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Abstract 

Granular nanocomposites are composite materials in which grain-like particles with dimensions on 

the order of nanometers form one of the phases. These nanoparticles are embedded in a second phase, 

the matrix . Such granular nanocomposites constitute a very promising class of materials with great 

potential for novel and tailorable properties , making granular nanocomposites especially interesting for 

scientific endeavor. In the simplest case, granular nanocomposites are synthesized via co-deposition of 

two immiscible chemical elements. In this approach, nanoparticles grow via incorporati on of diffusing 

atoms of one of the elements forming the prototype material; the r emaining atoms of the other element 

constitute the matrix. This  phase segregation process may be assisted by thermal annealing. Another 

approach used to form granular nanocomposite prototype materials is to ion-implant nanoparticle -type 

atoms into already grown films or wafer surfaces. However, since these two approaches utilize  the 

immiscibility of the combined materials, they can be applied to such immiscible material systems only. 

Furthermore, the range of achievable elemental compositions and particle sizes is limited.  

An interesting alternative strategy to synthesize granular nanocomposites is to deposit the matrix 

material simultaneously with  preformed, spherical nanoparticles. In this approach, the nanoparticles are 

embedded into the matrix in a direct fashion. The preformed, spherical nanoparticles are called clusters, 

correspondingly, the created nanomaterials are called cluster-assembled nanocomposites. The great 

advantage of this special co-deposition approach is that it allows for the creation of nanocomposites out 

of elements that are at least partially miscible or that can form crystallographic mixed phasesÇthat is, 

for the creation of so-called nonequilibrium compositions. Embedding the nanoparticles as preformed 

constituents instead of letting them segregate during the deposition process also increases the degree of 

control over the deposition process. An ultimate degree of control over the composition is achieved when 

the clusters are size-selected prior to deposition. This is the strategy pursued in the present thesis. Here, 

a cluster ion beam deposition system that features a narrow cluster size distribution of ±10% is used to 

synthesize films of cluster-assembled nanocomposites. Two different nanocomposites are prepared and 

examined: nanocomposites made of Fe-clusters embedded in Ge-matrices and nanocomposites of 

Fe-clusters embedded in Ag-matrices. The created Fe-clusters are only a few nanometers in size and, 

therefore, of superparamagnetic kind. The study of the physical properties of the prepared 

nanocomposites as a function of cluster size and cluster concentration, in particular, of their transport 

and magnetoresistive properties, is the central aim of this thesis.  
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First, the Fe-Ge nanocomposites are examined. In this course, also the process of sample preparation 

and the various performed measurements are discussed. Embedding magnetic Fe nanoparticles into a 

semiconductor aims for a synthesis of the magnetic and the semiconducting properties, that is, for the 

creation of so-called magnetic semiconductors. Magnetic semiconductors define a class of materials 

whose properties can be controlled by means of a magnetic field in addition toÇor even instead ofÇan 

electric field. For this reason, magnetic semiconductors represent an essential component for the 

emerging field of spintronics.  

Two series of Fe-Ge nanocomposites are prepared: one with clusters consisting of 500 ±  50 Fe atoms 

and one with clusters consisting of 1000 ±  100 Fe atoms. In the course of the analysis, Ge is found to 

grow in  an amorphous structure under the conditions of the co-deposition experiments. A co-deposition 

sample layout that consists of a co-deposition mask and a complementing sample chip layout is 

developed. The deposited nanocomposite samples are studied by means of resistance and 

magnetoresistance measurements in a cryostat, by means of scanning electron microscopy including  

energy-dispersive X-ray spectroscopy, and by means of SQUID magnetometry. Besides tunneling 

magnetoresistance, which is negative, of saturating kind , and observed with a magnitude on the order 

of 1% here, at least one other effect not saturating within the examined magnetic field range of 

|µ 0 H|  Ѕ 6 T is observed. Several effects that may explain the observed non-saturating behavior are 

discussed, however, the origin remains unsolved. Furthermore, the resistivity of the Fe-Ge 

nanocomposites as well as the tunneling magnetoresistance are each found to be a function of the 

average distance between the surfaces of neighboring clusters rather than the average distance between 

their  centers of mass. Finally, some of the Fe-Ge nanocomposite samples are thermally annealed in 

vacuum, under the presence of hydrogen gas, and at two different temperatures in various steps. 

Thermal annealing alters the structure of the as-deposited nanocomposites, which is reflected by changes 

in the measured physical properties. These changes are identified and discussed.  

Secondly, the Fe-Ag nanocomposites are examined. In comparison to the Fe-Ge system, the Fe-Ag 

system is represented in the literature rather well. In particular, it is well -known that  the giant 

magnetoresistance effect can occur in layered as well as in granular Fe-Ag structures. Here, the aim is to 

confirm that the applied methods give results comparable to those found in the literature and to perhaps 

even improve upon existing data. Again, two series of nanocomposite samples with clusters consisting 

of 500 and 1000 Fe atoms, respectively, are fabricated. In addition , a third series of Fe-Ag nanocomposite 

samples with clusters consisting of 1500 ±  150 Fe atoms is prepared. Giant magnetoresistance of 

maximum Đ4#is observed. The giant magnetoresistance effect increases in magnitude with decreasing 

size of the embedded clusters. Furthermore, an optimum composition of clusters and matrix material for 

a maximum magnitude of the giant magnetoresistance effect seems to exist. However, no clear 
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dependence of the measured properties on neither the Fe concentration nor the average distance 

between the surfaces of neighboring clusters is observed.  

Besides the examination of Fe-Ge and Fe-Ag nanocomposites, a setup that combines laser ablation 

and inert gas condensation is designed and assembled. In contrast to other techniques, laser ablation 

features a large fraction of uncharged output particles. Further, laser ablation also allows for the creation 

of nanoparticles made of electrically insulating materials. Accordingly, the original application 

considered for the setup lies in the field of matter-wave diffraction experiments. In principle , the setup 

may be used for the deposition of cluster-assembled materials as well. However, it  has never been used 

for experiments in any of these fields. Nevertheless, the present state of the setup as well as its principle 

of operation are reviewed. The review is completed with a brief analysis of a test sample of collected Ag 

clusters prepared with the setup.  
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Zusammenfassung 

Granulare Nanokomposite sind Verbundmaterialien, bei denen eine der Phasen aus 

nanometergroßen, kornartigen Partikeln gebildet wird . Diese Nanopartikel sind in eine zweite Phase, 

die Matrix, eingebettet. Granularen Nanokompositen wird ein großes Potential für das Hervorbringen 

neuartiger, per Herstellungsprozess einstellbarer Eigenschaften zugeschrieben, was sie zu einer für die 

Forschung sehr interessanten und vielversprechenden Materialklasse macht. Im einfachsten Fall lassen 

sich granulare Nanokomposite mittels Co-Deposition zweier nicht mischbarer chemischer Elemente 

erzeugen. Die Nanopartikel bilden sich dann aus den Atomen eines der beiden aufgebrachten 

chemischen Elemente; die zurückbleibenden Atome des anderen Elements bilden die Matrix. Dieser 

Prozess des Seigerns kann durch Anlassen der Probe unterstützt werden. Die Atome, die die Nanopartikel 

bilden sollen, können auch mittels Ionenimplantation in einen bereits fertig aufgewachsenen Film oder 

in die Oberfläche eines Wafers eingebracht werden. Der Nachteil dieser beiden Herangehensweisen ist 

aber, dass sie eben nur auf solche nicht mischbaren Materialsysteme angewendet werden können. Des 

Weiteren sind auch den einstellbaren Mischungsverhältnissen und den erzielbaren Partikelgrößen 

Grenzen gesetzt.  

Eine interessante Alternative zu Co-Deposition und Ionenimplantation ist, das Matrixmaterial auf 

ein Substrat aufwachsen zu lassen während gleichzeitig vorgefertigte, kugelförmige Nanopartikel auf 

dieses abgeschieden und so in das Matrixmaterial eingebettet werden. Solche vorgefertigten 

Nanopartikel werden als Cluster bezeichnet, die erzeugten Nanomaterialien entsprechend als 

Cluster-basierte Nanokomposite. Der große Vorteil dieses speziellen Co-Depositions­Ansatzes ist,  

dass sich mit ihm auch Nanokomposite aus Elementen, die ineinander zumindest teilweise löslich  

sind oder miteinander kristallographische Phasen bilden können, erzeugen lassen ­ sogenannte 

Nichtgleichgewichtskompositionen. Dass die Nanopartikel bereits als solche deponiert werden anstatt 

dass sie sich im Film erst noch bilden müssen, macht den Herstellungsprozess zudem kontrollierbarer. 

Ein Höchstmaß an Kontrollierbarkeit wird erreicht, wenn die vorgefertigten Cluster unmittelbar  

vor der Deposition noch eine Größenselektion durchlaufen. Genau dieser Ansatz findet  

in der vorliegenden Thesis Anwendung. Hier werden Nanokompositfilme aus Fe-Clustern  

in Ge-Matrix und Nanokompositfilme aus Fe-Clustern in Ag-Matrix untersucht, die mit einem 

Clusterionenstrahl-Depositionssystem erzeugt werden, das mit lediglich ±10% Massenabweichung  

vom Sollwert eine hohe Größenselektivität aufweist. Die erzeugten Fe-Cluster sind nur wenige 
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Nanometer groß und aufgrund dessen superparamagnetisch. Das zentrale Ziel der Thesis ist, die 

Abhängigkeit der physikalischen Eigenschaften der erzeugten Cluster-basierten Nanokomposite von  

der Größe der eingebetteten Cluster und deren Konzentration zu untersuchen, allen voran die der 

Transporteigenschaften und die der magnetoresistiven Eigenschaften.  

Als erstes werden die Fe-Ge­Nanokomposite untersucht. In diesem Zuge werden auch  

der Herstellungsprozess und die verschiedenen Messungen beschrieben. Das Einbetten der magnetischen 

Fe-Nanopartikel in einen Halbleiter zielt darauf ab, die magnetischen und die halbleitenden 

Eigenschaften zu verschmelzen, um auf diese Weise magnetische Halbleiter zu erzeugen. Solche 

magnetischen Halbleiter definieren eine Klasse an Materialien, deren Eigenschaften zusätzlich zu ­ oder 

sogar anstelle von ­ einem elektrischen Feld mit einem Magnetfeld kontrolliert werden können. Sie sind 

deshalb essentiell wichtig für zukünftige Anwendungen im Bereich der Spintronik.  

Es werden zwei Serien Fe-Ge­Nanokomposit­Proben hergestellt. Eine, die Cluster aus 500 ±  50 

Fe-Atomen enthält, und eine, die Cluster aus 1000 ±  100 Fe-Atomen enthält. Wie sich herausstellen 

wird, wächst das Ge unter den während der Co-Deposition herrschenden Bedingungen amorph  

auf. Des Weiteren wird ein auf die Herstellung mit dem Clusterionenstrahl-Depositionssystem  

abgestimmtes Probenlayout, das sich aus einer Co-Deposition­Maske und einem entsprechend 

angepassten Probenchip-Layout zusammensetzt, entwickelt. Die hergestellten Nanokompositproben 

werden mittels Widerstands- und Magnetowiderstandsmessungen in einem Kryostaten,  

mittels Rasterelektronenmikroskopie inklusive energiedispersiver Röntgenspektroskopie und  

mittels SQUID-Magnetometrie untersucht. Neben dem negativen, sättigenden magnetischen 

Tunnelwiderstandseffekt, der in der Größenordnung von 1% vorliegt, wird mindestens ein weiterer 

magnetoresistiver Effekt beobachtet, der im untersuchten Magnetfeldbereich |µ0 H|  Ѕ 6 T nicht sättigt. 

Einige magnetoresistive Effekte, die eine Erklärung für die gemachten Beobachtungen liefern könnten, 

werden diskutiert, jedoch bleibt der Ursprung des nicht sättigenden Effekts ungeklärt. Wie sich 

herausstellt, hängen der spezifische Widerstand und der magnetische Tunnelwiderstand der  

Fe-Ge­Nanokomposite vom gemittelten Abstand zwischen den Oberflächen benachbarter Cluster und 

nicht vom gemittelten Abstand zwischen ihren Schwerpunkten ab. Abschließend werden einige der 

Fe-Ge­Nanokompositproben im Vakuum sowie in wasserstoffgashaltiger Atmosphäre bei zwei 

verschiedenen Temperaturen schrittweise thermisch angelassen. Das Anlassen ändert die Struktur der 

Nanokomposite, was mit Veränderungen in den gemessenen Eigenschaften einhergeht. Die 

Veränderungen werden identifiziert und diskutiert.  

Als zweites werden die Fe-Ag­Nanokomposite diskutiert. Verglichen mit dem Fe-Ge­System ist das 

Fe-Ag­System ein in der Fachliteratur recht gut dokumentiertes Materialsystem. Insbesondere  

ist der Fachliteratur bekanntermaßen zu entnehmen, dass sowohl in geschichteten als auch in granularen 
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Fe-Ag­Strukturen der Riesenmagnetowiderstandseffekt auftritt. Es gilt also zu untersuchen, ob sich die 

in der Fachliteratur dokumentierten Eigenschaften bestätigen lassen und ob sich dort zu findende 

Ergebnisse eventuell sogar verbessern lassen. Zusätzlich zu zwei Probenserien mit den bereits bei  

den Fe-Ge­Nanokompositen verwendeten Clustern aus 500 bzw. 1000 Fe-Atomen wird eine dritte 

Probenserie mit Clustern aus 1500 ±  150 Fe-Atomen hergestellt. In der Tat wird in diesen auch der 

Riesenmagnetowiderstandseffekt beobachtet ­ in Höhe von bis xs Đ4#, Bcp Cddcir dòjjr qròpicp _sq* hc

kleiner die eingebetteten Cluster sind. Zudem scheint es, als gäbe es ein Optimum hinsichtlich  Größe 

und Konzentration der Cluster in der Matrix , bei dem ein maximaler Riesenmagnetowiderstandseffekt 

erzielt wird. Im  Gegensatz zu den Fe-Ge­Nanokompositen kann hier aber keine eindeutige Abhängigkeit 

der gemessenen Eigenschaften weder von der Fe-Konzentration noch vom gemittelten Abstand zwischen 

den Oberflächen benachbarter Cluster beobachtet werden.  

Zusätzlich zur Herstellung und Erforschung der Fe-Ge­ und Fe-Ag­Nanokomposite wird eine 

Anlage, die Laserablation und Inertgaskondensation kombiniert, entworfen und aufgebaut. Im 

Gegensatz zu anderen Herstellungstechniken sind per Laserablation erzeugte Partikel größtenteils 

ungeladen. Zudem lassen sich per Laserablation auch Nanopartikel aus elektrisch nicht leitenden 

Materialien herstellen. Entsprechender Weise liegt die ursprünglich für die Anlage vorgesehene 

Verwendung im Forschungsfeld der Beugungsexperimente mit Materiewellen. Prinzipiell  kann die 

Anlage aber auch für die Herstellung Cluster-basierter Materialien verwendet werden. Jedoch wurden 

mit der Anlage bis dato weder Experimente in dem einen noch in dem anderen Forschungsfelder 

durchgeführt. Daher werden ledigli ch ihre Funktionsweise und ihr momentaner Zustand beschrieben. 

Der Beschreibung folgt abschließend eine kurze Analyse einer Testprobe aus Ag-Nanopartikeln, die mit 

der Anlage erzeugt wurden.  
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1 Introduction  

Granular nanocomposites are multiphase materials that consist of at least two distinct phases. One 

phase is formed by nanometer-sized grains, another phase forms the matrix that encloses them [1] . The 

goal of combining these phases is either the symbiosis of their individual physical properties or the 

creation of materials with new properties that result from the nanogranular structure. Classically, 

granular nanocomposites are grown, e.g., via simultaneous deposition of two immiscible elements by 

electron beam evaporation or sputtering, or by ion implantation. In these approaches, segregation due 

to the immiscibility  of the constituting chemical elements leads to the formation of precipitates either 

directly during deposition or in a subsequent annealing step.  

An interesting alternative strategy is the simultaneous deposition of preformed, spherical 

nanoparticles with a matrix material. As in this process, the spherical nanoparticles, which are also called 

clusters, are formed prior to deposition, this strategy allows for a more precise control of the composition 

of these granular nanocomposites [2­4] , i.e., the size distribution of the clusters and their separation in 

the host matrix. An ultimate degree of control is achieved when the clusters are deposited from a 

size-selected beam. This approach is followed in the present thesis. The cluster ion beam deposition 

system (CIBD) [5­7]  used to grow nanocomposite films of this cluster-assembled kind features a narrow 

size-selectivity of only ρπϷ. For this reason, the CIBD system is well qualified for the preparation of 

samples suitable for studies of the dependence of sample properties on cluster size. In general, 

simultaneous deposition of preformed clusters together with the matrix material further extends t he 

palette of materials, since even nonequilibrium compositions of elsewise at least partially miscible 

elements can be fabricated. In the present thesis, transport and magnetoresistive properties of films of 

single-domain magnetic Fe clusters embedded in Ge and Ag matrices are studied under the 

above-mentioned aspect. Henceforth, these nonequilibrium cluster-assembled nanocomposites are 

referred to as Fe-Ge and Fe-Ag, respectively.  

Magnetic nanometer-sized clusters consist of one single magnetic domain only. The constituting 

atomic moments rotate coherently and add up to a giant paramagnetic moment. Such nanoparticles are 

desirable because of the low energy barrier that has to be overcome in order to reverse the direction of 

the magnetic moment [8] . The phenomenon related to thermal-energy-induced flipping of isolated 

magnetic moments of such kind is called superparamagnetism [9] . Magnetic nanoparticles exhibit larger  
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spin relaxation times [10­12]  than their bulk counterpart s. For this reason, magnetic nanoparticles are 

interesting candidates for nanoscale spintronic devices. Giant and tunneling magnetoresistance effect 

can be employed, e.g., in layered structures to act as spin valves. The structural conditions for these 

effects to appear can also be met in granular materials [13­16] . Therefore, magnetic nanoparticles can 

be applied in spintronic devices as well [17] . In superconducting circuits spin valve structures as a part 

of a Josephson junction allow to control the phase shift across the junction [18,19] . This effect has 

potential applications in neuromorphic computing  [20]  and in quantum computing, where ʌ-qubits are 

expected to exhibit reduced decoherence [21,22] .  

However, there are limits for magnetic-nanoparticle-induced properties because of finite-size effects. 

Finite-size effects occur, for example, because the number ratio of surface to core magnetic moments 

increases with decreasing nanoparticle size. Since surface moments may be misaligned with respect to 

the core moments for energetic reasons the fraction of misaligned magnetic moments increases with 

decreasing cluster size [23,24] . Furthermore, the dipole moments of magnetic nanoparticles start to 

interact with each other when the nanoparticles are arranged in close vicinity to each other [25,26] .  

Classically, it is the electric field that is used to control the functional state of an electronic device, 

working on the electric charge of the carriers only. However, the shrinking size of integrated circuits in 

electronic devices is limited by the increase of dissipation and leakage within the devices. These 

limitat ions are promised to be overcome when the spin degree of freedom of the carriers is used in 

addition to or even instead of their electric charge [27,28] . Adding magnetic properties via magnetic 

particles allows the control of the transport properties of a nonmagnetic matrix by applying a magnetic 

field, i.e., by using the spin degree of freedom of the charge carriers. The development of materials and, 

consequently, devices where the application of a magnetic field controls conductivity or where the 

magnetic permeability can be manipulated by an electric field is of great desire [29] . To achieve the 

former, materials with adjustable magnetoresistive properties are needed.  

The combination of magnetic nanoparticles with semiconductors can result in intriguing phenomena 

like injection magnetoresistance, as documented by Lutsev et al. [30,31] . There, Co nanoparticles were 

deposited onto GaAs substrates as conducting, ferromagnetic component of films of granular SiO2(Co). 

In the prepared SiO2(Co)/GaAs heterostructures the Co nanoparticles cause the formation of 

accumulation layers with two field -dependent spin-split sublevels in the semiconducting substrates on 

the one hand, and are used to inject electrons into the semiconducting substrate on the other. Positive 

magnetoresistance of up to ρπϷ was observed at room temperature, which makes the heterostructures 

ideally suited for being used as magnetic field sensors. As a further example, ferromagnetism in 

semiconductors has been applied to build functional elements with a gate-tunable proximity 
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magnetoresistance effect [32] . Lutsev et al. [30,31]  used a gated bilayer structure of a nonmagnetic InAs 

and a ferromagnetic (Ga,Fe)Sb semiconductor to this end.  

Research into magnetic semiconductors like (Ga,Fe)Sb started more than two decades ago. The aim 

of introducing ferromagnetism to a semiconductor while preserving its useful transport properties has 

slowly been approached by these dilute magnetic semiconductors (DMSs) [33] . A DMS is synthesized by 

substituting few percent of the semiconductor atoms by atoms that exhibit a finite magnetic moment 

when built into the crystal lattice of the semiconductor. Then, ferromagnetism is established by 

carrier-mediated coupling of ferromagnetic dopant atomic moments. Also, ferromagnetic inclusions can 

form. In this case, dipole-dipole interaction between the inclusions determines the magnetic properties 

of the DMS. One challenge is to achieve ferromagnetism above room temperature, a basic requirement 

for a wide range of applications. Recently, an amorphous metal-oxide magnetic semiconductor was 

synthesized from a ferromagnetic metallic glass that exhibits a Curie temperature higher than 

φππ + [34,35] . In contrast, the highest Curie temperature achieved in (Ga,Mn)As, a meanwhile 

well -established crystalline DMS, is ςππ + only [35,36] . In crystalline DMSs the increase of the Curie 

temperature is limited by the amount of dopant atoms that can be dissolved in the lattice of the 

semiconductor without changing its crystal structure [35] .  

Standard technologies like molecular beam epitaxy, ion implantation, co-sputtering, and pulsed laser 

deposition have been used to create DMSs out of elemental and multicomponent semiconductors 

embedding both 3d and 4f magnetic elements, e.g., Ge:Mn [37­39]  and ZnO:Fe [40,41] . In DMSs, 

ferromagnetic inclusions are not necessarily composed of the pure ferromagnetic dopant only, but can 

also be formed of a ferromagnetic alloy, e.g., ZnSnAs2:MnAs [42,43] . Moreover, thermite reactions have 

also been employed to synthesize DMSs [44] .  

 

In the present thesis, size-selective CIBD is used to combine magnetic Fe clusters with the elemental 

semiconductor Ge. The Fe-Ge samples are used to study the transport properties and the 

magnetoresistance of this nonequilibrium cluster-assembled material.  

Fe-Ag, the second cluster-assembled material system studied in the present thesis, is known to 

exhibit granular giant magnetoresistance [45­47] . This effect is caused by spin-dependent scattering of 

electrons by Fe atoms located at the surfaces of the Fe clusters [45] . Since Fe and Ag are immiscible 

elements and since the Fe-Ag system has been well-researched in the literature, cluster-assembled Fe-Ag 

nanocomposites are particularly suitable for size and concentration dependence studies.  

An additional technical development made in the course of this thesis is the design and construction 

of a setup that uses laser ablation in an inert gas atmosphere in order to synthesize clusters via inert gas 
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condensation with diameters on the order of ρπ ÎÍ and ρππ ÎÍ. This special source, henceforth referred 

to as pulsed laser ­ buffer gas condensation (PL-BGC) setup, features a large fraction of neutral particles 

in its output. In contrast to the order of chapters chosen in this thesis, the PL-BGC setup was the initial 

project of this thesis. The application originally considered for the PL-BGC setup lies in the field of 

matter-wave diffraction experiments [48­51] ; such experiments require beams of neutral particles. 

Nonetheless, the setup may be used for the preparation of cluster-assembled materials as well. Although 

the PL-BGC setup has neither been used for diffraction experiments nor for film depositions, an 

introduction to the laser ablation technique, a description of the PL-BGC setup and its benefits, and some 

experimental results are added to this thesis as a reference for future research.  

1.1 Motivation  

Simultaneous deposition of preformed nanometer-sized clusters and matrix material is a promising 

strategy to synthesize cluster-assembled nanocomposites, a special type of granular nanomaterial. The 

advantages of this strategy are the ability to select the clusters that are used for deposition by size and 

that even nonequilibrium compositions of elsewise at least partially miscible elements can be fabricated. 

On the one hand, combining two elements can aim for the symbiosis of their individual, already existing 

properties. This is, for example, the case, when clusters of a ferromagnetic material are co-deposited 

with a semiconducting matrix material. Such combinations aim for the synthesis of DMSs [33] . These 

materials are of great interest for techniques that combine traditional semiconductor-based 

nanoelectronics with magnetization or magnetic-field-sensitive devices and building blocks. On the other 

hand, co-depositions can aim for the creation of new materials with properties that are a consequence 

of the repeating pattern of clusters and matrix material. When ferromagnetic clusters are co-deposited 

wi th an insulating matrix the resulting nanocomposite may exhibit a tunneling magnetoresistance 

effect [13] . Similarly, giant magnetoresistance may be observed when a non-ferromagnetic metallic 

matrix is used [14­16] .  

The advantage of the CIBD technique used in the present work lies in the high degree of control over 

the deposited clusters. The used CIBD system includes a sector magnet with which the cluster ions in the 

beam are selected by their size. This way, very narrow cluster size distributions are achieved in the 

prepared films. Furthermore, the impact energy of the cluster ions on a growing film can be controlled. 

For these reasons, the CIBD system is well qualified to produce samples for studies of cluster size 

dependence effects in these cluster-assembled nanocomposites.  
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To test the capabilities of the CIBD system to synthesize potential DMS films, samples of Fe clusters 

embedded in matrices of Ge are prepared. In addition , samples of Fe clusters embedded in Ag matrices 

are prepared. The Fe-Ag system has been examined in the literature quite frequently and is known to 

exhibit granular giant magnetoresistance. 

1.2 Objectives 

The used CIBD system offers a very high degree of control over the co-deposition process and 

features a very narrow cluster size distribution. For these reasons, the transport properties of the 

prepared nanocomposite films cannot only be studied as a function of the volume fraction of the clusters 

in the films but also as a function of the size of the embedded clusters. Consequently, this allows to 

distinguish between effects that are related to the volume fraction and effects that depend on the size of 

the clusters.  

Two nanocomposite systems are studied: Fe clusters embedded in Ge matrices and Fe clusters 

embedded in Ag matrices. The combination of magnetic clusters (Fe) and a semiconducting matrix  (Ge) 

results in nanocomposites with both semiconducting and magnetic properties, with their properties 

depending on the size of the clusters. Fe-Ag is chosen as a second combination because it is a well-studied 

system known for its giant magnetoresistance. For this reason, cluster-assembled Fe-Ag nanocomposites 

are suitable to study the dependence of the granular giant magnetoresistance on cluster size and cluster 

concentration. 

A strategy how to electrically connect the Fe-Ge films for transport measurements has to be 

developed in advance. This is of particular importance since the resistivities of the semiconducting 

sample films are expected to vary by several orders of magnitude when measured as a function of 

temperature. For this reason, an appropriate sample chip layout and, closely related, a compatible 

co-deposition sample layout have to be developed. Besides the examination of the properties of the 

as-deposited films, thermal annealing and hydrogenation are subsequent strategies to alter the 

as-deposited Fe-Ge nanocomposite films after the initial measurements in order to create films with 

different properties.  

In addition to the research on Fe-Ge and Fe-Ag nanocomposites, a cluster source based on laser 

ablation is developed. Laser ablation features a low fraction of ionized particles and can be applied to a 

wide range of materials, including strongly magnetic ones that cannot be sputtered easily as well as 

oxides that are not suitable for ion-deposition-based systems.  
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1.3 Outline of the  Thesis 

 

Chapter 2:  Starting with the magnetic dipole moment, the phenomenon of magnetism is reviewed, 

with the focus on the ferromagnetism of Fe. Subsequently, a review on ordinary, anisotropic, tunneling, 

and giant magnetoresistance effect is given.  

 

Chapter 3:  The CIBD system used to prepare cluster-assembled Fe-Ge and Fe-Ag nanocomposites is 

reviewed in this chapter. It combines deposition of cluster ions from a size-selected cluster ion beam 

with deposition of matrix material from a constant flux of a toms emitted from an effusion cell.  

 

Chapter 4:  This chapter contains the research on cluster-assembled Fe-Ge nanocomposite films. 

Transport and magnetoresistance data of the nanocomposite samples are analyzed and the influence of 

the Fe concentration is studied. The Ge matrices turn out to be of amorphous structure and tunneling 

magnetoresistance is found to occur. Furthermore, the tunneling magnetoresistance effect is 

superimposed by at least one other magnetoresistance effect that varies with the magnetic field within 

the range accessible with the device used for transport measurements. Finally, some of the as-prepared 

samples are thermally annealed at two different temperatures. The observed changes in sample 

properties are discussed and related those observed in DMSs.  

 

Chapter 5:  In this chapter, the second material system, Fe-Ag, is studied. As expected, the 

cluster-assembled Fe-Ag nanocomposite samples exhibit granular giant magnetoresistance.  

 

Chapter 6:  In addition to the CIBD  system used to synthesize cluster-assembled nanocomposites, 

another stand-alone cluster source based on laser ablation is designed and assembled. The principle of 

laser ablation, the current state of the setup, and its principle of operation are reviewed in this chapter. 

Finally , a test sample of aggregated Ag clusters is presented.  
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2 Theory of Magnetism and 
Magnetoresistance 

Already in the 19th century electric transport through metals was found to be influenced by magnetic 

fields and to even depend on the direction of the electric current relative to the magnetization in case of 

ferromagnets. These two effects, ordinary and anisotropic magnetoresistance, are intrinsic 

magnetoresistance effects in the sense that they originate from the atomic and crystal structure. By 

combining materials with different transport and magnetic properties, artificial structures with 

magnetoresistive properties can be designed and prepared. Tunneling magnetoresistance occurs when 

two ferromagnetic domains are separated by a tunneling barrier, giant magnetoresistance occurs when 

a non-ferromagnetic metallic spacer material separates the two domains. In both structures, the 

resistivity depends on spin-dependent scattering, i.e., it depends on the relative magnetization between 

the two ferromagnetic domains to each other. The conditions for these two effects can be met both in 

layered and granular structures.  

 

This chapter covers the theoretical background relevant for the magnetoresistance measurements 

performed in this thesis. Since Fe is the ferromagnetic ingredient of both nanocomposites studied in this 

thesis, first , the ferromagnetism of Fe is derived. It is generally known that the magnetic dipole moments 

associated with the orbital momentum and the spin of the electron are the sources of magnetism. 

Consequently, the chapter starts with the description of the magnetic dipole moment of the electron. As 

the Fe nanoparticles discussed in the present work exhibit superparamagnetism, this type of magnetism 

is discussed following the section on ferromagnetism. Last, the four magnetoresistance effects introduced 

aboveÇordinary, anisotropic, tunneling, and giant magnetoresistanceÇare explained. The required 

theoretical considerations are well described in many textbooks on solid state physics or magnetism. The 

discussions of this chapter are based on the textbooks by J. M. D. Coey [52] , W. Nolting  [53] , 

T. Fließbach [54] , H. Ibach & H. Lüth [55] , and R. Gross & A. Marx [56]  if not stated otherwise.  
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2.1 Magnetic Dipole Moment and Paramagnetism 

2.1.1 The Magnetic Dipole Moment of the Electron 

In his fourth equation, J.  C. Maxwell related a stationary current density ᴆ with the curl of a static 

magnetic flux density: ÃÕÒÌ ὄᴆ ‘ᴆ. With the vector potential ὃᴆ chosen in Coulomb gauge (ÄÉÖ ὃᴆ π), 

rfgq rp_lqdmpkq rm Nmgqqml%q cos_rgml dmp rfc amknmlclrq md rfc tcarmp nmrclrg_j8ὃᴆ ‘ᴆ. Treating 

the current as being contained in a finite volume ὠ* rfc eclcp_j qmjsrgml md Nmgqqml%q cos_rgml a_l `c

expanded in orders of distance from that volume. This is called the multipole expansion, the leading 

term of which is the magnetic dipole moment  

where the integral runs over the volume ὠ associated with the current density.  

An electron orbiting a nucleus with a classical angular momentum ὰᴆ represents a current running in 

a loop, and generates a magnetic moment ‘ᴆ ὩȾςά  ὰᴆ. Ὡ and ά  _pc rfc cjcarpml%q af_pec _lb k_qq*

respectively. Expressing the orbital momentum in terms of quantum mechanics, only one component, 

usually chosen as the z-component, can be measured precisely. This component is quantized by the 

orbital magnetic quantum number ά . Therefore, the corresponding magnetic moment is also quantized, 

namely, in units of the Bohr  magneton ‘ : ‘ ‘ά .  

The magnetic moment induced by the nonclassical intrinsic angular momentum of the electron, by 

its spin ίᴆ, can be expressed in a similar way: ‘ Ὣ‘ά . However, the ratio Ὣ of ‘ᴆ expressed in 

units of ‘  and spin angular momentum ίᴆ expressed in units of ᴐ is different from unity. For the spinning 

electron it is Ὣ ς. The total angular momentum of an electron is ᴆ ὰᴆ ίᴆ.  

2.1.2 Magnetic Moments and the Single-Electron Hamilton Operator 

The properties relarcb rm rfc cjcarpml qngl f_tc rm `c _bbcb ^_prgdgag_jjw% rm rfc QafpĂbglecp cos_rgml

in form of magnetic moments interacting with the magnetic field when needed for the system to be 

modeled. However, the electron spin is respected by the relativistic Dirac equation. The Dirac equation 

ascribes a factor Ὣ ς rm rfc cjcarpml qngl, ?kmle mrfcpq* rfc ^_prgdgag_j% rcpkq _pc m`r_glcb dpmk rfc

Dirac equation in its nonrelativistic limit. The important terms in the resulting Hamilton operator are 

the Zeeman interaction  
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and the coupling of the electron spin to the orbital angular momentum of the electron  
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ὰ and ίǶ are the quantum mechanical single-particle angular momentum operators, ᴐ is the reduced 

Nj_lai%q amlqr_lr*ὧ is the speed of light in vacuum and ὶ is the distance from the center of the 

electrostatic potential Ὗ, which is assumed to have spherical symmetry here.  

