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Abstract

Granular nanocompositesare composite materials in which grain-like particle s with dimensions on
the order of nanometers form one of the phases These nanopartides are embeddedin a second phase,
the matrix. Such granular nanocompositesconstitute a very promising class of materials with great
potential for novel and tailorable properties , making granular nanocompositesespecially interesting for
scientific endeavor. In the simplest case,granular nanocomposites are synthesized via cedeposition of
two immiscible chemical element. In this approach, nanoparticles grow via incorporation 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 segregationprocess may be assisted by thermal annealingAnother
approach used to form granular nanocomposite prototype materials is to iorrimplant nanopatrticle -type
atoms into already grown films or wafer surfaces. However, since these two approachesutilize 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 &es is limited.

An interesting alternative strategy to synthesize granular nanocomposites isto deposit the matrix
material simultaneously with preformed, spherical nanoparticles In this approach, the nanopatrticles are
embedded into the matrix in a dire ct fashion. The preformed, spherical nanoparticles arecalled clusters,
correspondingly, the created nanomaterials are called clusterassembled nanocomposites The great
advantage of this special cadeposition approachis that it allows for the creation of nanocomposites out
of elements that are at least partially miscible or that can form crystallographic mixed phasesC that 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 sizeselected 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 distributionof £10% is used to
synthesize films of cluster-assembled nanocompoges. 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
nanocompositesas a function of cluster size and cluster concentration, in particular, of their transport

and magnetoresistive properties, is thecentral aim of this thesis.
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First, the Fe-Ge nanocomposites areexamined. In this course, alsothe process of sample preparation
and the various performed measurements are discussed. Embeddingnagnetic Fe nanopatrticles into a
semiconductor aims for a synthesis ofthe magnetic and the semiconducting properties, that is, for the
creation of so-called magnetic semiconductors. Magnetic semiconductors define a class of materiak
whose properties can be controlled by means of a magnetic field in additiontoC or even instead ofC an
electric field. For this reason, magnetic semiconductors represent an essential coponent for the

emerging field of spintronics.

Two series of Fe-Ge nanocompositesare prepared one with clusters consistingof 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 meansf resistance and
magnetoresistance measurementsin a cryostat, by means of scanning electron microscopyincluding
energy-dispersive Xray spectroscopy, and by means of SQUID magnetometry. Besides tinneling
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
[LoH| S6T is observed Several effects that may explain the observednon-saturating behavior are
discussed, however, the origin remains unsolved. Furthermore, the resistivity of the Fe-Ge
nanocomposites as well as the tunnelingmagnetoresistance are each found to be a function of the
average distance between the surfaces of neighboring clusters rather thathe average distance between
their centers of mass.Finally, some of the FeGe nanocomposite samples are thermally annealedn
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 changesare identified and discussed

Secondy, the Fe-Ag hanocompositesare examined. In comparison to the Fe-Ge system, the FeAg
system i represented in the literature rather well. In particular, it is well -known that the giant
magnetoresistanceeffect can occur in layered as well asin granular Fe-Ag structures. Here, the aim is to
confirm that the applied methods give results comparableto 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 Featoms, 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 b 4 #s observed.The giant magnetoresistanceeffect increasesin magnitude with decreasing
size ofthe embedded clusters.Furthermore, an optimum composition of clusters and matrix material for

a maximum magnitude of the giant magnetoresistance effect seans 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 theexamination of Fe-Ge and FeAg 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 clusterassembled materials as well However, it has never been used
for experimentsin 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.







Zusammenfassung

Granulare Nanokomposite sind Verbundmaterialien bei denen eine der Phasen aus
nanometergrof3en, kornartigen Partikeln gebildet wird . Diese Nanopartikel sind in eine zweite Phase,
die Matrix, eingebettet. Granularen Nanokompositen wird ein grof3es Potential fur das Hervorbringen
neuartiger, per Herstellungsprozess einstellbarer Eigenschaften zugeschrieben, was sie zu einer fir die
Forschung sehr interessanten und vielversprechenden Materialklasse macht. Im einfdusten Fall lassen
sich granulare Nanokomposite mittels CeDeposition zweier nicht mischbarer chemischer Elemente
erzeugen. Die Nanopartikel bilden sich dann aus den Atomen eines der beiden aufderachten
chemischen Elemente die zurlickbleibenden Atome des anderen Elements bilden die Matrix. Dieser
Prozess des Seigerns kann durch Anlassen der Probe unterstitzt werden. Die Atome, die die Nanopartikel
bilden sollen, kénnen auch mittels lonenimplantation in einen bereits fertig aufgewachsenenFilm oder
in die Oberflache eines Wafers eingebracht werden. Der Nachteil dieser beidenHerangehensweisen ist
aber, dasssie eben nur auf solche nicht mischbaren Materialsysteme angewendet werden kénnen Des
Weiteren sind auch den einstellbaren Mischungsverhéltnissen und denerzielbaren PartikelgréZen

Grenzen gesetzt.

Eine interessante Alternative zu CeDepaosition und lonenimplantation ist, das Matrixmaterial auf
ein Substrat aufwachsen zu lassenwéhrend gleichzeitig vorgefertigte, kugelférmige Nanopartikel auf
dieses abgeskbieden und so in das Matrixmaterial eingebettet werden. Solche vorgefertigten
Nanopartikel werden als Cluster bezeichnet, die erzeugten Nanomaterialien entsprechend als
Cluster-basierte Nanokomposite. Der grof3e Vorteil dieses speziellen C@®epositions Ansazes ist,
dass sich mit ihm auch Nanokomposite aus Elementen, die ineinander zumindest teilweise l6slich
sind oder miteinander kristallographische Phasen bilden kdnnen, erzeugen lassen- sogenannte
Nichtgleichgewichtskompositionen. Dass die Nanopartikelbereits als solche deponiert werden anstatt
dass sie sich im Film erst noch bilden missen, macht den Herstellungsprozess zudem kontrollierbarer.
Ein HochstmalR an Kontrollierbarkeit wird erreicht, wenn die vorgefertigten Cluster unmittelbar
vor der Deposition noch eine GroRenselektion durchlaufen. Genau dieser Ansatz findet
in der vorliegenden Thesis Anwendung. Hier werden Nanokompositfilme aus FeClustern
in Ge-Matrix und Nanokompositfilme aus Fe-Clustern in Ag-Matrix untersucht, die mit einem
Clusterionenstrahl-Depositionssystem erzeugt werden, das mit lediglich £10% Massendweichung

vom Sollwert eine hohe GroRenselektivitdt aufweist. Die erzeugten Fe-Cluster sind nur wenige
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Nanometer grof? und aufgrund dessen superparamagnetisch. Das zentraleZiel der Thesis ist, die
Abhangigkeit der physikalischen Eigenschaften der erzeugten Clustebasierten Nanokomposite von
der GrolRe der eingebetteten Cluster und deren Konzentration zu untersuchen, allen voran die der

Transporteigenschaften und die der magnetoresistven Eigenschaften.

Als erstes werden die Fe-Ge Nanokomposite 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 zusatzlich zu oder
sogar anstelle von- einem elektrischen Feld mit einem Magnetfeld kontrolliert werden kdénnen. Sie sind

deshalb essentiell wichtig flir zuktinftige Anwendungen im Bereich der Spintronik.

