles with kBT/Eint < 0.5 was than calculated by fitting the
actual hyperfine field distribution with its expected shape and integrating over the



146 Chapter 5. Fe-nanoclusters in Ag and Yb films prep. by vapor co-deposition

range of [0, B0] and [−∞, B0]

δOBF = 1−
∫ B0

0 F (Bhyp)dBhyp
∫ B0

−∞
F (Bhyp)dBhyp

. (5.19)

The function F (Bhyp), representing the shape of the hyperfine field fluctuations, was
derived by generating a hyperfine field distribution with P (Bhyp) ≈ 0 at Bhyp = 0T
and interpolating it afterwards using the interpolation function of Mathematica,
which results in the function f(x). Finally, a shift of this derived function was
achieved by manipulating it using F (Bhyp) = a · f(Bhyp/b + c), which is able to fit
the distributions very well.

The overbarrier fluctuations were simulated by using a model for spherical fluc-
tuations (see section 2.1.3). Uniaxial fluctuations do not make sense here, since the
shape of the potential has no uniaxial character.

The fluctuation rate was calculated using

τ = τ0 exp

(

∆E

kBT

)

, (5.20)

the values of ∆E have not been calculated for every value of the interparticle inter-
action, since this would increase the time of the calculation too much. Instead, an
average value of ∆E was calculated by using the fact, that the average interparticle
interactions Eint for Ag(Fe) is much bigger than kBT . Hence, P (Eint) can be as-
sumed to be linear in this region (small values of Eint in figure 5.6) and the average
value of Eint between 0 and the maximum Eint for clusters experiencing overbarrier
fluctuation, Eint,max, which can be defined as

Eint,max = 2kBT, (5.21)

is found to be
∆E =

√
2kBT. (5.22)

This value is independent of the slope of the linear interpolation and hence the value
is the same for every concentration.

The number of clusters

For a good reproducibility, it is necessary to perform the calculations for a big num-
ber of clusters, which however increases the calculation time. In order to find a good
balance between these two parameters, the distribution of interparticle interactions
has been calculated for a different number of clusters with the same parameters and
their scattering has been compared. An example is shown in figure 5.9.

The distribution for N = 60000 has a bigger standard deviation compared to the
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Figure 5.9: Distribution of interparticle interactions for different number of clus-
ters. Here is •: N = 60000, •: N = 120000 and •: N = 240000.

distribution for N = 120000 and N = 240000. The standard deviation of the latter
is quite similar, hence N = 120000 was chosen as the number of clusters, which gives
a good compromise between calculation time and reproducibility.

The final Mössbauer spectrum

The final Mössbauer spectrum was plotted by adding up the normalized spectra for
the collective excitations and the overbarrier fluctuations and weighting them with
their fractions. As a starting point, all parameters were set to the expected values
and the simulation was compared with the measurements. Some parameters were set
to be constant for every concentration (including the temperature kBT , the height of
the barrier resulting from uniaxial anisotropy KV , the relaxation time τ0 and hence
τ as well, the linewidth Γ and the isomer shifts δ), while other parameters changed
with the concentration (including the average inter-cluster distance R, the average
cluster moment m, the fraction of the subspectra, which was correlated with the
room temperature measurements, and the hyperfine field at zero temperature B0,
which was only allowed to vary slightly).

A detailed look on these parameters is presented below.

Since the fraction of the monomeric clusters is only small, they will be neglected
in the following and only two subspectra for the two different cluster types will be
used.
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5.1.4 Comparing the simulation with the measurements

In this section, the resulting Mössbauer spectra from the simulation described above
are compared to the measurements. This was not done by a fitting program but by
adjusting the values manually until an optimum value was reached, which, however,
will be called ”fitting” in the following.

The simulations were performed for Ag films containing 0.3%, 0.5%, 0.8%, 1%
and 1.5% Fe and are shown in figure 5.10 and 5.11.

As it can be seen in these figures, the simulations match the measurements very
well. With increasing concentration, the spectra turn over from a less defined broad
structure to a distinct sextet which, however, still is considerably influenced by mag-
netic dynamics as it can be seen in the broad lines. The simulations for the 1% and
the 1.5% Fe films exhibit a slight mismatch with the measurements at ≈ −5mm/s
− −6mm/s, which will be discussed below.

The parameters

As a first step, the concentration independent parameters and afterwards, the pa-
rameters depending on the concentration will be presented.

The value of KV/kB was chosen to be 0.11K and has only a minor influence on the
simulation, since kBT ≫ KV (compare to the previous section). The fact that the
clusters are supposed to be very small [67] and the interparticle interaction strength
was found to be very strong (see section 5.1.2), supports KV ≪ Eint. Nevertheless,
this value should only be understood as indicating the order of magnitude of KV .
For this reason, the value is used for both clusters.

The value of τ0 ≈ 5 · 10−11 s was found, which results in broad, collapsing spec-
tra in Mössbauer spectroscopy (with a conversion factor for mm/s to Hz from [78]).

The Mössbauer linewidth Γ plays a minor role as well, since a hyperfine field dis-
tribution is used. Its value was set to 0.28 mm/s, lying in the typical range for the
used absorber thickness and the 57Co sources linewidth.

Finally, the isomer shifts used for the fitting were 0.165mm/s and 0.281mm/s, for
the subspectrum with the smaller and the bigger fraction, respectively. These values
have the opposite trend compared to the room temperature measurements. How-
ever, due to the spectral resolution, it is possible that simulations with other values
match the data comparably well. Therefore, a detailed discussion of the opposite
trend compared to the room temperature data is not presented here.
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Figure 5.10: Comparison of the simulations and the measurements for the Ag(Fe)
films containing 0.5%, 0.8%, 1% and 1.5% Fe from top left to bottom right.