The Zeeman term, Equation [ 2-2], represents the coupling of a single electron to an external 

magnetic field. Depending on its orbital momentum and its spin, the energy of an electron is either 

lowered or increased. For (quasi-)free electrons (ὰ π) the Zeeman shift by a magnetic field causes a 

surplus of electrons with one spin orientation because electrons shifted upward in energy can flip their 

spin in order to reduce their energy again. This yields a net magnetization of the electron gas. The 

corresponding Pauli susceptibility is  

  
… ‘ ‘  ὈὉ ȟ [ 2-4]  

  

where ὈὉ Ὀᴻ Ὁ ὈȢ Ὁ  is the density of states at the Fermi level of the 3D electron gas including 

both spin polarizations.  

In a many-particle system the single-particle operators are replaced by the corresponding 

many-particle operators ὒ and Ὓ. The total angular momentum of a many-particle system is ὐᴆ ὒᴆ Ὓᴆ 

and its magnetic moment is  

  
‘ᴆ Ὣ ‘ ὐᴆȾᴐ [ 2-5]  

  

with the Landé factor in ὒὛ-coupling Ὣ ὛὛ ρ ὒὒ ρ  Ⱦ ςὐὐ ρ. The Zeeman energy 

becomes  

  
Ὁ Ὣ ‘ ‘ ὓ ὌȢ [ 2-6]  

  

Regarding the coupling of spin and orbital momentum, Equation  [ 2-3], the potential of a nucleus 

with charge ὤὩ is Ὗ ὤὩ τ“‐ὶϳ . For a single 3d electron (ὶ ͯ  πȢρ ÎÍ' gl _l mrfcpugqc ^cknrw% _rmk
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the energy of the effect can be estimated to be on the order ρ ÍÅ6 for 3d transition elements (ὤ ςυ). 

Hence, spin-orbit coupling plays a minor role here. However, the effect becomes § ·more important for 

heavy elements and especially for inner shells.µ [52]  

2.1.3 Paramagnetism of Localized Electrons 

In an assumed ideal paramagnet the electrons of a many-particle system do not interact via their 

charges or their magnetic moments. Their number is constant and so is the occupied volume. Hence, 

they represent a canonic ensemble and the expectation value for any quantity ή in this type of ensemble 

is ộήỚ Вή ÅØÐὉ ὯὝϳ ϳשׁ , where ׁש ВÅØÐὉ ὯὝϳ  is the partition function of the canonic 

ensemble, Ὥ runs over all possible energy states, and Ὁ symbolizes the corresponding energies.  

According to the addition rules for quantum mechanical angular momenta, the component of  

the total angular momentum of the system projected to the direction of an external magnetic field  

ὓ ᶰ ὐȟȣȟὐ can take ςὐ ρ discrete values. The corresponding energies are Ὁ Ὣ‘‘ὓὌ, 

according to the Zeeman energy, Equation [ 2-6]. Evaluating the thermodynamic average, one obtains  

  
ộ‘Ớ ‘  ꜞ ὼ ‘

ςὐ ρ

ςὐ
ÃÏÔÈ

ςὐ ρ

ςὐ
ὼ

ρ

ςὐ
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ὼ
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 [ 2-7]  

  

for the component of the magnetic moment pointing into the direction of the external magnetic field, 

where ὼ Ὣ‘ὐ ‘Ὄ ὯὝϳ , ‘ Ὣ‘ὐ is the maximum possible magnetization, and where  

ꜞ ὼ ộ‘Ớ‘ϳ  is called the Brillouin function. Expanding the Brillouin function in the limit ὼḺρ 

yields ꜞ ὼ ὼ ὐὐ ρ Ⱦ σὐ as the leading term. In this limit, the susceptibility … ὲộ‘ỚȾὌ of an 

ensemble with number density ὲ is … ὅȾ4. This is the Curie law with the Curie constant  

The classical form given here is obtained via the effective moment ‘ Ὣ‘ ȿὐᴆȿȾᴐ Ὣ‘ ὐὐ ρ. 

In the limit ὐO Њ the Brillouin fun ction reduces to the Langevin function  

  
flὼ ÃÏÔÈὼ

ρ

ὼ
 Ȣ [ 2-9]  

  

  
ὅ ὲὫ‘‘  ὐὐ ρ σὯϳ ‘ὲ‘ σὯϳ Ȣ [ 2-8]  
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2.2 The Ferromagnetism of Iron 

In the previous section, the magnetic moment of an electron and the paramagnetic behavior of a 

free electron gas were discussed. In this section, the properties of electrons bound to single atoms are 

discussed, followed by the changes that occur when a crystal lattice is built out of these atoms. The effect 

of exchange interaction is introduced and the occurrence of ferromagnetism is motivated by the Stoner 

criterion.  

2.2.1 The Atom î A Many-Electron System 

Two examples for a many-electron system are, first, single atoms that possess a spherically 

symmetric electric potential , and secondly, lattices of atoms with a periodic potential , generated by the 

superposition of atomic potentials. For the mathematical formulation of the many electron problem one 

md rfc cjcarpmlq gq ^qglejcb msr dmp a_jasj_rgml%. All other electrons form an electric potential which is 

experienced by this electron. Let Ὥ label the electron singled out, and let Ὦ be the index used to count 

through the remaining electrons. Then, the corresponding Coulomb potential is Ὗ Ὡ τ“‐ὶ, where 

ὶ is the distance between electrons Ὥ and Ὦ, and where ὭȟὮ runs over all possible combinations.  

The many-electron wave function has to be antisymmetric under pairwise particle permutations in 

order to respect the Pauli principle. Following the Hartree-Fock method, the many-particle problem can 

be transformed into equations that effectively represent single-particle problems. The demand for 

asymmetry brings about another term in the effective single-particle operator. It represents a potential 

experienced by electron Ὥ that is caused by all other electrons Ὦ with their spin oriented parallel to  that 

of electron Ὥ. Because of the indistinguishability of the electrons electron Ὥ can be exchanged with any of 

these electrons while the many-particle state remains unchanged. For this reason, the additional term is 

called exchange interaction.  

Regarding the single Fe atom (ὤ ςφ), the electronic configuration is [Ar]  3d6 4s2, i.e., there are six 

electrons to be distributed among the ten states available in the 3d shell. All other shells are filled 

completely. Intra -atomic exchange interaction demands five of the six 3d electrons to occupy the 

available states with their spins aligned parallel &Fslb%q qcamlb psjc', Rfc pck_glgle cjcarpml maasngcq

the ά ς state with its spin aligned antiparallel to the oth er 3d electrons. The state with highest 

possible orbital momentum in direction of quantization is occupied because the electron is then further 

away from the nucleus and, thus, from the other 3d electrons. In this configuration it experiences less 

Coulomb repulsion &Fslb%q rfgpb psjc', 
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2.2.2 Lattices of Iron Atoms 

When atoms are arranged in a lattice the valence shells of the atoms start to overlap. The outermost 

shell of an Fe atom is the 4s shell, the next deeper shell is formed by the 3d orbitals. Now, that atoms 

are close enough to allow their outermost orbitals to overlap to smaller or larger extents, the energies of 

the valence states need to split. This way, valence and conduction bands form. For Fe, the 4s band is 

wide because of the large overlap of the 4s wave functions. The overlap is less for the 3d orbitals, hence, 

the corresponding bands are much narrower.  

The electrons in the nonspherical 3d orbitals experience the charge distribution caused by the 

electrons of their nearest neighbors, called the crystal field . The orbitals are deform by the crystal field, 

which comes along with an energetic splitting of the 3d levels. This splitting is reflected by the highly 

structured 3d bands in the density of states of bulk Fe, see Figure 2-1(a)  (replot from Reference [57] ). 

In Figure 2-1(a), the density of states is plotted per spin orientation, which are symbolized by ᴻ  and Ȣ . 

Note, that  ̂ %ᴻ _lb ̂ %Ȣ _pc mljw sqcb rm bgqrglesgqf `cruccl rfc rum qngl mpgclr_rgmlq* ugrfmsr pcdcppgle rm

any axis of quantization.  

Bulk Fe possesses a bcc structure (ɻ-Fe) at room temperature, i.e., there are ψ nearest neighbors per 

lattice site. ɻ-Fe is a ferromagnet with a Curie temperature of ρπτσ +. There are both 4s and 3d states 

at the Fermi level. Therefore, 4s and 3d electrons intermix, which causes a redistribution of the valence 

electrons among the 3d and 4s states. In fact, for ɻ-Fe only πȢφ electrons retain their 4s character while 

the number of electrons with 3d  character increases to χȢτ on average. The πȢφ 4s electrons are largely 

spin-paired, i.e., there are each πȢσ electrons with spin ᴻ  and Ȣ  on average. For the 3d electrons it is τȢψ 

with spin  ᴻ  and ςȢφ with spin  Ȣ . Therefore, the magnetic moment per Fe atom is ςȢς ‘  [58] , and not τ ‘  

as one could think regarding the electronic configuration of the single Fe atom. As there are more 

electrons with spin ᴻ , these are called majority spin electrons. Consequently, electrons with spin Ȣ  are 

called minority spin electrons.  

Above ρρψτ + bulk Fe possesses an fcc structure (ɾ-Fe), with ρς nearest neighbors per lattice site. 

Since the deformation of orbitals caused by the crystal field and the degree of orbital overlapping are 

different here, ɾ-Fe possesses a different electronic structure and, consequently, different magnetic 

properties. However, since ɾ-Fe is a high temperature phase the following trick has to be used to examine 

its magnetic properties: The fcc phase can be stabilized by letting granules of ɾ-Fe precipitate in a matrix 

of Cu [59­62] . This is because there is only little mismatch between the fcc lattices of the ɾ-Fe particles 

and the fcc Cu host. Keeping the high-temperature fcc structure is energetically favored over the 

formation of fcc­bcc interfaces that would inevitably come to existence in case the Fe particles adopt the 

low-temperature bcc structure. Moreover, the lattice parameter of the ɾ-Fe precipitates matches the one 
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of bulk ɾ-Fe. Samples of this kind were, e.g., produced and examined by means of neutron scattering at 

room temperature and at several cryogenic temperatures using liquid He (LHe) as coolant by 

Abrahams et al. [59] . The authors find their samples, which they describe as dispersed single crystals of 

fcc Fe, to possess antiferromagnetic ordering up to a Néel temperature of ψ + and a magnetic moment 

per Fe atom of πȢχ ‘ . The existence of an antiferromagnetic state is also confirmed by simulations of 

ɾ-Fe lattices. According to these simulations, ɾ-Fe may also exhibit a ferromagnetic ground state if the 

lattice parameter was larger [62­64] .  

2.2.3 The Way to Ferromagnetic Ordering 

2.2.3.1 Exchange Interaction and the Exchange Hole 

In the periodic lattice of bulk Fe the 3d  and 4s electrons are bound only weakly and, therefore, can 

be treated as quasi-free. Consequently, the 3d and 4s electrons are well approximated by the free electron 

gas model. In the free electron gas a parallel alignment of spins is favored because of exchange 

interaction. The spatial part of the two -particle wave function of a pair of electrons with parallel  

spins ὭȟὮ has to be antisymmetric: ɰ ᶿ• Òᴆ• Òᴆ • Òᴆ• Òᴆ . Integrating the probability  

 Figure 2-1: Spin-Polarized Density of States of ɻ-Fe and Exchange Hole of the (Quasi-)Free Electron Gas 

 (a) Spin-polarized density of ɻ-Fe. The upper half (red) shows the distribution of majority ( )ᴻ spin electrons, the 
lower half (blue) that of minority ones ( )Ȣ. ɻ-Fe has some unfilled 3dᴻ states at the Fermi level and, therefore, 
is a weak ferromagnet. The graph is a replot from Reference [57] , i.e., a plot of the numerical data available 
there.  

 (b) Effective charge distribution seen by a (quasi-)free electron. The reduced amount of charge in the vicinity of 
the electron is called the exchange hole. The charge distribution is normalized to the homogeneous 
distribution of charge ɀὩὲ.  
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to find electron Ὦ at a position Òᴆ relative to electron Ὥ, ɰ ᶿρ ÃÏÓËᴆ ËᴆÒᴆ, over the whole, 

spin-polarized Fermi sea yields an effective charge distribution experienced by electron Ὥ  

  

” Òᴆ Ὡὲρ
ω

ς

ÓÉÎὯὶ Ὧὶ ÃÏÓὯὶ

Ὧὶ
 [ 2-10]  

  

with ᴐὯ ςάὉ . Ὡ is the charge of the electron and ὲ is the homogeneous number density of 

electrons. The distribution Equation [ 2-10] is plotted in Figure 2-1(b). The color-highlighted deviation 

from a constant charge distribution below Ὧὶ τ is called the exchange hole. The lack of electric charge 

in the vicinity of electron Ὥ reduces the effective shielding of the ion core potential (nucleus +  inner 

electrons), i.e., the attraction by the ion core effectively increases. Therefore, the energy of electron Ὥ is 

reducedÇthe exchange interaction is of attractive kind. The higher the spin polarization in the electron 

gas, the higher the energy bonus. For electrons in a covalent bond, i.e., localized electrons, exchange 

interaction favors antiparallel alignment of spins. This is the famous two-electron example of the 

diatomic hydrogen molecule that is found in many textbooks.  

2.2.3.2 The Stoner Criterion for Ferromagnetic Ordering 

The reduction in energy per electron due to exchange interaction depends on the spin-polarized 

number of electrons ὲ . Therefore, the single-electron energies become spin polarized, too:  

Ὁ Ὧᴆ ὉὯᴆ Ὅ ὲȾὔ. Here, ὉὯᴆ is a single-electron band energy, ὔ is the number of atoms, „ᶰ ȟᴻȢ  

is the spin index, and Ὅ is the Stoner parameter that represents the strength of the energetic reduction. 

The Fourier transformed function of Equation [ 2-10] is constant in Ὧᴆ-space to good approximation. 

Therefore, the Stoner parameter can be assumed constant, too [65] .  

In a ferromagnet, a surplus of electrons with one spin orientation exists: Ὑ ὲᴻ ὲȢ Ⱦὔ  π. This 

surplus can be expressed via Fermi-Dirac occupation probabilities ὪὉ Ὧᴆ  with the spin -polarized 

single-electron energies given above. This leads to a self-consistency equation for the ratio Ὑ. Demanding 

solutions with Ὑ π yields the Stoner criterion:  

  
Ὅ ὔὉ ρȟ [ 2-11]  

  

where ὔὉ  is the density of states per atom for each spin state. The magnetization of the 

exchange-interacting quasi-free electron gas in an external magnetic field Ὄ is  
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ὓ

…

ρ Ὅ ὔὉ
 ὌȢ [ 2-12]  

  
It can be seen that exchange interaction increases the susceptibility of the quasi-free electron gas. 

Moreover, the susceptibility diverges when Ὅ ὔὉ ᴼρ. In particular, when a magnetic material fulfills 

the Stoner criterion the splitting of spins happens spontaneously. To fulfill the criterion a large density 

of states at the Fermi level, i.e., narrow bands are required. Besides Fe, only Co and Ni fulfill the Stoner 

criterion, and in fact, these elements are known for their ferromagnetic properties.  

The shifted spin-polarized densities of states are shown in Figure 2-1(a). As can be seen, most of the 

majority spin 3d states are located below the Fermi level, however, not all of them. Therefore, the 

average number of 3d majority spin-electrons per atom is τȢψ, which makes Fe a weak ferromagnet. In a 

strong ferromagnet the exchange interaction is strong enough to push all 3d majority spin states below 

the Fermi level. This is the case for Ni and Co.  

2.2.3.3 The Ferromagnet at Finite Temperatures and the Curie Temperature 

So far, ferromagnetism was discussed at zero temperature. The behavior at nonzero temperatures is 

well explained in terms of the mean field theory on ferromagnetism by Weiss, which is as follows. The 

magnetic field inside a ferromagnet is a superposition of an external field Ὄᴆ and a contribution 

proportional to its own magnetization: Ὄᴆ ὲ ὓᴆ Ὄᴆ, where the Weiss constant ὲ  is the 

corresponding proportionality factor. The argument of the Langevin function , Equation [ 2-9] , is replaced 

according to ὌᴆO ὲ ὓᴆ Ὄᴆ. For zero external field the magnetization is equal to the spontaneous 

magnetization of the ferromagnet ὓ . This leads to a self-consistency equation for ὓ . Nontrivial 

solutions exist when Ὕ Ὕ, where  

  
Ὕ ὲ  ὅ [ 2-13]  

  

is the Curie temperature, and ὅ is the Curie constant from Equation [ 2-8]. The Curie temperature of ɻ-Fe 

is ρπτσ +. Above this temperature magnetic moments still exist, but spontaneous ferromagnetic ordering 

is suppressed. The moments remain disordered, forming a paramagnetic state. The corresponding 

paramagnetic susceptibility is calculated analogous to the one of the paramagnetic ensemble. One 

obtains  

  
…

ὅ

Ὕ Ὕ
 Ȣ [ 2-14]  
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2.2.3.4 Anisotropy 

In a single-crystalline sample, the direction of the ferromagnetic magnetizatio n usually lies along a 

preferred crystal direction. This behavior is called anisotropy and the preferred direction is called the 

easy axis. The easy axis is not to be mixed up with the easy direction defined by the direction of an 

external magnetic field. Also, the easy axis offers two equivalent possibilities of magnetization alignment. 

There is an energy cost associated with deviations from alignment to the easy axis. The anisotropy can 

have a number of different origins: anisotropy in the shape of the magnetic particle, anisotropy in its 

magnetocrystalline structure, anisotropy of its surface, and induced anisotropy. The first three are 

discussed in brief next. 

Shape anisotropy originates from the magnetostatic energy a sample with finite magnetization gains 

in its own demagnetizing field. In an ellipsoid of revolution with homogeneous density of magnetic 

moment the easy direction is the semimajor axis. The difference in magnetostatic energy density between  

parallel and perpendicular alignment to the easy direction of the magnetization of a sample is  

ɝὉ ρȾτ ‘ὓ ρ σﬞ . ὓ  is the saturation magnetization of the ferromagnet and ﬞ the 

demagnetizing factor. In general, the energy density due to misalignment is Ὁ ὑ  ÓÉÎ—, where — 

is the angle between the direction of magnetization and the easy direction and ὑ ɝὉ is the anisotropy 

constant. For a perfect sphere it is ﬞ ρȾσ, hence, the shape anisotropy of a perfect sphere is zeroÇas 

expected. The clusters used in this work are assumed to be of spherical shape. However, since they 

amlqgqr md ^mljw% _ dcu fslbpcb _rmkq _lb qglac rfcw k_w bcdmpk gl rfc kmkclr rfcw _pc qmdr-landed on 

a sample, it is well possible that the spherical shape is modified to an oblate one.  

The origin of magnetocrystalline anisotropy is the crystal field, which is generated by the ion cores 

forming the lattice and experienced by the electrons in the orbitals that contribute to the finite magnetic 

moment of the solid. The moment of the electron in an orbital that is stabilized by the crystal field is 

aligned in a particular crystallographic direction by spin -orbit interaction. This kind of anisotropy causes, 

e.g., the cube edges ộρππỚ to be the easy directions of bcc ɻ-Fe. The leading term of magnetocrystalline 

anisotropy is Ὁ ὑ ÓÉÎ—. Merging both sources of anisotropy into a single expression, an effective 

anisotropy constant can be defined so that Ὁ ὑ  ÓÉÎ—.  

For particles in the nanometer range, the number of moments located on the surface of a particle is 

not negligible compared to the number of moments forming the particle. This is taken into account by 

the surface anisotropy Ὁ ὑ᷿ ρ ὩᴆẗὩᴆ  Ὠὶ, where the integral runs over the surface of a 

particle, ὑ is the corresponding anisotropy constant, Ὡᴆ is the direction of magnetization, and Ὡᴆ is the 

surface normal direction. In micro -SQUID measurements of single Co clusters in Nb matrices, the clusters 

consisted of about ρπππ atoms, Jamet et al. [26]  found that in this case §· it seems that the 

cluster-k_rpgv glrcpd_ac npmtgbcq rfc k_gl amlrpg`srgml rm rfc k_elcrga _lgqmrpmnw,µ  
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2.2.3.5 The Stoner-Wohlfarth Ferromagnet in a Magnetic Field 

The simplest model of an isolated ferromagnetic particle is the one proposed by 

Stoner & Wohlfarth  [66,67] . It is based on a prolate, uniformly magnetized ellipsoid with saturated 

magnetization ὓᴆ ὓ  and with shape or magnetocrystalline anisotropy Ὁ ὑ ÓÉÎ—, see 

Section 2.2.3.4. — is the angle of the magnetization towards the easy axis. The model assumes that all 

moments within the particle remain aligned parallel, hence, rotate coherently when the magnetization 

changes direction. When the model is restricted to two dimensions, the prolate ellipsoid reduces to an 

ellipsis, as it is shown in Figure 2-2(a) . The semimajor axis is the easy axis and the angle — is added 

accordingly.  

The magnetostatic energy of the particle in a magnetic field Ὄᴆ is Ὁ ‘ὓᴆὌᴆ. The direction of the 

magnetic field with respect to the easy axis is represented by the angle towards the easy axis, ‰. Then it 

is ὓᴆὌᴆ ὓὌ ÃÏÓ‰ —. Similarly, the component of the relative magnetization ά ὓȾὓ  parallel to 

the magnetic field is given by ά᷆ ÃÏÓ‰ —. Hence, the total energy of the particle is  

  
Ὁ ὑÓÉÎ— ‘ὓὌ ÃÏÓ‰ —Ȣ [ 2-15]  

  

To find the direction of the magnetization, i.e., the angle — that results when a magnetic field of 

strength Ὄ and direction ‰ is present, the minimum of Equation  [ 2-15] with respect to — has to be found. 

The governing pair of (in)equations is ὨὉȾὨ— π and ὨὉȾὨ— π. A positive second derivative 

represents a stable minimum, the second derivative being equal to zero represents a saddle point.  

In general, these equations have to be numerically solved for solutions ά᷆ Ὤ. Therefore, it is 

common practice to normalize the magnetic field to the anisotropy field via Ὤ ‘ὓὌȾςὑ. Some of the 

resulting ά᷆ Ὤ curves are plotted in Figure 2-2(b). Only the two limiting cases ‰ π (red, magnetic 

field parallel to the easy axis) and ‰ “Ⱦς (green, magnetic field parallel to the hard axis) as well as 

the case ‰ “Ⱦτ (not shown) can be solved analytically. The numerically solved cases ‰ “Ⱦφ and  

‰ “Ⱦσ are added in blue and yellow, respectively.  

The Stoner-Wohlfarth model explains the occurrence of hysteresis as follows. Starting at a large 

positive field Ὤḻρ the magnetization in direction of the magnetic field is saturated in good 

approximation, ά᷆ ρ. When Ὤ decreases, the angle — minimizing the energy also changes. Below a 

certain field Ὤ  another minimum starts to coexist in the Ὁ— curve, indicating a second solution and, 

hence, a second possibility of magnetization alignment. At Ὤ , i.e., at a field pointing into the reverse 

direction of the  current magnetization, the so-far stable minimum changes to a saddle point, and 

vanishes for larger negative fields. Until this point the magnetization is reversible. However, the 
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magnetization switches to the other minimum at Ὤ Ὤ  because there the energy required to do so 

becomes zero. For ‰ “Ⱦφ and ‰ “Ⱦσ (blue and yellow curves) the Stoner-Wohlfarth mod el yields 

Ὤ πȢυςτ. For the case ‰ π, no deviation of the magnetization from the easy axis occurs since the 

magnetic field is oriented parallel to the easy axis. Consequently, the magnetic field has to compensate 

the full anisotropy in order to swit ch the magnetization. Therefore, Ὤ ρ in this case and ά᷆  switches 

from ρ directly to ρ (red curve). When the magnetic field is applied along the hard axis of the ellipsoid  

(‰ “Ⱦς), ά᷆  varies linearly with Ὤ when ȿὬȿ ρ, and remains saturated ά᷆ ρ when ȿὬȿ ρ. 

Within the magnetic field range ȿὬȿ ρ the magnetization vector progressively rotates towards the 

reverse direction without switching. Hence, no hysteresis occurs; the corresponding magnetization 

curve (green) is fully reversible.  

An ensemble of ferromagnetic domains can be interpreted as an ensemble of randomly oriented, 

noninteracting Stoner-Wohlfarth particles. The relative remanence of such an ensemble is ά ρȾς, its 

coercivity is Ὤ πȢτψς, and the remnant coercivity is Ὤ πȢυςτ.  

 Figure 2-2: Hysteresis in the Stoner-Wohlfarth Model  

 (a) Stoner-Wohlfarth ellipsis. The semimajor axis is the easy axis, the semiminor axis the hard axis. The magnetic 
field Ὄᴆ is applied at an angle ‰ with respect to the easy axis, which causes the magnetization ὓᴆ to take an 
angle — towards the easy axis.  

 (b) ά᷆ Ὤ curves calculated with the Stoner-Wohlfarth model for different orientations of the magnetic field. 
The hysteresis is of rectangular shape when the magnetic field is applied parallel to the easy axis (red curve). 
When it is applied parallel to the hard axis, no hysteresis but full reversibility is observed (green curve).  
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2.3 Superparamagnetism of Nanoparticles 

Superparamagnetism is a form of magnetism that appears in single domain ferromagnetic particles 

with dimensions smaller than the radius for coherent rotation of magnetization  corresponding to the 

ferromagnetic material. Coherent rotation was discussed in the context of the Stoner-Wohlfarth model 

in Section 2.2.3.5. The radius for coherent rotation of Fe is ρς ÎÍ. While the moments of a 

superparamagnetic particle are exchange-coupled, the particle itself can be treated as a paramagnetic 

macrospin for the following reason. Such a superparamagnetic particle has an energy barrier that 

depends on anisotropy aspects and this barrier has to be overcome in order to reverse the direction of 

the magnetic moment of the particle. However, a reversal needs to be induced by thermal energy in 

order to overcome the energy barrier. Therefore, superparamagnetism appears when the thermal energy 

is on the order of the energy barrier. A detailed review on superparamagnetism is given in, e.g., 

Reference [9] .  

For nanoparticles with the shape of an ellipsoid of revolution the direction of magnetization is 

twofold degenerated. Hence, a nanoparticle can reverse the direction of its macrospin in case the 

maximum anisotropy energy Ὁ ὑὠ is overcome by thermal energy, where ὠ is the particle volume. 

The flipping frequency † † Ὡ Ⱦ  is the product of an attempt frequency †  and the 

Boltzmann factor Ὡ Ⱦ . As long as no magnetic field is applied both directions of magnetization are 

equally favored in terms of energy. Hence, the flipping frequencies are the same for both directions. Both 

magnetic orientations exist for the same time on average. For this reason, the net magnetic moment of 

an ensemble of superparamagnetic particles is zero. However, the barrier becomes asymmetric when a 

magnetic field is applied, i.e., one of the two directions is favored over the other. Then, a net 

magnetization can be measured.  

When the magnetization of an ensemble of such nanoparticles is measured within a time span much 

smaller than the magnetic moment reversal time †, the moments appear as being frozen. In this blocked 

state magnetization vs. magnetic field curves recorded from an ensemble show ferromagnetic behavior, 

i.e., magnetic hysteresis. In the opposite case, where the time for reversal is smaller than the 

measurement time, flipping happens many times within one measurement period. Then, the ensemble 

shows a finite magnetization because each nanoparticle has its magnetic moment aligned parallel to a 

favored direction for a longer time compared to antiparallel alignment. Here, the ensemble of 

nanoparticles behaves similarly to an ensemble of paramagnetic atomic moments, however, with a much 

larger magnetic susceptibility due to the ferromagnetic base material. For this reason, the magnetic 

`cf_tgmp md qsaf n_prgajcq gq a_jjcb ^qsncpn_p_k_elcrga%, 
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Choosing the ferromagnetic resonance frequency †  ͯ  ρ '(Ú as the attempt frequency and the 

inverse flipping frequency as an approximate measurement period of ρππ Ó, the superparamagnetic 

ensemble appears blocked when the temperature is below the blocking temperature  

  
Ὕ

ὑὠ

ςυὯ
 Ȣ [ 2-16]  

  

When an ensemble is cooled in a small magnetic field, the magnetization increases with ρȾὝ as 

expected for an ensemble of paramagnetic moments. When the temperature is sufficiently low, the 

moments appear blocked, consequently, the magnetization saturates. This measurement procedure is 

called field-cooled magnetization vs. temperature curve or, briefly, field-cooled (FC). The warming up 

of a demagnetized ensemble in a small magnetic field starts with an increase of the magnetization until 

all magnetic moments are unblocked, i.e., their anisotropy energy barrier can be overcome by thermal 

energy. Then, the moments align in accordance with the applied field. With further increasing 

temperature the magnetization decreases with ρȾὝ. Ideally, this part of the zero-field-cooled (ZFC) curve 

overlaps with the FC curve in the paramagnetic temperature range, where the magnetization of the 

ensemble is reversible.  

Because a superparamagnetic moment represents a paramagnetic moment in the classical  

limit ὐO Њ, the magnetization of a superparamagnetic ensemble follows a Langevin function 

(Equation [ 2-9]). In the ideal case, the superparamagnets do not interact with each other, i.e., there are 

no dipolar interactions between isolated superparamagnetic moments or exchange interactions between 

touching particles. Then, the relative magnetization ά ὓȾὓ  is a function of ὌȾὝ according to the 

argument of the Langevin function.The argument changes when dipolar interactions within an ensemble 

of interacting superparamagnets are taken into account. Then, the temperature is replaced by an 

apparent temperature ὝᴼὝ Ὕ Ὕᶻ, which is the sum of the real temperature Ὕ and a constant Ὕᶻ 

that is related to the dipole energy of the superparamagnetic particles [25] , and the relative 

magnetization is no longer a function of ὌȾὝ.  

In reality, the nanoparticles of an ensemble are distributed in size and interact with other 

superparamagnetic moments. Hence, the magnitude of their magnetic moments, their anisotropy 

barriers and, consequently, their blocking temperatures are distributed in magnitude. In real ZFC curves 

the maximum peak is of finite width and broadens wi th increasing interaction strength and cluster size 

distribution, while the peak simultaneously shifts to higher temperatures. At a certain temperature some 

smaller nanoparticles may already be unblocked, while the magnetic moments of larger nanoparticles 

are still frozen. This distribution of blocking temperatures may also be found for samples in which the 
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spatial distribution of superparamagnetic moments is not uniform. Different strength of interaction 

between nanoparticles depending on their separation may have a similar effect.  

The magnetic properties of the nanometer-sized superparamagnetic Fe clusters examined in the 

present thesis are discussed in Sections 4.5.2 and 5.2.3.  

2.4 Magnetoresistance Effects 

In this theory section, the four magnetoresistance effects mentioned in the introduction are 

explained: ordinary, anisotropic, tunneling, and giant magnetoresistance.  

2.4.1 Ordinary Magnetoresistance 

In the Sommerfeld picture of electronic transport the electrons are treated as a gas of free particles. 

The conduction electrons move freely between scattering events, which happen continuously and cause 

a progressive redistribution of momentum Ὧᴆ among the electrons. The Fermi surface of the free electron 

gas is a sphere with its center at Ὧᴆ π. Scattering happens only in an energy range ͯ ὯὝ around the 

Fermi energy, i.e., only in a thin  layer around the Fermi surface, because only here unoccupied but 

thermally accessible states exist. Electrons at the Fermi level move with the Fermi velocity ὺ, which is 

on the order of ρπ ÍȾÓ for metals, and scattering happens at a frequency on the order of † ρπ Ó . 

The corresponding average distance between two scattering events is the mean free path ‗ ὺ†, which 

can be estimated as being on the order of ρπ ÎÍ with the values given above.  

When an electric field Ὁ is applied along the x-direction the Fermi sphere is shifted by ‏Ὧ ὩὉ†Ⱦᴐ 

into this direction. For symmetry reasons, the shift of the Fermi sphere ‏Ὧ becomes also the average 

momentum of the conduction electrons. Accordingly, the average velocity of the electrons is different 

from zero: The electrons drift with a small velocity ὺ ᴐ ‏ὯȾά ὩὉ†Ⱦά  opposite to the direction of 

the applied electric field, which results in a current Ὦ ὲὩὺ  in x-direction. Here, ά  and Ὡ are the 

electron mass and charge, respectively, and ὲ is the number of conduction electrons per unit volume. 

The quantity ‘ Ὡ†Ⱦά that relates the drift velocity of a charge carrier to the applied electric field as 

ὺ ‘Ὁ is called mobility. Assuming an electric field Ὁ ρππ 6ȾÍ, a drift velocity on  the order of 

ρπ ÍȾÓ can be estimated. Hence, the drift velocity is very small compared to the Fermi velocity. The 

resistivity is obtained via Mfk%q j_uὉ ”Ὦ:  
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When a magnetic field is applied along the z-direction in addition, electrons propagate along circular 

arcs rather than straight lines due to the Lorentz force Ὂᴆ ὩὉᴆ ὺᴆ ὄᴆ. Note, that the Lorentz force 

acts on the real velocity of the electrons, i.e., the Fermi velocity. The radii of the arcs are equal to the 

cyclotron radius ὶ ‫Ⱦὺ ὩὄȾάὺ, where ‫  is the cyclotron angular velocity. The propagation 

length along the arc remains unchanged, i.e., remains equal to ‗. However, the distance between two 

scattering locations is now the length of the chord spanned by the angle • ‗Ⱦ‫  defined by the arc. 

Consequently, the effective mean free path reduces. It becomes  

  

‗ ς ὶ ÓÉÎ
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ς
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 [ 2-18]  

  

for small •. The resistivity becomes  
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 Ȣ [ 2-19]  

  

Hence, the relative change of resistivity due to the applied magnetic field, ɝ”Ⱦ”, is positive and θ ὄ  in 

first approximation. This Lorentz -force induced type of magnetoresistance is universal to all conductors, 

therefore, it is called ordinary magnetoresistance. Its magnitude is on the order of ρϷ at ρ 4 in metals. 

The effect may be larger in semimetals and semiconductors owing to the higher carrier mobilities 

characterizing these materials.  

Note, that the Hall field only compensates a drift off the direction of the applied electric field so that 

the original direction of avera ge movement is maintained. Therefore, when the individual movement of 

the electrons is disregarded the resistivity is independent of the magnetic field. Consequently, the 

magnetoresistance of the electron gas is zero.  