Es werden zwei Serien FeGe- Nanokomposit- Proben hergestellt. Eine, die Cluster aus 50G: 50
Fe-Atomen enthéalt, und eine, die Cluster aus 1000+ 100 Fe-Atomen enthalt. Wie sich herausstellen
wird, wachst das Ge unter den wahrend der CoDeposition herrschenden Bedingungen amorph
auf. Des Weiteren wird ein auf die Herstellung mit dem Clusterionenstrahl-Depositionssystem
abgestimmtes Probenlayout, das sich aus einer G®eposition-Maske und einem entsprechend
angepasst@ Probenchip-Layout zusammensetzt, entwickelt. Die hergestellten Nanokompositproben
werden mittels Widerstands- und Magnetowiderstandsmessungen in einem Kryostaten,
mittels  Rasterelektronenmikroskopie inklusive energiedispersiver Rontgenspektroskopie und
mittels SQUID-Magnetometrie untersucht. Neben dem negativen, séttigenden magnetischen
Tunnelwiderstandseffekt, der in der Grélienordnung von 1% vorliegt, wird mindestens ein weiterer
magnetoresistiver Effekt beobachtet, der im untersuchten Magnetfeldbereich |u H| S6 T nicht sattigt.
Einige magnetoresistive Effekte, die eine Erklarung fir die gemachten Beobachtungen liefern kénnten,
werden diskutiert, jedoch bleibt der Ursprung des nicht sattigenden Effekts ungeklart. Wie sich
herausstellt, hangen der spezifische Widerstand und der magnetische Tunnelwiderstand der
Fe-Ge- Nanokomposite vom gemittelten Abstand zwischen den Oberflachen lenachbarter Cluster und
nicht vom gemittelten Abstand zwischen ihren Schwerpunkten ab. Abschlielend werden einige der
Fe-Ge- Nanokompositproben im Vakuum sowie in wasserstoffgashaltiger Atmosphére bei zwei
verschiedenen Temperaturenschrittweise thermisch angelassen. Das Anlassen andert die Struktur der
Nanokomposite, was mit Verdnderungen in den gemessenen Eigenschaften einhergeht. Die

Veranderungen werden identifiziert und diskutiert.

Als zweites werden die FeAg- Nanokomposite diskutiert. Verglichen mit dem FeGe- System ist das
Fe-Ag- System ein in der Fachliteratur recht gut dokumentiertes Materialsystem. Insbesondere

ist der Fachliteratur bekanntermafR3en zu entnehmen dass sowohl in geschichteten als auch in granularen
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Fe-Ag- Strukturen der Riesenmagnetowiderstandseffekt auftritt. Es gilt also zu untersuchen, ob sich die

in der Fachliteratur dokumentierten Eigenschaften bestéatigen lassen und ob sich dort zu findende
Ergebnisse eventuell sogar verbessern lassen. Zusatzlich zu zwei Probenserien mit den bereitbei
den Fe-Ge- Nanokompositen verwendeten Clustern aus 500 bzw. 1000 FeAtomen wird eine dritte

Probenserie mit Clustern aus 1500t 150 Fe-Atomen hergestellt. In der Tat wird in diesen auch der
Riesenmagnetowiderstandeffekt beobachtet- in Hohe von bisx s B 4 # Bcp Cddcir
kleiner die eingebetteten Cluster sind. Zudem scheint es, als gabe es ein Optimumhinsichtlich GroR3e
und Konzentration der Cluster in der Matrix , bei dem ein maximaler Riesenmagnetowiderstangeffekt
erzielt wird. Im Gegensatz zu den FeGe- Nanokompositen kann hier aber keine eindeutige Abhangigkeit
der gemessenen Eigenschaften weder von der FEonzentration noch vom gemittelten Abstand zwischen

den Oberflachen benachbarter Cluster beobachtet werden.

Zusatzlich zur Herstellung und Erforschung der Fe-Ge- und Fe-Ag- Nanokomposite wird eine
Anlage, die Laserablation und Inertgaskondensation kombiniert, entworfen und aufgebaut. Im
Gegensatz zu anderen Herstellungstechniken sind per Laserablation erzeugte Partikel grotentisi
ungeladen. Zudem lassen sich per Laserablation auch Nanopartikel aus elektrisch nicht leitenden
Materialien herstellen. Entsprechender Weise liegt die urspriinglich fiir die Anlage vorgesehene
Verwendung im Forschungsfeld der Beugungsexperimente mit Mateiewellen. Prinzipiell kann die
Anlage aber auch fir die Herstellung Cluster-basierter Materialien verwendet werden. Jedoch wurden
mit der Anlage bis dato weder Experimente in dem einen noch in dem anderen Forschungsfelder
durchgefuhrt. Daher werden lediglich ihre Funktionsweise und ihr momentaner Zustand beschrieben.
Der Beschreiburg folgt abschliel3end eine kurze Analyse einer Testprobe aus AgNanopartikeln, die mit

der Anlage erzeugt wurden.
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1 Introduction

Granular nanocomposites are multiphase materials that consist of at least two distinct phasesOne
phase is formed by nanometersized grains, another phase forms the matrix that encloses thenjl] . The
goal of combining these phases is either the symbiosis of their individual physical properties or he
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 nanocompositeq2-4], 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 thesisThe cluster ion beam deposition
system(CIBD) [5- 7] used to grow nanocomposite films of this clusterassembled kind features a narrow
size-selectivity of only p 1t PFor this reason, the CIBD systemis 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 befabricated. 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 clusterassembled nanocompositesare

referred to as FeGe and FeAg, respectively.

Magnetic nanometer-sized clusters consist of one single magnetic domain oly. The constituting
atomic moments rotate coherently and add up to a giant paramagnetic moment. Suchnanoparticles are
desirable because of the low energy barrier that has to be overcome in order to revers¢he direction of
the magnetic moment[8] . The phenomenon related to thermal-energy-induced flipping of isolated

magnetic moments of such kind is called superparamagnetisn9] . Magnetic nanoparticles exhibit larger




spin relaxation times [10- 12] 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 structuralconditions for these
effects to appear can also be met in granular materialg13-16]. Therefore, magnetic nanopatrticles 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 A-gqubits are

expected to exhibit reduced decoherencq21,22] .

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 respet
the core moments for energetic reasons the fraction of misaligned magnetic moments increases with
decreasing cluster sizg23,24] . 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 thecharge carriers The development of materials and,
consequently, devices where the application ofa 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 documentedby Lutsevetal. [30,31] . There, Conanopatrticles were
deposited onto GaAs substrate as conducting, ferromagnetic component of films of granular SiO,(Co).
In the prepared SiO;(Co)/GaAs heterostructures the Co nanopaticles cause the formation of
acaumulation layers with two field -dependent spin-split sublevels in the semiconducting substrateson
the one hand, and are used to inject electronsinto the semiconducting substrate on the other. Positive
magnetoresistance of up top T was observed at raom 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 gatetunable proximity




magnetoresistance &ect [32] . Lutsevetal. [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)Sh startednore than two decades ago. The aim
of introducing ferromagnetism to a semiconductor while preserving its useful transport properties has
slowly been approached bythese 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 rom temperature, a basic requirement
for a wide range of applications. Recently, an amorphous metaloxide magnetic semiconductor was
synthesized from a ferromagnetic metallic glass that exhibits a Curie temperature higher than
¢ T #[34,35]. In contrast, the highest Curie temperature achieved in (Ga,Mn)As, a meanwhile
well-established crystalline DMS, is¢ mt#tonly [35,36] . In crystalline DMSs the increaseof 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 moleculr 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:M37-39] and ZnO:Fe[40,41] . In DMSs,
ferromagnetic inclusions are not necessarily composed of the pure ferromagnetic dopant only, but can
also beformed of a ferromagnetic alloy, e.g., ZnSnAs:MnAs [42,43] . Moreover, thermite reactions have

also been employed to synthesize DMS$44] .