In figure 5.11, the variation of R and J̃ from equation (5.10) is shown. Their mag-
nitude should not be understood as their absolute values but in dependence of each
other, due to the shape of equation (5.10). R decreases and J̃ increases with in-
creasing concentration. With increasing Fe concentration, the distance between the
clusters R gets smaller and since the fraction of the bigger clusters increases, the
average magnetizationMs of the clusters increases and hence J̃ increases. It is worth
to mention, that the variation of J̃ did affect the shape of the simulation much less
than the variation of R, since R contributes with a power of 3. In figure 5.12, the
Fe concentration dependence of the maximum value of the interparticle interaction
strength is presented. It basically increases with increasing Fe concentration, and
therefore follows the expected trend.
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Figure 5.11: Comparison of the simulations and the measurements for the Ag(Fe)
films containing 0.3% Fe and the dependence of the distance R, the coupling strength
J̃0 (as defined in equation (5.10)) and the hyperfine field at zero temperature, B0,
on the Fe concentration.

The spectra and the parameter of the room temperature Mössbauer measurements
of the 0.5% and 0.8% sample are very similar. In analogy, the low temperature
spectra appear very similar as well, for which reason it is not surprising, that the
parameter presented in figure 5.11 for these two concentration are rather similar.

The hyperfine field at zero temperature, B0, has an average value of 36.5T and
hence is bigger than the typical value for magnetic hyperfine fields found for metallic
iron. Increasing hyperfine magnetic fields indicate an increase of magnetic moments.
Such an increase has been predicted by [139] and was observed by [73], as discussed
in section 1.6.6. Furthermore, the hyperfine fields of surface atoms of metallic iron
nanoparticles were found to be strongly enhanced compared to the hyperfine fields
of atoms in the core [21, 66]. Due to the small size of the clusters, basically all atoms
lay in the surface layer, wherefore the measured value matches the enhanced value
in of 36 - 40T very well.
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Figure 5.12: Development of the energy barrier height with the Fe concentration
from the model presented in this chapter (black), and from the MLR (blue).

Temperature dependence

Temperature dependent measurements on a 1% sample are taken from another se-
ries of preparation of similar samples, performed by P. Munayco in his phd thesis
[133]. Presumably due to different preparation parameters, the spectrum at 4K
looks different to the spectrum presented above, the Mössbauer lines are sharper
and the six line pattern appears less collapsed.

Nevertheless, the spectra could be simulated using R = 0.0352, a linewidth of 0.20
mm/s and a hyperfine field at zero temperature B0 of 33.5T. All parameters ex-
cept J̃ and the temperature T were kept constant in the following. An explanation
for the variation of J̃ is the increasing amount of fluctuating neighboring clusters.
Since this feature, which decreases the average interparticle interaction, is not imple-
mented in this model it is simulated here by decreasing J̃ for the 8K measurement
from J̃4K, 6K = 0.0045 to J̃8K = 0.0038.

When comparing with the parameters presented in figure 5.11, the sample should
be located at a concentration between 1% and 1.5%.

The results are shown in figure 5.13. The consistency between simulation and
measurement is good, but not as good as in the simulations presented above. In
particular the 2nd and 5th line are poorly matched. Since this behavior is not ob-
served in before, it is possible to assume sample-specific differences as the origin, e.g.
a preferred magnetic orientation of the clusters. This could be induced by struc-
tural texture of the films (observed as well in [67]), occurring during the preparation
process and resulting in a non isotropic growth of the Fe clusters in the Ag crystal
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Figure 5.13: Comparison of the simulations and the measurements for the tem-
perature dependent measurements of another 1% Ag(Fe) film. No polarisation is
implemented in the simulation.

lattice. The effect of a preferred magnetic orientation on the spectrum resulting
from the model is presented in figure 5.14. The fraction of the area of the lines is in
this case not 3:2:1 but 3:2.38:1, which matches the measurements much better. This
could also be the explanation for the more distinct structure of the measurement
of this sample compared to the 1% sample presented above. In this scenario, the
spin-glass state would not be isotropic anymore and the less strongly bound clusters
would experience this polarization and align with it. This would effectively lead
to an increase of the interparticle interaction, since these clusters, that produced
a random interaction before, give an additional contribution now. However, if the
polarization is not too strong, the system still remains in a spin-glass like state. The
smaller linewidth could be, at least partially, explained by the polarization as well,
since the contribution of inhomogeneous broadening (see below for more details) is
reduced and hence the lines are sharper. Since the linewidth may slightly vary for
different cryostats and 57Co sources and the measurements on this sample and on
the samples presented above were performed at different times and possibly different
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Figure 5.14: The same temperature dependent measurements and simulations as
presented in figure 5.13 with an additional polarization (see text).

cryostats, there might be no physical reason for this discrepancy.

The left shoulder

For every sample and temperature, a mismatch between the simulation and the
measurements for the left shoulder occurs. The shoulder appears to be smeared
out (compare for example to the 1% Fe sample in figure 5.10), which cannot be
explained by introducing an effective quadrupolar interaction.

A possible explanation is a combination of a distribution of the isomer shift and
the quadrupolar interaction.

5.1.5 Fitting with the MLR

In order to compare the results of the previous model to the results of an established
model, the low temperature data were fitted with the MLR as well. Therefore,
the log-normal distribution of interparticle interaction strengths presented in sec-
tion 5.1.3 is used. Due to the strong interactions between the clusters, the modified
MLR with a cos() shaped potential was chosen. The results are presented in figure
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Figure 5.15: Application of the MLR to the films with 1% Fe (left) and 1.5% Fe
(right).

5.15. A fitting of the data was only possible for the samples containing 1% and
1.5% iron. The most likely explanation is, that the freezing temperature of the
other samples with a smaller amount of iron is so low, that these samples are at
4K already in the intermediate regime, where the interparticle interaction strength
and the anisotropy energy have a similar strength and the fitting is therefore hardly
possible (see chapter 3). That the model presented above gives good fits with rea-
sonable results for the samples that are presumably in the intermediate range, may,
however, be due to the different approach for the simulation of the collective exci-
tations. While the hyperfine field distribution used in the MLR is very sensitive to
slight changes in the shape of the potentials, the shape of the Mössbauer spectra in
the framework of the model presented above is rather dominated by the distribu-
tion of interparticle interaction strength. Due to the average angle calculated from
the potential, slight changes of the potential shape do not have a strong impact on
the spectral shape. However, when the cos shape of the potential turns to a cos()2

dominated shape, it has to be adjusted, too.