However, the above calculations are still a too  simple model for the ordinary magnetoresistance in 

real conductors. This is because the Fermi surface of real conductors may differ a lot from the shape of 

a perfect sphere. Moreover, the electrons are organized in bands with dispersion relations Ὁ Ὧᴆ (ὲ is 

the band index). An electron moves with a velocity ὺᴆὯᴆ ρȾᴐ ɳᴆὉ Ὧᴆ and is assigned an effective 

mass άᶻὯᴆ ᴐ ὨὉ ὯᴆȾὨὯ . In momentum space the electron trajectories follow surfaces of 

constant energy (the Fermi surface) and lie on planes oriented perpendicular to the applied magnetic 
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field. The trajectories result from the intersections of these planes. Because the magnetic part of the 

Lorentz force is θ ὄᴆ ᴆɳὉ Ὧᴆ the sense of rotation along these trajectories is determined by whether 

ᴆɳὉ Ὧᴆ points to the inside of or away from the enclosed area. Moreover, even open trajectories can 

result, depending on the orientation of the magnetic field relativ e to the crystallographic directions of 

the (single-crystalline) sample [68] . This is in contrast to the spherical Fermi surface of free electrons, 

where ᴆɳὉ Ὧᴆ always points away from the enclosed area. For the reason of the dependence on 

orientation, the trajectories can be divided into electron- and hole-like trajectories. In a more-advanced 

model, the two-band model, one electron- and one hole-like band are assumed to contribute to charge 

rp_lqnmpr, ?aampbglejw* c_af ^rwnc% md a_ppgcp pcosgpcq _ bgddcpclr F_jj dgcjb rm f_tc grq bpgdr kmtckclr

compensated. This leads to a compensation effect of the carriers because only one Hall field can exist, 

of course. When the resistivity resulting from this model is calculated via a projection of the current 

density ᴆ on the electric field Ὁᴆ a term ᶿὄ  appears in the expression. In general, ordinary 

magnetoresistance is always θ ὄ  in small magnetic fields and tends to saturate at large fields.  

2.4.2 Anisotropic Magnetoresistance 

The basic principle of magnetoresistance caused by spin-orbit interaction in conductors with a 

spin-polarized density of states was proposed by Smit [69] . His model for anisotropic magnetoresistance 

is further discussed and extended in, e.g., References [70­73] . Anisotropic magnetoresistance occurs as 

follows, according to these references.  

In a strong ferromagnet the 3d  ᴻstates are completely filledÇthat is, ᴻ  represents the majority spin. 

The 3d states are localized to a higher degree than the 4s states. However, they contribute to charge 

transport with delocalized states, too. For simplicity, the 3d states are now assumed to only represent 

localized states, while the delocalized states are all represented by the 4s states. In this picture, 

spin-preserving scattering of 4sᴻ  electrons into 3d  ᴻstates is suppressed, while scattering of 4sȢ electrons 

into 3d  Ȣ states is possible. Spin-preserving scattering between 4s states is possible for both spin 

orientations, of course. In a weak ferromagnet, such as Fe, the 3d  ᴻ states are almost filled, so that 

scattering into 3d  ᴻstates is not fully suppressed.  

The product of orbital and spin angular momentum operator appearing in the Hamiltonian for 

spin-orbit interaction, Equation  [ 2-3], can be written as ὒὛ ὒὛ ὒὛ ὒὛ. Here, ὐ ὐ Ὥὐ 

are the angular momentum ladder operators. From this form it is visible that spin -orbit interaction mixes 

majority and minority spin 3d states. The axis of quantization is the z-direction here, i.e., the direction 

of magnetization.  
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Spin-orbit interaction mixes 3d  ᴻstates to the states available for scattering, i.e., holes in the 3dᴻ 

states are created by the operator Ὓ in the second term. On the other hand, the operator ὒ ὒ Ὥὒ 

in the second term is not symmetrical in position space, i.e., the holes in the 3d states are not equally 

distributed over the 3d states. In particular, there is a deficit of holes in 3d states oriented perpendicular 

to the magnetization direction. Therefore, 4s electrons are scattered more often when moving parallel 

to the direction of magnetization and less when moving perpendicular to it. Hence, ”᷆ ” : The 

resistivity of a single-crystalline ferromagnet is anisotropic.  

When a magnetic field is applied to a demagnetized polycrystalline ferromagnet the magnetic 

moments become aligned. Then, resistivity increases in case it is measured in direction of the magnetic 

field and decreases in case it is measured in a direction perpendicular to it [74] .  

2.4.3 Tunneling Magnetoresistance 

A trilayered structure consisting of two ferromagnetic metal layers (1) and  (2) that are separated by 

a nonmagnetic tunneling barrier exhibits a dependence of its resistance on whether the directions of 

magnetization of the two ferromagnetic layers are aligned parallel or antiparallel. The difference is due 

to the spin-polarized density of states. Assuming the electron spin to be conserved during tunneling, the 

current through the junction can be split into two spin -polarized currents Ὅ with „ᶰ ȟᴻȢ , in the sense 

of the model by Jullière [75] . Here, the arrows denote whether an electron has its spin aligned parallel 

or antiparallel to the direction of magnetization of electrode  (1). In general, electrons tunnel across the 

barrier in both directions and only a shift in energy of the two Fermi level s by an applied voltage ὠ 

creates a net current Ὅ Ὅ
ᴼ

Ὅ
ᴼ

. Here, electrode (1) is set to a voltage ὠ with respect to 

electrode (2). Each current can be expressed in terms of the spin-polarized densities of states of the 

electrodes, the occupation probability of initial states ὪὉ, and the probability of the target states to be 

unoccupied ρ ὪὉ, where ὪὉ is the Fermi function. For the net current, integration over energy 

yields  

  

Ὅᶿ Ὀ Ὁ Ὡὠ Ὀ Ὁ ὪὉ Ὡὠ ὪὉ ὨὉȢ [ 2-20]  

  

Assuming the densities of states Ὀ Ὁ to be constant, i.e., replacing them by their values at the Fermi 

level Ὀ Ὀ Ὁ , and since the integral over the difference of Fermi functions yields Ὡὠ, the 

conductivity of each spin channel is: „ ᶿὈ Ὀ . The total conductivity is the sum of the conductivities 

of the two spin channels: „ „ᴻ „Ȣ. In case the directions of magnetization of the two electrodes are 
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parallel, it is „ ᶿὈ Ὀ Ὀ Ὀ , where Ὀ  denotes the majority/minority spin density of states in 

electrode (i). For the antipar allel alignment the majority spin of one electrode is the minority spin in the 

other and, hence, the conductivity is „ ᶿὈ Ὀ Ὀ Ὀ . With the spin polarization of the density 

of states ὖ Ὀ Ὀ Ὀ Ὀ  the relative change in tunneling conductivity and resistivity  

” ρȾ„ can be written as  

  „ „

„

” ”

”

ςὖὖ

ρ ὖὖ
 Ȣ [ 2-21]  

  

The conclusion from this simple model is that the observed change in conductivity is directly related 

to the spin polarization of the ferromagnetic electrodes. However, the model does not take into account 

any tunneling barrier properties, i.e., there is no dependence on tunneling barrier height ‰ and 

thickness ί. Barrier properties were first included by Slonczewski [76] , who treated the tunneling 

junction by means of wave functions of electrons that tunnel between two simple spin-polarized 

parabolic bands, where each band represents one of the ferromagnetic electrodes. The Fermi wave vector 

for electrons in electrode (i) with spin „ is denoted as Ὧ . The relative angle between the magnetization 

directions of the two electrodes is —. While the width ί of the tunneling barrier enters via the continuity 

conditions of the wave functions, its height ‰ is included via the imaginary wave vector within the barrier  

ᴐ‖ ςά‰ Ὁ . Slonczewski found for the effective spin polarization of electrode (i) being coupled 

to the tunneling barrier  

  

ὖ
Ὧ Ὧ

Ὧ Ὧ
 
‖ Ὧ Ὧ

‖ Ὧ Ὧ
 ȟ [ 2-22]  

  

where Ὧ ᶿὈ  because of the free electron assumption. Therefore, the first fraction is identical to the 

result observed by Jullière. It is noteworthy that the sign of the second fraction depends on the height 

of the tunneling barrier. The conductivity through the tunnel junction is „ „ ρ ὖὖ ÃÏÓ— , where 

„ is the conductivity of the unmagnetized metal (ὖ π). For further reading, the tunneling 

magnetoresistance models are well discussed in, e.g., References [77,78] .  

Besides Jullière, Maekawa & Gäfvert [79]  discovered the effect in layered structures. Mentionable 

tunneling magnetoresistance of several percent in effect at room temperature was first observed by 

Miyazaki et al. [80]  and Moodera et al. [81] . Later, the effect was also discovered in granular structures 

of spatially isolated ferromagnetic nanoparticles embedded in insulating matrices [13] . A first theory of 

tunneling magnetoresistance in such granular films was proposed by Inoue & Maekawa [82] . In such 
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films, the angle — between the magnetic moments of two isolated nanoparticles are randomly distributed 

and so are the barrier widths ί. However, tunneling preferably happens between pairs of close-up 

nanoparticles. Another effect arising with insulated metallic particles is Coulomb blocking: A particle 

carrying a negative net charge is unlikely to get occupied by another electron. After averaging over —, 

Inoue & Maekawa find  

  
„ „ ρ ὖά Ὡ Ⱦ ȟ [ 2-23]  

  

where ὖ is the polarization as defined above (as all nanoparticles are made of the same material index 

Ὥ was dropped), ‖ is the imaginary wave vector defined above, ὅ ίὉ  is argued to be a constant, where 

Ὁ is the charging energy of one nanoparticle, and ά ộÃÏÓ—Ớ is the square of the relative 

magnetization and results from averaging over —ᶰπȠ“.  

The tunneling magnetoresistance is a consequence of the average alignment of the magnetic 

moments of the nanoparticles. A magnetic field primarily improves the degree of alignment by favoring 

parallel alignment to the external magnetic field. The magnetoresistance is a result of the lifted magnetic 

disorder and, thus, correlated to the resulting magnetization.  

2.4.4 Giant Magnetoresistance 

2.4.4.1 Phenomenology and Theory 

When two single-domain ferromagnetic electrodes are separated by a non-ferromagnetic conducting 

spacer layer the conductance through the resulting trilayered structure depends on whether the 

ferromagnetic electrodes have their directions of magnetization aligned parallel or antiparallel. Here, 

the discussion is limited to charge transport in direction of layer alternation  (CPP, abbreviation for 

current perpendicular to plane). Figure 2-3 depicts a trilayered structure with (a)  antiparallel alignment 

of the directions of magnetization of the layers and (b) with  parallel alignment. The spacer layers are 

drawn i n gray, the ferromagnetic layers are colored blue and red. Blue means the magnetization points 

upward with respect to the drawing plane, red means the magnetization points downward, as indicated 

by the large arrows in the lower right corners of the ferromagnetic layers. Accordingly, the blue electron 

with spin down is a majority spin electron in the blue ferromagnetic layers but a minority spin electron 

in the red ferromagnetic layer. Vice versa, the red electron with spin up is a minority spin electron in the 

blue layers but a majority spin electron in the red layer. The scattering in the ferromagnetic layers is spin 

dependent. In a hard ferromagnet there are more minority spin states at the Fermi level than majority 

spin states. Therefore, minority spin electrons are scattered more often than majority spin electrons, as 
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indicated by the schematic electron trajectories indicated in Figure 2-3. This results in a higher resistivity 

for the minority spin channel. Minori ty and majority spin channel can be treated as parallel conduction 

via two independent resistors. Because of the different resistivities of minority and majority channels the 

total resistivity is lower when the directions of magnetization of the layers are aligned parallel. The base 

unit for the effect to occur is the trilayered sandwich structure of two ferromagnetic metallic layers with 

a non-ferromagnetic metallic spacer between them. However, the magnetoresistance increases in 

magnitude when more spacer/ferromagnet bilayers are added.  

The giant magnetoresistance effect was first observed in Fe/Cr tri- and multilayered 

structures [83,84]  in the current -in-plane (CIP) geometry. First models for this effect are presented in 

References [85,86] . After its discovery, the effect was also observed in the CPP geometry in Co/Ag 

multilayered structures [87]  as well as in granular Co-Cu [14]  and Co-Ag structures [15,16] . A general 

review of the history of th e giant magnetoresistance effect is given in Reference [47] .  

Focusing on the CPP orientation, Valet & Fert [88]  developed a model starting from the linearized 

Boltzmann equation under the assumption that the spin diffusion length ὰ  is much larger than the 

electron mean free paths ‗. Assume, the three basic layers are parallel to the xy-plane and the current 

crosses through the layers along the z-direction. For simplicity, the ferromagnetic  and the 

non-ferromagnetic conductors are assumed to each have a single parabolic conduction band with the 

 

 Figure 2-3: Giant Magnetoresistance Effect in a Trilayered Structure in the CPP Orientation 

 (a) Antiparallel alignment of directions of magnetization.  
 (b) Parallel alignment of directions of magnetization.  

As indicated by the arrow in the lower right corner of each layer the magnetization of a blue ferromagnetic 
layer points upward and that of a red layer points downward. Because the spin down electron is a majority 
spin in a blue layer the electron and its trajectory are colored blue. The same holds for the red electron, its 
trajectory, and the red layer. The non-ferromagnetic spacer layer is colored gray. The trajectories depict that 
in each layer the minority spin electron scatters at a higher rate than the majority spin electron. This results 
in a higher resistance in case of antiparallel alignment.  
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same effective electron mass άᶻ and Fermi velocity ὺ. According to Valet & Fert, the basic principle of 

the effect is that the spin-asymmetry ‍ ” ” ” ”ϳ  in a ferromagnetic layer needs to adapt 

to the one in the non-ferromagnetic layer, namely to zero. Let  denote majority and minority spin, 

respectively. Further, ” ρȾ„ is the spin-polarized resistivity i n the ferromagnet. In a strong 

ferromagnet the density of states at the Fermi level is higher for minority spin electrons. Therefore, their 

mean free path is shorter and, consequently, the resistivity of the minority spin channel is higher.  

In a junction of two semi-infinite electrodes the spin-asymmetry adjusts within a zone defined by 

the average spin diffusion length ὰ ὰᴻ ὰȢ
Ⱦ

. The ὰ ρȾσ ὺ‗†
Ⱦ

 are the spin-polarized 

diffusion lengths with the spin -polarized electron mean free paths ‗ ὺ ρ†ϳ ρ†ϳ  and the 

scattering rates for spin-conserving and spin-flipping scattering events ρȾ†ȟ , respectively. Within a 

distance ὰ  away from the interface the spin polarization decreases by ρȾὩ into both directions. In this 

region around the interface spin-flip scattering events progressively change the spin polarization of the 

total current.  

The required adjustment of spin polarization leads to a spin accumulation on both sides of the 

interface. The accumulation, in turn, alters the electro-chemical potential and the alteration of  the 

chemical potential leads to a voltage drop across the interface. Hence, the interface can be assigned an 

area resistance ὶ , independent of interface scattering. In a trilayered structure, and generally in 

multilayered structures, the interface resistance depends on whether two separated ferromagnetic layers 

are magnetized into the same direction or into opposite directions. Because majority spin electrons have 

to be decimated in the antiparallel configuration such that they adapt to the minority spin concentration 

in the counter-ferromagnet, much more adjustment by scattering has to be performed in the antiparallel 

configuration. Therefore, it is ὶ ὶ . The area resistance adds to the material resistances ”ὸ and 

”ὸ for the ferromagnet and non-ferromagnetic layers, respectively, and to a resistance related to 

electron scattering by the interface. ”ȟ and ὸȟ denote the resistivity and the thickness of the 

ferromagnetic and the non-ferromagnetic layers, respectively. Taking the antiparallel alignment as the 

one to which a multilayered system returns when an applied magnetic field is switched off again, the 

relative change of the total resistance compared to antiparallel alignment ὶ ὶ ὶϳ  is the giant 

magnetoresistance. It is maximum negative when ὶ ὶ. In the limit ὸȟḺὰ , the resistance of a 

multilayered structure reduces to that of two parallel spin-polarized currents Ὅ Ὅᴻ ὍȢ, namely, 

ὶȟ ὶᴻȟ ὶȢȟ . The Valet-Fert model is extended in Reference [89]  and reviewed in, 

e.g., Reference [90] .  

In the CPP orientation, electrons subsequently pass through all the layers in order to pass through 

the structure, i.e., the electrons always sample all the layers. This is the key difference in comparison 
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with the CIP orientation. In the latter case, the electron mean free path has to exceed the thicknesses of 

the non-ferromagnetic layers. This relation is mandatory because an electron has to sample at least two 

ferromagnetic layers that can change their relative magnetic orientation in order for giant 

magnetoresistance to appear [91] .  

2.4.4.2 Interface Exchange Coupling 

There are several possibilities for the creation of giant magnetoresistance elements in which the 

directions of magnetization of the ferromagnetic layers relative to each other can be switched by an 

external magnetic field. The use of different ferromagnetic materials and, thus, different coercivities is 

one approach. Another option regarding the trilayered structure only is to pin the magnetization of one 

ferromagnetic electrode by exchange coupling it with an adjacent antiferromagnetic layer, while the 

mrfcp mlc pck_glq ^dpcc%, Gl `mrf a_qcq* _ qsddgagclrjw qk_jj k_elcrga dgcjb qugrafcq rfc c_qw &dpcc' j_wcpq

only while the harder (exchange-coupled) layers keep their direction of magnetization.  

The giant magnetoresistance effect was discovered first in multilayered structures. There, the 

mechanism by which the antiparallel alignment of the films was achieved was a quantum mechanical 

effect called interlayer exchange coupling. The coupling strength of the effect was found to oscillate with 

the non-ferromagnetic spacer layer thickness ὸ. The period is about ρ ÎÍ for all transition metals, except 

for Cr, where it is almost ς ÎÍ [92­94] . The effect is related to RKKY indirect exchange [95­97] , 

however, the period for RKKY interaction is much shorter, i.e., about ρ to σ atomic layers. In fact, 

Unguris et al. [93]  found a superposition of a long-period and a short-period coupling in an extremely 

well ordered Fe/Cr/Fe trilayered sample. The reason for this behavior is found in the origin of interface 

exchange coupling as described in the next paragraph [98­100] .  

When a parallel alignment of the two ferromagnetic layers is assumed, good agreement between the 

densities of states of the majority spin electrons of both sides is achieved. This is because both the 

ferromagnetic layers, which are assumed to be made of a strong ferromagnet, and the metallic spacer 

metal only have s-like majority spin electrons at the Fermi level. In the ferromagnetic layers, the minority 

spin electrons are intermixed with d-like electrons. Therefore, minority spin electrons experience higher 

potential steps at the ferromagnet/spacer interfaces than majority spin electrons and are reflected by the 

interface with a higher probability. The incoming, reflected, and re -reflected minority spin electrons 

interfere and standing-wave states form within the spacer layer. Similarly to electrons in a 1D potential 

well, here, discrete quantum well states exist for wave vectors Ὧ ὲ“Ⱦὸ in the non-ferromagnetic 

spacer, where ὲᶰᴓ and Ὧ  is the wave vector component in the direction perpendicular to the 

interface. As the corresponding energy levels of the quantum well Ὁ ᴐὯ ςάᶻ, where άᶻ is the 
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effective electron mass, vary with the spacer layer thickness ὸ, the lowest unoccupied state of the well 

is populated as soon as its energy is lowered down to the Fermi level Ὁ  at a certain spacer layer 

thickness. When parallel coupling of the ferromagnetic layers is energetically preferred over antiparallel 

coupling because of this quantum well effect the layers align parallel. In case the effect results in a higher 

energy, the layers align antiparallel. The formation of a qu antum well is not possible in the antiparallel 

case since a minority spin electron needs to be reflected by both interfaces the spacer layer forms with 

the neighboring ferromagnetic layers. As explained above, the quantum well energy states vary with the 

spacer layer thickness. Therefore, the states are occupied in steps. Hence, the alignment oscillates in 

order to keep the energy of the structure as low as possible.  

In real metals, oscillatory coupling is related to critical spanning vectors ὗ across the Fermi surface 

of the spacer layer material. A critical spanning vector possesses the following properties: It §· points 

perpendicular to the [ferromagnet/spacer] interface ; · connects two sheets of the Fermi surface, which 

are coplanar to each other; and · gq gl rfc dgpqr @pgjjmsgl xmlc,µ [98]  Since several of these wave vectors 

can exist, the coupling of the ferromagnetic layers varies as the superposition of several oscillations, each 

with a period ς“Ⱦὗ corresponding to a different critical spanning vector. Moreover, the spacer layer 

thickness can only be increased or decreased in steps of atomic layer thicknesses. This leads to an aliasing 

effect in the real oscillatory behavior.  

2.4.4.3 Giant Magnetoresistance in Granular Materials 

According to Ferrari et al. [101]  the phenomenology of giant magnetoresistance in granular films of 

magnetic particles embedded in nonmagnetic matrices is quite similar to that of giant magnetoresistance 

in CPP-oriented multilayered structures in case the resistivity of the granules is much smaller than the 

resistivity of the matrix. In the opposite case, the current tends to bypass the granules. Then, given that 

the mean free path of the electrons, the distances between the granules, and the size of the granules are 

on the same order, the situation is similar to giant magnetoresistance of CIP-oriented multilayered 

structures.  

Zhang & Levy applied the formalism already used to model CIP and CPP giant magnetoresistance in 

multilayered structures [86,91,102]  to granular films in a similar w ay [103,104] . Moreover, the authors 

published a general formalism for §Ejcarpml rp_lqnmpr gl k_elcrga glfmkmeclcmsq kcbg_µ in 

Reference [105] . Following the formalism of CPP giant magnetoresistance in multilayered structures, 

Zhang & Levy present a model for granular materials, which is characterized by the following 

parameters. Spin-independent scattering both at the surface and in the bulk of a magnetic granule in the 

matrix are governed each by a corresponding mean free path. Spin-dependent scattering is accounted 

for by spin-dependent mean free paths, which are each related to their spin-independent instances by 
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dependent-to-independent ratio parameters. Last, scattering in the matrix is always spin independent 

and, accordingly, accounted for by a fifth mean free path. However, the distribution of magnetic and 

nonmagnetic material can no longer be characterized by the two well -defined layer thicknesses as in 

multilayered structures. Instead, the distribution of ferromagnetic and non -ferromagnetic constituents 

is now random and, therefore, characterized by the concentration of granules in the matrix and a size 

distri bution function for the magnetic granules. The distribution function is the analog of the layer 

thicknesses in multilayered structures. In a subsequent publication, Ferrari et al. [101]  confirm from the 

analysis of their model that the equations observed by Zhang & Levy represent the CPP limit of giant 

magnetoresistance in granular materials.  

Besides other authors, Zhang & Levy deduce the following properties of giant magnetoresistance in 

granular films from their model  [104] . The magnetoresistance increases with increasing spin-dependent 

to spin-independent scattering ratios and with increasing quality of the matrix , i.e., with increasing mean 

free path, as a consequence of a lower impurity concentration in the matrix. The magnetoresistance 

increases also when the spin-dependent scattering at the surfaces intensifies, i.e., when the 

corresponding mean free path decreases. When the granules are superparamagnetic, i.e., very small in 

size, the ratios of spin-dependent to spin-independent surface and bulk scattering are greatly reduced, 

which leads to a smaller magnetoresistance.  

The magnetoresistance increases with increasing concentration of magnetic granules, and is larger 

for smaller granules in case the applied magnetic field is strong enough to saturate the magnetization. 

This is not the case for superparamagnetic granules: When the granules are small enough to exhibit 

superparamagnetic properties, the magnetoresistance decreases instead.  

Zhang & Levy claim that a broad distribution of granule sizes reflects the nature of real granular 

films best. In particular, deviations from a ɝ”Ⱦ”ᶿὓ  dependence, ὓ is the total magnetization, which 

is obtained for isolated, identical, spherical granules appears §· because the contribution to the 

magnetoresistance from aligning smaller granules is larger while their contribution to the  total 

k_elcrgx_rgml gq qk_jj,µ [104]  Interaction between the magnetic granules can cause deviations from the 

parabolic dependence as well [106] . Another, more general model that takes into account short-range 

particle interaction in form of a correlation angle of the magnetic moments of nearest neighbor granules 

is presented in Reference [107] .  
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3 Review of the Cluster Ion Beam Deposition 
System 

For the aggregation and (co-)deposition of cluster-based nanocomposites the cluster ion beam 

deposition (CIBD) system described in References [5­7]  was used. The system was designed and 

constructed by Dr. Arne Fischer as part of his PhD thesis [5]  in the group of Prof.  Horst Hahn. In this 

chapter, the CIBD system is reviewed in the state as it was employed to synthesize the Fe-Ge and Fe-Ag 

nanocomposite films of the present work. A CAD drawing [5]  of the CIBD system is presented in 

Figure 3-1.  

 Figure 3-1: CAD Drawing of the Used CIBD System 

The clusters aggregate within the cluster source located at the left side of the image. A subsequent skimmer 
and electrostatic lens system forms a cluster ion beam from the negatively charged output of the cluster 
source. Right behind this section, a time-of-flight mass spectrometer is installed. However, this spectrometer 
was not used in case of the present thesis. Subsequently, a ωπЈ sector magnet is installed, working as a mass 
selector element on the cluster ion beam. After passing the sector magnet, the size-selected ion beam is 
deposited onto the sample installed inside the spherical deposition chamber on the right side of the image. 
The UFO-like shaped chamber on the very right side is used to transfer samples between a load lock (not 
shown) and the deposition chamber. The CAD drawing originates from the pool of images, i.e., was 
rendered from the CAD model, available to scientists working with the system. In particular, the image was 
also used in Reference [5] . In the present case, it was modified by adding the labels.  
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Following the highlighted components from the left -hand to the right -hand side of the graph, the 

major components of the system are described in brief as follows. In the cluster source clusters aggregate 

from magnetron sputtered material in an inert gas atmosphere. The source is described in detail in 

Section 3.1. Right after the cluster source two skimmer stages and a system of electrostatic lenses form 

a beam of cluster ions from the output of the source. At this location, also a time-of-flight mass 

spectrometer is installed. However, this component was not used in the course of the present thesis. 

Subsequent to the beam formation, cluster ions of desired size are selected from the beam with the help 

of a sector magnet. Together, beam formation, mass selection, and cluster ion beam guidance through 

the system form the cluster ion beam optics, which is explained in more detail Section 3.2. The beam of 

size-selected cluster ions is deposited onto a sample located inside the deposition chamber. Two 

additional sources are attached to the deposition chamber and serve as co-deposition sources: an effusion 

cell and a triple electron beam evaporator. In the course of the present work the effusion cell was used 

to provide the matrix material for the synthesized nanocomposites. Details about the deposition chamber 

are given in Section 3.3. On the back side, a sample transfer chamber is connected to the deposition 

chamber. With the help of the manipulator arm installed inside th is transfer chamber, CIBD samples can 

be transferred between the deposition chamber and a separately pumped load lock (not shown) .  

To test the capabilities of the newly constructed system, Dr. Fischer prepared nanocomposite films 

of Fe clusters of ρπππ atoms embedded in Ag matrices in order to study the magnetic interaction between 

the clusters [5] . Moreover, Dr. Fischer examined the magnetic coupling of the Fe clusters via exchange 

interaction by embedding them in antiferromagnetic Cr matrices [5,6] . To examine the influence of the 

size of the clusters on the magnetic properties Dr. Fisher synthesized Fe-Cr films containing Fe clusters 

with  either υππ, ρπππ or ςπππ atoms. Besides these two cluster-assembled nanocomposites also purely 

cluster-composed FeSc films were deposited [5] , however, with a not size-selected cluster ion beam and 

at an alternative deposition stage in front of the sector magnet. Dr. Fischer only studied the magnetic 

properties of the deposited films.  

 

In the present work, samples of cluster-assembled Fe-Ge nanocomposites containing either clusters 

with υππυπ or ρπππρππ Fe atoms were synthesized. In addition, Fe-Ag nanocomposites containing 

υππυπ, ρπππρππ, or ρυππρυπ Fe atoms were prepared. Henceforth, the clusters belonging to 

these ranges of size are referred to as Fe500, Fe1000, and Fe1500, respectively.  
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3.1 Cluster Source 

The cluster ion beam of the CIBD system is generated using of a Haberland-type cluster 

source [108,109] , which combines magnetron sputtering with inert gas condensation. The parameters 

of the source can be optimized in order for the source to have maximum output at the desired cluster 

size. A cross-sectional schematic drawing of the source of the CIBD system is presented in Figure 3-2.  

The depicted elements are as follows. The ς target of the desired metal is mounted onto a 

magnetron sputter head (a) inside the aggregation tube (b). The walls of the aggregation tube are cooled 

by a constant flow of liquid nitrogen (LN 2) to a temperature of about ρππ +. A mixture of Ar and He gas 

(both Air  Liquide, N6 Purity) is used as sputter gas and fed into the aggregation tube with the use of two 

mass flow controllers (MFCs) through a shower head right in front of the sputter target.  He gas is used 

to dilute the Ar gas in the subsequent cluster aggregation step. Additionally, carrier gas can also be 

delivered from the back side of the sputter head as indicated by the yellow arrows (c), however, this 

option was not used in the present case. Behind the region of plasma discharge, illustrated by the purple 

disk (d), atoms and aggregates of target material are cooled by transfer of thermal energy when colliding 

 Figure 3-2: Cross-Sectional View of the Cluster Aggregation Tube of the Cluster Source 

The magnetron sputter head (a) carrying the target (orange colored disk) is contained in a LN2 cooled 
aggregation tube  (b). A mixture of He and Ar gas is showered directly onto the target feeding the plasma 
discharge (d). The option to let carrier gas also enter from the back side of the sputter head (c) was not 
used. After the plasma region the cluster aggregate (e) on their way to the iris  (f). Here, a supersonic 
expansion terminates the aggregation process. The drawing originates from the pool of images available to 
scientists working with the CIBD system; it is also used in Reference [5] .  
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with cold carrier gas atoms (e). Cluster generation with the above cluster source is limited to 

well -conducting materials as otherwise the ion optics would become contaminated too quickly.  

Keeping the aggregation tube and the carrier gas mixture at low temperatures by cooling with LN2 

is crucial for cluster growth. For continuous cluster growth (see, e.g., References [110,111]  for classical 

nucleation theory) the in crease in thermal energy a cluster experiences during aggregation needs to 

dissipate, and this happens in collisions with cold carrier gas atoms. When the process of heat dissipation 

is too slow the hot cluster can fragment again. The rate of collisions and the average amount of thermal 

energy taken off a growing cluster depends on the ratio of cooling-efficient Ar atoms to diluting He 

atoms.  

Since free electrons and ionized particles are widely present in the region the growth of clusters 

happens, charge transfer processes during collisions are very likely. For this reason, a large fraction of 

clusters carries a net charge after aggregation [108,112,113] . However, clusters remain either singly 

charged or neutral. Doubly charged clusters, which could be identified by a second peak in the mass 

distribution, were never observed in earlier cluster ion beam experiments according to Reference [5] .  

The cluster growth stops at the front face of the aggregation tube where the mixture of carrier gases 

and target material clusters and atoms undergoes a supersonic expansion from a pressure in the millibar 

range within the aggregation tube to medium vacuum (ρπ ÍÂÁÒ to ρπ ÍÂÁÒ) through an iris  (f). The 

iris is adjustable in diameter from ρ ÍÍ to ρυ ÍÍ. It  is the diameter of the iris that determines the 

pressure that establishes within the aggregation tube under the applied carrier gas flow. The interplay 

of carrier gas flow, He/Ar ratio, source temperature, sputter power, gas pressure inside the aggregation 

tube, and aggregation length determines the size distribution of clusters leaving the cluster source. 

Typically, the size distribution of particles created in an inert gas condensation process follows a 

log-normal distribution  [114] .  

The size distributions for different sets of source parameters can be measured by scanning the 

magnetic field of the sector magnet while recording the current of cluster ions passing through the sector 

magnet. Three mass spectra belonging to different sets of parameters are plotted in Figure 3-4(a). The 

kinetic energy of a cluster is about υ Å6 after aggregation and gas expansion [5,7] . The aggregation tube 

is settled on ground potential because of technical reasons.  
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3.2 Cluster Ion Beam Optics 

After their fo rmation in the aggregation tube the clusters pass through the iris and stream into a 

continuously pumped cavity. Starting from here, the cluster ions are guided through the CIBD system all 

the way to the deposition stage. For this purpose, an ion-optical setup, consisting of several electrostatic 

lens sets and cage-like shielding tubes, is installed inside the CIBD system. The ion-optical setup is 

described in this section. A sketch focusing on the ion optics and the subsequent co-deposition is given 

in Figure 3-3. There, the aggregation tube discussed in the previous section is referred to as element (a). 

The beam of cluster ions is illustrated in cyan.  

To manipulate and size-select a cluster, i.e., to change its state of motion, a cluster has to carry a net 

charge when leaving the aggregation tube. In the present work, the cluster ion beam is formed of 

negatively charged clusters. These are dragged into the 1st skimmer (b) by the applied small, positive 

electric potential, while the positively charged clusters are repelled. The 1st skimmer, with a circular 

opening of ψ ÍÍ in diameter, is located at a distance of about συ ÍÍ behind the iris of the aggregation 

tube. Subsequently, a 2nd skimmer and a series of cylindrical electrostatic lenses (c) complete the 

acceleration lens set. This lens set is used to collimate the cluster ion beam while the cluster ions are 

accelerated to the beam potential Ὗ . In general, Ὗ  is set to a voltage between ςππ 6 and ψππ 6. 

The cluster ions are accelerated and collimated within σφ ÃÍ measured from the iris.  

The two-stage skimmer section is also used as a two-stage pumping section in which most of the 

carrier gas and leftover clusters are removed from the system. Behind the pumping stages the vacuum is 

better than ρπ ÍÂÁÒ. The largest amount of gas load coming from the source is removed by a 

turbomolecular pump with a pumping speed of ρωππ ÌȾÓ installed on top of the source chamber between 

iris and 1st skimmer.  

From the 2nd acceleration lens set on, the cluster ions propagate inside a cylindrical electrostatic 

cage-like tube coaxial to the ideal beam path. It shields the cluster ions from ground potential and 

maintains their enhanced kinetic energy (not included in the sketch).   