In the present thesis size-selective CIBD is used to combine mgnetic Fe clusters with the elemental
semiconductor Ge. The FeGe samples are used to study the transport properties and the

magnetoresistance of this nonequilibrium cluster-assembled material.

Fe-Ag, the second clusterassembled material system studied m the present thesis, is known to
exhibit granular giant magnetoresistance[45- 47]. This effect is caused by spirdependent scattering of
electrons by Fe atoms located at the surfaces of the Fe clusteifg5] . Since Fe and Ag are immiscible
elements and since the FeAg system has been welresearched in the literature, cluster-assembled FeAg

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 ablationin an inert gas atmosphere in order to synthesizeclusters via inert gas




condensation with diameters on the order of p 1t | and p mirti. 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 PLBGC 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 [48-51]; such experiments require beams ofneutral particles.
Nonetheless, the setup may be used for the preparatiorof 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 nanometersized clusters and matrix material is a promising
strategy to synthesize clusterassembled nanocomposites, a special e 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 befabricated.
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 caleposited
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 -sersitive 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 codeposited
with an insulating matrix the resulting nanocomposite may exhibit a tunneling magnetoresistance
effect[13] . Similarly, giant magnetoresistance may be observed when a norferromagnetic metallic

matrix is used [14 - 16].

The advantage of the CIBDtechnique used in the present work lies in the high degree ofcontrol over
the deposited clusters. The used CIBBystem 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 CIBBystem is well qualified to produce samples for studies of cluster size

dependence effects in these clustelassembled nanocomposites.




To test the capabilities of the CIBD system to synthesize potential DMS films, samples of Fe clusters
embedded in matrices of Ge are preparedIn addition, samples of Fe clusters embedded in Ag matrices
are prepared. The FeAg system has been examined in the literature quite freqeently and is known to

exhibit granular giant magnetoresistance.

1.2 Objectives

The used CIBDsystem offers a very high degree of control over the cedeposition process and
features a very narrow cluster size distribution. For these reasons, the transport propéties 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 effectsthat 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 airices and Fe clusters
embedded in Ag matrices. The combination of magnetic clusterdFe) and a semiconducting matrix (Ge)
results in nanocomposites with both semiconducting and magnetic properties, with their properties
depending on the size of the clusters. FeAg is chosen as a second combination because it is a weditudied
system known for its giant magnetoresistance. For this reason, clusteassembled FeAg 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 FeGe 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 magnitudewhen 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 akr the
as-deposited FeGe nanocomposite films after the initial measurements in order to create films with

different properties.

In addition to the research on Fe-Ge and FeAg nanocomposites a cluster source based on laser
ablation is developed. Laser &lation 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.




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 CIBDsystemusedto prepare cluster-assembled FeGe and FeAg nanocompositesis
reviewed in this chapter. It combines deposition of cluster ions from a sizeselected 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 clusterassembled FeGe 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 magnét field within
the range accessible with the device used for transport measurements. Finallysome ofthe as-prepared
samples are thermally annealed at two different temperatures. The observed changes in sample

properties are discussed and related those bserved in DMSs.

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

cluster-assembled FeAg nanocomposite samples exhibit granular giant magnetoresistance.

Chapter 6: In addition to the CIBD system used to syntlesize clusterassembled 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.




2 Theory of Magnetism and
Magnetoresistance

Already in the 19" 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 magnetoresistanceoccurs when
a non-ferromagnetic metallic spacer material separatesthe two domains. In both structures, the
resistivity depends on spindependent 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 ferromagetic ingredient of both nanocomposites studied in this
thesis, first, the ferromagnetism of Fe is derived. It isgenerally known that the magnetic dipole moments
associated with the orbital momentum and the spin of the electron are the sources of magnetisn.
Consequently, the chapter starts with the description of the magnetic dipole moment of the electron. As
the Fe nanopatrticles discussed in the present work exhibit superparamagnetism, this type of magnetism
is discussed following the section on ferromagretism. Last, the four magnetoresistance effects introduced
aboveC ordinary, anisotropic, tunneling, and giant magnetoresistanceC are explained. The required
theoretical considerations are well described in many textbooks on solid state physics or magnetismThe
discussions of this chapter are based on the textbooks by J.M.D.Coey[52], W.Nolting [53],
T. FlieBbach[54] , H. Ibach & H. Liith [55] , and R.Gross& A. Marx [56] if not stated otherwise.




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 pwith the curl of a static
magnetic flux density: A O®1 * a With the vector potential & chosen in Coulomb gauge & E& 1),
rfgg rp_l gdmpkg rm Nmgqgqgml %qg cos _rgml® dmm Tredting
the current as being contained in a finite volume & r fc ecl cp _j gmj sr gml
expanded in orders of distance from that volume. This is called the multipole expansion, the leading

term of which is the magnetic dipole moment
. P N
D c b P Qih [2-1]

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

An electron orbiting a nucleus with a classical angular momentum &represents acurrent running in
a loop, and generates a magnetic momente  ‘Fca 8 Qandd _pc rfc cjcar pml
respectively. Expressing the orbital momentum in terms of quantum mechanics, only one component,
usually chosen as the zcomponent, can be measured precisely. This component is quantized by the
orbital magnetic quantum number & . Therefore, the corresponding magnetic moment is also quantized,

namely, in units of the Bohr magneton*® :° Ca.

The magnetic moment induced by the nonclassical intrinsic angular momentum of the electron, by
its spin ip can be expressed in a similar way:* Q" & . However, the ratio "Q of ‘D expressed in

units of *  and spin angular momentum ipexpressed in units ofa is different from unity. For the spinning

electronitis "Q ¢. The total angular momentum of an electronisp & i

2.1.2 Magnetic Moments and the Single-Electron Hamilton Operator

The propertiesrelar cb rm rfc cjcarpml gngl f _tc rm "¢
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 Diracequation. The Dirac equation
ascribesafactorQ ¢rm rfc cjcarpml gngl, 2?kmle mrfcpqg*
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

QY
P_"*P o it i [2-3]

cad

aand i Hare the quantum mechanical singleparticle angular momentum operators, 92 is the reduced
Nj | ai %q o e gpeedlof light in vacuum and i is the distance from the certer of the

electrostatic potential Y, 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 (quask)free electrons (& 1) the Zeeman shift by a magnetic field causes a
surplus of electrons with one spin orientation because electrons shifted upward in enegy 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

“* 00 h [2-4]

where’ O O o O Qs O isthe density of states at the Fermi level of the 3D electron gas including

both spin polarizations.