The simulation of the Mössbauer spectra of the samples with 1% Fe and 1.5%
Fe are shown in figure 5.15, the corresponding maximum value of the interparticle
interaction strength distribution is shown in figure 5.12. A comparison with the
corresponding value derived from the previous model shows, that the relative values
match well, which is however not very significant, when taking into account that only
two points are involved into the comparison. The absolute values are however not
similar. A collapse of the Mössbauer spectrum in the collective excitation regime
within the framework of the MLR (a superposition of a distribution of hyperfine
fields weighted by the temperature dependent occupation probability) happens for
much higher values of kBT/Eint, than in the model presented above, which uses
an average hyperfine field. This example shows, that the absolute values of the
potential wells derived from different Mössbauer relaxation models for interacting
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Figure 5.16: XRD measurement of a Yb(Fe) film with 0.6% Fe. The fitting
includes a fcc and two hcp components with different grain sizes (after [69]).

magnetic nanoscale particles should always be treated carefully. However, the rela-
tive dependence of the values on certain parameters (here, the concentration of iron
in the sample) appears reliable for the different approaches. Furthermore this exam-
ple shows, that the different models have advantages and disadvantages. While the
MLR is not applicable in case of intermediate temperatures (relative to the height
of the potential well), the model presented in section 5.1.3 fits the data very well
and gives reasonable values. However, it is rather an adhoc approach, combining to
extreme cases (the collective excitations as well as the overbarrier fluctuations) and
does not present a proper treatment for the transition between the two regimes.

5.2 Yb(Fe)

Films with iron clusters in an ytterbium matrix, were prepared by Chachi Rojas-
Ayala using as well vapor co-deposition. The concentrations of Fe lie between 0.3%
and 5% in different films. In the first part of this section, the room temperature
Mössbauer- and other measurements are discussed. In the second part, a closer look
will be drawn on the low temperature Mössbauer spectra eventually revealing mag-
netic relaxation effects.

The films were prepared in the same way as the Ag(Fe) films, discussed above.
Since iron is immiscible in ytterbium as well, it is reasonable to assume a formation
of Fe clusters, also for this material.

If not mentioned differently, the results presented in the following are based on [69]
and [71]. DC-susceptibility measurements and most of the Mössbauer- and XRD
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Figure 5.17: XRD measurement on a Yb(Fe) film with 1% Fe for different tem-
peratures.

measurements have been performed by C. Rojas-Ayala at CBPF. Some Mössbauer
and XRD measurements have been performed at the IPKM as well. Furthermore,
the low temperature XRD measurement has been performed by T. Woike in Dresden
and the AC-susceptibility measurement has been performed by M. Thede in Zurich.
The evaluation of the AC-susceptibility-, XRD- and low temperature Mössbauer
measurements, as well as the search for a possibility to perform low temperature
XRD measurements, was a part of this work.

5.2.1 Measurements

XRD measurements

XRD measurements performed on a film with 0.6% Fe are shown in figure 5.16. A
proper fitting of the data includes one fcc and two hcp phases, which differ in the
grain size. Preliminary TEM measurements on a 3.5% Fe doped Yb film support the
findings from the XRD analysis [140]. Ytterbium at room temperature is typically
made up of these two different phases, although the transition from fcc at higher
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Figure 5.18: XRD spectra on Yb(Fe) films with different thicknesses. The diffrac-
tion pattern on the film with the smallest thickness shows an unexpected increase
of the intensity at small angles. This effect is presumably a result of the increased
linewidth of the diffraction peaks for this thickness and an additional contribution
of an enhanced background. Since it only occurs for small thicknesses, this effect
will not be further discussed here.

temperatures to hcp at lower temperatures lies at 270K (see [141]). As pointed out
therein, small concentrations of impurities are, however, able to change the ratio of
hcp and fcc considerably over a wide temperature range.

A change of the ratio of the hcp and the fcc phase with temperature would involve
a temperature dependent movement of the phase boundary, which would presum-
ably affects the properties of the iron clusters (position, orientation, ...). In order to
examine this scenario, temperature dependent XRD measurements were performed.
The results are presented in figure 5.17. Even for the lowest temperature at 70K,
the shape of the diffraction pattern does not change. Thus it is possible to conclude,
that the ratio of fcc and hcp ytterbium stays the same and therefore does not in-
fluence the properties of the Fe clusters, at least over this temperature range. It is
however possible, that the fraction of hcp to fcc changes at still lower temperatures.
However, this scenario will be neglected in the following.
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Figure 5.19: Room temperature Mössbauer spectra of Yb(Fe) films with 0.3% and
5% Fe but a similar thickness (after [71]).

From the XRD spectrum it is not possible to obtain information about the spa-
tial distribution of the different phases within the film. Since their presence can be
closely connected to impurities and defects, it is reasonable to assume, that a major
fraction of the hcp phase can be found at the surface of the film. This assumption is
supported by the XRD spectra measured on pure Yb films of different thicknesses,
shown in figure 5.18. In this figure it can be clearly seen, that the fraction of the
hcp phase is much higher for thinner films and decreases with increasing thickness.
Furthermore, small grains of the hcp phase are presumably present as well within
the film, since defects are expected therein as well.