Mass selection of the cluster ions is implemented with  a sector magnet (f) (Danfysik, custom design), 

which can apply a magnetic field of up to ρȢτ 4 normal to the beam plane. The magnetic field needs to 

point out of the drawing plane in order to bend the beam of negatively charged cluster ions towards the 

right side of the drawing . The sector magnet has a nominal bending angle of ωπЈ and a nominal radius 

of υππ ÍÍ. At a maximum kinetic energy of ρ ËÅ6 and with maximum magnetic field applied Fe clusters 

need to consist of τςσ Fe atoms to pass through the sector magnet. This is the smallest Fe cluster size 

that can technically be selected by the system.  
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At each side of the sector magnet a quadrupole electrostatic lens triplet (d) and  (h) is used to align 

the beam of cluster ions to the magnet. The one in front optimizes the beam for optimal transmission, 

while the exit side one collimates the size-selected beam behind the sector magnet. Two adjustable 

vertical slits, one in front of the sector magnet (e) and one at its back side (g), assure only cluster ions 

following the nominal path and some with minor deviations from it can pass through the selection unit. 

The slits are formed by two stainless steel plates with sharp and straight edges pointing towards each 

other. The opening of the front side slit was ωȢρ ÍÍ, that of the back side one was ρπȢπ ÍÍ.  

 Figure 3-3: Sketch of the CIBD System with the Focus on Ion Optics and Co-deposition 

(a) Haberland-type inert gas condensation cluster ion beam source, (b) 1st skimmer and 1st acceleration lens 
set, (c) 2nd skimmer and 2nd acceleration lens set, (d) 1st quadrupole triplet, (e)  1st slit and 1st Faraday cup, 
(f)  ωπЈ sector magnet, (g) 2nd slit and 2nd Faraday cup, (h) 2nd quadrupole triplet, (i)  deceleration lens set, 
(j) co-deposition sample (simplified), (k) effusion cell, and (l) triple electron beam evaporator. Another 
Faraday cup can be moved into the beam at the position of the sample (not shown). The effusion cell and 
the triple electron beam evaporator are discussed separately in Section 3.3 in the context of Figure 3-6. The 
magnetic field in the sector magnet points out of the drawing plane in order to bend the beam of negatively 
charged cluster ions (cyan) into the direction illustrated in the sketch.  
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The cluster ion beam potential Ὗ  is chosen to have the highest possible value so that the sector 

magnet transmits the desired cluster ion size at maximum magnetic field. This way, the highest possible 

mass resolution is achieved, which results in an error of less than ρπϷ of the nominal cluster size [5,7] . 

Two size distribution s of samples prepared with the CIBD system are shown in Figure 4-2(c).  

Finally, the cluster ion beam is decelerated by another set of lenses (i) to the desired deposition 

energy. This way, the cluster ions can be deposited in a soft-landing regime or with high impact energy. 

The deceleration lens set also offers the option to deflect and to (de-)focus the ion beam. The sample (j), 

here sketched in a simplified way, and the co-deposition sources (k) and  (l) are discussed in Sections 3.3 

and 4.2.2 in the contexts of Figures 3-6 and 4-5, respectively. The total propagation length of the cluster 

ions from cluster source to sample deposition is about τ Í.  

The flux of the cluster ions corresponds to a current ranging from a few picoamperes to tens of 

nanoamperes. To monitor this current, Faraday cups with integrated retarding grids can be moved into 

the beam path at three locations between cluster source and deposition chamber: behind the entrance 

slit of the magnet (e), right after the exit slit of the magnet  (g), and at the sample position (j). While the 

1st Faraday cup is only used for a rough tuning of the parameters of cluster source and ion optics, the 

2nd and the 3rd Faraday cup can be used to analyze the cluster size distribution by recording the cluster 

ion current as a function of the magnetic field in the sector magnet. To record such mass spectra, the 

current driving the magnetic  field is ramped from zero to maximum  (ρυπ !). From the set beam potential 

Ὗ  and the atomic mass of the installed target material the nominal number of atoms per cluster can 

be calculated as a function of the applied magnetic field. Since the intensity and size distribution of the 

ion beam depends on the entire set of parameters applied to components upstream of the recording 

Faraday cup, mass spectra are an indispensable tool for finding the best parameter set with which the 

yield of clusters of the desired size is maximized. Equipped with a retarding grid, the Faraday cups can 

also be used to analyze the distribution of kinetic energy of the cluster ions in the beam. The Faraday 

cup installed inside the pulsed laser ­ buffer gas condensation (PL-BGC) setup that is reviewed later in 

Chapter 6 is based on the layout of the ones used in the CIBD system.  

Representative parameters of the cluster source as well as parameters important for the size selection 

by the sector magnet are summarized in Table 3-1 for Fe500, Fe1000 and Fe1500 clusters together with 

typical cluster ion currents. The total current of the not size-selected cluster ion beam can be measured 

with th e 1st Faraday cup and is roughly ς Î!. Corresponding mass spectra are plotted in Figure 3-4(a). 

The distributions of numbers of atoms per cluster follow log-normal distributions in good approximation, 

as expected for inert gas condensation processes [114] . A log-normal distribution fitted to the 

distribution optimized for Fe 500 clusters (green) is added to the plot (dashed line). An exemplary energy 

scan of the tabulated Fe1000 cluster ion beam is presented in Figure 3-4(b).  
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Table 3-1: Representative Parameter Sets for Fe500, Fe1000, and Fe1500 Clusters 

Ar and He carrier gas flow, pressure in the aggregation tube, beam potential, sector magnet field, and total beam current and 
cluster ion current recorded on the sample.  

 

Parameters 
Cluster  

Ar / He  
(ἻἫἫἵ) 

▬═╣ 
(ἵἪἩἺ) 

╟╢▬◊◄◄▄► 

(ἥ) 

╤╫▄╪□ 
(ἤ) 

║ 
(ἢ) 

╘╣║╒ 
(ἸἋ) 

╘╒■ 
(ἸἋ) 

Fe500 ρππȾσππ ςȢσ τυ τππ πȢωχ ρφυ ρςπ 

Fe1000 ρςυȾρρπ ρȢω χπ τππ ρȢσφ ςπς ρσπ 

Fe1500 ωυȾρπ ρȢφ χυ ςψπ ρȢτπ ρςσ τυ 

 

 

There is a trade-off between the slit widths, the intensity of the size-selected cluster ion beam, and 

the size distribution of the cluster ions in the size-selected beam. When smaller slit widths are chosen, a 

larger part of the cluster ion beam is sorted out, and the intensity of the size-selected beam decreases.  

In the following, the principle of size -selection is explained in the simplified way illustrated in 

Figure 3-5. The sketch shows the entrance opening of the sector magnet and the slit aperture located in 

front of it. Note that the sector magnet describes an arch of ωπЈ in total and that anoth er slit aperture is 

installed at its back side. For calculations, the slits are assumed to have equal opening widths. In case 

the openings of both slits are chosen infinitesimally small, only the nominal cluster trajectory, which is 

the dashed center line in the sketch, is the one that leads towards the infinitesimal opening of the back 

side slit and, hence, to transmission. The radius of this arc trajectory is equal to the nominal radius ὶ of 

the sector magnet. At a kinetic energy ὑ of these cluster ions, the nominal mass of the transmitted, i.e., 

selected, cluster ions is ά Ὡὄὶ ςὑϳ .  

 Figure 3-4: Example Mass Spectra and a Representative Cluster Ion Beam Energy Scan 

 (a) Mass spectra for an Fe500, Fe1000 and Fe1500 parameter set. See Table 3-1 for used parameter sets.  
 (b) Energy scan of an Fe1000 size-selected cluster ion beam.  
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Now, assume the slits are opened to a finite width ςύ and assume all cluster ions propagate with 

the same kinetic energy ὑ. Further, the cluster ions are assumed to pass through the front side slit, 

towards and away from the sector magnet, and through the back side slit on paths parallel to the nominal 

trajectory. Then, the largest (smallest) radius that leads to transmission is ὶ ὶ ύ, namely, when 

the arc trajectory is concentric to the nominal one. The corresponding trajectory is drawn in red (green) 

in the Figure 3-5. The corresponding cluster ion masses are ά Ὡὄὶ ύ ςὑ ά ρ ‎  

with ‎ ςύ ὶϳ . Inserting ςύ ρπ ÍÍ and ὶ υππ ÍÍ yields ‎ ςϷ.  

However, the kinetic energy ὑ of the cluster ions is a quantity that obeys Gaussian statistics, as can 

be seen in Figure 3-4(b). This leads to a finite width of the distribution of cluster ion masses even when 

the slit openings are reduced to a minimum. The maximum (minimum) kinetic energy be ὑ ὑ  .ὑ‏

They correspond to the following cluster ion masses to be selected: ά Ὡὄὶ ςὑ ὑϳ‏ . These 

can be approximated as ά ά ρᴜ ‎ . With ὑ ὩὟ ρυȢυ Å6 and ‏ὑ ςυ Å6, according 

to the kinetic energy scan plotted in  Figure 3-4(b) , one observes ‎ φϷ.  

Both effects happen simultaneously during size selection, hence, the estimated maximum errors add: 

ɝά ά ‎ ‎ . Furthermore, the cluster ions can also enter the sector magnet on inclined 

trajectories, i.e., on trajectories with arc angles slightly larger or smaller than ωπЈ. The 2nd quadrupole 

triplet is installed for the very reason to again collima te the cluster ions transmitted following such 

inclined trajectories onto trajectories parallel to the nominal beam path.  

 Figure 3-5: Sketch of Beam Trajectories with Maximum and Minimum Radius 

The sketch depicts the entrance of the sector magnet and the slit located in front of it. Its opening is ςύ 
wide and so is the one located at the back side of the sector magnet. When the slit width is infinitesimally 
small the nominal path is the only one that leads to a positive selection, i.e., only cluster ions following this 
path pass through the back side slit. When the slit is opened to a finite width, then, the inner (outer) edge 
allows for a trajectory with the smallest (largest) possible radius of bending. The corresponding trajectory is 
illustrated in green (red).  
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3.3 Deposition Chamber 

As can be seen in the CAD drawing of the CIBD system in Figure 3-1, the deposition chamber is of 

spherical shape. Let the center of the chamber be the origin of a coordinate system, let the beam plane 

of the cluster ions be the xy-plane, and let the beam enter the deposition chamber into the x-direction 

of this coordinate system. The directions of the coordinate axes resulting from this definition are 

visualized in Figures 3-6(a),(b). Sketch  (a) of the figure shows a co-deposition sample (j) and the two 

sources (k),  (l) located inside the  deposition chamber, where the indices (j) ­(l) correspond to those used 

in Figure 3-3. The view of sketch (a) is in direction of the cluster ion beam  (cyan), i.e., the x-direction. 

Sketch (b) shows the same elements, now with the view directed towards the y -direction, and sketch (c) 

depicts a sample inserted into the sample pocket of the sample arm of the deposition chamber with the 

view directed towards the normal direction of the pocket shielding  (green).  

The two sources located inside the deposition chamber, an effusion cell (k) and a triple electron 

beam evaporator (l), can be used for simultaneous (co-)deposition with the cluster ion beam  (cyan) on 

the one hand, but can also be used to deposit functional layers such as adhesion or capping layers on 

the other. Effusion cell and triple electron beam evaporator take an angle of ρχЈ to the reverse direction 

of the z-axis in the yz-plane and of ςπЈ in the xz-plane, as indicated in Figures 3-6(a),(b), respectively.  

Inside the effusion cell (k) (CreaTec Fischer & Co. HTC), material is thermally evaporated via Ohmic 

heating of a coiled heating element. Since this technique provides a well-tunable and highly stable beam 

of atoms the effusion cell was used for the deposition of matrix materials in the present work. The output 

flux of matrix material is recorded by means of a quartz crystal balance. The layer thicknesses recorded 

by the crystal balance were calibrated via reference sample films, whose real thicknesses and densities 

were determined via X-ray reflectometry (XRR) measurements. The effusion cell may have also released 

charged particles, especially electrons. For this reason, a stainless steel sheet electrode installed half-way 

between the effusion cell and the sample arm, see Figure 3-6(b), was set to a constant potential of 

σψυ 6. A cutout in the sheet allowed the uncharged output from the effusion cell to pass the electrode, 

whi le charged particles were deflected or absorbed by the sheet. This measure did not influence the 

deposition of the cluster ions.  

The triple electron beam evaporator (Focus EFM 3T) provides three independent evaporation 

pockets. Besides a target rod, crucible or wire, each pocket is equipped with a filament and an ion flux 

meter. The ion flux meters each indicate the current of target ions impinging onto a cylindrical detector 

sheet mounted at the exit aperture of a pocket. This way, the output from a pocket can be related to a 

deposition rate. In the present work, the triple electron beam evaporator is used to deposit layers of 
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different materials, namely, capping layers in case of Ge matrix samples and adhesion layers in case of 

Ag matrix samples. Before usage, the ion flux was calibrated via XRR measurements of reference films.  

The sample arm of the deposition chamber reaches into the chamber along the y-direction. It can be 

translated along x-, y-, and z-direction and can be rotated about its axis in addition , as indicated in 

Figures 3-6(a),(b). The sample pocket installed on the sample arm comes with an integrated 

thermocouple for sample temperature monitoring, a heating element, and a coolant tubing that can be 

used for LN2 cooling purposes. The heating element was not employed in the present thesis since neither 

deposition at temperatures above room temperature nor sample baking were performed.  

As shown in Figure 3-1, a sample is transferred to the deposition chamber through the flange 

opposite to the cluster ion beam port. A sample needs to be oriented coplanar to the xy-plane in order 

to slide in or out of the sample pocket of the sample arm, as indicated in Figure 3-6(b). For co-deposition 

 

 Figure 3-6: Sketches of the Sample in the Deposition Chamber 

 (a) Effusion cell (k) and triple electron beam evaporator  (l) are each installed under an angle of ρχЈ to the 
reverse direction of the z-axis in the yz-plane. The sample (j) can be translated into all directions (not shown) 
and rotated around the axis of the sample arm, which reaches into the chamber into positive y-direction. 
The cluster ion beam (cyan) is directed to the x-direction, i.e., into the drawin g plane, where the beam plane 
of the CIBD system is the xy-plane of the shown coordinate system. The setup of the sample is discussed in 
Section 4.2.2. 

 (b) Seen from the side, the two sources take an angle of ςπЈ to the reverse direction of the z -axis. For this reason, 
the sample was rotated by ρςυЈ after loading so that it is oriented half -way between the cluster ion beam 
and the flux of evaporated material from the effusion cell during deposition. A deflection electrode shield s 
the sample from charged particles coming from the effusion cell. 

 (c) The sample pocket of the sample arm (outer dashed line) and the region around it are shielded by a stainless 
steel electrode. A cutout in this sheet allows to deposit clusters and materials from the two other sources 
onto the slid in sample. The shielding electrode and outer parts of the sample are insulated from ground 
potential and the rest of the sample (green area). The rest of the sample (red area) is also insulated from 
ground so that a potential can be applied. Since the shielding was used to monitor the cluster ion beam the 
beam had to be deflected fully onto the electrode to measure the total cluster beam (left cluster spot). 
During deposition only the current of cluster ions missing the red sample potential was measured.  
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a sample had to be rotated by ρςυЈ. At this orientation , a sample takes the same angle towards the cluster 

ion beam and the effusion cell, συЈ, with respect to the xz-plane, i.e., a sample is then aligned half-way 

between them.  

A sketch of the sample arm with a loaded co-deposition sample is presented in Figure 3-6(c). The 

bidirectional arrow corresponds to the one illustrating the sample transfer in sketch (b). The dashed 

lines indicate that a sample is slid under a shielding element, which covers most of the drawn region. A 

trapezoidal-like cutout in the shielding allows to deposit cluster ions and matrix material onto the 

inserted target. The shielding is made of stainless steel sheet and is insulated from ground potential. 

Therefore, it can be set to a potential Ὗ * ufcpc ^QC% qr_lbq dmp ^q_knjc cjcarpmbc%, Rfc qfgcjbgle gq

insulated well enough to qualify it for being used for cluster ion beam current measurements during 

depositions. The 3rd Faraday cup is installed beside the sample arm region shown in sketch (c). However, 

it was not used for cluster ion current measurements in a running deposition in order to avoid too long 

interruptions of running depositions. As indicated by the green color used to represent the sample 

electrode potential, also a part of a sample is connected to Ὗ . More precisely, the area of the sample 

beyond the circle is connected to the shielding in an electrically conducting way. The separation of the 

two electric potentials is a functional property of  the deposition mask that is mounted on a co-deposition 

sample. As the co-deposition mask is specifically designed for the deposition of the present 

nanocomposites it is discussed in detail in Section 4.2.2.  

The rest of the sample is insulated both from ground and sample electrode potential. It can be set to 

another independent potential Ὗ, with index ^Q% dmp ^q_knjc%, Rfc amppcqnmlbgle _pc_ gq amjmpcb pcb _lb

occupies an area ὃ ωȢφ ÍÍ  corresponding to a diameter of σȢυ ÍÍ. With these two potentials the 

impact energy of the cluster ions on the growing film can be controlled.  

During the deposition of cluster ions the negative current collected by the sample electrode potential 

was measured by means of a picoampere meter (Keithley 6485). More precisely, the current Ὅ  of cluster 

ions missing the sample was measured. The sample electrode was chosen because the insulation of the 

sample potential, though better than ςπ -ɱ, was not good enough to measure currents in the picoampere 

range. To determine the real current Ὅ of clusters whose charge is absorbed by Ὗ the cluster ion beam 

had to be deflected fully onto the sample electrode shielding, as it is indicated by the left cyan cluster 

spot in sketch (c). Now that the total beam current Ὅ  is known the current hitting the sample can be 

calculated via Ὅ Ὅ Ὅ . This procedure was common practice to monitor the stability of the cluster 

ion beam during running depositions. Exemplary values are given in Table 3-1. Ὗ  and Ὗ are generated 

by battery packs rather than power supplies to avoid any noise that may have influenced the deposition 

of cluster ions or the measurement of the resulting current.  
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The base pressure of residual gas inside the deposition chamber with no gas load coming from the 

cluster source was better than ρ ρπ ÍÂÁÒ in case of the Fe-Ge samples and in the ρπ  ÍÂÁÒ range 

for the Fe-Ag samples. To maintain ultra-high vacuum (UHV) conditions in the deposition chamber also 

in a running experiment , turbomolecular pumps with a total pumping speed of τςππ ÌȾÓ are attached to 

the system to remove remnant carrier gas. The largest part is removed by the pump located between the 

aggregation tube of the cluster source and the 1st skimmer, see Section 3.2.  

Potential sources of oxygen contaminations in a growing film are impurities of the carrier gases 

(N6 purity) and oxygen stemming from a slow thermal decomposition of the alumina crucible inside the 

effusion cell. Oxygen contaminations coming from the sputter target are unlikely because the Fe target 

was sputtered for at least σπ ÍÉÎ prior to every CIBD experiment.  
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4 Fex-Gem Nanocomposite Films 

Parts of this chapter have been published in MDPI Nanomaterials [115 ] .  

In this chapter, Fe-Ge nanocomposite films are prepared using the CIBD system presented in 

Chapter 3. Fe-Ge forms a partially miscible material system. The films are analyzed for their transport 

and magnetic properties. After an introduction to the Fe-Ge material system in Section 4.1, the 

fabrication process of Fe-Ge cluster-assembled nanocomposite films is presented in detail in Section 4.2. 

Nanocomposites containing either υππυπ (Fe500) or  ρπππρππ atoms (Fe1000) are synthesized by 

simultaneous deposition of cluster ions from a size-selected, low-energy cluster ion beam and Ge matrix 

material from an effusion cell. Ge is found to grow in an amorphous structure under the conditions 

present in the CIBD system during co-deposition. The nanocomposite samples studied in the present 

chapter are listed in Section 4.3. They vary between ρχ ÎÍ and several ρππ ÎÍ in thickness and were 

synthesized with Fe concentrations ρυ ÁÔȢϷ.  

In the following Sections 4.4 and 4.5, transport and further characterization methods are discussed. 

Prior to the discussion of the Fe-Ge nanocomposite samples, the results observed from a reference sample 

of pure amorphous Ge (a-Ge) that was treated and measured similarly to the nanocomposites are 

presented in Section 4.6. Subsequently, in Section 4.7 the magnetotransport properties of the 

nanocomposites are investigated as a function of cluster size, cluster concentration in the matrix, and 

temperature. The magnetoresistance ɝ”Ⱦ” in the fabricated Fe-Ge nanocomposite samples is negative 

and on the order of ρϷ, and identified as a superposition of a saturating low-field component and a 

field-dependent component varying approximately linearly with the applied magnetic fiel d. The former 

is identified as tunneling magnetoresistance and a correlation of its intensity with resistivity and average 

nanoparticle surface-to-surface distance is found. Potential field-dependent magnetoresistance effects 

are discussed as well.  

Subsequently, the durability of the nanocomposites as well as the independence of the measured 

properties on the orientation of the magnetic field relative to the nanocomposite film, i.e., isotropy, and 

of the applied excitation currents are discussed in brief. Last, the changes observed from annealing 

experiments of some of the Fe-Ge nanocomposite samples are analyzed.  
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4.1 Material Properties: The Fe-Ge System and the Amorphous 
Germanium 

4.1.1 The Fe-Ge System 

In early works on granular materials, compounds were prepared via thermal annealing of films made 

of two immiscible constituents. To grow off -equilibrium films of partially miscible components, more 

sophisticated techniques have to be applied, e.g., such like these implemented in the used CIBD system, 

see Chapter 3. Fe-Ge is such a partially miscible material system.  

The Fe-Ge phase diagram depicted in Figure 4-1 [116]  illustrates the existence of several stable 

FexGey intermetallics at room temperature and solubility of Ge atoms in Fe of up to ρχȢυ ÁÔȢϷ. On the 

contrary, Fe atoms are not soluble at all in crystalline Ge (c-Ge), which grows in a diamond crystal 

structure. Instead, FeGe2 grains start to form in an elsewise pure Ge matrix. FeGe2 exhibits a parasitic 

ferromagnetism (=  imperfect antiferromagnetism)  [117] . Increasing the Fe content, Fe5Ge3 (also 

referred to as Fe1.7Ge and Fe1.67Ge) is worth to be mentioned since this compound is a true ferromagnet 

with a Curie temperature of τψυ + [117] .  

 Figure 4-1: Fe-Ge Phase Diagram 

The Fe-Ge phase diagram illustrates that Ge is soluble in Fe up until ρχȢυ ÁÔȢϷ. Several stable alloys form at 
higher concentrations, all differing in their magnetic properties. For example, Fe5Ge3 (referred to as Fe1.7Ge 
in the phase diagram) is a ferromagnetic compound. Contrary to Ge in Fe, Fe atoms are not soluble in Ge at 
all. Phase diagram copied from Reference [116] .  
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FexGey compounds can also exhibit polymorphism, i.e., there can exist several crystal structures, all 

with one and the same chemical composition but with different magnetic properties. Including 

high-temperature phases, e.g., both two Fe3Ge polymorphic phases (hexagonal and cubic) are 

ferromagnetic [118]  while the three polymorphic phases of FeGe (cubic, hexagonal, monoclinic) are 

helimagnetic, antiferromagnetic, and antiferromagnetic, respectively [119]  (and various references 

therein). Fex:Ge1-x was also found to be a magnetic semiconductor that orders ferromagnetically below 

Ὕ ςσσ + when ὼ υ ÁÔȢϷ [120] . Ge-based magnetic semiconductors can also be synthesized using, 

e.g., Cr [120]  or (Co,Mn)  [121] .  

To test the stability of the nonequilibrium Fe -Ge nanocomposites synthesized with the CIBD system, 

two transmission electron microscopy (TEM) samples were prepared on carbon-coated TEM grids prior 

to® the preparation of the Fe-Ge nanocomposite samples discussed in this chapter. While a υ ÎÍ thin 

nanocomposite film (χ ÖÏÌȢϷ) was deposited onto one TEM grid, pure Fe1000 clusters were  

deposited onto the other. An energy-filtered TEM micrograph of the first sample is shown  

in Figure 4-2(a), a standard TEM micrograph of the second one in Figure 4-2(b). Image processing 

software (ImageJ, [122] ) was used on these two images in order to observe the particle size distributions 

plotted in  Figure 4-2(c) . The two fitted mean particle diameters are in good agreement (σȢσ ÎÍ). 

However, this value is larger than the diameter that is calculated for a sphere of homogeneous density, 

i.e., with the density of bulk ɻ-Fe (ςȢψ ÎÍ, see Table 4-2). The observation of a larger diameter is assigned 

to partially oxidized clusters as the structure of the clusters was found to be that of Fe3O4 in case of the 

TEM grid samples. Although transferred from deposition to TEM vacuum in Ar atmosphere, this measure 

could not prevent the unprotected films from getting oxidized. The difference in the width s of the 

observed distributions is assigned to the different modes of image formation used to record the shown 

images with the TEM and to the difference in the percentage of the areas occupied by the clusters. 

Nevertheless, from the micrographs it is evident that clusters do agglomerate to some extent and, hence, 

form chains of touching clusters. However, they do not fuse to drastically larger agglomerates.  

4.1.2 Charge Transport and Magnetoresistance in Amorphous Germanium 

In nonmagnetic materials, where charge transport happens in a conduction band, ordinary 

magnetoresistance is the dominating magnetoresistance effect. Amorphous Ge does not exhibit an 

energy gap like its crystalline counterpart but a mobility gap (see Section 2.4.1 for mobility) . The gap is 

filled by the states of atomic orbitals and bonds that are localized because of bond distortions in the 

                                                
® The TEM grid samples were prepared by Dr. Thomas Reisinger, who also executed the size distribution analysis. The TEM was 

operated by Dr. Di Wang.  
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amorphous structure. In this context, also unbound atomic orbitals with their energy close to the Fermi 

level are present in the amorphous semiconductor. At room temperature and below carriers are 

transported by variable-range hopping (VRH) across these states. This results in an anomalous negative 

magnetoresistance of the a-Ge at room temperature, which is due to the different changes in the rates 

of spin-flip hops and no-spin-flip hops.  

In this section, the structure of a-Ge and properties related to its structure, i.e., its resistivity and its 

magnetoresistance, are reviewed. A discussion based on measurements using an a-Ge reference film will 

follow in Section  4.6.  

4.1.2.1 The Structure of Amorphous Germanium 

The resistivity ” of an undoped crystalline semiconductor is determined by the density of charge 

carriers in its conduction band and the fact that the charge carriers propagate all with roughly the same 

mobility. The occupation probability of conduction band states with electrons scattered from the valence 

band assisted by phonons exponentially depends on the band gap Ὁ of a semiconductor and the inverse 

 

 Figure 4-2: TEM Micrographs of Fe1000 Monolayers and Corresponding Size Distributions 

 (a) Energy-filtered scanning TEM micrograph of a υ ÎÍ thin film of Fe1000 clusters in a-Ge matrix with a 
concentration of χ ÖÏÌȢϷ. The film is thin enough to be treated as containing only one monolayer of Fe1000 
clusters. For TEM, see footnote on page 49.  

 (b) Standard TEM micrograph of a monolayer of Fe1000 clusters deposited onto an πȢψ ÎÍ a-Ge buffer layer. The 
clusters occupy ρτϷ of the available area.  

 (c) Corresponding particle size distributionsÀ. The two fitted mean particle diameters, σȢσ ÎÍ, though not 
representative, are in good agreement. The diameter that is observed when a cluster is modeled as a sphere 
of homogeneous density, i.e., that of bulk ɻ-Fe, is ςȢψ ÎÍ. (see Table 4-2).  

Both films were deposited onto carbon-coated TEM grids. Graphs (a),(b) each only show about half of the 
image that was used for particle size analysis. The difference in the widths of the observed distributions is 
assigned to the different modes of image formation used to record the shown images with the TEM and to 
the difference in the percentage of the areas occupied by the clusters.  
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of the temperature. Hence, the resistivity does: ”ᶿÅØÐὉ ςὯὝϳ . In a ÌÏÇὙ vs. ρȾὝ plot , the data of 

an undoped semiconductor form a straight line. The band gap of the semiconductor, which is the 

activation energy for intrinsic charge transport, can be calculated from the slope of this line.  

In case of a doped semiconductor, there exists a second, much smaller activation energy, namely, 

the energy required to lift an electron from a donor state into the conduction  band or an electron from 

the valence band into an acceptor state in order to leave a hole in the valence band. This leads to a kink 

in the elsewise straight ÌÏÇὙ vs. ρȾὝ curve, which marks the onset of dominating intrinsic charge 

transport. At temperatures below the onset, charge transport via activated donor electrons or 

acceptor-state-induced holes dominates. In this case, the activation energy of the donor or acceptor states 

can be calculated from the slope.  

Effects with no well -defined activation energy, however, lead to a continuous change of the slope 

rather than a kink . Clark [123]  found a-Ge to show such a continuous change in the temperature range 

between ςυ + and σςυ +.  

Walley [124]  and Walley & Jonscher [125]  observed ÌÏÇὙ vs. ρȾὝ plots of continuous curvature 

with a slope of πȢπυ Å6 at φπ +, πȢς Å6 at σππ + and πȢφυ Å6 at temperatures close to the crystallization 

temperature ( τͯυπ +) with no sign of saturation on either side; the (indirect) band gap of c -Ge is πȢφχ Å6 

at room temperature [126­128]  and would give a slope of πȢστ Å6. Thus, the authors concluded there is 

no well -defined activation energy for the conduction process in a-Ge. Also, the number of charge carriers 

is not well  defined because electrons from deeper levels are activated to contribute to conductance with 

increasing temperature and, therefore, steadily change the slope of ÌÏÇὙ vs. ρȾὝ. The authors state that 

this implies a hopping type of transport process to be responsible for carrier transport.  

Richter et al. [129]  performed X-ray diffraction  (XRD) measurements on evaporated a-Ge films with 

thicknesses on the order of ρ АÍ. In the observed radial distribution function the authors f ound a 

well -defined maximum that corresponds to the first nearest neighbor spheres. With an assumed mass 

density of ρπϷ less than bulk density they found the corresponding coordination number to be τ atoms. 

The second maximum, already overlapping with the third -nearest neighbor maximum, yielded a 

coordination number of ρς atoms. Beyond these maxima no well-defined other ones appeared in the 

radial distribution function. Therefore, they concluded that distorted tetrahedrons form the basic 

building blocks in a-Ge, similar to those forming c-Ge, which possesses a diamond-type crystal structure. 

The assumption made for mass density is justified since for bulk density a nonphysical coordination 

number of τȢτ atoms as first nearest neighbors would have been observed.  

The experiments by Richter et al. [129]  proved that a-Ge forms a network of covalently bound Ge 

atoms. In this context, the disorder in the network comes from distorted bond angles between tetrahedral 
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units and, hence, disorder of atomic positions at distances larger than the second-nearest neighbor 

distances. Since short-range order is preserved to good approximation and only long-range order is 

destroyed in amorphous semiconductors, they still have a band structure similar to their crystalline 

versions to some extent. However, additional delocalized band-like states are now included [128,130] . 

Consequently, the density of states adapts to the distortions. Valence band states in distorted bonds can 

raise in energy, i.e., above the valence band energy of the semiconductor Ὁ . Simultaneously, conduction 

band states can be lowered below the conduction band edge Ὁ because of the same argument. This 

leads to the formation of localized band tail states, forming Urbach edges [131] , and localized states 

right below and above Ὁ  and Ὁ, respectively. The states are localized because the energetic adaption 

of a state is due to the local distortions in the vicinity of the host atom .  

The situation differing most from crystalline order that can happen to valence electrons is to be 

maneuvered out to positions from where no covalent bond can be formed because of the lack of close-by 

neighboring atoms with free valences. Such a valence state is called a dangling bond. Therefore, dangling 

bonds carry one very weakly bound electron on the one hand and provide an unoccupied state for 

another electron on the other. However, there is an energy penalty ὩὟ for double occupancy due to 

Coulomb repulsion. Their contribution to the density of states is to add localized states around (both 

above and below) the Fermi level of the semiconductor [128,130 ] . Moreover, distorted valence band 

states may even be higher in energy than distorted conduction band states. Therefore, electronic 

redistribution yields an appreciable amount of occupied states around the Fermi level, which is pinned 

close to the middle of the gap this way. Consequently, positively and negatively charged sites are left 

behind (compensated levels) [130] . Because of the dangling bonds a-Ge appears as p-type 

semiconductor when forming a junction with c -Ge and, hence, hopping processes must be the driving 

mechanisms besides regular conduction through the conduction band [123] . Another argument for a-Ge 

being a p-type semiconductor is given by Mott [132] . Mott  states that §[ it ]  is generally supposed that 

there are more [ localized]  states in the tail below the conduction band than above the valence band, so 

that the Fermi energy Ὁ  lies nearer the valence than the conduction band · .µ  

According to Koc et al. [133] , mass density and resistivity of a-Ge strongly depend on the deposition 

conditions when deposited at low deposition rates. The authors prepared a-Ge films via cathode 

sputtering at rates down to πȢτυ АÍȾÈ πȢρςυ ÎÍȾÓ and found a quick reduction of the observed mass 

densities and a strong decrease in conductivity when samples are deposited at rates below about 

ρȢς АÍȾÈ. Above, mass density and conductivity saturate at ” υȢς ÇȾÃÍύ, which is still below bulk 

value, and ” ρ ЏÍ. For a sample deposited at the lowest rate the authors determined a density of 

τȢρσ ÇȾÃÍύ. The lowest density stated in literature is σȢω ÇȾÃÍύ [123] .  
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Hauser & Staudinger [134]  deposited a-Ge films with thicknesses between ςȢυ ÎÍ and several 

ρππ ÎÍ by sputtering arc-melted Ge both onto LN2-cooled substrates (χχ +) and onto substrates kept at 

room temperature. Subsequently, they examined the structure of their films . Characterizing their film 

deposited at χχ + at the temperature of LN2 without letting it warm up , Hauser & Staudinger found the 

structure of that sample to be considerably more distorted compared to a sample deposited at room 

temperature. Moreover, the distorted structure of the sample deposited at χχ + anneals as soon as the 

sample is warmed up to room temperature. Arrivi ng at room temperature, this film changed its structure 

into one that is similar to that of a film deposited at room temperature.  