In a many-particle system the singleparticle operators are replaced by the caresponding

many-particle operators 0 and Y The total angular momentum of a many-particle system is® @ &

and its magnetic moment is

P Q @&h [2-5]
with the Landé factor in 0 “¥oupling Q - Y'Y p 00 p ¥Fgv0O p. The Zeeman energy
becomes

o 0o [2-6]

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

with charge & 'Gs Y Qjt“- 1. Forasingle 3d electron ( x 11 I' gl I mrfcpuggqgc




the energy of the effect can beestimated to be on the orderpi A @or 3d transition elements (&0 ¢ 0.
Hence, spinorbit coupling plays a minor role here. However, the effect becomesg8: more important for

heavy elements and especially for inner shellg.[52]

2.1.3 Paramagnetism of Localized Electrons

In an assumedideal paramagnet the electrons of a manyparticle 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 in this type of ensemble
isMO BARAGDOjQ"YjY, wherewi B A@DOj'Q"Y is the partition function of the canonic

ensemble,"Quns over all possible energy states, andO symbolizes the correspondingenergies.
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

O v UBR can take 0 p discrete values. The orresponding energies are O M 00

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

s o o o LPrigE Py PRk [2-7]
O O I3 c0

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

where @ Q 0*' 0OjQ"Y "Q U is the maximum possible magnetization, and where
o 6 g is called the Brillouin function. Expanding the Brillouin function in the limit wL p
yields' ® @O0 p Tovas the leading term. In this limit, the susceptibility ... € GO of an

ensemble with number density € is ... 074. This is the Curie law with the Curie constant

6 £Q * 0L pjoQ g joQs [2-8]

The classical form given here is obtained via the effective moment Q@I Q' 00 p.

In the limit 0© Hbothe Brillouin fun ction reduces to the Langevin function

floo Al @E g)s [2-9]
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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 gaswere 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 isintroduced and the occurrence of ferromagnetism is motivated by the Stoner

criterion.

2.2.1 The Atom1 A Many-Electron System

Two examples for a many-electron system are, first, single atoms that possessa spherically
symmetric electric potential, and secondy, 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 cjcarpmlqg gq Al @te glectonsosnt an dlgntpic patenjiahvehich is g ml

experienced by this electron. Let"Qabel the electron singled out, and let "Che the index used to count
through the remaining electrons. Then, the corresponding Coulomb potential is™Y Q t1“- i , where

i is the distance between electrons@nd ‘Qand where "@Qruns 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"Ghat is caused by all other electrons Qwith their spin oriented parallel to that
of electron "QBecause of the indistinguishability of the electronselectron “an be exchanged with any of
these electrons while the many-particle state remains unchanged. For this reason, the additional erm is

called exchange interaction.

Regarding the single Fe atom(® ¢ § the electronic configuration is [Ar] 3d° 4<%, i.e., there are six
electrons to be distributed among the ten states available in the 3d shell. All other shells arefilled
completely. Intra-atomic exchange interaction demands five of the six 3d electrons to occupy the
available states with their spins aligned parallel& Fs | b %q gcaml b psjc', Rfc
the a ¢ 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

Coulombrepulsion& Fs | b%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 4sshell, 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 4sband is
wide because of the large overlap of the4s wave functions. The overlap is less foithe 3d orbitals, hence,

the corresponding bands are much narrower.

The electrons in the nonspherical 3dorbitals 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, seeFigure 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" and 8.
Note, that % %S%b pc ml jw sqcb rm bgqrglesgqgf ~cruccl

any axis of quantization.

Bulk Fe possesses bccstructure (| -Fe) at room temperature, i.e., there are Y nearest neighbors per
lattice site. | -Fe is a ferromagnet with a Curie temperature of p 1t t+oThere 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| -Fe only 1@ electrons retain their 4s character while
the number of electrons with 3d character increases tox& on average. Thet@ 4selectrons are largely
spin-paired, i.e., there are eachT@® electrons with spin " and ¥ on average. For the 3delectrons it is T&
with spin W and ¢& with spin 8. Therefore, the magnetic moment per Fe atomis¢® * [58],andnotTt *
as one could think regarding the electronic configuration of the single Fe atom. As there are more
electrons with spin ¥, these are called majority spin electrons. Consequently, electrons with spir? are

called minority spin electrons

Above p p yrtbulk Fe possesses an fcstructure (r-Fe), with p ¢nearest neighbors per lattice site.
Since the deformation of orbitals caused by te crystal field and the degree of orbital overlapping are
different here, r-Fe possesses alifferent electronic structure and, consequently, different magnetic
properties. However, sincer -Fe is a high temperature phase the following trick has to be usedo examine
its magnetic properties: The fcc phase can be stabilized byetting granules of r-Fe precipitate in a matrix
of Cu[59-62]. This is because there is only little mismath between the fcc lattices of ther -Fe particles
and the fcc Cu host. Keeping the hightemperature fcc structure is energetically favored over the
formation of fcc- bec interfaces that would inevitably come to existence in case the Fearticles adopt the

low-temperature bcc structure. Moreover, the lattice parameter of the r -Fe precipitates matches the one

12
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(a) Spin-Polarized Densities of States of a-Fe (b) Exchange Hole

D4(E) (a.u.)

D, (E) (a.u.)

E-E¢ (eV) ker

Figure2-1: SpinPolarized Density of States of| -Fe and Exchange Hole of the (QuasjFree Electron Gas

(&) Spinpolarized density of | -Fe. The upper half (red) shows the distribution of majority (1) spin electrons, the
lower half (blue) that of minority ones ( 8). | -Fe has some unfilled 3 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 (quasjfree electron. The reduced amount of charge in the vicinity of
the electron is called the exchange hole. The charge distribution is normalized to the homogeneou
distribution of charge 7 Q¢

of bulk r-Fe. Samples of this kind were, e.g., produced and examined by means of neutron scattering at
room temperature and at several cryogenic temperatires using liquid He (LHe) as coolant by
Abrahamset al. [59] . The authors find their samples, which they describe as dispersed single crystals of
fcc Fe, to possess antiferromagnetic ordering up to a el temperature of Y+ and a magnetic moment
per Fe atom of Ty * . The existence of an antiferromagnetic state is also confirmed by simulations of
r-Fe lattices. According to these simulations,r-Fe may also exhibit a ferromagnetic ground state if the

lattice parameter was larger[62 - 64] .

2.2.3 The Way to Ferromagnetic Ordeing

2.2.3.1 Exchange Interaction and the Exchange Hole

In the periodic lattice of bulk Fe the 3d and 4selectrons arebound only weakly and, therefore, can
be treated as quasifree. 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 "IQ has to be antisymmetric: w @+ ©+« © + O+ ©. Integrating the probability
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to find electron "Qat a position ®relative to electron Qu © p AT G B 6, over the whole,

spin-polarized Fermi sea yields an effetive charge distribution experienced byelectron "Q

. wOEDI Qi AT i
" Q¢ — = 2-10
[5)] Qe p c O [ ]
with 2Q ¢d O. 7Qis the charge of the electron and ¢ is the homogeneous number densityof

electrons. The distribution Equation[2-10] is plotted in Figure 2-1(b). The color-highlighted deviation
from a constant charge distribution below 'Qi 1 is called the exchange hole. The lack oklectric charge
in the vicinity of electron "(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 electrori(ls
reducedC the exchange interaction is of attractive kind. The higher the spin polarization in the electron
gas, the higher the energy bonus. For electrons in a covient 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 spirpolarized

number of electrons ¢ . Therefore, the single-electron energies become spin polarized, too:
0 ® 0® @ T0.Here, O® isasingleelectron band energy,0 is the number of atoms,, N Wi
is the spin index, and "Gs the Stoner parameter that represents the strength of the energetic reduction.
The Fourier transformed function of Equation [2-10] is constant in @space to good approximation.
Therefore, the Stoner parameter can be assumed constant, tof65] .