Room temperature Mössbauer spectroscopy

From previous Mössbauer measurements on Yb(Fe) films measured at room temper-
ature at CBPF, it was not possible to obtain a systematic concentration dependence
of the different Mössbauer parameters [69]. Lateron it was found, that the thick-
ness of the films, which had not been kept constant, is a crucial parameter. Only
after Yb(Fe) films with a similar thickness around 2.8µm were used, a systematic
concentration dependence of the Mössbauer parameters could be obtained [71]. The
spectra are shown in figure 5.19. For the concentration dependence of the Mössbauer
parameters, it is referred to [71]. Similar to the Ag(Fe) films presented above, it is
possible to obtain systematic fits to the spectra using three different subspectra.
They can be attributed to two different types of clusters and a monomeric contri-
bution for the same reasons as the ones presented for Ag(Fe) (see section 5.1.2).

As it can be seen from the data presented in [69], a variation of the film thick-
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Figure 5.20: Dependence of the temperature at the maximum of χ′ on the relax-
ation time τ from AC susceptibility. The red line is a fit with the Arrhenius law,
while the black line is a fit with the Vogel-Fulcher law. For more details, see text.

ness results in a non-systematic behaviour of the Mössbauer parameters. This is an
indication that the properties of the clusters within the film are closely connected
to the fraction of the two phases, e.g. that the clusters are located at the phase
boundaries.

AC-susceptibility measurements

In order to gain information about the presence of interactions between the particles,
AC susceptibility measurements were performed on a film which contains 5% Fe.
The timescale dependence of the maximum temperature of χ′ is shown in figure
5.20. Analog to the AC susceptibility measurements on the Ag(Fe) film presented
above, the data were fitted with an Arrhenius law and a Vogel-Fulcher law. In
both cases, τ0 = 10−10 s. Furthermore, Ea/kB = 145.5K for the Arrhenius law and
Ea/kB = 109.8K and TVF = 2K for the Vogel-Fulcher law. The fit with the Vogel-
Fulcher law matches the data slightly better. However, the fact that TVF ≈ 0.25·Tmax

and that the Arrhenius law with the same value of τ0 fits the data almost as good,
are indications that, in contrast to the interactions strength in the Ag(Fe) films, the
interparticle interactions are only very weak if not vanishing in the Yb(Fe) films.

5.2.2 The low temperature Mössbauer data

Examples for the Mössbauer spectra measured on Yb(Fe) at low temperatures are
presented in figure 5.21. As it can be seen there, the shape of the spectra is consid-
erably different compared to the Ag(Fe) spectra. Even for the highest concentration
of Fe, the shape of the spectrum appears more collapsed than the spectrum with
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Figure 5.21: Mössbauer spectra of Yb(Fe) films with the depicted concentrations
of Fe ions measured at 4.2K.

the highest Fe concentration in the Ag(Fe) films (see figure 5.10). Therefore, the
blocking temperature2 of the Fe clusters dispersed in Yb films is considerably lower
than the freezing temperature of Fe clusters dispersed in Ag films with the same
concentration. Therefore, the average height of the magnetic potential of the clus-
ters in the Yb(Fe) films is lower than the height of the potential experienced by
the clusters in the Ag(Fe) films with a corresponding concentration. Whereas the
main contribution to the potential height, the clusters in the Ag(Fe) films experi-
ence, is due to the strong interparticle interaction, a reduced interparticle interaction
strength between the clusters in the Yb(Fe) films can explain the reduced potential
height. Indeed, the shape of the low temperature Mössbauer spectra supports this
assumption. In contrast to the spectra measured at low temperature on the Ag(Fe)

2Since the interparticle interactions is very weak in the Yb(Fe) films, as found from the AC-
susceptibility measurements presented above, this temperature can be understood as a blocking
temperature and not a freezing temperature like it is the case for the spin-glass like behavior in the
Ag(Fe) films, which results from the strong interparticle interactions therein.
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Figure 5.22: Attempt of a fit of the Mössbauer spectrum of a 5% Fe film measured
at 4.2K.

films, which exhibit a uniform collapse, the spectra measured on the Yb(Fe) films
show a non-magnetic contribution in their center and a broad, magnetic structure.
As described in section 2.1.3, a collapse of the Mössbauer spectra like this is an in-
dication for weak or vanishing interparticle interactions. This is in agreement with
the conclusions drawn from the AC-susceptibility measurements presented above.

A fitting of the spectra presented in figure 5.21, however, was not possible. An
alternative model for fitting the spectra involves inhomogeneous broadening (IB). In
case of IB, the magnetic hyperfine field is normally distributed, even at the lowest
temperature. This effect is not due to relaxation of the magnetic moments but e.g.
to different magnetic environments of the probe atoms. The normal distribution of
the magnetic hyperfine field results in a six line pattern of Voigt profiles (a convo-
lution of a Gaussian and a Lorentzian distribution). The broadening of the outer
lines is stronger than that of the inner ones, due to the field distribution. Some mi-
nor IB is in principle present in all kind of Mössbauer spectra. However, the shape
of the Mössbauer spectra measured on the Yb(Fe) films at low temperatures, indi-
cates the presence of strong IB (presumably due to the influence of the quadrupolar
interaction on the low temperature patterns and to the different properties of the
particles on the phase boundaries). A fit that includes a combination of the MLR
and IB is not reasonable, since a distinction between these two types of broadening is
hardly possible. The only possible approach would be a measurements at still lower
temperatures, where the influence of magnetic relaxation is negligible and therefore
only the influence of IB can be estimated. Such data are, however, not available for
this sample. Therefore, the discussion of the low temperature Mössbauer spectra
measured on Yb(Fe) films presented in this work is only qualitative.
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A careful analysis of temperature dependent measurements on an Yb(Fe) film should
reveal two different blocking temperatures for the two cluster types, if the interpar-
ticle interaction strength is indeed zero.