According to Hauser & Staudinger [134] , Ge atoms are quite unlikely to diffuse at the temperature 

of LN2. Therefore, two a-Ge islands cannot coalesce because adjacent atoms cannot satisfy tetrahedral 

bonding conditions when coming close together. Ad-atom diffusion would be required to form proper 

connections but this is barely happening at such a low temperature. Instead, improper bonds are formed 

leaving cracks in the sample when annealing sets in. In resistivity vs. temperature data 

Hauser & Staudinger found a shift in ÌÏÇὙ vs. Ὕ Ⱦ  graphs at about ρςπ + when samples are warmed 

up for the first time  after deposition, which marks the onset of annealing. After annealing, these samples 

became comparable with samples deposited at room temperature. The cracks were found to appear 

independent of the used substrate and to have no major influence on the electronic conductivity in case 

the sample was thicker than ρπ ÎÍ.  

4.1.2.2 Phenomenology of the Magnetoresistive Properties of the Amorphous Germanium 

In amorphous semiconductors, unoccupied states around the Fermi level act as carrier traps (and 

donors) increasing the probability of the carriers to be scattered out of the conduction band. This 

shortens the mean scattering relaxation time of the carriers such way that ordinary magnetoresistance 

ɝʍȾʍᶿὌ  (see Section 2.4.1) gets suppressed. Therefore, magnetoresistance phenomena in 

amorphous semiconductors must come from the discussed additional states not present in the crystalline 

counterpart. The existence of such localized states was discussed and found in several publications for 

pure, hydrogenated, and amorphous semiconductor alloys [125,135­137] .  

While c-Ge does show ordinary magnetoresistance ɝʍȾʍᶿὌ  [138] , a-Ge generally shows an 

anomalous negative magnetoresistance. It vanishes at about τυπ Ј# and changes to a positive one at 

temperatures below ψπ +. The magnetoresistance of a-Ge is independent of the applied current and the 

relative orientation of the magnetic field (isotropic), as was found by, e .g., Kubelík & TĠíska [139,140] , 

who prepared σ ʈÍ to φ ʈÍ thick a-Ge films via cathode sputtering. They found the magnetoresistance 

to be ɝ”Ⱦ”ᶿρȾὝ at temperatures above ςυπ + and to change into a positive one at ψπ +. In between, 

it reaches a maximum in magnitude at ρψπ +. Apart from the intensity of the magnetoresistance, which 
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increases with increasing field, these characteristics are independent of the strength of the applied 

magnetic field, in particular, the maximum magnetoresistance and the change-over temperature to 

positive magnetoresistance. The authors suggest this to be the typical behavior of a-Ge.  

Furthermore, Kubelík & TĠíska [139,140]  apply a model based on Zeeman splitting and energetic 

shifting of localized states to derive an expression capable of reproducing their observations. As the 

carrier levels are degenerate in zero field, both carrier concentration and mobility change because of 

energetic redistribution as soon as a magnetic field is applied. Hence, changing the hopping transfer 

rates for the spin-split levels yields a negative magnetoresistance.  

Besides that type of magnetoresistive behavior, another one showing substantially different behavior 

was categorized by Kubelík & TĠíska: That second type shows positive magnetoresistance at low 

magnetic fields and when below a certain temperature Ὕ, and changes to negative magnetoresistance 

at a certain high-enough field Ὄ  after going through a maximum in magnetoresistance at Ὄ . Both Ὄ  

and Ὄ  shift to higher fields with decreasing temperature and the magnitude of the magnetoresistance 

increases with decreasing temperature. Above Ὕ only negative magnetoresistance is observable.  

Additional positive m agnetoresistance arises from carrier transport through extended states, which 

quickly saturates already at low fields, adding a constant contribution for higher fields. The same 

behavior was found by Mell  & Stuke [141]  before, who observed the positive contribution to strongly 

depend on sample preparation.  

4.1.2.3 Transport Mechanisms 

As charge transport happens via localized states to an appreciable extent and as there is no well-

defined energy gap between valence and conduction band edge anymore, covalently bound amorphous 

semiconductors are better explained by a mobility gap than by a band gap. This is because the mobility 

of carriers occupying states within the band gap between Ὁ  and Ὁ is orders of magnitude lower than 

the mobility of classical valence and conduction band-like states [130] .  

Several transport models were developed in order to reproduce the magnetoresistive behavior 

observed and discussed above. Models that reproduce most of the explained features of a-Ge are based 

on Davis & Kmrr%q TPF kmbcj [132,142] , which is explained in brief as follows [130] . Three conduction 

processes contribute to carrier transport in different temperature regimes with different activation 

energies: conduction in extended states, conduction in band tails, and conduction in localized states near 

the Fermi level. Band tails reach into the band gap until an energy Ὁȟ for conduction and valence band 

tail states, respectively.  
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Conduction in extended states is due to electrons thermally excited above Ὁ. The conductivity is 

given by  

  
„ „ Ὡ „ Ὡ  Ὡ ȟ [ 4-1]  

  

where the energy difference Ὁ Ὁ  is varies linearly with temperature as Ὁ Ὁ ɝὉ ‎Ὕ and where 

it is „ ὩὈὉ ὯὝ‘ with Ὁ and ‘ being average values at the conduction band edge. ὈὉ and ‘ 

are the density of states and the carrier mobility, respectively.  

Conduction via localized band tail states can only occur in terms of thermally activated hopping. In 

order to tunnel to another site an additional hopping energy ɝὡ  together with the energy difference of 

the sites has to be thermally overcome:  

  
„ „ ÅØÐ

Ὁ Ὁ ɝὡ

ὯὝ
 Ȣ [ 4-2]  

  

Either emission or absorption of a phonon is required to carry the difference in crystal momentum. For 

the energy of the final states the lowest possible one is chosen, namely, the lower edge of the conduction 

band extended states Ὁ. As „ᶿ‘ it is „Ḻ„ because the mobility of carriers in band tail states is 

orders of magnitude lower than for carriers in extended states.  

For hopping between states close to the Fermi level the activation energy is small so that a hopping 

energy ɝὡ  is sufficient:  

  
„ „ ÅØÐ

ɝὡ

ὯὝ
 Ȣ [ 4-3]  

  

Hopping is now due to thermally or phonon -assisted tunneling. At very low temperatures the number 

and energy of phonons is reduced to such an amount that carriers rather tunnel over larger distances to 

a site which is energetically closer than to a site closer in space but differing more in energy. 

Apsley & Hughes [143]  explain this situation in terms of a 4D _pp_w md qgrcq ugrf _ qglejc ^p_lec%

parameter that combines and includes both spatial distance and energetic difference. These parameters 

are independent of each other in disordered systems. In this 4D array short-range hops are favored and 

as conduction is a result of successive hops it is the average distance in this array that determines the 

conductivity. After some intuitive assumptions Apsley & Hughes pcnpmbsac Kmrr%q pcqsjrq dmp TPF* ufgaf

exhibits a dominant ÌÏÇ„ᶿὝ ϳ  temperature dependence for 3D systems  



 

56 

  

„ „ Ὕ ÅØÐ
Ὕ

Ὕ

ϳ

 [ 4-4]  

  

with Ὕ ὧ ‌ ὯὈὉϳ  [132,142] , inverse localization length ‌ of an Anderson-like localized  

state ɰᶿὩ  [144] , which is set to ρȾ‌ ρ ÎÍ [145] , and a weak temperature dependence  

„ᶿρȾЍὝ [146,147] . The numeric factor ὧ was determined by various authors from resistivity data,  

all within ρυϷ deviation among each other (see Reference [145]  and references therein), and is usually 

set to ὧ ς ρφ. The most probable hopping distance is:  

  

ὒ
ψ

ω
“ ‌ ὈὉ  Ὧ Ὕ

ϳ

Ȣ [ 4-5]  

  

As an estimate of order, Movaghar & Schweitzer [148]  state Ὕ χ ρπ + for a-Ge and mention 

that the corresponding density of states ὈὉ  ͯ  ρπ ­ ρπ Å6 ÃÍ  [149]  is much larger than  

rfc mlc npmnmqcb `w Kmrr%q rfcmpw* ufgaf gq ml rfc mpbcpὈὉ  ͯ  ρπ Å6 ÃÍ  [149,150] . This 

argument is supported by the fact that a spin density of states ͯ ρπ ÃÍ  would be very difficult  

rm cvnj_gl ugrf rfc rmm jmu t_jsc dpmk Kmrr%q rfcmpw, Mprslm & Pollak [151]  approximated the  

density of states of a-Ge around the Fermi level as an exponentially decaying function and found  

ὈὉ ςȢφ ρπ Å6 ÃÍ , which is not much more than what was found for a constant density  

of states (ὈὉ ςȢπ ρπ Å6 ÃÍ ). Hauser & Staudinger [134]  found Ὕ υȢυ ρπ + for a 

σπ ÎÍ a-Ge film deposited at σππ + and Ὕ ψȢψ ρπ + for a τωπ ÎÍ thick film measured after  

τψ È of annealing at σππ +. To summarize, values for Ὕ are on the order of ρ ρπ +. The set of VRH 

parameters of a sample changes with its history of annealing [147] . The average hopping distance is 

ὒ ḙψ ÎÍ ­ ρυ ÎÍ at χχ + (see Reference [146]  and references therein).  

4.1.2.4 A Model for the Magnetoresistance of the Amorphous Germanium 

Movaghar & Schweitzer [148]  were the first authors who published a model that explains 

magnetoresistive phenomena in a-Ge (and a-Si) based on Davis & Kmrr%q TPF gl jma_jgxcb qr_rcq _pmslb

the Fermi level. Corrections due to some insufficient points of the model were added by Osaka [152] . 

The model is also well discussed by Mehra et al. [130] .  

Movaghar & Schweitzer divided dangling bond states around the Fermi level into singly, doubly and 

unoccupied states. Singly and doubly occupied states are separated by a uniform energy ὩὟ because of 

Coulomb repulsion in the doubly occupied case. There is a certain number of singly occupied states 

between Ὁ ὩὟ and Ὁ  and the same number of states that can be doubly occupied lies between Ὁ  

and Ὁ ὩὟ. Charge carriers can now hop upwards or downwards in terms of energy, where a spin-flip 
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is required to occupy a target state (anomalous hops) with a probability ὴ and no spin-flip is involved 

(normal hop) with a probability ὴ ρ ὴ. A spin-flip may be required for a targeted double 

occupation to respect the Pauli principle. The relaxation time for normal hops is independent of energetic 

direction (up or down) and external field Ὄ :  

  

†Ӷ ’  ÅØÐ
Ὕ

Ὕ

Ⱦ

 Ȣ [ 4-6]  

  

Movaghar & Schweitzer distinguish between anomalous up and down hops †Ӷȟ Ὄ  [148] . An 

upward hop requires thermal activation while a downward hop does not. The attempt frequency is  

’ ’Ӷ ÅØÐὝ Ὕϳ
ϳ

ρπί , where ’Ӷ denotes the mean hopping frequency, and the constant 

Ὕ  in range of χ ρπ + for a-Ge were observed from electron spin resonance (ESR) data of a-Ge 

samples [149] .  

They further take into account that a normal ho p to a second nearest neighbor may happen more 

preferably than an anomalous hop to a first nearest neighbor. However, the authors found the anomalous 

hop to be the more probable one. This holds for temperatures between υπ + and τππ +. The 

differentiation b etween normal and anomalous hops is justified as long as the lattice spins appear to be 

frozen over time scales on the order of the hopping times. In other words, in the temperature range the 

model accounts for the mean hopping frequency must be higher than the inverse spin-lattice relaxation 

time ’Ӷ 4 . Otherwise the spin system is already in equilibrium when the next hop appears. 

Magnetoresistance occurs as a consequence of spin rearrangements when the spin relaxation times are 

modified by an external magnetic field. From their ESR data [149] , Movaghar & Schweitzer found 

hopping processes to make spin-lattice relaxation happen faster than spin-spin relaxation. Therefore, 

spins can be treated as only weakly interacting above ρππ + and magnetoresistance is determined by the 

field and temperature dependence of the spin-lattice relaxation times. Below ρππ + the hopping times 

become longer than the spin-spin relaxation time. Here, anomalous hops are the ones with highest 

hopping times and, hence, determine the spin-lattice relaxation time; by definition they turn into normal 

hops when relaxation time is exceeded. Then, spins are no longer weakly but strongly interacting. 

Differentiating between these two scenarios, Movaghar & Schweitzer [148]  presented a formula for each 

temperature regime. Restricting themselves to weakly interacting spins and setting the averaged time 

for anomalous hops at zero field equal to the spin-lattice relaxation one †Ӷπ Ὕ π the authors 

express the magnetoresistance as  
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where parameters Ὕ π, ὦ and Ὕ , and also ‎ ρπ were determined from their ESR data. The 

maximum estimated magnetoresistance for a-Ge in their model is ɝὙὙϳȿᴼ ᴼὦ ‎ϳ ρϷ, which is 

of the correct order.  

Both up and down hops possess a positive and a negative component of magnetoresistance. Positive 

magnetoresistance saturates quickly within υπ Í4 for both directions. Its magnitude decreases 

exponentially with temperature for Ὕ ρυπ + and then saturates below about πȢσϷ until the lower limit 

of the model is reached at Ὕ ρππ +. Negative magnetoresistance is found to show a continuous 

flattening  of the curvature without any sign of saturation at higher fields. Also, negative 

magnetoresistance becomes stronger with decreasing temperature. Because normal hops do not push 

the system out of spin equilibrium these hops have no influence on the magnetoresistance. 

Movaghar & Schweitzer find great similarity of their expression to the empirical fit used by 

Clark et al. [153]  between χχ + and σππ +. Also, the model partially explains why the magnetoresistance 

increases with increasing temperature when a-Ge samples are annealed. Annealing increases the 

hopping time for normal hops †Ӷ without significant changes in spin-lattice relaxation at zero field Ὕ π. 

Therefore, anomalous hops happen more frequently, which results in a higher magnetoresistance.  

 

Other effects come to play with increasing temperature. First, conduction via localized states in the 

band tails sets in. Negative magnetoresistance in this regime is explained by Hedgcock & P_sbmpd%q [154]  

two-band model, in which a low -mobility band , i.e., a mobility gap, and a high-mobility band are 

modeled to act in parallel. Carriers are dumped from the high-mobility band into the low -mobility b and, 

producing a negative magnetoresistance. Positive magnetoresistance is accounted for by the field 

dependence of the mobility of the carriers in the high-mobility band at high fields, where it 

decreases [155] .  

Beyond this regime, temperature-activated conduction via the conduction band of the amorphous 

semiconductor starts to contribute [147,155] , which adds ordinary positive magnetoresistance. 

Pollak et al. [156]  applied a simple parabolic band model for the localized states around the Fermi level 

to show that VRH does indeed account for hopping-only transport in a -Ge between the temperature of 

LN2 and room temperature. They argue with  a weighting factor that depends on the energy difference 

as Ὁ Ὁ , where Ὁ is the energy of a state and Ὁ  is an energy width around the Fermi level Ὁ . 

Transport via states energetically located beyond this energy range is entirely unimportant, while states 
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close to the Fermi level are greatly favored. The sample data provided by Pollak et al. [156]  substantiate 

their arguments as it scales with the characteristic Ὕ ϳ  dependence in the temperature range between 

the temperature of LN2 and room temperature.  

Mell  & Stuke [141]  proposed the negative magnetoresistance component to vary with the magnetic 

field as ɝὙὙϳ ᶿ ‘Ὄ , where the exponent ὲ changes with temperature from πȢχ to πȢτ at υππ + and 

ρχυ +, respectively [130] . This form has been generally agreed for negative magnetoresistance in 

a-Ge [138] . Moreover, it also supports the fact that the negative magnetoresistance of a-Ge does not 

saturate even in high fields of up to ρπ 4 [148] . This is due to resonance of hop frequencies with the 

Zeeman splitting for downward hops. The required energetic activation for a hop is, in case of resonance, 

provided by the energy difference from the Zeeman split. Since the Zeeman splitting increases 

continuously with increasing magnetic field no saturation of magnetoresistance occurs even at a field of 

ρπ 4 [148] .  

4.2 Fabrication of Fe-Ge Nanocomposite Films 

The oxygen sensitivity of the Fe clusters made it necessary to protect the deposited nanocomposite 

films on the upper side against atmospheric influence. For this purpose, all samples were covered with 

protective material layers. As a consequence, the electric contact to the deposited nanocomposite films 

had to be made from the lower side, i.e., the films were deposited onto a pattern of contact lines that 

was evaporated onto each sample chip in advance. The layout of the sample chip that resulted from 

these requirements is explained in Section 4.2.1.  

To fabricate a nanocomposite sample with the CIBD system reviewed in Chapter 3 the sample chip 

was mounted on a sample holder with a specialized shadow deposition mask that fulfilled the 

requirements pointed out in the context of Figure 3-6. In particular, the mask was designed in such a 

way that the area open to deposition is divided into two regions belonging to two different electric 

potentials. Also, it considers the orientation of the effusion cell inside the deposition chamber in terms 

of sample chip alignment. The complete sample layout used for co-depositions with the CIBD system is 

presented in Section 4.2.2 and the deposition process itself is discussed in Section 4.2.3. First 

characterization steps executed right after the deposition of a nanocomposite sample are summarized in 

Section 4.2.4.  
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4.2.1 Sample Chip Layout 

Each sample was deposited onto a υ ÍÍ υ ÍÍ wafer piece, which was cleaved off from a τᴃ Si 

wafer with a thermal oxide coating ®. A picosecond infrared laser (Trumpf TruMicro  5000) was used to 

score the wafers and to label each wafer piece with a unique identification number on its back side. After 

this step, the wafer pieces were cleaved by hand. The top surface of the substrate was protected by dicing 

tape during the whole dicing procedure.  

The top surface of each chip was cleaned in a two-step process after removal of the dicing tape. The 

first step was CO2-snow-jet (Applied Surface Technologies Carbon Dioxide Snow Cleaning) cleaning to 

get rid of both particles (from visible down to few nanometers in size) and hydrocarbon contaminations. 

The second one was oxygen plasma cleaning®® (Oxford Instrument s Plasmalab 80 Plus).  

The next step was to deposit the contact line patterns used for resistivity measurements. To perform 

the deposition, a batch of up to ςπ sample chips was mounted on a UHV-compatible stainless steel holder 

(Pink GmbH). The wafer pieces were fixed laterally in the pockets of a stack of four stainless steel frames 

and then covered and clamped by a shadow deposition mask. Both the frames and the deposition mask 

were cut out of ρππ ʈÍ thick stainless steel sheets by means of the infrared laser mentioned above. Four 

sheets had to be used to counter the thicknesses of the loaded wafer pieces.  

A drawing that combines both the frames and the shadow deposition mask is shown in Figure 4-3(a). 

The cyan square marks the outer edge of both the frames and the mask and has a side length of ττ ÍÍ. 

The green squares, ςπ in number, are the pockets for the wafer pieces and have a side length of υȢτ ÍÍ. 

The shadow deposition mask carries the patterns to be deposited at the very same positions. These are 

drawn in red.  

The magnification of a single sample chip site is presented in Figure 4-3(b). The sample films that 

were deposited with the CIBD system had a rectangular shape with dimensions ρȢπ ÍÍ σȢυ ÍÍ. For 

this reason, a pattern of ten parallel lines was chosen as contact pattern. This way, the pattern allowed 

to choose between seven possible quadruplets of neighboring lines to connect to a deposited film by 

means of the four-wire technique. The red lines have a width of τπ ʈÍ, a length of ρͯȢυ ÍÍ, and a gap 

of ρφπ ʈÍ between them. The width of the gap was chosen as a compromise between the diameter of 

the cluster ion beam and the length over which the cluster ion concentration in the deposited spot will 

be approximately homogeneous. The profile of the cluster ion beam was known from earlier 

experiments, e.g., by Dr. Fischer [5,7] . Also, the very high resistivity of the semiconducting Ge matrix to 

                                                
® The substrate used for the nanocomposite samples was υςυ ʈÍ thick Si ({100}, P -doped, ρπ ЏÃÍ to ςπ ЏÃÍ) with a ςππ ÎÍ 

insulating SiO2 thermal oxide layer on each side.  

®® The oxygen plasma was run at a pressure of ρππ Í4ÏÒÒ, with a flow of ρυ ÓÃÃÍ, at a power of σπ 7, and for ρςπ Ó.  
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be deposited was taken into consideration. As shown in Figure 4-3(b), one side of each contact line was 

extended to end up in a bonding pad. These πȢφ ÍÍ πȢφ ÍÍ bonding pads, in turn, were connected 

using a semiautomatic wire bonder equipped with ςυ ʈÍ Al wire. For quick measurements at ambient 

atmosphere electrical contact could also be made with the help of micromanipulator controlled contact 

needles.  

The contact pattern was made of a υ ÎÍ Ti adhesion layer and a ςπ ÎÍ Pt conducting film , both 

deposited via UHV electron beam evaporation. The pattern was deposited at a rate of about πȢρς BȾÓ. 

The resistance between a pad and a contact line at its end was measured to be about σππ Џ. A quality 

check using an optical microscope was made for each chip after the deposition to decide whether to use 

it for the deposition of a nanocomposite sample or not. An example optical micrograph of a chip carrying 

the deposited contact line pattern is presented in Figure 4-4.  

As can be seen in the micrograph, the lower edge of each contact line turned out to be straight while 

the upper one appears corrugated. This systematic feature is an artifact stemming from the laser-cut 

mask and the electron beam evaporation process and is caused as follows.  

On the one hand, the deposition mask was structured into a ρππ ʈÍ thick stainless steel sheet while 

the cut out line width was only τπ ʈÍ. For this reason, only the upside edge of the cut out line structure 

came out with well -defined and straight shape. While cutting, the quality of the laser beam became 

 

 Figure 4-3: Laser Cutting Profile for the Shadow Deposition Mask and the Corresponding Sample Frames 

 (a) Sketch of the full structure. The cyan square is the outer edge of the pieces to be cut from the stainless steel 
sheets. The repeating square patterns are the deposition sites.  

 (b) Magnification of a single sample chip site. The green square is part of the sample frames and forms the edge 
of the pocket for a mounted chip. The red structure is part of the deposition mask. It is the pattern that is 
deposited onto a chip.  

The total side length (cyan square) is ττ ÍÍ, that of a sample pocket (green squares) is υȢτ ÍÍ. The red 
structure consists of ten parallel contact lines that each end up in a bonding pad (πȢφ ÍÍ πȢφ ÍÍ). The 
lines each have a width of τπ ʈÍ, the gaps in between are ρφπ ʈÍ wide.  
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worse the deeper it cut into the stainless steel sheet. This resulted in a not-so-well defined cutout when 

breaching through the back side of the stainless steel sheet. On the other hand, the used UHV electron 

beam evaporator system provided three sources in total. Because the evaporator is built in a way that 

allows to deposit material simultaneously from all three sources, none of the evaporation sources was 

located exactly vertically below the loaded sample. For this reason, the atomic vapor coming from a 

heated crucible never arrived oriented perpendicular to the shadow deposition mask. Consequently, the 

sample chip was shielded by the upper side edge of the mask in case that side pointed towards the 

electron beam evaporation source. In turn, the side pointing away from it was shielded by the corrugated 

back side edge. This circumstance caused the artifact visible in Figure 4-4.  

The corrugated edges are not considered to affect the transport measurements of the nanocomposite 

films. Even when a deposited film does not nestle against a corrugated Pt line along its full width there 

are still plenty of areas where the film and the contact line do fo rm close-fitting contact. In case of a 

current-feeding line and a high-resistivity film the current paths entering the film through the contact 

areas are assumed to quickly expand right after entering the film in order to spread out across its entire 

cross section. In case of a voltage-sensing line the Pt line defines an area of equal electric potential, 

whether the contact to this line is partially interrupted or not. The situation is similar in case a metallic 

 Figure 4-4: Optical Micrograph of a Contact Pattern Deposited onto a Si Chip by Means of UHV Electron Beam 
Evaporation 

The ten parallel lines each have a width of τπ ʈÍ and a gap of ρφπ ʈÍ between them. The pattern is made 
of a υ ÎÍ Ti adhesion layer and a ςπ ÎÍ Pt conduction layer.  
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film is deposited. Then, most of the current can be assumed to enter the nanocomposite film from a 

small part of the line right behind the point where it starts to be covered by the film. Also, the voltage is 

then sensed from a small area close to the edge of a nanocomposite film. This will be discussed in more 

detail in Section 5.1.3.3.  

Dmp amlqgqrclaw* rfc ^snncp% cbec md _ q_knjc afgn u_q bcdglcb rm `c rfc mlc ufcpc rfc amppse_rcb

sides of the contact lines point towards. According to this definition the up-direction of the chip shown 

in Figure 4-4 points to the upper side of the image.  

4.2.2 Cluster Ion Beam Deposition Sample 

The layout of a sample to be loaded into the CIBD for co-deposition had to fulfill several 

prerequisites. On the one hand, the sample chip with its contact pattern (see Section 4.2.1) had to be 

connected to the potential of the sample pocket Ὗ. For this reason the upper side of a sample chip had 

to be electrically connected to the sample holder. On the other hand, it was the sample electrode 

potential Ὗ  that was used to monitor the current of cluster ions. Therefore, in order to have enough 

feedback via the change of the cluster ion current occurring when a co-deposition sample is translated 

with the sample arm, the area belonging to Ὗ  had to be continued towards the area of deposition as 

wide as possible. Otherwise, it would have been difficult to center the co-deposition sample to the cluster 

ion beam.  

Another prerequisite was the ability to remove deposited material from the co-deposition mask, e.g., 

by grinding it off with sandpaper . This was of particular interest in case of the Ge matrix samples. Too 

much of deposited Ge would have worsened the conductivity of the surface of the mask. This would 

have led to undesired charging effects that, in turn, would have  influenced the deposition of cluster ions. 

Since grinding off deposited matrix material with sandpaper is a quite rough way of handling the mask, 

it was of great desire to construct it of as little and as uncomplicated parts as possible. The resulting 

CIBD sample layout is presented in steps of assembly in the upper row of Figure 4-5.  

Starting at the left -f_lb qgbc md rfc dgespc%q snncp pmu* ctcpw AG@B q_knjc u_q `sgjr ml _ qr_lb_pb

Omicron Labs sample holder (anthracite) with a threaded hole at each corner. The sample chip with the 

deposited contact pattern is colored red (the pattern itself is not shown). In order to avoid charging of 

the sample and, hence, deflection of the cluster ions during deposition, the Pt contact pads of each row 

were electrically joined with the help of a thin strip of carbon tape (green), like it is used in e lectron 

microscopy sample preparation.  
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A set of five stainless steel frames (brown), each with a thickness of ρππ АÍ and a cut out square 

that fits the dimensions of a sample chip, were added to the holder to counter the height of the CIBD 

sample chip of υςυ АÍ on the one hand and to keep it in position  on the other. In order to align  

the sample chip to the direction of the output flux of the effusion cell the positioning frames are  

tilted by ρχЈ.  

Finally, the co-deposition mask (green +  cyan), which itself consists of three parts as depicted in the 

lower row, is added on top. Its lower element (cyan) is a slit mask (slit:  σȢυ ÍÍ ρ ÍÍ), which defines 

the shape of the film to be deposited onto the sample chip. It is also tilted by ρχЈ in order to be aligned 

with the tilted sample chip. The upper element (green) is a hole mask with its diameter equal to the 

length of the slit. A piece of double-faced adhesive Kapton®  tape (yellow) is used to glue the two 

Mo-made sheets to each other and to insulate them from each other at the same time. The area inside 

 Figure 4-5: Sketch of the CIBD Sample Assembly 

The first row shows the assembly of the full sample divided into three steps. Starting with the upper row 
and at the left -hand side, a sample chip (red) is put onto a standard Omicron Labs sample holder 
(anthracite). Its Pt contact pads are joined with two strips of carbon tape (green). Next, a set of five stainless 
steel frames is added in order to keep the sample chip in position. The inner frames are tilted by ρχЈ to align 
the chip to the effusion cell when loaded into the deposition chamber. The co-deposition mask 
(green + cyan) completes the assembly. Finally, the assembly is tightened with a screw in each corner. The 
result is shown in the rightmost column. The upper sketch shows the assembly as seen from the top, the 
lower one as seen from the right-hand side.  

The co-deposition mask consists of three elements, which are depicted in the second row. The lower one 
(cyan) is a slit mask, with the slit being tilted by ρχЈ to align it to the tilted sample chip. This slit defines the 
film stripe to be deposited onto the chip. The upper element (green) is glued to the lower one with a piece 
of double-faced adhesive Kapton® tape (yellow), which also electrically insulates the upper and lower mask 
elements from each other. The upper mask carries a circular hole and is connected to the sample electrode 
potential Ὗ  when the sample is slid into the sample pocket of the sample arm. This functionality is provided 
by the pantograph -like antenna, which is seen best in the side view sketch. The rest of the sample is 
connected to the sample potential Ὗ.  

 



 

65 

the circle belongs to the sample potential Ὗ for this reason, while the area outside the circle belongs to 

the sample electrode potential Ὗ , as it is illustrated in Figure 3-6(c).  

Consequently, the lower side connects to the carbon strips on the sample chip. This way, the contact 

pattern of the chip is electrically connected to the potential of the sample holder Ὗ. The carbon tape 

strips also prevented the co-deposition mask from damaging the fine Pt contact line pattern by keeping 

the co-deposition mask at a safe distance.  

The rightmost column in Figure 4-5 illustrates the fully  assembled deposition sample. In the upper 

row the view from the top is presented, in the lower row the sample is sketched as it is seen from its 

right side. Last, frames and deposition were tightened to the holder with a screw in each corner (not 

shown).  

In order to not form a continuous surface that could easily have been covered by deposited material 

and, in turn, would have led to a short-circuiting of the co-deposition mask, the circle in the Kapton®  

tape was cut slightly bigger than that of the hole mask. This resulted in a gap between the upper and 

the lower Mo-made sheet rather than a continuous surface.  

Mo sheet was chosen as mask material in order to reduce the risk for the chip to get contaminated 

with Fe. The two sheets were insulated by a resistance of more than ςππ -Џ. However, the use of 

Kapton® tape prohibited the baking of a sample for cleaning reasons at the beginning of a co-deposition 

experiment.  

Electrical contact between the upper mask part and the sample electrode sheet above the sample 

pocket is made with the pantograph-like antenna of the hole mask. The antenna is seen best in the side 

view in Figure 4-5. When the sample is slid into the sample pocket of the sample arm the antenna touches 

the sample electrode sheet. The antenna was formed by bending the cut out stripe of metal on the right 

side of the hole mask to the illustrated shape.  

One disadvantage that arose from the used co-deposition mask layout was the gap between the 

upper and lower mask sheet. A growing layer of deposited material could have short-circuited the two 

sheets, especially in case Ag is used as matrix material. This was partially prevented by orienting the slit 

of the slit mask towards the effusion cell (ρχЈ angle). However, matrix material was still deposited under 

an angle of συЈ, and, hence, partially into the gap between the upper and the lower element of a 

co-deposition mask. Also, Ag tended to form flakes on the mask sheets during deposition. Although such 

flakes would have fallen down onto the bottom of the deposition chamber in case they got loose, there 

was a risk that such a flake could have short-circuited the co-deposition mask. Fe-Ag nanocomposites 

will be discussed in Chapter 5.  
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4.2.3 Nanocomposite Deposition Process 

Fe-Ge nanocomposites were synthesized containing either Fe500 or Fe1000 clusters (Fe sputter target 

by Lesker, N4 purity). The clusters were embedded into matrices of porous, semiconducting, amorphous 

Ge (evaporation material: MaTeck, N5 purity, from alumina crucible) at base pressures of ω ρπ ÍÂÁÒ 

and lower.  

A loaded sample was cooled by a constant flow of LN2 through the coolant tubing of the sample arm, 

which resulted in a substrate temperature of ρσυ Ј#υ Ј# during film gro wth. The cooling to low 

temperatures in combination with covering of clusters by the constant flux of matrix material from the 

effusion cell reduced the amount of diffusion along the surface of the film. This way, potential cluster 

agglomeration was reduced to a minimum  [7] . Also, Ge grows as an amorphous (a-Ge) solid when the 

substrate temperature is lower than τυπ Ј# [125] .  

The effusion cell was run between ρρππ Ј# and ρσππ Ј# in order to achieve deposition rates of up to 

πȢσ BȾÓ of Ge. The temperature point of operation had to be increased from deposition to deposition in 

order to adapt to the decreasing amount of material in the crucible and the narrowing of the exit aperture 

of the effusion cell.  

As explained in Section 3.3, a relative deposition azimuth angle of συЈ between sample normal and 

axis of the cluster ion beam was chosen in all deposition experiments. Deposition under this angle is also 

the reason why a-Ge grew in a porous way here.  

A symbolic cross section through an Fe-Ge CIBD sample is shown in Figure 4-6, an optical 

micrograph in Figure 4-7. The deposition of every Fe-Ge nanocomposite sample started with a ρ ÎÍ 

buffer layer of matrix material. The deposition of this little  amount prior to the co-deposition was done 

to achieve a better inclusion of the first clusters in the matrix.  When the buffer layer was finished, the 

deposition rate, more precisely, the temperature, of the effusion cell was adjusted to the rate required 

to obtain the desired ratio of clusters and matrix material.  Then, after a short time span, the film 

deposition was continued.  

Amorphous Ge was found to form a continuous layer when grown thicker than ς ÎÍ in 

Reference [145] . There, Ge is deposited onto sapphire substrates at υπ Ј# that carry interdigital Cr array s. 

In the present thesis, potential gaps in the a-Ge buffer layer are considered to be filled after continuation 

of film deposition.  

While the effusion cell was adjusted to the desired deposition rate, which took several minutes, the 

intensity of the cluster ion beam was measured with the third Faraday cup installed on the sample arm 

(see Section 3.2). Also, the position of the co-deposition sample was fine-tuned in order to allow  a 
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maximum of cluster ions to reached the sample. As explained in Section 4.2.2, fine-tuning was done by 

minimizing the cluster ion current recorded by the sample electrode.  

For samples used in this work Ὗ  and Ὗ were set to voltages between υφ 6 and υχ 6 by two 

separate battery packs, which allowed to apply electric potentials free of noise to the sample electrode 

and the sample area. With the voltage range given above, the kinetic energy per atom in a cluster at 

impact was πȢρς Å6, πȢπφ Å6 and πȢπτ Å6 in Fe500, Fe1000 and Fe1500 clusters, respectively. Therefore, 

clusters were deposited close to or within the soft-landing regime [157,158] . Representative cluster ion 

currents are listed in Table 3-1.  