In a ferromagnet, a surplus of electrons with one spin orientation exists: Y  &u &s 0 . This
surplus can be expressed via FermDirac occupation probabiliies "\Q'O "® with the spin-polarized

single-electron energies given above. This leads to a selfonsistency equation for the ratio'Y. Demanding

solutions with Y  T1tyields the Stoner criterion:

‘@ 0  ph [2-11]

where 0 ‘O is the density of states per atom for each spin state. The magnetization of the

exchangeinteracting quasi-free electron gas in an external magnetic fieldOis
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O 8 [2-12]

P @O
It can be seen that exchange interaction increases the susceptibility of the quasiree electron gas
Moreover, the susceptibility diverges when@ ‘O © p. 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 Cand 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 inFigure 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 3dmajority spin-electrons per atom ist &, which makes Fe a weak ferromagnet. In a
strong ferromagnet the exchange interaction is strongenough 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 discussedat 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 '® and a contribution
proportional to its own magnetization: © ¢ 0P @ where the Weiss constant&¢ is the
corresponding proportionality factor. The argument of the Langevin function, Equation [2-9], is replaced
according to '®@°© ¢ 0P '@ For zero external field the magnetization is equal to the spontaneous
magnetization of the ferromagnet 0 . This leads to a selfconsistency equation for 0 . Nontrivial

solutions exist when“Y Y, where
Y &€ 0 [2-13]

is the Curie temperature, and ¢ is the Curie constant from Equation[2-8]. The Curie temperature of | -Fe
isp Tt T+0Above 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 aralogous to the one of the paramagnetic ensemble. One

obtains

8 [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 equivalentpossibilities of magnetization alignment.
There is an energy cost associated with deviations fromalignment 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 magnetizationgains
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 inmagnetostatic energy density between
parallel and perpendicular alignment to the easy direction of the magnetization of a sample is
30 pft' 0 p o . 0 is the saturation magnetization of the ferromagnet and =~  the
demagnetizing factor. In general, the energy density due to misalignment is'O 0 OET—, where—
is the angle between the direction of magnetization and the easy direction andv 3-Ois the anisotropy
constant. For a perfect sphereit is~ pXo, hence, the shape anisotropy of a perfect sphere is zel@ as
expected. The clusters used in ths work are assumed to be of spherical shape. However, since they
amlgggqr md “mljw% _ dcu fslbpcb _rmkq _I| blangegbrac r f ¢

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

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 edgesp 1Gko be the easy directions of bccy -Fe. The leading term of magretocrystalline
anisotropy is O 0 O E I—. Merging both sourcesof anisotropy into a single expression, an effective

anisotropy constant can be defined so thatO 0 OE.

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 O 0 p @ t®@ 'Qi, where the integral runs over the surface of a
particle, 0 is the corresponding anisotropy constant,® is the direction of magnetization, and @ is the
surface normal direction. In micro-SQUID measurements of single Co clustersn Nb matrices, the clusters
consisted of about p 1T Tatoms, Jametetal. [26] found that in this case & it seems that the

clusterk _rpgv glrcpd_ac npmtgbcqg rfc k_gl amlrpg srgml
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2.2.3.5 The StonerWohlfarth 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
magnetizaton 0P 0 and with shape or magnetocrystalline anisotropy O 0 OE |-, see
Section2.2.3.4. —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 axisis the easy axisand the angle —is added

accordingly.

The magnetostatic energy of the particle in a magnetic field ®@is O ‘* 0P@ The direction of the

magnetic field with respect to the easy axisis represented by he angle towards the easy axis%. Then it

isOP® 0O "OAT % —. Similarly, the component of the relative magnetization & 0 70 parallel to
the magnetic field is given by - AT % —. Hence, the total energy of the particle is
0O VOER 0 OAl % —s8 [2-15]

To find the direction of the magnetization, i.e., the angle —that results when a magnetic field of
strength "Oand direction %is present the minimum of Equation [2-15] with respect to —has to be found.
The governing pair of (in)equations is Q@Q— 1 and Q OFQ— 71 A positive second derivative

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

In general, these equations have to be numerically solved for solutionsd- "Q. Therefore, it is

common practice to normalize the magnetic field to the anisotropy field via Q 0 "Ofcu. Some of the
resulting &- "Q curves are plotted in Figure 2-2(b). Only the two limiting cases %. Tt (red, magnetic
field parallel to the easy axis) and %0 “ ¥¢ (green, magnetic field parallel to the hard axis) as well as
the case%o *“ Tt (not shown) can be solved analytically. The numerically solved case$6 “ ¥¢ and

%o “¥o are added in blue and yellow, respectively.

The StonerWohlfarth model explains the occurrence of hysteresis as follows. Starting at a large
positive field QA p the magnetization in direction of the magnetic field is saturated in good
approximation, &-  p. When "Qdecreases the angle —minimizing the energy also changes. Below a
certain field "Q another minimum starts to coexist in the ‘O — curve, indicating a second ®lution and,
hence, a second possibility of magnetization alignment. At "Q , 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 fieds. Until this point the magnetization is reversible. However, the
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Figure 2-2: Hysteresis in the StoneiWohlfarth Model

(a) Stoner-Wohlfarth ellipsis. The semimajor axis is the easy axis, the semiminor axis the hard axis. The magn
field "@is applied at an angle %owith respect to the easy axis, which causes the magnetizatioriPto take an
angle —towards the easy axis.

(b) &- "Q curves calculated with the StonerWohlfarth 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 curv
When it is applied parallel to the hard axis, no hysteresis but full reversibility is observed (green curve).

magnetization switches to the other minimum at Q@  "Q becausethere the energy required to do so
becomeszero. For %. “ 7@ and % *“ ¥o (blue and yellow curves) the StonerWohlfarth mod el yields
Q T® ¢.7or the case%o 1T, 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, Q p in this case and&- switches
from p directly to p (red curve). When the magnetic field is applied along the hard axis of the ellipsoid
(% “7¥g), a- varies linearly with "‘Qwhen & p, and remains saturaed Q- p when sG p.
Within the magnetic field range S p 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 isx pxc, its

coercivity is'Q 1@ ,@nd the remnant coercivityis Q 1™ ¢.T
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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 StonerWohlfarth model
in Section2.2.3.5. The radius for coherent rotation of Fe is p ¢ I. While the moments of a
superparamagnetic paticle are exchangecoupled, 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 tweverse 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 barier. 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 O 0 wis overcome by thermal energy, wherew is the particle volume.
The flipping frequency *t t Q7 is the product of an attempt frequency t and the
Boltzmann factor Q 7 . 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 samédor both directions. Both
magnetic orientations exist for the same time on average.For this reason the net magnetic moment of
an ensemble ofsuperparamagneticparticles 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 withi a time spanmuch
smaller than the magnetic moment reversal time T, 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 paralleto a
favored direction for a longer time compared to antiparallel alignment. Here, the ensemble of
nanoparticles behaves similarly to an ensemble ofparamagnetic atomic moments, however, with a much

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

"cf _tgmp md gqsaf n_prgajcg gq a_jjcb ~gsncpn_p_Kk
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Choosing the ferromagnetic resonance frequencyt x p' ( @s the attempt frequency and the
inverse flipping frequency as an approximate measurenent period of p @ the superparamagnetic

ensemble appears blocked when the temperature is below the blocking temperature

8.