Two possible explanations for a considerably weaker interparticle interactions for
Yb(Fe) compared to Ag(Fe) are discussed in the following. The first one, is a re-
duction of the RKKY interaction strength due to the different electronic properties
of Yb compared to Ag. The strength of the RKKY interaction at a certain distance
r to its origin, depends on the effective mass m∗ and the Fermi-wave vector kF of
the host material (see equation (5.8)). For an estimation of the RKKY interaction
strength, it is necessary to know kF as well as the effective mass of the conduction
electrons of Yb and Ag. Using the coefficient γ of the linear part of a fit to the
specific heat of a pure ytterbium sample (which is therefore an average value over
fcc and hcp Yb), which is proportional tom∗, γ = αm∗, after [142], the Fermi energy
of Yb after [143] and the corresponding values for silver [103] (compare to table 5.1),
allows an estimation of the RKKY interaction strength by using

J̃0 ∝
m∗

kF
=

m∗

√

2m∗ · EF/~
=

α · γ
√

2α · γ · EF/~
∝ γ√

γ · EF
. (5.23)

Although this expression only gives a value which is proportional to J̃0, it is sufficient
to compare this value for both materials, resulting in J̃0,Yb ≈ 2J̃0,Ag, which means,
that the RKKY interaction between the clusters is even stronger in the Yb films
compared to the Ag films. The measurements presented in this chapter, however,
gave the opposite result, indicating that this is not the correct explanation for the
reduced interparticle interaction strength observed in the Yb(Fe) compared to the
Ag(Fe) film.

The second possible explanation is based on the location of the Fe clusters at the
phase boundaries (see figure 5.23). Assuming that the major fraction of the hcp
phase is a layer at the surface and the bottom of the Yb film and that the Fe clus-
ters are basically located at the phase boundaries, then the Fe clusters form a 2D
arrangement within the film. Although their average distance is therewith consid-
erably smaller, compared to their distance if they were distributed randomly within
the film, the direct connection between two neighboring clusters presumably crosses

Table 5.1: Values for the prefactor of the linear part of the specific heat, γ, and
for the Fermi energy, EF, after [103, 142, 143].

γ (mJ/(mol·K)) EF (eV)

Ag 0.6 5.5

Yb 2.9 6.0
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Figure 5.23: Schematic illustration of the connection between two clusters being
located at the phase boundary between hcp and fcc Yb at the top of the film (not
to scale).

the phase boundary several times or is directly within the phase boundary. The
effect of the phase boundary on the RKKY interaction is unclear, but a disturbance
if not a vanishing of the RKKY interaction when it crosses a phase boundary is very
likely, which can explain the weak interparticle interactions in the Yb(Fe) films.

For further analysis and measurements on Yb(Fe) films, being predominantly not
focused on magnetic relaxation, (e.g. Mössbauer measurements in external magnetic
fields, etc), it is referred to [72].

5.3 Summary

In this chapter, Fe-clusters embedded in a silver or ytterbium matrix were exam-
ined. Samples with different concentrations of Fe were prepared at CBPF in Rio
de Janeiro, Brasil, by vapor co-deposition. While the identification of the different
cluster types and further analysis on their magnetic properties are the subject of
PhD-theses by P. Munayco, W.T. Herrera and C. Rojas-Ayala, this work is mainly
focused on the evaluation of the low temperature Mössbauer spectra. In this tem-
perature range, the freezing process of the magnetic moments of the clusters has
already set in and the magnetic relaxation of the clusters is slow enough to influence
the Mössbauer spectrum. Furthermore, this work includes the evaluation of comple-
mentary AC-susceptibility data, from which it is possible to gain information about
the interparticle interaction strength.

The low temperature Mössbauer data measured on Ag(Fe) films were evaluated
using a model, which was specifically developed for this type of sample. The col-
lective excitations regime in this model is described using an average value of the
hyperfine field, which is physically more reasonable than the distribution of static
hyperfine fields resulting from the MLR (see chapter 3). It includes a random dis-
tribution of Fe clusters within the films, coupled through RKKY interaction via the
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conduction electrons of the host matrix. The spectra resulting from the model fit
the measurements very well and the parameters show the expected trend, namely
a strong interparticle interaction, which increases with increasing Fe concentration
and a decrease of the average distance among the particles with increasing con-
centration. Furthermore, the two spectra with the highest Fe concentration were
fitted with the modified MLR model (see chapter 3). The low temperature spectra
of films with a lower concentration could not be fitted with the MLR, presumably
since they are in the intermediate range, where interparticle interaction strength and
the anisotropy energy barrier have a comparable height (see chapter 3). Fortunately,
the model used in the first part of this chapter is capable of fitting these spectra as
well. Although the trend of the interparticle interaction strength with concentration
resulting from the application of the MLR is similar to the one of the first model,
the absolute values of the energy barriers are considerable different. This indicates,
that the models used to evaluate the Mössbauer spectra should in general rather be
used in order to compare different samples with each other, than to extract absolute
values for parameters like the energy barrier. The evaluation of AC-susceptibility
measurements supports the presence of strong interparticle interactions found from
the application of the two models to the low temperature Mössbauer spectra.

A fit with the first model to a set of measurements on a 1% Fe film at different
temperatures, works satisfactorily well. However, the introduction of a preferred
orientation of the clusters magnetic moment improves the quality of the fits consid-
erably. Since this preferred orientation was not necessary to fit the other spectra,
it can be interpreted as an artifact and may be related to structural texture of the
films [67].

While the room temperature Mössbauer measurements on the Yb(Fe) films could be
interpreted similar to the corresponding spectra on the Ag(Fe) films, the low tem-
perature Mössbauer spectra differ significantly from them. Up to a concentration
of 3.5% Fe, the spectra consist of a non-magnetic contribution, which is superim-
posed with a broad magnetic background. As discussed in section 2.1.3, this type of
spectra is an indication for vanishing interparticle interactions. Therefore, the mag-
netic moments of the clusters exhibit rather a blocking than a freezing process at
low temperatures. Only the spectrum measured on a film with 5% Fe is completely
collapsed and hence comparable with the 1% Fe spectra of the Ag(Fe) films. There-
fore, the blocking temperature of the Yb(Fe) films is considerably lower compared
to the one in comparable Ag(Fe) films. The vanishing interparticle interactions can
explain this reduced blocking temperature.