After up to φȢυ È of co-deposition the cluster ion beam was blanked by turning off the magnetic field 

in the sector magnet. Meanwhile, deposition from the effusion cell was continued to cover the 

nanocomposite layer with a protecting layer of matrix material. The amorphous and porous structure of 

the Ge made it necessary to deposit a thick protection layer. Therefore, ρππ ÎÍ of pure a-Ge were added. 

Additionally, a Si capping layer was deposited on top of the protection layer using the triple electron 

beam evaporator. This step was necessary since a-Ge is prone to oxidation because of its porous structure. 

Si forms a self-passivating oxide layer as soon as it is exposed to oxygen, i.e., to ambient atmosphere.  

During the deposition of protection and capping layer a mass spectrum and an energy scan  

were recorded for every sample in order to keep track of long-term beam parameter changes. See 

Figure 3-4 for exemplary ones.  

4.2.4 Characterization Steps Executed Right After the Deposition 

After a CIBD sample was unloaded from the UHV system it  was immediately disassembled (see 

Section 4.2.2 for assembly) and remnant pieces of carbon tape were peeled off from the sample chip. 

 Figure 4-6: Cross Section Through the Layers of an Fe-Ge Nanocomposite Sample 

Prior to the deposition of the nanocomposite layer, a buffer layer of matrix material was deposited. After 
deposition, the nanocomposite layer was covered with a protection layer of matrix material and a capping 
layer of self-passivating Si.  
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Leftovers of the tape were carefully wiped off with a piece of crumbled tissue soaked with isopropanol 

that was clamped between a pair of tweezers, without contaminating the deposited film.  

Immediately after the disassembly a first visual check with an optical microscope was performed, 

and the two-wire resistance between all pairs of neighboring lines were measured and documented. An 

optical micrograph of the film deposited onto the sample chip shown in Figure 4-4 is presented in 

Figure 4-7. The deposited film appears blue in the shown image and exhibits a vertical stripe on its 

right -hand side that is slightly darker in color. Moreover, a pale, brown vertical stripe of same width is 

visible on the left-hand side of the film. This artifact is caused by a lateral shift of the deposited matrix 

material and the later deposited Si capping layer. These were deposited under different angles of 

incidence (see Section 3.3), which led to different areas of deposition in conjunction with the spacing 

between the slit mask and the sample surface (see Section 4.2.2). The same effect caused a lateral shift 

of the matrix and the cluster deposition area as well. However, the effect is smaller because of the smaller 

difference between the directions of incidence. The result is an accumulation of clusters at the Pt lines 

on the left -hand film edge, where matrix material is lacking. Theses clusters immediately got oxidized 

when the sample was unloaded from the UHV system. The accumulations appear colored dark brown in 

the micrograph. Last* ^Gĝ-Sĝ% bclmrc rfc amlr_arq afmqcl dmp dmsp-wire transport measurements of this 

particular sample.  

The measured two-wire-resistance were dominated by the nanocomposite film deposited between 

the two neighboring l ines. For some samples a color gradient, sometimes even visible to the naked eye, 

could be seen on the deposited films. The gradient is related to the Fe cluster concentration in the film, 

i.e., the cluster spot.  

The measured two-wire resistances at room temperature varied in a range from above ςππ -Џ for 

the pure a-Ge film down to ρȢχ ËЏ for several samples close to the percolation threshold (see 

Section 4.7.2.1). Since the resistance of a Pt line is on the order of ρππ Џ the two-wire resistance 

^k_nngle% uas a useful tool to detect the pair of lines between which the Fe concentration was highest. 

Exemplary two-wire resistance data are shown in Figure 4-13(a) as blue bars. In that figure the two -wire 

resistance data are shown in combination with preliminary Fe concentration data. Preliminary EDX point 

measurements of the concentration on top of the Pt lines were used to decide where to perform transport 

measurements on each sample and were executed soon after deposition. These measurements will be 

discussed in more detail in Section 4.5.1.1.  

As a precautionary measure the nanocomposite samples were stored under UHV conditions in the 

load lock of the CIBD system between measurements. As will be discussed in Section 4.7.5.3, the taken 

measuresÇprotection layer, capping layer, UHV storageÇsuccessfully protected the nanocomposite 

from chemical and mechanical damaging.  
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4.3 List of Used Fe-Ge Nanocomposite Samples 

Starting deposition experiments at high cluster concentration and moving to lower concentrations, 

sample G136 was the first one to exhibit magnetoresistive properties. A bunch of Fe-Ge nanocomposite 

films were deposited, out of which a set of ρρ samples could be used to analyze the magnetoresistive 

properties of the Fe-Ge nanocomposite system. Their deposition-related properties are listed in Table 4-1. 

There, samples are listed by increasing Fe concentration ὧ . Besides the Fe concentration, the thickness 

of the nanocomposite layer ὸ and the average distance between the surfaces of two neighboring clusters 

ὓὖὛ (abbreviation of mean particle separation) are given. How these quantities were calculated from 

EDX data will be explained in Section 4.5.1.2. Together with samples that do show magnetoresistive 

behavior, samples that are too high (G128, G131, G158, G161, G163) or too low (G149) in concentration 

but that are, nevertheless, shown for comparison reasons in several figures, are added to the sample set. 

 Figure 4-7: Optical Micrograph of Fe-Ge Nanocomposite Sample G157 

The shown film was deposited onto the CIBD sample chip that is shown in Figure 4-4. On the left -hand side 
of the film a brownish stripe of deposited material from the electron beam evaporator  (Si) and on the 
right -hand side the lack of the same is visible. The lateral shift of the deposited stripes of material, i.e., the 
difference in the shadowing by the mask, is caused by the different angles of incidence, see Section 3.3, in 
conjunction wi th the spacing between surface of the sample and bottom of the mask. The contacts chosen 
for four -wire transport measurements for this particular sample are labeled according to their function.  
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To differentiate them from those samples showing magnetoresistive behavior their IDs are written in 

parentheses. Samples too high in concentration consist of clusters percolating to large extents. The 

samples are marked with a dagger symbol ® in Table 4-1.  

Table 4-1: List of Used Fe-Ge Nanocomposite Samples 

Summary of Fe-Ge nanocomposite samples listed up with their deposition determined properties. Samples in parentheses did 
not show magnetoresistive behavior because of a too high or a too low cluster concentration.  

 
Sample ID 
Fe500-Ge 

╬╕▄ 
(ἩἼȢϷ) 

◄ 
(ἶἵ) 

╜╟╢ 
(ἶἵ) 

 
Sample ID 
Fe1000-Ge 

╬╕▄ 
(ἩἼȢϷ) 

◄ 
(ἶἵ) 

╜╟╢ 
(ἶἵ)  

G160 ρφ ςσς ρȢω  (G149) ρυ ρωχ ςȢυ 

G159 ςτ ρςπ ρȢσ  G144 ρψ υςσ ςȢρ 

G164 ςψ ρσπ ρȢρ  G146 ρψ στπ ςȢρ 

G165 ςψ ρςρ ρȢρ  G152 ρω ρτψ ςȢπ 

G136 ςψ ρχ ρȢρ  G148 ςρ ςυυ ρȢω 

(G161) συ ρπς πȢψ®  G140 ςς ρφχ ρȢχ 

(G158) τρ υς πȢφ®  G157 ςχ ςστ ρȢτ 

(G163) τς φψ πȢφ®  (G131) χφ φωȢχ π® 

     (G128) ψσ συȢψ π® 

À Sample is above percolation threshold. See Section 4.7.2.1 and Figure 4-22. 

 

 

Table 4-1 is meant to only give an overview over the sample IDs and the corresponding 

concentrations at this point. Data shown and discussed in the further course of this chapter will refer to 

these IDs and concentration values repeatedly. Samples containing Fe500 clusters will be represented by 

green triangles , those containing the Fe1000 ones will be represented by blue circles . Data points 

representing samples that exhibited no magnetoresistance are represented by open symbols that are 

crossed in addition  . In graphs that show data plotted as curves a unique color is assigned to each 

sample, where also different symbols may be used to help differentiate between the sample. When the 

data of both Fe500-Ge and Fe1000-Ge samples are plotted within the same graph the data are represented 

by dashed and solid lines, respectively.  

It is noteworthy that the nanocomposites for which magnetoresistive behavior was found possess an 

Fe concentration roughly between ρυ ÁÔȢϷ and σπ ÁÔȢϷ. Moreover, all samples but one were thicker than 

ρππ ÎÍ. These samples can all be treated as 3D films. The thinnest sample, G136, has a film thickness 

of only ρχ ÎÍ. At this thickness and with the given concentration it can be estimated that only ρȢω clusters 

are stacked on top of each other on average across the whole film thickness. Therefore, G136 cannot be 

safely assumed to be a 3D film, however, it will be treated as  one.  
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4.4 Measurement of Transport and Magnetoresistive Properties 

After a first two -wire resistance check (Section 4.2.4) and a preliminary EDX Fe concentration 

analysis (Section 4.5.1.1) each sample underwent detailed transport measurements as a function of 

temperature, magnetic field, and electric current. In particular, the magnetoresistive behavior was 

examined.  

The transport properties of all samples were measured with a Physical Properties Measurement 

System by Quantum Design (PPMS) equipped with a R̂esistivity Option%. The system provides a LHe 

cryostat with an accessible temperature range of ς + to τππ +. Furthermore, it is equipped with a 

superconducting magnet loa_rcb glqgbc rfc NNKQ%q JFc bcu_p* ugrf ufgaf k_elcrga dgcjbq md sn rmχ 4 

can be generated. The PPMS and, in particular, the execution of measurements, was controlled by the 

Quantum Design MultiVu software. Example sequences used for the measurements explained below are 

given in Appendix A.  

Electric contact to a sample chip was made by wire bonding the selected contact pads, see 

Section 4.5.1.1, to a PPMS transport meaqspckclrq q_knjc fmjbcp* fclacdmprf a_jjcb ^nsai%, Rfc q_knjc

resistances were measured by the four-wire technique.  

4.4.1 Measurement of Transport and Magnetoresistive Properties 

For transport measurements each sample was installed in such a way that the four-wire excitation 

current was applied parallel to the direction of the magnetic field inside the PPMS (longitudinal 

orientation), i.e., in such a way so that the longitudinal direction of a sample film was oriented collinear 

to the magnetic field. The longitu dinal orientation was chosen for the first series of measurements in 

order to avoid the appearance of Hall voltages.  

The PPMS sample puck used for longitudinal sample orientation measurements allowed to 

simultaneously install and measure up to two CIBD sample chips. By installing the samples rotated  

by ωπЈ the samples could also be measured in the transverse orientation. To orient the samples  

with the film plane perpendicular to the magnetic field another sample puck had to be used. Some  

transport measurements were also performed in these orientations in order to check if the measured  

response to the magnetic field is isotropic, see Section 4.7.5.1. The samples were fixed on the puck with 

cryogenic-temperature- and vacuum-compatible resin. The puck and a samples, more precisely, the 

corresponding pads available on both the puck and a sample, were electrically connected by means of 

wire bonding, see Section 4.2.1.  
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A series of transport measurements always started with the software-controlled recording of a ὙὝ 

curve in zero magnetic field. Starting at σππ +, four excitation currents Ὅ  were set for resistance 

measurements: ςππ Î!, ρυπ Î!, ρππ Î!, and υπ Î! in case of Ge matrix samples. The strong increase in 

resistance inherent to semiconducting materials in general, i.e., inherent also to the Ge matrix, led to 

the situation that the set excitation currents could no longer be delivered by the current supply of the 

NNKQ%q pcqgqrgtgrw mnrgml mlc _drcp _lmrfcp, Amlqcosclrjw* cvagr_rgml asppclrqsmaller than the ones given 

above had to be applied at lower temperatures. Also in this case, four excitation currents were used. The 

measurement of ὙὝ data points was partially repeated with the new set excitation currents in this 

context. In order to make full use of rfc NNKQ%qcapabilities of precise resistivity measurements, the limit 

for this is at about τ -ɱ, excitation currents as low as ρπ Î! ucpc _nnjgcb, Rfc NNKQ%q k_vgksk tmjr_ec

limit to apply a set excitation current was ρπ 6.  

In case resistance data could be collected with more than one of the set excitation currents the 

differences between the measured resistances turned out to be negligibly small. For that reason, all 

resistance measurements took place within the linear I­V regime. This is underpinned by the I­V 

characteristics of a-Ge shown in Reference [125] , where non-Ohmic behavior of a-Ge films was observed 

to set in only when electric fields higher than υ ρπ 6ȾÃÍ υπ 6Ⱦρππ АÍ are applied, and by the I­V 

data of two Fe-Ge samples presented in Figures 4-24&a'*&b', ?q _l cqrgk_rgml* _qqskc rf_r rfc NNKQ%q

maximum possible voltage drops, in accordance with the four-wire measurements, over a distance of 

three neighboring lines corresponding to about φππ АÍ. The resulting maximum electric field is about  

ρȢχ ρπ 6ȾÍ. This is well below the threshold mentioned above.  

ὙὝ data sometimes were even recorded in a ZFC/FC sequence. In brief, a ZFC/FC sequence is a 

measurement of a quantity as a function of temperature. First the quantity is measured from an upper 

to a lower temperature limit in zero magnetic field. Then, a magnetic field is applied and a second curve, 

now from the lower to the upper temperature limit, is recorded. Subsequently, the above procedure is 

repeated, however, under constant presence of the magnetic field. The ZFC/FC procedure is an 

important meth od used to detect superparamagnetic behavior. The physical background is explained in 

Section 2.3.  

Now, knowing the proper excitation currents to be applied at certain temperatures, examination of 

the magnetic field dependence of the resistance of a sample measured at various constant temperatures 

followed the ὙὝ kc_qspckclrq, Fclacdmprf* rfcqc kc_qspckclrq ugjj `c a_jjcb ^k_elcrmpcqgqr_lac

asptcq%, Rm pcampb _ k_elcrmpcqgqr_lac asptc rfc k_elcrga dgcjb u_q pamped in a loop: from zero to 

maximum magnetic field, to the maximum at reverse field direction, and again to maximum magnetic 

field. The set maximum magnetic field was φ 4 within these sequences. Magnetoresistance curves were 

recorded starting at σππ +, and were performed down to τπ +, or lower if possible. After the recording 
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of the magnetoresistance curves, optional measurements, like detailed magnetoresistance curves at low 

fields and temperatures, were performed for some samples, too. The maximum recorded change in 

resistance due to the application of a magnetic field was about πȢυϷ. This magnetoresistive change is 

small compared to the change of the resistivity due to temperature variation.  

All the transport measurements were performed with the PPMS in the alternating current mode. 

That means, a direct current is subsequently applied to the specimen in both directions and the mean 

value of the two observed voltages is taken to calculate the resistance of a specimen. For the present 

samples, ςυ of such alternating current readings were executed and averaged for each resistance data 

point. After the ςυ readings the measured resistance was automatically calibrated to the value observed 

from the measurement of an internal reference resistor (PPMS Standard calibration mode). The 

variances of these measurements were used to calculate the variances of the sample resistivities and of 

deduced quantities.  

Last, it is argued by a model calculation that the transport measurement of the Fe-Ge samples took 

place in the low-field regime. In the low -field regime, processes, e.g., tunneling or activation of charge 

carriers, are thermally activated. When the average distance between the centers of two neighboring 

clusters, henceforth referred to as mean particle distance, is assumed to be τ ÎÍ and the above maximum 

electric field is applied, the electrostatic energy a charge carrier gains on average when transferred to 

the next cluster, corresponds to a temperature of less than ρ +. Therefore, all samples are measured 

wit hin the low -field regime Ὡὠᴼ ὯὝ. In case of Fe1000 clusters, a mean particle distance of τ ÎÍ 

corresponds to a mean particle separation of ρȢφ ÎÍ. In the opposite case, the high-field regime, 

processes are field induced [159,160] .  

To estimate the case where chains of touching clusters with large gaps in between are formed, 

assume ten Fe1000 that form a straight chain parallel to the direction of the electric field. Since the mean 

particle separation is still ρȢφ ÎÍ the applied voltage effectively drops over a smaller distance. In the 

assumed scenario the electric field is larger by a factor of about ςȢρ compared to the case of stepwise 

potential drops between isolated single clusters as assumed above. Also, the distance to the next chain 

is seven times larger than before. The temperature corresponding to the electrostatic energy is ρρȢυ + in 

this scenario. Therefore, even in this extreme scenario transport happens in the low-field regime.  

From two-wire-resistance measurements, see Section 4.2.4, it can be concluded that the contact 

resistance between the Pt lines and the Ge matrix is on the same order as that of the Pt contact lines. For 

all Fe-Ge samples the two-wire resistance was dominated by the resistance of the nanocomposite. 

However, samples are compared by their resistivity and not by their absolute resistance Ὑ . From a 

generalized film geometry for Fe-Ge samples it can be estimated by calculations that an applied 

excitation current equally spreads over the complete cross section of a film. Therefore, the resistivity ” 
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of an Fe-Ge sample can be calculated from the dimensions of the cuboid spanned by the width ύ of the 

film, the thickness of the nanocomposite layer ὸ, and the distance between the two contact lines used for 

voltage sensing Ὠ. The resistivity is then ” ύὸὙ Ὠϳ .  

4.4.2 Magnetoresistance Data 

Magnetoresistance curves are recordings of resistance data at a fixed temperature over one magnetic 

field cycle from maximum magnetic field to reverse maximum field and back. In principle, 

magnetoresistance curves could be recorded from room temperature down to the temperature of LHe. 

Because a magnetic sample memorizes its past measurement procedures its memory had to be erased by 

fully magnetizing it prior to each new recording. Therefore, for most samples the initial curve, recorded 

when the field was ramped to the first maximum, did not match with the henceforth reversible rest of 

the magnetoresistance curve. Also, magnetoresistance curves up to a lower maximum field in range of 

ρ 4 to ς 4 and finer data point spacings were recorded. This way, a more detailed view on the low-field 

magnetoresistive behavior was observed.  

Because for most samples the measured resistance continuously decreased over time at σππ +, and 

sometimes even at ςυπ +, the highest temperature for which magnetoresistance data are presented is 

ςππ +. The continuous change in resistance is assigned to the annealing process happening in a-Ge, 

which is discussed in Section 4.6.2. Additional stress that affects the amorphous structure may be caused 

by the first alignment of clusters by an external field after a nanocomposite film was settled at a new 

temperature. The individual low -temperature limit of a sample was determined by its strong increase of 

resistance and the technical limitations of the PPMS. Data at τπ + were observed for every sample, 

therefore, τπ + is the lowest temperature where magnetoresistance data of samples used in the present 

chapter are compared at. In between these two temperatures, ρππ + was chosen as a third temperature 

for comparison.  

Various magnetoresistance curves of samples G152 and G164 are shown in Figures 4-8(a),(c), 

respectively. The data of these two samples are representative for all discussed Fe-Ge nanocomposite 

samples and, hence, serve as examples here.  

The most prominent feature visible in all plots is the always negative magnetoresistance that quickly 

develops within the range of ρ 4, i.e., in the low -field range. This feature is henceforth referred to as 

^jmu-dgcjb k_elcrmpcqgqr_lac%ɝ”ɝʍϳ Ȥ . Furthermore, the low-field magnetoresistance is 

obviously superimposed by at least one field-dependent magnetoresistance effect, which is linear to good 

approximation for most magnetoresistance curves. By extrapolating an approximating line to zero field , 

the magnitude of the low-field magnetoresistance is separated from a magnetoresistance curve. This is 
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exemplarily shown in Figure 4-8(a) for the curves at ρυπ + and τπ +. Henceforth, the field-dependent 

component is referred to _q ^field-dependent magnetoresistance% _lb gq bgqasqqcb `w kc_lq md the slopes 

of the linear approximations ɝɝ”ɝʍϳ ɝ‘Ὄϳ . The slope is a good value for comparison since it 

reflects both sign and strength of the field dependence of the approximated-as-linear effect. The low-field 

and field-dependent magnetoresistance values resulting from this separation are discussed separately in 

Sections 4.4.2.1 and 4.4.2.2, respectively.  

 Figure 4-8: Magnetoresistance Curves and Magnetoresistance vs. Temperature plots of Samples G152 and G164 

 (a) & (c) Magnetoresistance curves recorded at several temperatures of samples G152 and G164, respectively.  
 (b) & (d) Low-field magnetore sistance (red circles) and slope of linear-in-field change approximations (blue 

diamonds) for samples G152 and G164, respectively.  

The resistance of a sample first drops down to a temperature-dependent maximum magnetoresistance, 
which increases with decreasing temperature within an applied magnetic field range of ‘Ὄ υππ Í4 as 
can be estimated from graphs (a),(c). Secondly, when the magnetic field is increased further, the resistance 
usually follows an almost-linear dependence, except at low temperatures for some samples. The 
approximate slopes of these estimations are again temperature dependent and even change sign.  

 



 

76 

In Figures 4-8(b),(d) the respective magnitud es of the two effects are shown as a function of 

temperature. The low-field magnetoresistance is represented by red circles (left scale) while the slopes 

of the approximating lines are represented by blue diamonds (right scale). For the added fit curves (red, 

dashed lines) see Section 4.7.3.4. As can be seen, both effects are temperature dependent. The low-field 

magnetoresistance, on the one hand, is always negative and increases with decreasing temperature. The 

field-dependent magnetoresistance is characterized by a negative slope at ςππ + and above but 

continuously changes to a positive slope with decreasing temperature. This holds for all samples listed 

in Table 4-1 (provided they show magnetoresistive behavior). At temperatures below ςπ +, for some 

samples the field-dependent magnetoresistance becomes strongly nonlinear, e.g., for G164, as depicted 

in Figure 4-8(c) . However, the low-field magnetoresistance could still be estimated with the method 

explained above. Also, at low temperatures the low-field magnetoresistance of some samples decreased 

again.  

In Figure 4-9, a comparison of magnetoresistance curves recorded at ςππ +, ρππ +, and τπ + is 

presented, where the data belonging to Fe500-Ge and Fe1000-Ge samples are plotted in separate graphs. 

For series, three selected samples are shown. Similar plots comparing the magnetoresistance curves of 

all measured samples are given in Appendix B.  

The following statements can be deduced from the data shown in Figure 4-9. First, the low-field 

magnetoresistance is larger for the larger cluster species and increases with decreasing cluster 

concentration. Secondly, for both cluster species the low-field magnetoresistance increases with 

temperature and at the same time saturates at smaller magnetic fields, while the field  at which saturation 

is achieved seemingly does not depend on the Fe concentration. Third, the slopes of the flanks are a 

function of cluster size and cluster concentration. At high temperatures the slope is negative, reduces in 

steepness with decreasing temperature, and changes to a positive one at a sample-specific temperature. 

From G136, which carries by far the thinnest nanocomposite layer (ρχ ÎÍ, see Table 4-1 for comparison) 

almost no low-field magnetoresistance is observed, although the sample possesses a concentration 

similar to that of G164. Regarding the VRH hopping length, which is in the range of ρπ ÎÍ, buffer and 

protection layer of sample G136 may have contributed to carrier transport to a reasonable amount for 

this specific sample. As discussed in Section 4.3, also to treat the nanocomposite layer of G136 as a 3D 

film is not justified because only about two clusters are stacked above each other between buffer and 

protection layer on average.  
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 Figure 4-9: Comparison of Magnetoresistance Curves at ςππ +, ρππ +, and τπ + of Selected Fe500-Ge and Fe1000-Ge 
Nanocomposite Films 

Sample G160 is represented by data of repeated measurements instead of original data. See Section 4.7.3.3. 
Similar graphs containing the curves of all samples are shown in Appendix B.  
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4.4.2.1 Low-Field Magnetoresistance 

The low-field magnetoresistance values of all samples are plotted in Figure 4-10 as a function of 

temperature. Generally, the magnitude of the low-field magnetoresistance increases with decreasing 

temperature and is larger for the larger cluster species. The effect remains well below ρϷ in magnitude. 

For samples G160, G144, and G148 a reduction in low-field magnetoresistance was observed at low 

temperatures, approximately from ρππ + on. The reduction in magnetoresistance of these samples is 

associated with shunt currents because it is these three samples that exhibit a much flatter increase in 

resistivity with decreasing temperature compared to the other samples, as can be seen in Figure 4-12. 

The flatter resistivity curves will be discussed in Sections 4.7.3.3 and 4.7.3.4. Intersecting 

magnetoresistance data lines, or some which show the trend to do so, can also be found in 

literature  [161,162] , unfortunately lacking any discussion.  

4.4.2.2 Field-Dependent Magnetoresistance 

Sample G160 has a much lower concentration of clusters compared to the other Fe500-Ge samples. 

Its magnetoresistance curve may have taken a different shape compared to the other samples for the 

shunt current reason that will be given in Section  4.7.3.3. This may explain why sample G160 diverges 

from the elsewise quite unambiguous trend given by the slopes of the approximated-as-linear 

field-dependence curves in Figure 4-11. Separated into Fe500-Ge and Fe1000-Ge films, Figure 4-11 presents 

Figure 4-10: Low-Field Magnetoresistance vs. Temperature of all Fe-Ge Samples 

 (a) Fe500-Ge samples.  

 (b) Fe1000-Ge samples.  

Data for samples G144, G146 and G160 show a decrease in magnetoresistance magnitude for lower 
temperatures, intersecting the lines of the other samples. Arguments for this behavior are given later in 
Section 4.7.3.3.  
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the temperature dependence of all field-dependent magnetoresistance slopes as defined earlier in 

Section 4.4.2. Slope data points are added to Figures 4-8(b),(d)  and 4-28(b) as blue diamonds.  

Disregarding sample G160, the variations of the slopes ɝɝ”ɝʍϳ ɝ‘Ὄϳ  as a function of 

temperature can be described as follows. Nanocomposite films containing the smaller Fe500 cluster 

species, see Figure 4-11(a),  have a slope close but not equal to zero at temperatures above ςππ +. Some 

are negative, some are positive. With decreasing temperature, also the negative ones change to positive 

ones latest until  a temperature of ρυπ + is reached. From this temperature on, the slopes continue to 

increase, i.e., the flanks of the magnetoresistance curves become steeper, with further decreasing 

temperature. Regarding the films containing the larger Fe1000 cluster species, Figure 4-11(b), the slopes 

are negative at high temperature for all samples. For Fe500-Ge samples no systematic dependences on 

ὧ  and ὓὖὛ are obvious at this point, which is assigned to the only small differences in the Fe 

concentrations of samples G136 to G159.  

In contrast to Fe500-Ge data, differences in the slopes can easily be identified and clearly assigned to 

different Fe concentrations in the Fe1000-Ge series. The slope vs. temperature curves of samples G157 

and G140, which are the samples with the highest Fe concentration, are well separated from the curves 

of the samples lower in Fe concentration and, at a first view, seem to follow the trend given by the 

Fe500-Ge samples in graph (a). Samples G152 to G144, both possessing lower Fe concentrations, more 

or less show a similar slope that is constant to good approximation down until ρππ +. Then, the slope 

Figure 4-11: Magnetoresistance slope vs. Temperature of all Fe-Ge Samples 

 (a) Fe500-Ge samples.  
 (b) Fe1000-Ge samples.  

Fe500-Ge curves smoothly increase from an almost-zero slope to a more and more positive one with 
decreasing temperature. Fe1000-Ge curves follow this trend as well but remain smaller in magnitude 
compared to the Fe500-Ge curves. Fe1000-Ge curves exhibit a jump from negative to positive values around 
ωπ + in their slope data.  
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quickly changes over to a positive one within the temperature range limited by ψπ + and ρππ +. This 

quick increase also appears in the data of sample G157 and G140, though their slopes did already change 

to positive ones at ρππ +.  

4.4.3 Resistivity vs. Temperature Data 

A summary of the ” vs. Ὕ curves of all Fe-Ge samples is given in Figure 4-12. Starting at the low ” 

side, samples with an Fe concentration too high to show magnetoresistance are represented by dotted 

lines: green ones represent Fe500-Ge data and blue ones represent Fe1000-Ge data. These samples, with 

room temperature resistivities between ρπ ЏÍ and ρπ ЏÍ in accordance with the minimum metallic 

conductivity  [160] , showed only little variation wit h temperature. As a consequence of their granular 

metallic structure, the resistivities of these samples decreased with decreasing temperature starting from 

room temperature and, after arriving at a minimum value,  increased again with further lowered 

temperature. The second feature is assigned to not only the fraction of a-Ge in between the network of 

mostly touching clusters but also to the a-Ge buffer layer, which separates the nanocomposite film from 

the contact lines and the substrate in every sample. The decrease of resistivity with temperature  

dominates over the increase at lower temperature in case of the sample with the highest Fe 

concentration, (G128). However, the increase of resistivity at lower temperature overcomes and 

outnumbers the preceding decrease to an extent that increases with decreasing Fe concentration.  

When the amount of Fe clusters is reduced further, the Fe-Ge nanocomposite samples start to show 

magnetoresistive behavior, the first one is G136 with ςψ ÁÔȢϷ. The room temperature resistivity of these 

samples vary over four orders of magnitude, i.e., up to the order of ρπ ЏÍ, see sample G144. Since 

sample films with Fe concentrations lower than that of G144 could hardly be measured because of the 

very high resistivity and, hence, absolute sample resistance, the Fe concentration of G144, ρψ ÁÔȢϷ, 

represents the lower limit of the Fe concentration range accessible with the systems and techniques 

employed in this thesis. The sample with the lowest Fe concentration, (G149) with ρυ ÁÔȢϷ, does not 

show magnetoresistive behavior anymore and, therefore, is also drawn as dotted blue line, confirming 

ρπ ЏÍ as the upper limit in room temperature resistivity  for magnetoresistance to be observed. The 

resistivity curve of an a-Ge reference sample, see Section 4.6.1, is added to the graph as well. 

The three color-coded, dotted lines are data from original measurements (samples G144, G148, and 

G160) which are, later in the analysis part, Section 4.7, argued to were measured incorrectly. However, 

they are shown for consistency reasons. The dashed and solid lines, accordingly belonging to one of the 

lines as indicated by the arrows, are data recorded in a repetition measurement performed months after 

the original data sets had been recorded. Arguments and explanations are given in Section 4.7.3.3.  
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As a last point, a systematically stronger increase in resistivity with decreasing temperature can be 

concluded from the plotted data. This feature will be discussed in the context of Figure 4-24(a) in 

Section 4.7.2.2.  

To summarize, the resistivity systematically increases with decreasing Fe concentration and is higher 

at a fix Fe concentration when clusters of the larger species are embedded in the film . With the exception 

of samples G148 and G152, the samples of each series are well ordered by their Fe concentration 

determined via EDX analysis, see Table 4-1.  

Figure 4-12: Resistivity of all Fe-Ge Samples vs. Temperature 

Dashed and solid lines represent Fe500-Ge and Fe1000-Ge samples, respectively, that showed 
magnetoresistance. Dotted lines represent those which did not: green for Fe500 and blue for Fe1000 samples. 
For elsewise colored, dotted lines see text. The curve of an a-Ge reference sample is added as brown, solid 
line. Resistivity increases with decreasing Fe content and is higher for films containing the larger cluster 
species (Fe1000).  
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4.5 Further Characterization Techniques 

4.5.1 Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy 

Energy-dispersive X-ray (EDX) spectroscopy performed with a scanning electron microscope (SEM) 

is a quick and easy method to spatially and quantitatively analyze the elemental composition of a 

specimen. This way, elemental composition information can be collected in addition to the electron 

microscopy imaging. The following brief review is based on References [163,164] .  

The electron beam of the SEM is used to transfer (kinetic) energy to the electrons of the specimen 

with the aim to remove inner shell electrons from the atoms of the specimen. The resulting vacancy is 

then occupied by an outer electron of the atom under simultaneous emission of an X-ray photon that 

carries the difference in binding energy. The binding energies are on the orderρ ËÅ6. Disregarding very 

light elements, there are several inner electrons bound in different shells and, hence, with different 

energies. Consequently, X-ray photons with different energies can be emitted by a specific element with 

different probabilities, depending on the removed and the filling -up electron. The superposition of 

elemental-specific transitions is unique for each chemical element. Hence, by reconstructing a recorded 

spectrum from elemental-specific spectra the elemental composition of a specimen can be determined. 

The composition is then expressed in terms of concentrations, measured in atom, weight, or mass 

percent, where the sum of all contributions is ρππϷ in every case. Since the electron beam can be 

scanned across a specimen this method can also be applied to record maps of elemental composition.  

The electrons interact with the specimen via scattering processes and transfer their initial kinetic 

energy in a sequence of scattering events. This leads to a pear-like interaction volume since the scattering 

angle is generally nonzero. The penetration depth, i.e., the distance from the sample surface to the 

bottom of the interaction volume, can exceed ρ ʈÍ. The penetration of a ςπ ËÅ6 electron beam into a 

representative Fe-Ge film is illustrated in Figure D-1 in Appendix D. However, the volume in which the 

emission of X-ray photons happens is different from the interaction volume of the electrons. On the one 

hand, photons can be absorbed by the material located between the origin of the photon and the surface 

of the sample. On the other hand, additional photons can be created by backscattered beam electrons or 

secondary electrons from preceding scattering events. Therefore, the measured composition is a 

ucgefrcb _tcp_ec md rfc ^p_bg_rgle tmjskc%, 

For the present work, a Zeiss Leo 1530 SEM equipped with an Oxford Instruments X-Max N50 EDX 

detector was used. The system was used to obtain high-resolution micrographs, EDX point spectra, and 

EDX maps of the nanocomposite films. Because the energy deposited by the electron beam could have 
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led to annealing due to irradiation of th e as-deposited samples the SEM-based steps of characterization 

were always performed after transport measurements. However, a preliminary determination was 

performed for each sample as will be explained in the following section. In the present case, the 

composition of the nanocomposite layers are assumed to not vary along the direction of film growth, 

i.e., perpendicular to the film plane. Moreover, both nanocomposite and protection layers are assumed 

to contribute with equal portions , i.e., proportional to  their layer thicknesses.  

4.5.1.1 Preliminary Determination of the Distribution and the Concentration of Iron 

The Fe concentration varies significantly across each sample film. For this reason, the results 

observed from the nanocomposite samples cannot be compare by the Fe concentrations that can be 

calculated from the sample-specific CIBD process parameters, i.e., the cluster ion. To estimate the 

concentration of clusters in a film and, in particular, to locate the region of highest cluster concentration, 

the elemental composition was analyzed by means of several EDX point spectra prior to transport 

measurements. The spectra were recorded at the middle of each of the ten Pt contact lines of a sample 

chip (see Figures 4-4 and 4-7). Potential alteration of the film at these positions is expected to only have 

minor effects on the subsequent transport measurements, whichever set of lines will be used.  