Y cU—fQS [2-16]
When an ensemble & cooled in a small magnetic field, the magnetization increases with pf'Yas
expected for an ensemble of paramagnetic moments. When the temperature isufficiently low, the
moments appear blocked consequently, the magnetization saturates. This measurementprocedure 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 othe 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 withpf'Y 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 inhé classical
limit 0° Hs, 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 & 0 F0 is a function of "Of"Yaccording 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 “YO Y Y “Y, which is the sum of the real temperature “Yand a constant”Y
that is related to the dipole energy of the superparamagnetic particleg[25], and the relative

magnetization is no longer a function of 'OF'Y

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 distributedin 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 nanopatrticles depending on their separationmay have a similar effect.

The magnetic properties of the nanometersized superparamagnetic Fe clusters examined in the

present thesis are discussed in Sectiond4.5.2 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 patrticles.

The conduction electrons move freely between scattering events, which happen continuously and cause
a progressive redistribution of momentum ®among the electrons. The Fermi surface ofthe free electron

gas isa sphere with its center at™®@ TU Scattering happens only in an energy range: "Q“Yaround the
Fermi energy, i.e., only in a thin layer around the Fermi surface, because only hereunoccupied but
thermally accessible states exist. Electrons at the Fermi level move with the Fermi velocity , which is
on the order of p Tti ¥Ofor metals, and scattering happens at a frequency on the order oft pmt O .
The correspanding average distance between two scattering events is the mean free path 0 1, which

can be estimated as being on the order ofp 1t [ with the values given above.

When an electric field Ois applied along the x-direction the Fermi sphere isshifted by] Q ‘Q Ofb
into this direction. For symmetry reasons, the shift of the Fermi sphere] "®ecomesalso 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 0 o1 Th ‘QOrft  opposite to the direction of
the applied electric field, which results in a current 'Q ¢ @ in x-direction. Here, & and Qare the
electron mass and charge, respectively, an¢ is the number of conduction electrons per unit volume.
The quantity * 'Q7d that relates the drift velocity of a charge carrier to the applied electric field as
0 * 'Os called mobility. Assuming an electric field O p T & , a drift velocity on the order of
p 1 | ¥Ocan be estimated. Hence, the drift velocity is very small compared to the Fermi velocity. The

resistivity is obtained via Mf k %qOj " @
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. & au
FQT fQ_ [2-17]

When a magnetic field is applied along the zdirection in addition, electrons propagate along circular
arcs rather than straight lines due to the Lorentz force ® ‘QQ w & . Note, thatthe Lorentz force
acts on the real velocity of the electrons i.e., the Fermi velocity. The radii of the arcs are equal to the
cyclotronradiusi 17 70  Qd&a& 0 , where] s 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 anglee  _ 7 defined by the arc.

Consequently, the effective mean fre path reduces. It becomes

Y 1t
i OE+ 2-18
- q Eo- P [2-18]
for small ¢ . The resistivity becomes
., a v a v ., 17 8
F0_ 1T P T [2-19]

£Q p

Hence, the relative change of resistivity due to the applied magnetic field 3" 7" , is positive and® 6 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 ofp bat p 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 $ll 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 relatios O @ (£ is
the band index). An electron moves with a velocity @ @ pfo™® 'O "® and is assigned an effective

massd® ® o QO ®FJQ . 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® ® ™ 0O @ the sense of rotation along these trajectories is determined by whether

0 "® 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 ® 'O ® 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_l gnmpr , aampbglejw* c¢c_af ~“rwnc% md a_ppgcp pc
compensated. This lead 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 b on the electric field @ a term ® 6 appears in the expression. In general, ordinary

magnetoresistance is alway® ¢ in small magnetic fields and tends to saturate at large fields.

2.4.2 Anisotropic Magnetoresistance

The basic principle of magnetoresistance caused by spirorbit interaction in conductors with a
spin-polarized density of states was proposed by Smif69] . His model for anisotropic magnetoresistance
is further discussed and extended in, e.g., Referencef0- 73]. Anisotropic magnetoresistance occurs as

follows, according to these references

In a strong ferromagnet the 3d" states are completely filledC that is, Y represents the majority spin.
The 3d states are localizedto 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 toonly represent
localized states, while the delocalized states are all represented by the 4s states. In this picture,
spin-preserving scattering of 44! electrons into 3d" states is suppressed, while scattering of 4selectrons
into 3dY states is possible. Spinpreserving scattering between 4s states is possible for both spin
orientations, of course. In a weak ferromagnet, such as Fe the 3d" states are almost filled, so that

scattering into 3d" states 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 writtenas 0°Y - 0 Y 0 Y 0 "Y.Here,0 U0 "Q

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" states to the states available for scattering, i.e., holes in the 34
states are created by the operator’Y in the second term. On the other hand, the operator 0 0 @
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 becomealigned. Then, resistivity increases in case it is measured in diection of the magnetic

field and decreases in case it is measured in a direction perpendicular to if74] .

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 thedirections of
magnetization of the two ferromagnetic layers are aligned parallel or antiparallel. The difference is due
to the spin-polarized density of states. Assuming theelectron spin to be conserved during tunneling, the
current through the junction can be split into two spin -polarized currents ‘Owith , N Vi | in the sense
of the model by Julliére [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 w

creates a net current’®© 'O ° 0° . Here, electrode(l) is set to a voltage w with respect to
electrode (2). Each current can be expressed in terms of the spiApolarized densities of states of the
eledrodes, the occupation probability of initial states "QO , and the probability of the target states to be
unoccupied p  "QO, where "QO is the Fermi function. For the net current, integration over energy

yields

00 O O Qw0 O QM0 Qw Q0 Q@ [2-20]

Assuming the densities of statesO 'O to be constant, i.e., replacing them by their values at the Fermi
level 'O O 'O , and since the integral over the difference of Fermi functions yields ‘Q ¢ the

conductivity of each spin channelis:, © O 'O . The total conductivity is the sum of the conductivities

of the two spin channels:,, ,u ,s. In case the directions of magnetization of the two electrodes are
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parallel,itis,, ® O O O O ,where’ O 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 conductivityis, © O O ‘© 'O . Withthe spin polarization of the density

of states 0 O O O O the relative change in tunneling conductivity and resistivity

pZ, can be written as

8 [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
thicknessi . 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’Q . The relative angle between the magnetization
directions of the two electrodes is — While the width i 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
oll ¢ % O . Slonczewski found for the effective spin polarization of electrode (i) being coupled

to the tunneling barrier

[2-22]

C
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where Q © 'O because of the free electron assumption. Therefore, the first fraction is identical to the
result observed by Julliére. It is noteworthy that the sign of the second fraction depends on the height
of the tunneling barrier. The conductivity through the tunnel junctionis , , p 00 Al -© ,where
, is the conductivity of the unmagnetized metal (0 ). For further reading, the tunneling

magnetoresistance models are well discussed in, e.g., Referenc§s7,78] .

Besides Julliere, Maekawa& Gafvert [79] discovered the effect in layered structures. Mentionable
tunneling magnetoresistance of several percent in effect at room temperaturewas first observed by
Miyazaki et al. [80] and Mooderaet 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 nanopatrticles are randomly distributed
and so are the barrier widths i. However, tunneling preferably happens between pairs of closeup
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

. . P DA Q T h [2-23]

where 0 is the polarization as defined above (as all nanoparticles are made of the same material index
"Quas dropped), Il is the imaginary wave vector defined above,6 O is argued to be a constant, where
'O is the charging energy of one nanoparticle, and & QA | -©60is the square of the relative

magnetization and results from averaging over— 7107 .