A fitting of the low temperature Mössbauer spectra was however not possible. The
best attempt of a fit with a unmodified MLR still shows a strong mismatch with the
data. This can be explained with the presence of strong inhomogeneous broadening
in the sample. A simulation of a Mössbauer spectrum that includes the relaxation
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of the magnetic moments of the clusters and inhomogeneous broadening is not help-
ful, since it is hardly possible to distinguish between these two effect, which both
basically cause a broadening of the Mössbauer lines.

Two different approaches that may explain the weaker interparticle interaction stren-
gth for Yb(Fe) were discussed. The first one is based on the different properties of
the host matrix, that might change the interaction strength, which depends on the
effective mass and the Fermi wave vector of the conduction electrons. However, an
estimation of the RKKY interaction strength for Ag and Yb revealed, that the it
is even stronger in the Yb films than in the Ag films and that this explanation is
therefore not the correct one. The second approach is based on the fact, that the Yb
films are made up of a mixture of a hcp and a fcc phases. XRD measurements on
Yb(Fe) films of different thicknesses gave indications, that the Fe clusters are pre-
dominantly located at the phase boundary between these two phases. Therefore, the
direct connection between two neighboring clusters would cross the phase boundary
several times, which presumably has a strong influence on the RKKY interaction
strength. A further discussion of this effect is however beyond the scope this work.

The evaluation of the low temperature Mössbauer data and comprehensive AC-
susceptibility data on the Ag(Fe) and Yb(Fe) films therefore supports the picture of
the Fe clusters distributed in the host matrix in case of the Ag(Fe) films. Further-
more, strong interparticle interactions were found for this sample, which increase
with increasing Fe concentration. In case of Yb(Fe) films, a quantitative analysis of
the Mössbauer data was not possible, but a qualitative analysis revealed that the
interparticle interactions are only very weak, if not vanishing, which is presumably
due to the location of the Fe clusters at hcp/fcc boundaries in the Yb matrix.
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Conclusion

Mössbauer spectroscopy is one of the most frequently used techniques when Fe based
magnetic nanoparticles are investigated. Nevertheless, the interpretation of the
Mössbauer spectra on this type of samples is commonly incomplete or even inaccu-
rate. The prime reason is a lack of theoretical models, that are able to fully describe
the influence of the complex physics of magnetic nanoparticles on the Mössbauer
spectra (relaxation effects / interparticle interaction / surface spin canting / particle
size distributions / ...). The most promising models, the so-called multi level re-
laxation model (MLR), originally established in the mid-80’s [86] and the so-called
superferromagnetism/ super-spin glass model (SFM/SSG), originally established in
the early 80’s [23], have only very rarely been used [23, 29, 87]. Nevertheless, the
constantly growing interest on magnetic nanoparticles throughout the last decades
due to their interesting physical properties and applications emphasizes the necessity
of a workable model that is able to give an adequate description of the Mössbauer
patterns measured on magnetic nanoparticles.

The present thesis is dealing with this problem and comprises two main subjects.

The first one is, to review models that are found in literature and claim to be ap-
plicable to Mössbauer measurements on magnetic nanoparticles and to apply them
on a model system. This includes a modification of an existing model or the devel-
opment of a new model, if necessary.

The second subject is the detailed examination of different types of nanoscale par-
ticles or clusters. Amongst other techniques, the study on these samples involves as
well the modified or new Mössbauer models in order to determine their significance
and practicability when working on scientifically interesting subjects.

The first two chapters give an introduction into the complex research on magnetic
nanoparticles. The first chapter deals with the physical properties of magnetic
single-domain nanoparticles the timely fluctuation of their magnetic moments and
gives a short overview over the different preparation methods for magnetic nanopar-
ticles. In the second chapter, the experimental methods, commonly used to exam-
ine magnetic nanoparticles, are reviewed. An overview over the different relaxation
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models for describing the fluctuation of magnetic nanoparticles as seen from Möss-
bauer spectroscopy is presented.

Chapter three is the first one, that deals intensively with one of the main subjects
of this thesis. The Mössbauer spectra measured on ZnFe2O4 nanoparticles are evalu-
ated using a multi-level relaxation model (MLR) and a superferromagnetism/ super-
spin glass model (SFM/SSG). These two models are the most promising candidates
for a successful application to real systems. In order to confirm the results found from
the evaluation of the Mössbauer measurements, complementary DC-susceptibility
measurements were performed. Simulations with the initial MLR model describe
the Mössbauer patterns at different temperatures very well. However, the temper-
ature, where the system turns into the overbarrier fluctuation regime,TOB, is un-
physically high. This is attributed to the presence of strong magnetic interparticle
interactions, which influence the shape of the angle dependent E(θ) potential, that
the magnetic moments of the particles experience. Therefore, an increase of TOB

relative to the height of the energy barrier, β = kBTOB/KV , against the expected
value, can be understood as an indicator for the presence of interparticle interactions.

A modified version of the MLR, using a more adequate unidirectional potential
instead of the uniaxial one was developed and applied to the measurements. It was
found, that this model is able to describe the low temperature data very well, but fails
at higher temperatures. Next to the presence of only weakly and non-interacting par-
ticles due to the assumed super-spin glass ground state of the sample, a breakdown
of the interparticle interactions at higher temperatures was found as an explanation.
Spectra measured in the temperature range where the breakdown of interparticle
interactions happens, could not be fitted satisfactorily, probably because anisotropy
and interparticle interactions both influence the shape of the E(θ) potential, result-
ing in complex, random shapes. Finally, at even higher temperatures, the spectra
can be fitted again with the unmodified MLR which includes a particle size distri-
bution, indicating the presence of single particle dynamics after the breakdown of
interparticle interactions. Therefore, a first, almost coherent description of a set
of scientifically interacting magnetic nanoparticles with the (modified) MLR is pre-
sented in this chapter. Furthermore, the SFM/SSG model is applied, confirming
the presence of a spin glass groundstate and indicating the presence of surface spin
canting at very low temperatures. The observation of interparticle interactions and
surface spin canting is supported as well by DC-susceptibility measurements.