Figure 4-13: Preliminary and Ultimate Characterization of the Fe Concentration for Fe-Ge Sample G157 

 (a) Preliminary raw Fe concentration in weight percent (red) and corresponding two-wire-resistances (blue 
columns) of sample G157. The corresponding optical micrograph is presented in Figure 4-7. A Gaussian-like 
profile can be deduced from the plot as well as a correlation of the Fe concentration and the two-wire 
resistance. The dashed lines represent the two contact lines of a ten-lines-contact-pattern between which 
the voltage was sensed during transport measurements and between which the EDX map presented in 
graph (b) was recorded.  

 (b) The blue rectangle is the Fe concentration map of the area chosen for transport measurements. It was 
recorded from the white rectangle shown in the SEM image below the map. The SEM image shows the four 
contact lines used for four-wire transport measurements. The black circle in the SEM image is an imaging 
artifact originating from the use of the in -lens detector and did not affect the EDX measurements.  
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The raw concentrations of Fe, given in atomic percent (ÁÔȢϷ), measured for the example sample 

G157 are plotted in Figure 4-13(a) together with the measured two -wire resistances. A Gaussian-like Fe 

cluster distribution can be deduced from this plot. Tfc r_eq %Jglc 1% rm %Jglc 10%on the x-axis refer to the 

rcl Nr amlr_ar jglcq ml _ q_knjc afgn* ufcpc %Jglc 1% is the uppermost one. Usually, a sample was 

measured across that pair of lines between which the Fe concentration was highest. The pair of lines 

chosen for voltage sensing in terms of four -wire resistance measurements is marked by two vertical , 

dashed lines in graph (a). The presented sample was measured between lines 5 and 6. It can be seen that 

the measured two-wire resistivity (blue bars, right s cale, see Section 4.2.4) and the preliminarily 

determined Fe concentration are correlated. Note the logarithmic resistance scale. The raw concentration 

of Fe in sample G157 measured at Line 5 is σȢυ ÁÔϷ. The raw concentrations of C, O, Si, Ti, Ge, and Pt 

are ρψȢω ÁÔȢϷ, ςτȢτ ÁÔȢϷ, σωȢω ÁÔȢϷ, πȢς ÁÔȢϷ, ρρȢυ ÁÔȢϷ, and ρȢφ ÁÔȢϷ, respectively. A plot containing 

the full set of  raw concentration data observed for sample G157 is given in Appendix D in Figure D-2.  

4.5.1.2 Ultimate EDX-Assisted Determination of the Concentration of Iron  

More precise determinations of the concentrations of Fe in the films at the areas chosen for transport 

measurements were performed following the transport and magnetic properties measurements. After 

these measurements, changes of the sample films due to enduring ςπ ËÅ6 electron bombardment were 

deemed acceptable. Therefore, EDX elemental maps between the voltage sensing Pt lines were recorded 

for each film. An example map, i.e., that of sample G157, together with the corresponding SEM 

micrograph are shown in Figure 4-13(b) . There, four lines of the Pt contact line pattern, more precisely, 

lines 4 to 7, are visible in the SEM image.  

As stated in the introduction, one problem was the weighting of signals coming from the protection 

layers and the nanocomposite layers. For simplicity, it is assumed that both layers contribute to amounts 

proportional to their thicknesses. This is justified because both the Pt and even the Ti of the contact lines 

(see Section 4.2) could easily be resolved even for the thickest sample G144 (ͯ φππ ÎÍ from sample 

surface to contact lines). The result of a Monte Carlo simulation of the trajectories of electrons 

penetrating into an Fe-Ge CIBD sample are attached in Appendix D in Figure D-1. The simulation shows 

that ςπ ËÅ6 electrons propagate deeper than ρ ʈÍ into the sample, i.e., deep down into the Si substrate.  

The atomic concentration of Fe in a nanocomposite layer was calculated from the EDX data as 

follows. Let ὔ  be the number of all atoms in the sample that contribute to the measured elemental 

concentrations. The raw atomic concentrations are defined as ὧ ὔȾὔ , where Ὥ denotes the 

different elements present in the sample. In particular, the concentration of the cluster-type atoms is 

ὧ ὔ Ⱦὔ  and that of the matrix -type atoms is ὧ ὔ ὔ ὔ Ⱦὔ . Note, that 

matrix -type atoms occur in three different layers. They form the Buffer and the Protection layer, as well 
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as the Matrix in the nanocomposite layer. Further, let ὧ ὧ Ⱦὧ ὧ ὔ Ⱦὔ  be the fraction 

of cluster-type to the sum of cluster- and matrix-type atoms, where ὔ ὔ ὔ ὔ ὔ  is the total 

number of these. The same ratio restricted to the nanocomposite layer, i.e., the concentration of 

cluster-type atoms in the nanocomposite, is ὧ ὔ ὔ ὔϳ . Then it is  

  
ὔ ὧ ὔ ὧ ὔ ὔ ὔ ὔ ὧ ὔ ὔ

ὧ

ρ ὧ
ὔ ὔ

Ȧ ὧ

ρ ὧ
ὔ Ȣ [ 4-8]  

  

As the number of matrix -type atoms in a layer is proportional to the amount of material counted by 

the quartz crystal balance and because the output film thickness was calibrated with the help of an XRR 

reference sample, the numbers of atoms can be replaced by the thicknesses of the layers that were 

deposited onto a sample ὔᴼὸ. Then, solving for the cluster-type atomic concentration within the 

nanocomposite ὧ  yields  

  
ὧ ρ

ρ ὧ ὸ

ὧ ὸ ὸ ὸ
 Ȣ [ 4-9]  

  

From this result, volume concentration ὧ , mean particle distance ὓὖὈ, mean particle separation 

ὓὖὛ ὓὖὈ Ὠ , and nanocomposite layer thickness ὸ can be calculated.  
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was used to express the volume of a cluster ὠ  and its diameter Ὠ . The clusters are assumed to be 

spheres with a homogeneous distributions of mass.  

The following mass densities of Fe, Ge, and Ag were used for calculations throughout this thesis:  

” χȢψχ ÇȾÃÍ bulk density of Fe [58] ,  

” υȢρ ÇȾÃÍ for a-Ge, determined via XRR from a reference sample, and  

” ρπȢπ ÇȾÃÍ for Ag determined from reference sample films via XRR.  

For comparison, the densities of c-Ge and Ag as listed in literature are υȢσς ÇȾÃÍ and ρπȢυπ ÇȾÃÍ, 

respectively [58] . In case of Ge the lower density is because Ge grew amorphous under the conditions 

present during deposition. The density of Ag differs by υϷ from the literature value. With the mass 

densities given above, the cluster diameters and volumes given in Table 4-2 can be calculated. Fe1500 

clusters are only used in Fe-Ag nanocomposites, see Chapter 5.  

Table 4-2: Calculated Diameters and Volumes of Fe500, Fe1000, and Fe1500 Clusters 

 

 Fe500 Fe1000 Fe1500 

▀╒■ (ἶἵ) ςȢς ςȢψ σȢς 

╥╒■ (ἶἵ) υȢω ρρȢψ ρχȢχ 

 

 

Table 4-3 compares the Fe concentrations calculated from deposition data ὧ  with th ose 

determined with the explained EDX-based method ὧ . Ὅ is the average current of clusters absorbed by 

the sample potential Ὗ. The cluster ion current Ὅ multiplied with the time of deposition Ὕ  divided 

by the elemental charge Ὡ yields the number of clusters deposited into the red circle illustrated in 

Figure 3-6(c). Meanwhile, matrix material with a thickness ὸ was grown during Ὕ . The EDX-based 

value given on the right -hand side was calculated from the ratio ὧ explained above. As can be seen, the 

values determined by means of EDX are more than twice as large as the values calculated from deposition 

data. 

Table 4-3: Comparison of Fe Concentrations Calculated from Deposition and EDX Data 

 

Sample ID Clusters-Matrix   ╘╒■ ╣▀▄▬ 
◄╜ 

(ἶἵ) 

╬▀▄▬ 

(ἩἼȢϷ) 
 ╬ 

╬╒■ 
(ἩἼȢϷ)  

G144 Fe1000-Ge  ωχ Ð! φ È τχσ φȢτ  πȢρυυ ρχȢφ 

A184 Fe500-Ag  ρρρ Ð! σ È ρφσ τȢρ  πȢπωυ ρπȢρ 
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4.5.1.3 Full Sample EDX Elemental Mapping 

EDX elemental maps were acquired for some of the samples to examine the total  distribution of Fe 

cluster on the sample. This was done at the largest possible scan field of the SEM ( τͯ ÍÍ) at the working 

distance optimal for EDX measurements (ψȢυ ÍÍ). As an example, the EDX maps observed from sample 

(G128) are shown in Figure 4-14. Besides a clear signal from the Ge stripe, both the Pt contact lines and 

the spot of Fe clusters are clearly resolved. Ideally, the concentration of Fe should follow a top-hat 

distribution since it is an image of the 1st skimmer of the CIBD system, see Section 3.2. However, since 

the cluster source is most likely not optimally aligned with the 1 st skimmer, the resulting image, i.e., the 

distribution of Fe clusters on the deposition sample, deviates from a top-hat profile. Moreover, the beam 

of cluster ions can be defocused during deceleration of the cluster ions or because of charging effects 

due to the badly conducting sample surface. This leads to a more Gaussian-like concentration profile . 

However, the distribution of Fe in the region of maximum concentration is approximately uniform.  

Charging effects on the sample surface may have also led to cluster accumulations along the edges 

of the nanocomposite films, especially where the Pt contact lines meet the film. Such accumulations 

appear as dark spots at the left-hand edge of the film presented in the optical micrograph in Figure 4-7. 

Charging effects can be also identified in Figure 4-14 by comparing the straight edges of the Ge film (red 

signal) with the fringed edges of the Fe spot (blue signal).  

The diameter of the cluster ion beam can be estimated to be within ρ ÍÍ to ς ÍÍ from the observed 

Fe concentration distribution . A circle with a diameter of ς ÍÍ is added to the Fe signal image as 

reference.  

 

Figure 4-14: EDX Maps of Fe1000-Ge Sample (G128) 

From left to ri ght the Pt, Ge, and Fe EDX signals are shown. The Pt contact pattern and the Ge stripe are 
clearly resolved. The Fe signal reveals the Fe cluster spot, i.e., the intensity profile of the cluster ion beam. A 
circle with a diameter of ς ÍÍ is added as reference.  
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4.5.2 Magnetic Properties 

4.5.2.1 Measurement of Magnetic Properties 

Nanometer-sized magnetic clusters tend to be in a single-domain state below the Curie temperature. 

Behaving as giant paramagnetic moments, such particles possess superparamagnetic properties across a 

temperature range that is limited by the blocking temperature to the lower side and by the Curie 

temperature to the upper side. At temperatures below the blocking temperature the particles behave like 

ferromagnets. The superparamagnetism of nanoparticles is explained in Section 2.3.  

To identify superparamagnetism in the present nanocomposites the magnetic properties were 

examined using SQUID magnetometers (Quantum Design MPMS XL and VSM). Each sample was 

inserted into the respective sample chamber using a plastic straw, which is a common-practice way of 

mounting, and with the long side of the sample film pointing in direction of the magnetic field.  

For each sample a ZFC/FC sequence at ‘Ὄ ςπ Í4 between σππ + and υ + was used to prove the 

existence of superparamagnetic nanoparticles by the existence of a blocking temperature and 

paramagnetic behavior well above this temperature. For ZFC and FC measurements and 

superparamagnetism see Section 2.3.  

After the ZFC/FC sequence the magnetization of each sample was recorded at σππ + and υ + while 

the magnetic field was ramped in a loop similarly to the recording of magnetoresistance curves (see 

Section  4.4). The maximum applied magnetic field was ‘Ὄ τȢυ 4. Again, the MultiVu software by 

Quantum Design was used to control the instruments and the measurements. The sequence codes are 

similar to those used for transport measurements printed in Appendix A, i.e., follow the same logic.  

Diamagnetic contributions from the Si substrate to the recorded magnetization vs. magnetic field 

curves are eliminated by subtracting the average linear contributions observed at high fields.  

Also, in contrast to transport measurements, the response of the entire volume of a nanocomposite 

film is recorded in magnetization measurements. Besides the eliminated contributions of the substrate, 

the region with the highest amount of Fe will, of course, provide the largest contribution to the measured 

magnetization. However, the results of the magnetic measurements do not directly correspond to the 

results observed from transport measurements. The latter only contain information from the region a 

sample was measured at, nevertheless, this usually was the region of highest Fe concentration.  
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4.5.2.2 Results of Magnetic Properties Measurements 

SQUID measurements were used to provide evidence for the presence of clusters in the samples used 

for magnetoresistance experiments. Except for samples (G149) and (G161), SQUID measurements were 

performed for all samples listed in Table 4-1. For this purpose, each sample underwent ZFC/FC 

measurements as explained above. Two of such measurements are shown in Figures 4-15(a),(b). The 

blocking temperature, more precisely, the temperature for maximum magnetization of the ZFC 

curve (red), is ρω + for both samples. The ZFC and the FC curves (gray) coincide to good approximation 

at larger temperatures, which means the measured magnetic moments are caused by the external 

magnetic field rather than remnant collective magnetization.  

Figure 4-15: Magnetization vs. Temperature and Magnetic Field of Fe500 and Fe1000 Clusters Embedded into a-Ge Matrix 

 (a) & (b): Example zero-field and field-cooled curves of samples G152 and G164, respectively.  
 (c) & (d): Corresponding magnetization curves at σππ +. and υ +. The dashed lines are approximating Langevin 

functions.  
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Owing to the deposition process (Section 4.2), in  particular, to the Gaussian-like cluster ion beam 

profile, the slit deposition mask and a fix orientation of the sample under deposition to the cluster ion 

beam, each sample was grown with an Fe concentration distribution changing across both its film width 

and length, see Sections 4.5.1.1 and 4.5.1.3. Because magnetic dipole-dipole interaction between 

clusters depends on their distance and, therefore, the local Fe concentration, blocking of clusters is not 

an abrupt effect but a fluent change in the deposited nanocomposite films. Definitely, the area of a 

sample highest in concentration dominates its magnetic properties.  

The magnetization curves corresponding to the ZFC/FC curves shown in Figures 4-15(a),(b) are 

plotted in Figures 4-15(c),(d), respectively. The gray curves correspond to data recorded at υ +. Here, 

below the respective blocking temperature, clusters are blocked and reveal a ferromagnetic nature. 

Accordingly, hysteresis in magnetization was observed at υ + for both samples. The coercive fields are 

ςφ Í4 and ρψ Í4, respectively, as written in the insets. The insets show the same data, however, reduced 

to a range within which the hysteresis is clearly visibly. A third magnetic hysteresis plot is presented in 

Figure 4-28(d).  

As expected, the samples exhibit larger magnetic moments at lower temperatures. At σππ +, well 

above the blocking temperatures, anhysteretic magnetization behavior caused by the continuous 

alignment of superparamagnetic moments was observed. To be precisely, the magnetization curves have 

the shape of an initial magnetization curve, however, the magnetization curves remain fully reversible. 

The samples behave like ferromagnets, however, without being subject to magnetic hysteresis.  

The effective magnetizations of the samples are average values over one SQUID measurement period 

and, thus, reduce with increasing temperature because of the decreasing relaxation time of the clusters. 

Therefore, the red anhysteretic magnetization curves, which are each approximated by a Langevin 

function (Equation [ 2-9]) in the plots, represented by the dashed, red lines, are less prominent than the 

gray hysteretic ones. Both the effect of blocking and a magnetic hysteresis at υ + were observed for all 

measured nanocomposite samples.  

Generally, for nanocomposite samples showing magnetoresistive behavior blocking temperatures 

between ρπ + and τπ + were observed, as shown in Figures 4-16(a),(b). There, the blocking 

temperatures of all samples are plotted vs. the concentration of Fe, graph (a), and vs. the sample 

resistivity, graph (b).  

When the data point belonging to sample G136, highlighted in Figure 4-16, is disregarded because 

md rfc q_knjc%q qk_jj rfgailcqq &qcc Qcargml 4.3), it can be concluded that the blocking temperature 

increases with increasing cluster concentration and is generally larger for the larger clusters. Fe1000-Ge 

samples that do show magnetoresistance exhibit an average blocking temperature of ςυ +, the average 
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of Fe500-Ge ones is ρχ +. Samples with an  Fe concentration too high to show magnetoresistive behavior, 

as discussed in Sections 4.3 and 4.4.3, are represented by crossed symbols in the plots. These samples 

possess larger blocking temperatures than those samples that do show magnetoresistive behavior. 

Obviously, for these samples the blocking temperature increases with increasing Fe concentration. This 

is assigned to both stronger magnetic interaction  between the clusters and to the formation of larger Fe 

compounds.  

Also, no cooperative ferromagnetic phase of blocked Fe clusters was found from FC curves at low 

temperatures [165] . With the definition of the blocking temperature, Equation  [ 2-16], the bulk 

magnetocrystalline anisotropy constant of Fe at the temperature of LHe ὑ υσȢρ ρπ *ȾÍ  [166]  and 

the cluster volume according to Table 4-2 for Fe1000 clusters a blocking temperature of about ς + can be 

estimated. All samples were found to exhibit a blocking temperature well above that single-particle 

blocking temperature. This is related to collective blocking of cluster aggregates due to exchange 

coupling between touching clusters and dominating dipolar interaction between isolated 

compounds [25,167 ] .  

In the nanocomposite samples discussed in the present chapter clusters are only separated by 

distances in the range of their diameter, i.e., of ρ ÎÍ to ς ÎÍ. Since they are expected to magnetically 

interact, the Langevin functions approximating the magnetization curves shown in Figures 4-15(c),(d) 

as dashed lines are expected to need the magnetic moment appearing in the argument to be set to values 

exceeding the moment of a single cluster. The approximations require τςππ ‘  and σπππ ‘ , 

Figure 4-16: Blocking Temperature vs. Fe Concentration and Resistivity 

Above an Fe concentration of σπ ÁÔȢϷ, see graph (a), and a corresponding resistivity lower than ρπ ɱÍ, 
see graph (b), Fe clusters are percolating in the nanocomposite samples. This causes the blocking 
temperatur e to increase as there are effectively larger particles in the layers due to accumulations of 
touching clusters. Data points of samples that do not show magnetoresistive behavior are represented by 
crossed symbols.  
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respectively, to follow the shape of the magnetization curves at σππ +. These moments correspond to 

superparamagnetic base units of ρȢω Fe1000 and ςȢχ Fe500 clusters, respectively, assuming every atom 

provides the moment of an ɻ-Fe atom, which is ςȢς ‘ . The reason is agglomeration: The observed 

moments are the apparent moments of agglomerating coupled clusters [25] . With increasing Fe 

concentration the average amount of coupled clusters increases, which is the reason for the blocking 

temperature to increase.  

4.5.3 Thermal Annealing, Hydrogenation, and Crystallization of Fe-Ge 

Nanocomposite Films 

The deposited Fe-Ge nanocomposite films represent a nonequilibrium state of the Fe-Ge system. In 

general, several alloys can form in the Fe-Ge system, see Section 4.1, and up to ρχȢυ ÁÔȢϷ of Ge can 

dissolve in bcc ɻ-Fe. Also, transport in a-Ge is sensitive to thermal annealing. Moreover, disabling the 

dangling bonds of an amorphous semiconductor by hydrogenation is known to change the transport 

properties of the amorphous semiconductor. From the observed changes in transport and magnetometric 

measurements further conclusions on the as-deposited nonequilibrium nanocomposite phase may be 

drawn. For this purpose, both the a-Ge reference twin sample G2-45A&B (see Section 4.6.3) and five 

nanocomposite films (G144, G146, G148, G152 and G160) were annealed under the presence of 

hydrogen gas, more precisely, in υ ρπ ÍÂÁÒ ARCAL 15 atmosphere (Air Liquide ARCALČ 15 is a 

mixture of Ar gas and υ πȢυ ÖÏÌȢϷ of H2) at ςςπ Ј# (Section 4.7.6). Both the reference samples and 

one nanocomposite sample, G152, were also annealed at χππ Ј#, where a-Ge is expected to crystallize 

and the constituents of the nanocomposite film are expected to intermix (Section 4.7.7). The samples 

underwent a different number of annealing steps under different conditions. Each sample was 

characterized by magnetotransport measurements prior to the annealing procedure and after each 

annealing step.  

The annealing temperatures were determined with a thermocouple attached to a dummy sample 

holder installed such way that the temperature was sensed right at the position where the sample chips 

were installed during  the annealing experiments.  

As will be explained in more detail in Section 4.6.3, a-Ge starts to crystallize when annealed in the 

temperature range from σππ Ј# to τυπ Ј#. Therefore, equilibrium phases according to the Fe-Ge phase 

diagram should form at χππ Ј#, see Figure 4-1. On the high Fe concentration side, i.e., in the vicinity of 

Fe clusters, neighboring clusters may merge and segregate as Fe inclusions. At an equilibrium 

concentration of ςͯπ ÁÔȢϷ, which is a good estimate for the average concentration of Fe in all samples 

of Table 4-1 that show magnetoresistive behavior, the parasitic ferromagnetic phase FeGe2 in 
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conjunction with a phase of pure c-Ge would be present. In between the local-concentration-limit (locally 

high Fe concentration) and the homogeneous-intermixing -limit, anot her ferromagnetic phase, Fe5Ge3, 

with a Curie temperature well above room temperature (Ὕ τψυ + [117] ) exists according to the phase 

diagram. Therefore, annealed Fe-Ge nanocomposites may form good magnetic semiconductors.  

4.6 Amorphous Germanium Reference Film 

In this section, an a-Ge reference film that is deposited across two contact line patterns similar to 

those used for the transport measurements of nanocomposite samples is presented. The a-Ge contact 

patterns consist of only four lines, are smaller in line width , and come with a much narrower gap in 

between them compared to the pattern deposited onto CIBD sample chips. The two contact patterns are 

sufficiently apart from each other to be treated as independent from each other. For that reason, the 

rcpk ^rugl q_knjcq% ugjj _jqm `c sqcb, Rfcgp q_knjc GBq _pc E0-45A and -B. Transport processes and the 

magnetoresistance of a-Ge are discussed in detail in Section 4.1.2.  

4.6.1 Resistivity of the Amorphous Germanium Reference Sample 

To examine the dependence of the matrix material properties upon variation of  temperature and 

magnetic field, the reference twin sample G2-45A&B was prepared under conditions similar to those of 

the nanocomposite samples (see Sections 4.2): Sputter gas flow (without sputtering) for similar ambient 

pressure, LN2 cooled sample in the deposition chamber, similar deposition rate of Ge, use of Si substrate 

with a ςππ ÎÍ SiO2 surface layer, and contact lines consisting of υ ÎÍ Ti +  ςπ ÎÍ Pt.  

One property that had to be taken into consideration was the enormous total resistance of a-Ge of 

more than ςππ -ɱ that was measured across Fe-Ge samples between pairs of contact lines away from 

the cluster spot. To achieve the lowest possible resistance of a reference sample film the gaps between 

the contact lines had to be reduced to a minimum, while simultaneously the cross-sectional area to be 

penetrated by the excitation current, i.e., the film width, had to be maximized.  

Because the film width did not have to be restricted to the diameter of the cluster ion beam by a slit 

deposition mask, see lower row in Figure 4-5, maximizing the film width was one measure to increase 

the cross-sectional area. For this reason, a larger ρπ ÍÍ ρπ ÍÍ Si chip was used for the a-Ge reference 

film. Making full use of the maximum possible width of a sample, a υȢφ ÍÍ wide film  of a-Ge was 

deposited and contacted along its full width.  
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As a second measure, another contact line pattern with a narrower spacing was deposited onto the 

chip used for the reference film. For this reason, an alternative contact line pattern was structured into 

a positive resist using electron beam lithography®. After lithography , the resist was developed, then Ti 

and Pt were deposited in the same way as for the regular CIBD sample chips, and a lift-off process yielded 

the final contact line pattern shown in Figure 4-17(a). There, the structure is already covered by the 

a-Ge film , which appears blue in the micrograph. The bonding pads on the left-hand side are covered 

with the leftover Al from wire bonding connection. Th e inset shows the four parallel contact lines with 

their narrow spacing.  

With this more complicated process, two patterns of four equally sized ρπ ʈÍ wide contact lines 

with a spacing of only ςȢπ ʈÍ could be deposited onto the ρπ ÍÍ ρπ ÍÍ chip. Amorphous Ge was 

deposited onto this sample chip. With a spacing of several millimeters between the two contact patterns 

the two contacted areas could be treated as insulated from each other and, therefore, as individual 

samples. The individual thicknesses of the deposited a-Ge were determined via AFM profilometry to be 

τωπ ÎÍ (G2-45A) and τυπ ÎÍ (-B), respectively.  

It was observed that the resistance of the a-Ge film at first strongly depended on ambient parameters 

after the sample was loaded into the PPMS. Even purging the sample annulus of the PPMS and sealing 

it containing a thin  atmosphere of several millibars of He gas had large influence on the measured 

resistance. Waiting for the film to stabilize, the sample was left inside the annulus under constant 

conditi ons, including constant excitation current load, for about two days. Then, the measurement 

routines were started.  

These efforts allowed to measure the reference twin sample down to temperatures as low as ςςπ +. 

In the corresponding plot, see Figure 4-17(b), a kink in the resistance appears at about ςυπ + as can be 

seen best from the data of sample B. This kink translates to peaks in the plots of the derived parameters 

Ὁ  and Ὕ, where Ὁ  is the pro-forma calculated activation energy of a potential thermally activated 

process in graphs (c),(d), respectively. A constant activation energy Ὁ  is the identifying feature of 

thermally activated transport and comes from the Arrhenius law used to empirically model such 

processes (ÒÁÔÅᶿÅØÐὉ ȾὯὝ). For the VRH parameter Ὕ see Equations [4 -4]  and [4 -16].  

Since this kink artifact is reproducible it can be caused either extrinsically by thermal elongation due 

to the different thermal expansion coefficients of Pt, a-Ge, etc., or intrinsically by activation of other 

transport processes in addition to VRH through states close to the Fermi level. These may be hopping 

processes in band tail states or even thermally activated transport via conduction band states above the 

                                                
® Because access to the required equipment was restricted to well-trained coworkers only, the electron-beam lithography process 

was performed by Dr. Thomas Reisinger.  
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mobility edge. From Figures 4-17(c),(d) no clear conclusion can be drawn. An activated transport 

process happening with an activation energy of Ὁ ςυπ ÍÅ6, indicated by the horizontal , dashed line 

in Figure 4-17(c), is supported by data from Pollak et al. [156] . They found conductivity in an a-Ge 

sample to be activated with a similar activation energy above room temperature while below VRH is 

responsible for charge carrier transport. At temperatures lower than the temperature corresponding to 

the kink the VRH parameter tends to Ὕ σ ρπ + as indicated by the horizontal, dashed line in 

Figure 4-17: Optical Micrograph and Various Resistance / Resistivity vs. Temperature Plots of the a-Ge Reference Sample  

 (a) Optical micrograph of one of the two contact line patterns of sample G2-45. On the left side, four bonding 
pads with remnant Al wire are visible. The blue part is the a-Ge film. The contact lines each have a width of 
ρπ ʈÍ and gaps of ςȢπ ʈÍ between them. Because of the required electron-beam lithography process the 
contact pattern was performed by anot her personÀ.  

 (b)í(d) Resistance of sample G2-45B plotted vs. temperature in three differently scaled graphs: 
(b) ” vs. Ὕ, (c) ÌÏÇ” vs. Ὕ , and (d) ÌÏÇ”ȾὝȾ  vs. Ὕ Ⱦ  (ñVRH scalingò). 

Blue data points in graphs (c),(d) represent the slope in the according scaling, see Section 4.7.2.3 for an 
explanation. The dashed lines represent the suggested literature value Ὁ ςυπ ÍÅ6 for activated 
transport according to Pollak et al. [156]  and an estimated value for the VRH parameter  
Ὕ σ ρπ +, respectively, for the shown data.  
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Figure 4-17(d). This value is one order of magnitude larger than the values stated in literature (see 

Section 4.1.2.3) and yields a density of states of ὈὉ υ ρπ ÃÍ  Å6 .  

Because of the kink and the narrow examined temperature range, resistance data are not as robust 

as for the as-deposited reference sample. Below ςςπ + rfc NNKQ%q p_lec md npcagqc pcqgqr_lac

measurement was exceeded. However, data of the annealed Ge reference sample (Section 4.6.3) support 

the given interpretation.  

Also, co-deposited Fe clusters distort and interrupt the a-Ge matrix during deposition. This strategy 

of growth leads to a discontinuous structure of the a-Ge matrix in which temperature -dependent strain 

can easily occur and influence the sample properties. Therefore, the a-Ge reference samples may not 

represent the properties of the a-Ge forming the matrix between the clusters of the co-deposited 

nanocomposite samples.  

4.6.2 Magnetoresistance of the Amorphous Germanium Reference Sample 

Magnetoresistive properties of the a-Ge reference sample were measured down to as low as ςτπ + 

and are presented in Figure 4-18. During the recording of the magnetoresistance curves, the measured 

resistances still decreased continuously in about the same order as the applied magnetic field affected 

the resistance. This is depicted in Figure 4-18(a), where the resistance of G2-45A is plotted over the time 

lapse of a complete field loop sequence. The dashed line indicates a linear-in-time change of the 

zero-field resistance of the film from the first reversal of the direction of field rampin g at φ 4 until the 

end of the hysteresis cycle (again at φ 4) so that ὙὌȟὸ Ὑ ‌ὸ ὸ ɝὙὌ  was a good 

approximation to cancel out the continuous reduction of the sample resistance. The data point ὸȟὙ  

was chosen to be the first zero-field pass after applying maximum field . The slope ‌ was calculated using 

the second zero-field pass at ὸȟὙ . The assumed linear decrease is justified by the resulting curve 

which is shown in Figure 4-18(b) (yellow data, the green data are the raw data from graph  (a) ). In the 

shown case the change in resistance within the time span from maximum field (ὸ ρȢυ È) to maximum 

field (ὸ φȢυ È) is about two times larger than the change caused by the maximum applied magnetic 

field of φ 4. The initial curve misleadingly featu res a strong field dependence. However, the steeper slope 

is due to a finer spacing of the magnetic field used for data acquisition in this field range. Independence 

from the change in field ramping is evidenced by the linear change in time from the start until the 

maximum field is reached for the first time at ὸ ρȢυ È. In Figures 4-18(c),(d) , only data without the 

initial curves are shown. Except at ςτπ +, all curves were recorded with an excitation current of ρππ Î!.  

Although the data remain vague, especially for positive field polarity, nonetheless, the change of  

the magnetoresistance both as a function of the magnetic field and of the temperature could be  
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roughly revealed and approximated by an exponential dependence ”Ⱦ” ὅ‘Ὄ  with a 

temperature-dependent exponent ὲ that stresses the negative magnetic field dependence of the 

magnetoresistance [130,138,141] . Magnetoresistance curves at several temperatures for both twin 

samples G2-45A and -B are plotted in graphs (c),(d),  respectively, each with approximating curves of the 

exponential form mentioned above. The exponents are summarized in Table 4-4. They are within the 

range πȢυ ὲ ρȢπ as specified in References [130,138] . For temperatures lower than ρχυ + a positive 

component adds to the so far purely negative magnetoresistance. However, this temperature range 

remained inaccessible with the used sample layout and measurement equipment because of strong 

increase of the sample resistances.  

Figure 4-18: Magnetoresistance of the a-Ge Twin Reference Sample G2-45 

 (a) Resistance vs. time, recorded over a full magnetic field sequence.  
 (b) Resistance vs. magnetic field, as measured (green) and with subtracted time-dependent decrease (yellow).  
 (c) & (d) Magnetoresistance vs. magnetic field for samples G2-45A and -B, respectively.  

The magnetoresistance is negative and increases in magnitude with increasing magnetic field and decreasing 
temperature.  
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Table 4-4: Exponent of a-Ge Negative Magnetoresistance 

 

Sample ID  ἕ  ἕ  ἕ  ἕ 

G2-45A πȢωπ πȢψω Ç πȢφψ 

G2-45B πȢψχ Ç πȢψς πȢφψ 

 

 

Both short- and long-term changes in resistance over time of a-Ge samples are reported in the 

literature. Walley  & Jonscher [125]  report an increase in resistivity by a factor of up to σ several weeks 

after film deposition. In the present thesis, a decrease in resistance was observed during the 

measurements. However, this decrease followed a slow increase in resistance by several ρπϷ prior to 

the resistivity and magnetoresistance recordings within the two days in which the a -Ge reference film 

stabilized. Because this property was also observed both after the reference sample had been annealed 

at ςςπ Ј# and χππ Ј# in ARCAL 15 atmosphere (see Section 4.6.3) the change is assigned to the adaption 

of the deposited Ge to the topology of the sample chip. The topology is dominated by the deposited 

contact line pattern on the one hand and adaption happens via rearrangements within the anyway 

porous structure of a-Ge on the other. Both effects lead to a better connectivity between potential Ge 

grains or islands, that is, to a lower resistivity of the film. Because of its amorphous structure and the 

related distortion of tetrahedral base units a-Ge is thought to be very sensitive to temperature changes.  

Kubelík & TĠíqi_%q nfclmkclmjmega_j”Ⱦ”ᶿρȾὝ dependence [139,140]  could not be deduced from 

the recorded ”Ⱦ” ὝȟὌ  data.  

4.6.3 Annealing of the Amorphous Germanium Reference Sample 

Transport in a-Ge at room temperature and below is dominated by VRH via dangling bond states 

located close to the Fermi level of the a-Ge, which is a direct consequence of the atomic bond structure. 