The tunneling magnetoresistance is a consequene 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 norferromagnetic 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 in 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 layersbut 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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Figure 2-3: Giant Magnetoresistance Effect in a Trilayered Structure in the CPP Orientation

(a

(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 trajetory are colored blue. The same holds for the red electron, it
trajectory, and the red layer. The nonferromagnetic spacer layer is colored gray. The trajectories depict ths
in each layer the minority spin electron scatters at a higher rate than the majaity spin electron. This result:
in a higher resistance in case of antiparallel alignment.

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 spacerferromagnet bilayers are added.

The giant magnetoresistance effect was first observed in Fe/Cr td and multilayered
structures [83,84] in the current-in-plane (CIP) geometry. First models for this effect are presented in
Referenceqd85,86] . 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 Referenc@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 & is much larger than the
electron mean free paths_ . Assume, he three basic layers are parallel to the xyplane and the current
crosses through the layers along the =zdirection. For simplicity, the ferromagnetic and the

non-ferromagnetic conductors are assumed to each have a single parabolic conduction band wittthe
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same effective electron massx “ and Fermi velocity 0 . According to Valet & Fert, the basic principle of
the effect is that the spin-asymmetry | " I I " 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, ” p%, is the spin-polarized resistivity in 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 & & G T . The & pfou _ T T are the spin-polarized
diffusion lengths with the spin-polarized electron mean free paths_ 0 pjT pjt and the
scattering rates for spin-conserving and spinflipping scattering events pIt j , respectively. Within a
distance & away from the interface the spin polarization decreases bypfQinto 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 resistancei , 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 i i . The area resistance adds to the material resistance$ 0 and
" o0 for the ferromagnet and non-ferromagnetic layers, respectively, and to a resistance related to
electron scattering by the interface. ” ; and 0 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 dff again, the
relative change of the total resistance compared to antiparallel alignment i i ji is the giant

magnetoresistance. It is maximum negative wheni 1 . In the limit 0y L & , the resistance of a

multilayered structure reduces to that of two parallel spin-polarized currents 'O '@ "Q namely,

h v oh voh

i ln L . The ValetFert model is extended in Referencg89] and reviewed in,

e.g., Referencd90] .

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 eleabn has to sample at least two
ferromagnetic layers that can change their relative magnetic orientation in order for giant

magnetoresistance to appeaf91] .

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_glg ~dpcc%w, GI "mrf a_qcg* _ gsddga

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 couging. The coupling strength of the effect was found to oscillate with
the non-ferromagnetic spacer layer thicknes . The period is aboutp 1 I for all transition metals, except
for Cr, where it is almost ¢1 1[92-94]. The effect is related to RKKY indirect exchangd95-97],
however, the period for RKKY interaction is much shorter, i.e., about p to o 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 paragraph98 - 100].

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 slike 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 vectorsQ ¢ ‘70 in the non-ferromagnetic

spacer, where¢ ¥ @ and Q is the wave vector component in the direction perpendicular to the

interface. As the corresponding energy levels of the quantum wellO 270 ca’, where &’ is the
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effective electron mass, vary with the spacer layer thicknes® , the lowest unoccupied state of the well
is populated as soon as its energy is lowered down to the Fermi levelO at a certain spacer layer
thickness. When paralkl 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 resulsin 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 0 across the Fermi surface
of the spacer layer material. A critical spanning vector possesses the following properties: 1§ points
perpendicular to the [ferromagnet/spacer] interface ; - connects two sheets of the Fermi surface, which
are coplanarto eachotherand- gq gl r f c dgp[88] Sir@espyeral mfthgde waverveators
can exist, the coupling of the ferromagnetic layers varies as the superpositiorof several oscillations, each
with a period ¢“ 70 corresponding to a different critical spanning vector. Moreover, the spacer layer
thickness can only be increased or decreased in steps of atomic layehicknesses This leads to an aliasing

effect in the real oscillatory behavior.

2.4.4.3 Giant Magnetoresistance in Granular Materials

According to Ferrari etal. [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 CPPoriented 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 thgranules are
on the same order, the situation is similar to giant magnetoresistance of ClRoriented 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 & car p ml rp_l gnmpr gl k _elior ga
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. Spinindependent 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. Spirdependent scattering is accounted

for by spin-dependent mean free paths, which are each related to their spirindependent instances by
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dependentto-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 bythe 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
distribution function for the magnetic granules. The distribution function is the analog of the layer
thicknesses in multilayered structures. In a subsequent publication, Ferrariet al. [101] confirm from the
analysis of their model that the equations observed by Zhang& Levy represent the CPP limit of giant

magnetoresistance in granula 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 spiilependent
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 concemation in the matrix. The magnetoresistance
increases also when the spirdependent scattering at the surfaces intensifies, i.e., when the
corresponding mean free path decreases. When the granules are superparamagnetice., 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 froma 3”7’ © 0 dependence,l 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 el cr gx _r g[ho4] Irndegactignkbetwepn,the magnetic granules can cause deviations from the
parabolic dependence as wel[106] . Another, more general model that takes into account shortrange
particle interaction in form of a correlation angle of the magnetic moments of nearest neighbor granules

is presented in Referencgd107] .
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3 Review of the Cluster lon Beam Deposition
System

For the aggregation and (co-)deposition of cluster-based nanaomposites the cluster ion beam
deposition (CIBD) system described in Referencefs-7] was used. The system was designed and
constructed by Dr. Arne Fischer as part of his PhDthesis[5] in the group of Prof. Horst Hahn. In this
chapter, the CIBDsystem is reviewed in the state as it wasemployed to synthesize the FeGe and FeAg
nanocomposite films of the present work. A CAD drawing[5] of the CIBDsystem is presented in

Figure 3-1.

Time-of-Flight Sample Transfer Chamber

/ Mass Spectrometer

Deposition Chamber

Cluster Source

Beam Formation

Figure 3-1: CAD Drawing of the Used CIBD System

The clusters aggregate within the cluster soure located at the left side of the image. A subsequent skimme
and electrostatic lens system forms a cluster ion beam from the negatively charged output of the cluste
source. Right behind this section, a timeof-flight mass spectrometer is installed. Howeer, this spectrometer
was not used in case of the present thesis. Subsequently, @ Tiskctor magnet is installed, working as a mas
selector element on the cluster ion beam. After passing the sector magnet, the sizeselected ion beam i
deposited onto the sample installed inside the spherical deposition chamber on the right side of the image
The UFQlike shaped chamber on the very right side is used to transfer samples between a load lock (n
shown) and the deposition chamber. The CAD drawing originates fom the pool of images, i.e., was
rendered from the CAD model, available to scientists working with the system. In particular, the image wa:
also used in Referencd5]. In the present case, it was modified by adling 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 sourceis 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 systemform the cluster ion beam optics which is explained in more detail Section3.2. The beamof
size-selected cluster ions is deposited onto a sample loated inside the deposition chamber. Two
additional sources are attached to the deposition chamber and serve as cdeposition 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 Section3.3. 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 locKnot shown) .