In the next chapter, number four, which emerges from a close collaboration with
the Institut für Partikeltechnik of the TU Braunschweig, the formation of nanoparti-
cles during their preparation, using the so-called solvothermal synthesis, is discussed.
In this preparation method, Fe(acac)3 is mixed with a solvent (in the first part ben-
zyl alcohol) and heated up in a reactor to 200◦C, where it stays for several hours.
The preparation facility offers the possibility of withdrawing sample material at any
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time during the preparation process. Extraction of sample material was performed
systematically throughout the preparation process, beginning already during the
heating-up phase. The latest extraction was performed after a reaction time of 24 h.
The nucleation of the particles was found to happen early in the beginning of the
preparation from Mössbauer spectroscopy and UV/Vis measurements. The subse-
quent growth of the particles and the development of their physical properties was
traced using DC-susceptibility, TEM, XRD and Mössbauer spectroscopy. The size
of the particle grows systematically throughout the reaction and the crystallinity im-
proves strongly within the first 6 h of the reaction and stabilizes afterwards. Closely
connected to the crystallinity is the fraction of the magnetically disordered volume
within the particles. While it is restricted to the expected surface spin canting value
for long reaction times, an additional contribution arises below ≈ 5 h, as found from
M(H) measurements. The application of the MLR gave indications for the presence
of interparticle interactions again, although the particles are in a solution. This
observation was supported by DC-susceptibility measurements. Furthermore, the
development of the interparticle interaction strength with reaction time shows a pe-
culiar behavior: it increases strongly within the first 6 h of reaction and considerably
less strong for longer reaction times. This behavior is explained by the presence of
an additional fraction of a magnetically disordered region in the particles for short
reaction times. However, the presence of interparticle interactions reveal, that ag-
glomeration of the particles in the solution occurs.

From these observations, it is possible to improve the properties of the particles
prepared in this way, e.g. by injecting the particles only when the solvent has
reached the nucleation temperature, which should reduce the width of the particle
size distribution and by stopping the reaction after 6 h, when the properties of the
particles have fully improved, which should reduce the degree of agglomeration be-
tween the particles. An application of these improvements is however not a part of
this work, but will be performed in the future.

In the last part of this chapter, samples from a similar preparation using triethylene
glycol instead of benzyl alcohol as a solvent are examined. The Mössbauer measure-
ments revealed, that the interparticle interactions in these samples, and therefore
the degree of agglomeration, are significantly reduced compared to samples, where
benzyl alcohol is used. This is attributed to the diamagnetic properties of the dif-
ferent solvents. Furthermore, the structure of the molecules might contribute to the
different agglomeration behavior.

Notably, all the information on the magnetic properties found in this chapter, could
have been determined in principle only from the application of the MLR to the Möss-
bauer spectra. For further investigating spin canting within the particles in more
detail, a series of Mössbauer measurements in an external magnetic field should be
performed. An example for the evaluation of Mössbauer measurements in an exter-
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nal magnetic field on samples obtained from an older preparation run is presented
as well.

Up to this point, the Mössbauer models were only applied to iron oxide nanopar-
ticles, that are either dried or in solution. In the last chapter, the evaluation
of the low temperature Mössbauer data of a whole different system is discussed:
small clusters of metallic iron, dispersed in a matrix of non-magnetic silver or ytter-
bium. While the present work only focuses on the evaluation of the low temperature
Mössbauer spectra and AC-susceptibility data, earlier work, like the identification
of the different cluster types for both sample types and the observation of Kondo-
effect and RKKY interactions in Ag(Fe) films was done in the group of E. Baggio
Saitovitch at the Centro Brasileiro de Pesquisas F́ısicas in Rio de Janeiro, Brasil.
In the present work, a new model was developed, that is based particularly on the
physical properties of the samples as found from the earlier measurements and that
provides a physically more adequate description of the low temperature behavior of
the magnetic nanoparticles compared to the MLR. It is able to reproduce the Möss-
bauer spectra very well, which supports the findings from the earlier measurements.
Furthermore, it reveals an increase of the interparticle interactions strength with
increasing iron concentration. For a comparison, the MLR was attributed to the
spectra as well, but it was not able to reproduce all of them. AC-susceptibility data
was evaluated as well, which support the findings of strong interparticle interactions.

The low temperature Mössbauer data of the Yb(Fe) films could not be fitted with the
different models. A qualitative analysis of the spectra indicates that the interactions
between the clusters are only weak. This is supported by AC-susceptibility mea-
surements. A superposition of interparticle interactions and magnetic anisotropies
of similar strength makes a fitting of the spectra hardly possible, as already found
in chapter four. However, the electronic properties of the host matrix favor an in-
crease of the strength of the RKKY interactions between the clusters. The observed
weak interaction can therefore only be explained, by an aggregation of the clusters
at phase boundaries within the films, which weakens the RKKY interactions.

Next to the results discussed in the individual chapters, this thesis demonstrates,
that a careful analysis of Mössbauer data measured on nanoscale magnetic particles
or clusters with an adequate model (primarily the MLR), is able to give reliable
information on many significant parameters of the particles (e.g. the blocking tem-
perature, interparticle interactions, surface spin canting etc.), whose determination
would usually involve different types of techniques. This information cannot be ob-
tained only from the imprecise or even inaccurate evaluation of the data, as it can
be observed frequently in literature.

The biggest issue of the results arising from the application of the different models
are the different absolute values of the energy barriers. However, as demonstrated
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in chapter 4, the values of the energy barrier for different reaction times resulting
from the application of the unmodified and modified MLR models are proportional
to each other. This observation indicates, that only the absolute values of the energy
barriers should be treated with caution. Their dependence on certain parameters is
a reliable information.