See Section 4.1.2.3 for VRH. This structure is irreversibly changed when an atomic misalignment gets 

straightened as soon as a sufficiently high temperature is reached [125,155] . The structure of a-Ge 

deposited at the temperature of LN2, as in this thesis, starts to anneal as soon as the deposited film  is 

warmed up to room temperature. Annealing happens within the limit set by the thermal energy available 

at room temperature [134] . The degree of disorder in a-Ge determines the concentration of dangling 

bonds in its atomic structure and, hence, its resistivity. A higher deposition rate causes more disorder 

and results in a lower resistivity [133] . Therefore, the transport properties of a-Ge depend on the 

annealing history of a sample [125] .  
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Also, disabling the dangling bonds of an amorphous semiconductor via hydrogenation is a way to 

alter its transport properties. Dangling bonds saturated with a H atom have bonding and antibonding 

states outside the mobility gap of the amorphous semiconductor. This way, the density of states around 

the Fermi level is reduced [128] .  

For that reason, the reference twin sample G2-45 was annealed in ARCAL 15 atmosphere in the 

same way some of the Fe-Ge samples were. First, at ςςπ Ј# for ρ È in vacuum and another hour in 

ARCAL 15 atmosphere and, in a third step, at χππ Ј# for ρ È in ARCAL 15 atmosphere. Since a-Ge tends 

to crystallize when annealed above σππ Ј# to τυπ Ј# [130,168] , crystallization is expected to happen in 

the latter annealing step. The respective magnetoresistance and resistivity data are plotted in 

Figures 4-19 and 4-20, and are compared in Figure 4-21.  

Figure 4-19: Resistivity and Magnetoresistance of a-Ge Reference Sample G2-45B After Annealing at ςςπ Ј# 

 (a) Magnetoresistance vs. magnetic field at various temperatures.  
 (b) Absolute sample resistance.  
 (c) Resistivity in ñactivated transport scalingò.  
 (d) Resistivity in ñVRH scalingò.  
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4.6.3.1 Resistivity of the Annealed Germanium Reference Film 

Compared to the as-deposited film, whose resistivity data are plotted in red in Figures 4-21(a),(b), 

the resistivity of a-Ge decreases by a factor of ρπ when annealed at ςςπ Ј#, see data plotted in green. 

Below ςππ +, VRH with Ὕ ωȢς ρπ + is clearly present (see Section 4.1.2.3 and Equations [4 -4] 

and [4 -5] for VRH). At ρφπ +, the absolute resistance exceeded the upper limit of the PPMS for precise 

resistance measurement. The lower ὝᶿρȾὈὉ  indicates a higher density of states at the Fermi level 

and, according to Equation [4 -5], a shorter VRH hopping distance. Because the annealing in ARCAL 15 

atmosphere even improved transport via VRH only the thermal component is assumed to affect the film, 

in particular, its structure. It is noteworthy that the kink in resistivity found at ςυπ + in the resistance of 

the as-deposited film (red) disappeared. The inefficiency of post-deposition hydrogen annealing was 

Figure 4-20: Resistivity and Magnetoresistance of a-Ge Reference Sample G2-45B After Annealing at χππ Ј# 

 (a) Magnetoresistance vs. magnetic field at various temperatures.  
 (b) Absolute sample resistance.  
 (c) Resistivity in ñactivated transport scalingò.  
 (d) Resistivity in ñVRH scalingò.  
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explicitly confirmed by annealing an Fe-Ge nanocomposite film first in vacuum and secondly in 

ARCAL 15 atmosphere, both at ςςπ Ј#, see Section 4.7.6. Usually, amorphous semiconductors are 

hydrogenated right during deposition  [169] .  

When annealed at χππ Ј# for one hour in a third annealing step, the resistivity of the Ge reference 

film increases again, see cyan data in Figures 4-21(a),(b), but stays below that of the as-deposited film. 

Analyzing its resistivity data for activated and VRH transport, which is illustrated in Figures 4-20(c),(d), 

respectively, yields a constant activation energy Ὁ ςυπ ÍÅ6 above ςχπ +. Below, the resistivity is 

_nnpmvgk_rcjw jglc_p gl ^TPF qa_jgle% ugrfὝ ρȢρ ρπ +. As stated in Section 4.6.1, an activation 

energy of ςυπ ÍÅ6 can be related to carrier activation above the mobility gap of a-Ge. Also, because the 

resistivity of a Ge sample should decrease when becoming crystalline [168] , nucleation may have 

Figure 4-21: Comparison of Data from the As-Deposited and Annealed Ge Sample G2-45B 

 (a) Comparison of absolute resistivity vs. temperature curves.  
 (b) Comparison of relative resistivity vs. temperature curves.  
 (c) Comparison of magnetoresistance curves recorded at ςτπ +.  
 (d) Comparison of magnetoresistance curves recorded at ρψπ +.  
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happened in the film. However, the film cannot be assumed to be fully crystallized. For a crystallized 

semiconductor, activated transport with its band gap as activation energy would have been observed. 

The bandgap of c-Ge is about χππ ÍÅ6.  

4.6.3.2 Magnetoresistance of the Annealed Germanium Reference Film 

Because of the lower absolute resistance of the annealed Ge film magnetoresistance curves could be 

recorded down to ρψπ +. Both after annealing at ςςπ Ј# and χππ Ј# the magnetoresistance is negative 

and of the same shape observed for the as-deposited film. When annealed at ςςπ Ј# magnetoresistance 

at room temperature and below is smaller compared to that of the as-deposited film in the accessible 

temperature range.  

According to the transport model by Movaghar & Schweitzer, see Section 4.1.2.4, an increase in 

magnetoresistance must be due to a change to a higher discrepancy of the hopping times for 

spin-npcqcptgle ^lmpk_j% fmnq _lb qngl-lattice and spin-spin relaxation times. Therefore, the observed 

reduced magnetoresistance can be related to a smaller hopping time. This is in agreement with the 

observed lower resistivity because a smaller hopping time causes quicker carrier transport, higher 

throughput and, hence, current conducted through the film.  

Consequently, magnetoresistance increases again when the Ge reference film is annealed at χππ Ј#. 

The magnetoresistance curves of the annealed Ge film are quite similar to these of the as-deposited ones 

as is exemplarily shown in Figure 4-21(c) for  ςτπ +. The magnetoresistance of the film annealed at 

ςςπ Ј# continuously approaches the one the very same film exhibits after being annealed at χππ Ј# in 

terms of magnitude. At the lowest possible temperature, ρψπ +, presented in Figure 4-21(d), the 

magnetoresistance curves seem to overlap. However, the resistance of the film annealed at χππ Ј# was 

slightly above τ -ɱ at that temperature and, therefore, at the PPMQ%qupper limit for precise resistance 

measurement.  

4.7 Analysis 

4.7.1 Uncertainties for Fe-Ge Nanocomposite Samples 

The uncertainties of the characteristic quantities are governed by the mass density of a-Ge 

determined via XRR, the crystal balance calibration performed by means of XRR reference samples, and 

the tampering of the EDX signal by the layers covering the nanocomposite layer. Here, absolute errors 

are estimated for a representative Fe1000-Ge sample consisting of a ὸ ρ ÎÍ Ge buffer layer and a 
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ὸ ρππ ÎÍ protection layer. For the nanocomposite layer, ὸ ρυπ ÎÍ of Ge are assumed to be 

co-deposited with the clusters, and the raw Fe concentration determined by EDX is assumed to be  

ὧ ρυ ÁÔȢϷ.  

For the raw crystal balance output an error of ɝὸ πȢυ ÎÍ is assumed since the deposition was 

stopped either manually or by a LabVIEW program as soon as a set limit of deposited layer thickness  

was overcome. The largest standard deviation in EDX data was πȢσχ ÁÔȢϷ, therefore, an error  

ɝὧ πȢυ ÁÔȢϷ is assumed. The XRR correction factor is πȢχχυ, an error of πȢπψπ is assumed.  

This yields ὸ πȢψ πȢυ ÎÍ, ὸ ρρφȢσ ρςȢτ ÎÍ and ὸ χχȢυ ψȢτ ÎÍ. The 

XRR-calibration-corrected concentration is then ὧ ςςȢψ ςȢς ÁÔȢϷ.  

For Fe, the mass density of ɻ-Fe is assumed and deviations from a perfect crystal structure are 

respected by variations in it: ” χȢω πȢτ ÇȾÃÍ. For a-Ge, the mass density was determined via 

XRR and is ” υȢρ ÇȾÃÍ. This value is respected with an error of ɝ” πȢς ÇȾÃÍ. This results in a 

calculated nanocomposite thickness of ὸ ρσσȢσ ρχȢψ ÎÍ.  

With the distribution width of the sector magnet of ρπϷ an error of πȢρυ ÎÍ of the cluster diameter 

can be deduced for the nominal ςȢψς ÎÍ. The corresponding volume concentration of the calculation 

example sample is then ὧ ρςȢψ ςȢυ ÖÏÌȢϷ.  

Finally, the mean particle separation is ὓὖὛ ρȢφω ÎÍ with an absolute error ɝὓὖὛ πȢσψ ÎÍ.  

The relative error of the resistivity is the sum of the relative errors of the dimensions of the 

nanocomposite film volume under measurement, i.e., width, thickness, and length. The relative error is 

dominated by the relative error of the thickness, which is ρσȢτϷ in this representative example.  

4.7.2 Transport Properties 

4.7.2.1 Percolation Threshold and Tunneling between Clusters 

Embedding Fe clusters into a-Ge allowed for tuning the resistivity of the nanocomposite fi lms over 

five orders of magnitude by varying the amount of Fe in the film. In Figure 4-22(a) film resistivities at 

ρππ + are plotted as a function of the concentration of Fe in the samples, where the gray, dashed lines 

in graph (a)  are guides to the eye. As a first point, the data reveal a percolation threshold of σπ ÁÔȢϷ as 

indicated by the vertical lines in graphs (a),(b).  At concentrations below this threshold the resistivity 

quickly increases over several orders of magnitude with decreasing Fe concentration. However, at 

concentrations above the percolation threshold the resistivity decreases only slowly with increasing Fe 

concentration. In particular, the resistivity stays in  the ρπ ЏÍ range on this side. Samples above the 

percolation threshold did not show any magnetoresistive behavior (crossed symbols  ).  



 

104 

Figure 4-22(b) shows relative resistivity data at ρππ + and τπ + (solid and open symbols, 

respectively) defined as ”Ⱦ”  . As expected, samples above percolation threshold only show minor 

changes in relative resistivity. To better visualize the percolation effect the data of some Fe1000-Ge 

samples not listed in Table 4-1 are added to the plots in Figure 4-22.  

Below the percolation threshold, clusters are on average isolated within the a-Ge matrix, while 

aggregation of clusters still occurs. As a consequence of the poor resistivity of a-Ge, especially at lower 

temperatures, the resistivity of the nanocomposites increases rapidly across several orders of magnitude 

with decreasing Fe concentration. This effect appears as a kink in Figure 4-22(a). Moreover, it is worth 

noting that samples containing the larger cluster species (Fe1000, ) exhibit  a stronger increase of the 

resistivity with decreasing Fe concentration compared to the Fe500 series . This conclusion can also be 

drawn from Figure 4-22(b), which depicts the relative resistivity ”Ⱦ”   at ρππ + (solid symbols) and 

τπ + (open symbols). Below the percolation threshold the ratio increases both with decreasing Fe 

concentration and increasing Fe cluster size. As a scaling effect, ὓὖὛ varies as ὔ Ⱦ
Ⱦ

 with  the cluster 

size in case the volume concentration remains constant. However, as shown in Figure 4-23, the resistivity 

increases exponentially with increasing ὓὖὛ independent of cluster size. This suggests that charge 

transport must be dominated by effects that depend on this average nearest neighbor surface-to-surface 

distance.  

Figure 4-22: Resistivity vs. Fe Concentration Data of the Fe-Ge Films Reveal a Percolation Threshold 

 (a) Resistivity of Fe-Ge films at ρππ + vs. Fe concentration.  
 (b) Relative resistivity at ρππ + and τπ + vs. Fe concentration.  

The percolation effect appears as a kink in the graphs at σπ ÁÔȢϷ. Both absolute and relative resistivity 
increases rapidly with decreasing temperature when the Fe concentration falls below the percolation 
threshold. To better visualize the trends data points of samples not listed in Table 4-1 are added to both 
plots.  
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Scher & Zallen [170]  simulated finite  basic 3D lattices (sc, bcc, fcc, hcp and diamond) by randomly 

nj_agle f_pb qnfcpcq ml rfc qgrcq md rfcqc j_rrgacq, Qglac rfc qnfcpcq _pc _qqskcb ^f_pb%* mljw n_gpq md

nearest neighbor spheres form close contact, i.e., touch each other. When only few spheres are placed, 

the spheres remain isolated on their sites. But, with further increased number of placed spheres, a 

network of touching spheres starts to form. Finally, a first closed path through the finite lattice forms at 

a critical occupation density. The occupation density is the product of the occupation probability 

(number of placed spheres divided by the total number of lattice sites) and a lattice-specific filling factor. 

As one result, Scher & Zallen [170]  found that the critical occupation densities are quite similar for the 

tested lattices, i.e., on average a volume fraction of only ρυȢτ ÖÏÌȢϷ of hard spheres is sufficient for closed 

paths to appear. Arguing that a disordered system can be described as a system of local superpositions 

of standard lattices, Scher & Zallen conclude that ρυȢτ ÖÏÌȢϷ holds for any 3D system [171] . 

Transformed to the atomic concentration of Fe within the Fe-Ge cluster-assembled nanocomposite films, 

this threshold calculates to approximately ςχ ÁÔȢϷ, which is in good agreement with the graphically 

estimated σπ ÁÔȢϷ.  

When metallic grains are embedded in an insulating matrix, tunneling is the only possible process 

of electron transport [171] . With its high resistivity and the temperature dependence characteristic for 

a semiconductor, a-Ge can, as a first approximation, be treated as an insulating matrix mater ial. The 

major difference between successive tunneling from metallic grain to metallic grain along a conduction 

path and classic tunneling between two metallic bulk electrodes across a thin tunneling barrier is that 

charge neutrality is broken in the first  case because the tunneling of an electron turns a pair of neutral 

grains into a pair of oppositely, singly charged grains [172] .  

Figure 4-23: Resistivity vs. Mean Particle Separation at ρππ + and τπ + 

The resistivity of the Fe-Ge nanocomposite films is a function of ὓὖὛ independent of cluster size. 
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Sheng, Abeles and coworkers [159,160]  were the first authors who published a model that explains 

the detected ÌÏÇ”ᶿὝ Ⱦ resistivity dependence that had been found for disordered materials like 

granular metals and some disordered semiconductors (see Reference [160]  and references therein) 

based on the data the authors extracted from Ni-SiO2 and other granular films with an intrinsic grain 

size distribution of ρ ÎÍ to υ ÎÍ and between ρȢσ + and σππ +. They prepared sample films, about 

ρππ ÎÍ thick, by co-sputtering the two constituents and leaving it to diffusion processes to form 

segregated Ni grains within a SiO2 insulating matrix. This statistical process leads to a distribution in 

grain size Ὠ, particle separation ί, and a charging energy Ὁ  required to create a fully dissociated pair of 

singly and oppositely charged grains. However, these three parameters have to be correlated since the 

ratio of deposited metal and insulator is a sample constant. For this reason, the volume fraction ὼ of 

metal embedded in the form of grains within the film is constant when averaged over a volume larger 

than a few surface diffusion lengths (several ρπ ÎÍ). Spectating a small region in which the grain size is 

roughly uniform, then, grain size Ὠ and separation ί are directly proportional for a constant volume 

fraction  ὼ: ί “Ⱦφὼ Ⱦ ρ Ὠ. As the charging energy of a grain within a granular metal is  

Ὁ ὩȾὨ ὊίȾὨ, where ὊίȾὨ is a function that accounts for the shape and the arrangement of the 

grains and the interaction between the pair of grains getting charged, the quantity ίὉ  is a constant for 

a given ὼ. In the low -field regime (Ὡ ɝὠᴼ ὯὝ, which generally holds for the samples of this work 

as discussed in Section 4.4.1) thermal activation is the main mechanism for carrier generation and the 

number density of activated charge carriers obeys a Boltzmann law ÅØÐὉȾςὯὝ. The generated 

carriers drift along paths of largest mobility and, so, the optimal path becomes an optimization problem 

because carriers are neither likely to tunnel to smaller grains because of the higher charging energy nor 

to smaller grains with smaller charging energies that in turn come with larger tunneling distances 

because ίὉ ÃÏÎÓÔȢ Therefore, the carriers follow paths via grains with similar charging energies. The 

sum of such percolation paths finally yields a conductivity that varies as  

  

„ „ ÅØÐς
ὅ

ὯὝ

Ⱦ

 [ 4-15]  

  

with temperature -independent „ and ὅ …ίὉ , where … ςά ‰zȾᴐ is the constant of decay in the 

tunneling probability ÅØÐς…ί with effective carrier mass άᶻ and effective tunneling barrier height ‰.  

In the random network of Fe clusters the charging energy is estimated from the energy of a singly 

charged cluster surrounded by neutral clusters (=  isolated sphere) to one of which the electron will  

tunnel next: Ὁ ὩȾςὅ . Here, ὅ ς“‐‐Ὠ  is the capacity of an isolated sphere, with the cluster 

diameter Ὠ  and the dielectric constant of c-Ge [127,146] . The use of the dielectric constant of c-Ge is 

justified by the quite similar refraction ind ices of c-Ge and a-Ge, τȢπ and τȢσ, respectively [173] .  
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Abeles et al. [160]  nmglr msr rfc qgkgj_pgrgcq _lb bgddcpclacq `cruccl Kmrr%q TPF _lb rfcgp mul

model as follows. On the one side, the differences in charging energies between clusters can be seen as 

_l_jme rm rfc clcpegcq md rfc jma_jgxcb qr_rcq gl Kmrr%q TPF, Fmuctcp* rsllcjgle bmcq lmr mljw bcnclb

on the difference in energy between the initial and final state but also on the absolute charging energy. 

Also, gl Kmrr%q TPF kmbcj rfc bclqgrw md af_pec a_ppgcpq gq _qqskcb rm `c amlqr_lr* ufgjc gl a_qc md

low-field regime tunneling charge carriers are temperature-activated and, hence, the density is not 

constant but always in thermal equilibrium.  

From general considerations tunneling conductance through a sample of randomly distributed 

spheres is also a percolation problem. Balberg & Binenbaum [174]  found that in a hard -sphere model 

each sphere needs ςȢψ neighbors on average when a globally connected 3D network of spheres is 

supposed to form  [171] , Dmjjmugle rf_r pcqsjr* rfc npm`jck md ^ncpamj_rgle% qnfcpcq amllcarcb `w

tunneling barriers is treated by Balberg [171]  by introducing a critical radius ὶ. This radius spans a 

sphere in which there are ςȢψ neighbors included on average. Usually, there are enough spheres close-by 

offering various options to tunnel to within ὶ dmpkgle qs`lcrumpiq md rsllcjgle ^pcqgqrmpq% gl ufgaf

connections between spheres with distances larger than ὶ are ignored. However, there are also 

connections that only offer one tunneling option, and that one is across the limiting distance ὶ. It is 

these links that dominate the resistance of the whole system: Tunneling conduction is dominated by 

bottlenecks.  

Sheng & Abeles et al. [159,160]  found good agreement of the Ni-SiO2, Pt-SiO2 and Au-Al2O3 data 

with the derived ÌÏÇ”ᶿὝ Ⱦ dependence. Nonetheless, there is a large number of publications that 

deal with metallic granules embedded in insulating materials using different techniques of preparation. 

Hattink  et al. [175]  produced Co-ZrO2 granular films via pulsed laser deposition at room temperature 

from rotating composite targets. Fujimori  et al. [13]  used radio frequency sputtering of Co-Al  

alloy targets with Ar  +  O2 gas mixture to create granular films of Co granules separated by  

insulating Al 2O3 grains serving as tunneling barrier. Lukashevich et al. [176]  ion-implanted Fe into  

a polymer (polyethylene terephthalate, PET). Probably the most exotic films were prepared by 

Holdenried et al. [24]  who used well-defined prefabricated Co clusters from an inert-gas aggregation 

source with diameters between ς ÎÍ and ρς ÎÍ with a narrow distributio n of only ςπϷ. Cooling a 

substrate with the cold finger of a He cryostat the authors were able to embed their clusters into matrices 

of frozen, completely inert Kr and Xe noble gas. This way, they produced samples with no leftover 

magnetic impurities, which allowed them to study pure tunneling transport  up to a temperature of τπ +.  

All authors observed, with more or less accuracy, Sheng & Abeles et _j,%qÌÏÇ”ᶿὝ Ⱦ  temperature 

dependence of tunneling transport between isolated granules. Holdenried et al. [24]  argue that for their 

samples of equally sized and equally separated Co clusters a ÌÏÇ”ᶿὝ  dependence, which was found 
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for CoO-coated Co clusters by Peng et al. [177] , would have been expected. Neugebauer & Webb [178]  

derive such a behavior for a network of metallic islands with voids in between that need to be overcome 

by tunneling to transport charge from one island to the next. Assuming charge transfer between islands 

is a thermally activated process the number of charged islands is proportional to ÅØÐὉ ȾὯὝ. 

Considering the net rate of electrons tunneling in or opposite to the direction of an applied electric field 

yields the mentioned exponential inverse temperature dependence.  

Holdenried et al. [24]  suppose that size-variable aggregates of percolating clusters effectively form 

a cluster size and separation distribution that reproduces the broad cluster size distribution the  

ÌÏÇ”ᶿὝ Ⱦ temperature dependence by Sheng & Abeles et al. is based on. This argument may also 

hold for the present Fe-Ge cluster-assembled nanocomposite films because the growth process essentially 

yields the same structure.  

4.7.2.2 Tunneling between Coulomb-Blocked Clusters 

Another effect that can change the ratio of carrier transport via VRH and direct tunneling is related 

to the fact that a cluster gains a net charge when an electron tunnels onto it, increasing the (Coulomb) 

energy barrier for a second one within tunneling range to tunnel onto the cluster as well and, for this 

reason, is isolated from tunneling transport. Therefore, the major difference compared to tunneling 

barriers sandwiched between two electrodes is that charge neutrality is abrogated [172] .  

Schelp et al. [179]  examined tunneling conduction between Co electrodes across an insulating Al2O3 

barrier intersected by a monolayer of equally sized (ς ÎÍ to τ ÎÍ mean diameter) and separated Co 

clusters within the tunneling barrier. The authors  kept a constant distance of ςȢχ ÎÍ between the 

monolayer of Co clusters and the second electrode while they varied the distance between the first 

electrode and the monolayer of clusters between πȢυ ÎÍ and ςȢυ ÎÍ in order to tune the tunneling 

properties of the samples. In the low-voltage range, meaning the tunneling barrier is much higher than 

the electrostatic energy because of the voltage applied across the tunneling barrier, only little 

temperature dependence is expected in the I­V characteristics. For their sample possessing the shortest 

distance between Co cluster monolayer and first electrode (πȢυ ÎÍ, referred to as sample A) 

Schelp et al. [179]  find an increase in resistance only by a factor ς when cooled from room temperature 

down to the temperature of LHe, while the resistance increases by a factor ςππ for their sample with the 

largest distance (ςȢυ ÎÍ, referred to as sample B). In contrary to sample A, sample B does show a strong 

variation of the  I­V curves with temperature. While the authors were able to fit sample ? rm Qgkkmlq%q

theory of tunneling  [50],  [51] , which yields I­V relations for generalized tunneling barriers, with a 

reasonable set of parameters (barrier height ‰ ρȢτ Å6 and width ί ρȢχ ÎÍ) t hey conclude to have 

observed simple tunneling conductance for sample A. However, the authors state they were not able to 
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fit sample B by any reasonable set of parameters. Moreover, Schelp et al. [179]  observed that a minimum 

voltage needs to be applied across the tunneling barrier to even generate some tunneling current at all. 

They assert that Coulomb blocking of clusters causes the explained deviations from pure tunneling 

transport.  

As the Fe-Ge samples in the present work are comparable to the samples of Schelp et al. [179]  both 

in cluster size and cluster separation (roughly ρȢπ ÎÍ to ςȢς ÎÍ) and, moreover, also in barrier height 

when compared with the energy gap found by Gibson & Meservey (ςπ ÍÅ6) [146]  and the band gap of 

c-Ge ( χͯππ ÍÅ6 [126­128] ), Coulomb blocking may also be a driving effect for the resistivity behavior 

of the present samples that is found when the temperature is varied. Figure 4-24(a) summarizes the 

Figure 4-24: Resistance Ratio and IíV Characteristics Plots to Support Arguments for Coulomb Blocking 

 (a) Resistance ratio vs. ÌÏÇὝ, including the slope of reference sample G2-45A. For dashed and dotted lines see 
caption of Figure 4-12.  

 (b) Resistance ratio vs. ὓὖὛ. Samples G164 and G152 are highlighted. Solid symbols show data at ρππ +, open 
symbols represent data at τπ +.  

 (c) & (d) IíV characteristics for samples G164 (Fe500, ὓὖὛ ρȢρ ÎÍ) and G152 (Fe1000, ὓὖὛ ςȢπ ÎÍ).   
Note the difference in voltage -scaling: microvolts in graph (c) and millivolts in graph (d).  
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relative resistivity ”Ⱦ”   vs. temperature curves of all Fe-Ge samples exhibiting magnetoresistance 

plotted in a double-logarithmic diagram (dashed and solid lines). The data of the samples are colored 

and ordered according to Section 4.3. For comparison, also the slope of a-Ge reference sample G2-45A 

is added (brown line close to the right y -axis). Except of the curve close to the one of G144, the dotted 

blue and green lines represent samples with concentrations above the percolation threshold. For this 

reason, these samples only show minor changes in resistivity with temperature variation. Even a decrease 

in resistivity is possible here, as indicated by one curve that ends below ”Ⱦ”  ρ at ρπ +.  

It is evident that the volume fraction of c luster material defines the tendency of the relative resistivity 

to increase with decreasing temperature. Moreover, it can be seen that also Fe-Ge samples can show 

both small (factor  σ) and strong (factor  ρππ) increases in resistivity when the temperature is decreased 

from room temperature down to ρπ +, depending both on the Fe concentration in the film and the size 

of the embedded clusters. Graph (b) shows relative resistivity data at ρππ + and τπ + plotted vs. ὓὖὛ. It 

can be seen that the relative increase in resistivity is a function of ὓὖὛ, independent of cluster size as it 

was already found earlier for the absolute resistivity (Section 4.7.2.1).  

The two I­V characteristics plotted in graphs (c),(d) belong to samples G164 and G152, respectively, 

which are highlighted in plot  (b) by arrows. As can be seen in graph (a), sample G164 shows the lowest 

resistivity ratio out of all samples below the percolation threshold with ”Ⱦ”  σ at ρπ +. Sample 

G152 on the low-concentration side shows a ratio that can safely be extrapolated to ”Ⱦ”  ρππ at 

ρπ +, Fmuctcp* rfc pcqgqr_lac md rfgq q_knjc cvaccbcb rfc NNKQ%q p_lec md pcjg_`jc pcqgqr_lac

measurement (τ -Џ). Nevertheless, resistance data of G152 could be recorded beyond this limit.  

The decent and strong temperature dependence of I­V characteristics in graphs (c),(d) for small and 

larger ὓὖὛ, respectively, is in accordance with the I­V characteristics shown by Schelp et al. [179] , 

which were discussed earlier. However, the I­V characteristics of presented Fe-Ge films are linear 

although a nonlinear dependence can be expected for tunneling conduction. Moreover, a minimum 

voltage necessary to generate a finite current at low temperatures was not found. On the contrary, all  

I­V guidance lines (dotted, gray) intersect in the origin of each plot. This linearity can be explained by 

the major difference that, in case of Fe-Ge films, ὓὖὛ is a value averaged across a 3D random distribution 

of clusters rather than a strictly defined distance, as it is in case of the Co monolayer assisted tunneling 

by Schelp et al. [ 179]  Also, Schelp et al. applied voltages of up to several ρππ Í6 to their Co cluster 

monolayer tunneling samples.  

4.7.2.3 Conduction Processes in Fe-Ge Nanocomposite Films 

Rfc dgl_j qrcn rmu_pbq ^`_bjw% glqsj_rgle rsllcjgle `_ppgcpq* l_kcjw* rfc cvnjgagr sqc md a-Ge as matrix 

k_rcpg_j* `pgleq Kmrr%q TPF `_ai glrm nj_w &qcc Qcargml 4.1.2.3) as transport through the matrix now 
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represents an alternative way to direct tunneling between clusters and, thus, charge transport through 

Fe-Ge nanocomposite films in general.  

Rfc _tcp_ec fmnngle jclerf bcdglcb _q _ amknpmkgqc md ajmqclcqq gl qn_ac _lb clcpew ugrfgl Kmrr%q

VRH model increases with decreasing temperature [146]  and, hence, becomes comparable to any mean 

particle separation when the temperature is low enough. Gibson & Meservey [146]  examined a-Ge 

tunneling barriers between Al/Al, Fe/Al , and Ni/Al electrode pairs and found a change of the transport 

mechanism, resulting in  a kink in the resistance vs. tunneling barrier thickness plot at about ρπ ÎÍ, when 

measuring their samples at χχ +, the temperature of LN2. Below, the resistivity strongly depends on 

barrier thickness, while above, it approaches a value independent of thickness when transport via VRH 

is the dominating process.  

To summarize, as a first step to seek for the transport processes happening in the fabricated Fe-Ge 

nanocomposite films, it is inevitable to analyze the recorded ὙὝ data. To do so, the data are plotted 

into different graphs that are scaled in accordance with the different R­T characteristics of the various 

transport processes that are possible. In case a linear dependence is observed across a certain 

temperature range in any of the plots, the transport process corresponding to the graph is the dominating 

one in the identified temper ature range [172] . Exemplary analyses of this kind are presented in 

Figures 4-25 and 4-26 for samples G152 and G164, respectively.  

Linear behavior above a Ὕ Ⱦ and Ὕ Ⱦ temperature scale were motivated earlier. Because Fe 

clusters can also be seen as magnetic impurities, a ÌÏÇὝ scale was also tested (not shown). As a check 

for temperature activated processes the resistivity of each sample was also plotted into a ÌÏÇ” vs. Ὕ  

scaled graph (also not shown). No such processes were detected.  

Samples below the percolation threshold showed a slow increase of resistance below room 

temperature followed by a strong increase below roughly ρππ + as is exemplarily shown in graphs (a) of 

Figures 4-25 and 4-26. The ”Ὕ data of each sample were plotted into correspondingly scaled diagrams 

(red data in plots (b),(c)).  

In case of the presented samples, linear behavior is already adumbrated both in tunneling and VRH 

scaling. To get a more meaningful graphical indication the slope for each scaling interpreted as a simple 

x-y-coordinate system was calculated approximating it for each data point Ὥ with the difference between 

the neighboring data points Ὥ ρ and Ὥ ρ* ufgaf wgcjbq rfc dmjjmugle dmpksj_ gl a_qc md ^TPF qa_jgle%

(see Figure 4-25(c)):  

  
Ὠ ÌÏÇ”ȾὝȾ

Ὠ Ὕ Ⱦ
ÌÏÇὩ Ὕ Ⱦ ÌÏÇ” Ὕ Ⱦϳ ÌÏÇ” ȾὝ Ⱦ

Ὕ Ⱦ Ὕ Ⱦ
 Ȣ [ 4-16]  
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The characteristic quantity Ὕ can be deduced from the slope of the plot. Ὕ is the only parameter relating 

theory and experiment in case of VRH and is plotted in blue and to the right scale in each graph (c). Ὕ 

takes a constant value when VRH is the dominating process of transport.  

Similar operatiolq ucpc ncpdmpkcb dmp ^rsllcjgle qa_jgle% _lb bms`jc-logarithmic scaling, yielding 

tunneling parameter ὅ and exponent Ὧ, respectively. The result of the former is added to each graph (b), 

the latter is not presented.  

4.7.2.4 Tunneling Transport 

A random spatial distribution of partially agglomerating clusters can be interpreted as a random 

network of tunnel junctions that are connected by conducting pathways. Within such a network the 

parameters characterizing the tunnel junctions are distributed quantities. However, the conductivity of 

the network follows the behavior of a single tunneling junction  [182] .  

 

Figure 4-25: Resistance vs. Temperature Graphs of 
Sample G152 

 (a) Absolute sample resistance.  
 (b) ÌÏÇ” vs. Ὕ Ⱦ(ñtunneling scalingò).  
 (c) ÌÏÇ”ȾὝȾ  vs. Ὕ Ⱦ  (ñVRH scalingò).  
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Fe1000-Ge sample G152, with an EDX-determined ρω ÁÔȢϷ of Fe, provides a ὓὖὛ of ςȢπ ÎÍ, which is 

well below the calculated cluster diameter of ςȢψ ÎÍ (see Table 4-2). Obviously, tunneling transport is 

the dominating effect between ψπ + and σπ + with ὅ ρρ ÍÅ6 see Figure 4-25(b). With an estimated 

charging energy Ὁ Ὡ τ“‐‐Ὠϳ σς ÍÅ6 for isolated Fe1000 clusters and by taking ὓὖὛ as barrier 

width, following the model explained in Section  4.7.2.1, a tunneling barrier height as low as ‰ ρȢς ÍÅ6 

can be estimated. This value is unphysically small.  

Besides sample G152 only one other (G146, Fe1000, ρψ ÁÔȢϷ, ὓὖὛ ςȢρ ÎÍ, ὅ ρχ ÍÅ6, yielding 

‰ ςȢυ ÍÅ6' dc_rspcq _ ^nj_rc_s% glὅ from which the plot deviates again at lower temperatures, see 

Figure 4-26(b). However, this artifact originates from a less steep increase in resistivity setting in and is 

thought to be caused by leakage currents bypassing the sample region under measurement. The 

unprotected pattern of Pt lines eases the formation of short-circuits; this is a clear disadvantage of the 

chosen method of how to electrically connect a sample film. In case of the two mentioned samples, also 

the very high resistance at low temperatures ( ρ -ɱ) may have been already too high for accurate 

voltage sensing with the used PPMS. Sample G164 (Fe500, with Ὁ τπ ÍÅ6, ςψ ÁÔȢϷ Fe, ὓὖὛ ρȢρ ÎÍ, 

 

Figure 4-26: Resistance vs. Temperature Graphs of 
Sample G164 

 (a) Absolute sample resistance.  
 (b) ÌÏÇ” vs. Ὕ Ⱦ (ñtunneling scalingò).  
 (c) ÌÏÇ”ȾὝȾ  vs. Ὕ Ⱦ  (ñVRH scalingò).  






































































































































































































































































