In summary, the application of the rather complex models for the evaluation of
the Mössbauer data is very beneficial. However, with some experience in this field,
it is possible to gain information about some of the essential parameters even from
a qualitative analysis of the Mössbauer spectra, as well. In any case, a careful inter-
pretation of the Mössbauer data measured on magnetic nanoparticles / -clusters is
worth the effort. Next to the information that is obtained from the application of a
local probe technique like Mössbauer spectroscopy (like e.g. the cation distribution,
the valence and the symmetry of the local probe atoms etc.), it very likely reveals
as well properties of the dynamic behavior of the magnetic moments of the samples,
that are usually only detected using additional techniques.

These observations underline and strengthen the outstanding status of Mössbauer
spectroscopy in this field of research.
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and F. Dinóla Neto as well as J.A.M. Cagigas, W.T. Herrera and C. Rojas-Ayala
from the Centro Brasileiro de Pesquisas F́ısicas. The great cooperation with I.-C.
Masthoff and Prof. Dr. G. Garnweitner from the Institut für Partikeltechnik was a
real pleasure for me. Furthermore, thanks to I.-M. Grabs, who prepared the sam-
ples that are discussed in chapter 3. I appreciate very much, that M. Thede from
the ETH Zurich performed the AC-susceptibility measurements on the Ag(Fe) and
Yb(Fe) films presented in chapter 5, that L. Hoffmann from the Institut für ange-
wandte Physik of the TU Braunschweig, performed the TEM measurements on the
ZnFe2O4 particles, presented in chapter 3 and that T. Woike from the TU Dresden
performed the low temperature XRD measurements on the Yb(Fe) films, presented
in chapter 5.

Ms. Bosse, Ms. Schnettler, Ms. Zeising and Neele from the secretariat supported
me, when it came to bureaucracy, e.g. travel costs, renewal of the contract etc.
Their help was very necessary and is highly appreciated.

I had the pleasure to work together with several bachelor and master students during
their theses, which were partially closely connected to my actual work (A. Borchers,
F. Körkemeyer and D. Mauch). With them, and other people, I shared the office
during the past three and a half years. We had mostly a great atmosphere here,
which I really appreciated.

The guys from the workshop helped me by preparing multiple sample boxes for
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Appendix A

Codes

The program codes presented in the following are written for Mathematica. Since
the calculation of the final spectrum takes up to several minutes, they are only de-
signed in order to simulate the spectrum and not to fit the actual measurement.
The different parameters have to be adjusted manually in order to achieve the best
possible match between the simulated spectrum and the measured data.

They are presented as a screenshot of the printed version of the mathematica files.
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A.1 Mössbauer models

A.1.1 MLR with one subspectrum
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A.1.2 MLR with Particle-size distribution
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In this code, the middle pages 9 - 13 are not shown, since they display only the
Mössbauer spectra with increasing KV . The final result is a graphic, in which it is
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possible to adjust the width of the subspectra, the absorption of the subspectra and
the isomer shifts of the spectra, without recalculating the whole spectrum. However,
when doing so, one has to recalculate the absolute values of the modified parameters,
therefore no table with their values is shown in this code.

It is possible to include a measured Mössbauer spectrum by performing only slight
changes. If the baseline and the absorption values are determined correctly, than
the simulation and the data can be presented in one graph and the simulation can
be adjusted to the measurements.

A.1.3 SFM/SSG

In the following, the codes that give a simulation of the super ferromagnetism and
the super spin-glass model after [23] are presented. For a correct application, the
bulk magnetization curve has to be included in the function B0[x].

SFM
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SSG

A.1.4 The Ag(Fe)-model

In the following, the code for the model used for the simulation of the Ag(Fe)-
low temperature measurements is presented. Is is necessary to define a table that
contains the measured spectrum as ”F922” before running the simulation.
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A.2 DC-susceptibility

A.2.1 ZFC/FC curves

This is a simulation after a model of Tournus et al. [90].
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A.2.2 M(H) curves of particles with a paramagnetic shell

The following code is based on Chen et al. [95].
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netic nanoparticles with Néel surface anisotropy. Journal of Physics D: Applied
Physics 43, 474009 (2010).

[20] B. M. Moskowitz. Hitchhiker’s Guide to Magnetism. Environmen-
tal Magnetism Workshop. http://www.irm.umn.edu/hg2m/hg2m_c/hg2m_c.
html (1991).

[21] F. Bødker, S. Mørup, S. Linderoth. Surface effects in metallic iron nanoparti-
cles. Physical Review Letters 72, 282285 (1994).

[22] F. Luis, et al. Enhancement of the magnetic anisotropy of nanometer-sized
Co clusters: Influence of the surface and of interparticle interactions. Physical
Review B 65, 094409 (2002).

[23] S. Mørup, et al. A new interpretation of Mössbauer spectra of microcrystalline
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[58] Z. Somogyváari, et al. Vacancy ordering in nanosized maghemite from neutron
and X-ray powder diffraction. Applied Physics A 74, 10771079 (2002).
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cos (Fe/Ag) e Supercondutores (Co/Bi). Ph.D. thesis, Centro Brasileira de
Pesquisas F́ısicas (2011).

[69] W. Herrera, et al. Aggregates of iron in ytterbium films. Hyperfine Interactions
203, 143147 (2011).

[70] W. Herrera, et al. Magnetic dynamics of dilute iron nano-clusters in silver films
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[76] R. L. Mössbauer. Kernresonanzfluoreszenz von Gammastrahlung in Ir191.
Zeitschrift für Physik 151 (1958).

[77] M. Kalvius, P. Kienle, editors. The Rudolf Mössbauer story. Springer (2012).
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Relaxation Effects in Mössbauer Spectra: 57Fe in Ferrichrome A†∗. Physical
Review 152, 345357 (1966).

[82] D. Barb. Grundlagen und Anwendungen der Mössbauerspektroskopie.
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