To test the capabilities of the newly constructed system, Dr.Fischer prepared nanocomposite films
of Fe clusters ofp 1™ Tatoms embedded in Ag matrices in order to study the magnetic interaction between
the clusters[5] . Moreover, Dr. Fischer examined the magneticcoupling of the Fe clusters viaexchange
interaction by embedding them in antiferromagnetic Cr matrices[5,6] . To examine the influence of the
size of the clusters on the magnetic propertiesDr. Fisher synthesized Fe-Cr films containing Fe clusters
with either v TT,7p TT TG TT TAIOMS. Besides these two clusterassembled nanocompaosites also purely
cluster-composed FeSc films were depositedb] , however, with a not size-selected cluster ion beamand
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 clusterassembled FeGe nanocomposites containing either clusters
with v Tt TTL TOr p TU TU TP TT e atoms were synthesizedIn addition, Fe-Ag nanocomposites containing
U TITIV TP TLTTUTP TL,7Or P U TT TP U e atoms wereprepared. Henceforth, the clusters belonging to

these rangesof size are referred to as Feo, Feiooo, and Feisgo, respectively.
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3.1 Cluster Source

The cluster ion beam of the CIBDsystem is generated using of a Haberlandtype 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 crosssectional schematicdrawing of the source of the CIBDsystem is presented inFigure 3-2.

Figure 3-2: CrossSectional 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 LN, 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 supersoni
expansion terminates the aggregation process.The drawing originates from the pool of images available to
scientists working with the CIBDsystem; it is also used ifReference [5].

The depicted elements are as follows.The ¢ 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 ») to a temperature of about p 1t A mixture of Ar and He gas
(both Air Liquide, N6 Purity) is used as sputter gas and fed into the aggregation tubewith 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 cluger 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 byhe purple

disk (d), atoms and aggregates of target materialare cooled by transfer of thermal energy when colliding
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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 theion optics would become contaminated too quickly.

Keeping the aggregation tube and the carrier gas mixture at low temperatures by cooling with LN
is crucial for cluster growth. For continuous cluster growth (see, e.g., Referenceg110,111] for classical
nucleation theory) the increase 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 ard 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 aggregatiorf108,112,113] . 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 Referencgs] .

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 ithe millibar
range within the aggregation tube to medium vacuum (p @ | A Adp m | A AtBrough aniris (f). The
iris is adjustable in diameter from pi | to p d . 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 follovs 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 irFigure 3-4(a). The
kinetic energy of a cluster is aboutu A Gfter aggregation and gas expansior{5,7] . The aggregation tube

is settled on ground potential because oftechnical reasons.
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3.2 Cluster lon 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 CIBDsystem all
the way to the deposition stage. For this purpose, an ioroptical setup, consisting of several electrostatic
lens sets and cagdike shielding tubes, is installed inside the CIBDsystem. The ion-optical setup is
described in this section. A sketch focusing on the ion optics andthe subsequentco-deposition is given
in Figure 3-3. There, the aggregation tube discussed in the previous section is referred to as elemera).

The beam of cluster ions is illustrated in cyan.

To manipulate and size-select a cluster, i.e., to change its sate 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 thel® skimmer (b) by the applied small, positive
electric potential, while the positively charged clusters are repelled. The 1% skimmer, with a circular
opening of i | in diameter, is located at a distance of abouto U | behind the iris of the aggregation
tube. Subsequently, a 2" 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 potentialY . In general, Y is set to a voltage betweeng 1 étand Y 11 6t

The cluster ions are accelerated and collimated withino @A | measured from the iris.

The two-stage skimmer section is also used as a twatage pumping section in which most of the
carrier gas and leftover clusters are removed from the systemBehind the pumping stages the vacuumis
better than p ™ | A A Dhe largest amount of gas load coming from the source is removed by a
turbomolecular pump with a pumping speed of p wrmiFOinstalled on top of the source chamber between

iris and 1% skimmer.

From the 2" acceleration lens set on, the cluster ions propagate inside a cylindrical electrostatic
cagelike 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 ismplemented with a sector magnet(f) (Danfysik, custom design),
which can apply a magnetic field of up to p& 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 ofw 1tand a nominal radius
of u i i . At a maximum kinetic energy of p E A #nd with maximum magnetic field applied Fe clusters
need to consist oft ¢ Be 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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Figure 3-3: Sketch of the CIBD System with the Focus on lon Optics and Gfeposition

(a) Haberland-type inert gas condensation cluster ion beam source, (b)1st skimmer and 1%t acceleration lens
set, (c) 2" skimmer and 2" acceleration lens set, (d)15t quadrupole triplet, (e) 1stslit and 15t Faraday cup
(f) w Tt skctor magnet, (g) 2" slit and 2" Faraday cup, (h)2"® quadrupole triplet, (i) deceleration lens set
(j) codeposition 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 an
the triple electron beam evaporator are discussed separately in Sectiof3.3 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.

At each sideof 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 sizeselected beambehind 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 [ 1, that of the back side one wasp 8ti | .
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The cluster ion beam potential *Y is chosen to have thehighest 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 thanp 1t f the nominal cluster size [5,7] .

Two size distribution s of samples prepared with the CIBDsystemare shown in Figure 4-2(c).

Finally, the cluster ion beam is decelerated by another set of lense§) to the desired deposition
energy. This way, the cluster ions can be deposited in a softanding regime or with high impact energy.
The deceleration lens ®t also offers the option to deflect and to (de-)focus the ion beam. The sample(j),
here sketched in a simplified way, and the codeposition sources(k) and () are discussed in Sectiors 3.3
and 4.2.2 in the contexts of Figures3-6 and 4-5, respectively. The total propagation length of the cluster

ions from cluster source to sample depositon is about T | .

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
1% Faraday cup is only used for a rough tuning of the parameters of cluster source ad ion optics, the
2" and the 3" 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 spedta, the
current driving the magnetic field is ramped from zero to maximum (p v ). From the set beam potential
% and the atomic mass of the installed target material the nominal number of atoms per clustercan
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 CIBDystem.

Representative parameters of the cluster source as well as parameters important for the size selection
by the sector magnet are summarized inTable 3-1 for Fesqo, Feiooo and Feisoo clusters together with
typical cluster ion currents. The total current of the not size-selected cluster ion beam can be measured
with th e 1 Faraday cup and is roughly ¢ 1 ! Corresponding mass spectra are plotted inFigure 3-4(a).
The distributions of numbers of atoms per cluster follow log-normal distributions in good approximation,
as expected for inert gas condensation processe$ll4]. A log-normal distribution fitted to the
distribution optimized for Fe sq0 clusters(green) is added to the plot (dashed line). An exemplary energy

scan of the tabulated Fagoo cluster ion beam is presented inFigure 3-4(b).
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Figure 3-4: Example Mass Spectra and a Representative Cluster lon Beam Energy Scan

(@) Mass spectra for an Feno, Felooo and Fersoo parameter set. SeeTable 3-1 for used parameter sets.
(b) Energy scan of an Feno Sizeselected cluster ion beam.

Table 3-1: Representative Parameter Sets for Fso, Feiooo, and Fesoo 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 Ar/He - ||'1| =0 <4 Thgto [ l?,| | F I=|=-
Cluster (T"HW (T "HB (1) (1) Q) T (A
Fesoo p TR TU Tt ¢® TU T T T X peUL pgT
Feéxo00 pPclppmm  p&d X T T pFQ (MG POT
Feisoo widp T o} X U YTt p8 M pCo TU

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 ofw 1id 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 linein 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 radiusi of
the sector magnet. At a kinetic energy0 of these cluster ions, the nominal mass of the transmitted, i.e.,
Qo

selected, cluster ions is& jqu .
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Figure 3-5: Sketch of Beam Trajectories with Maximum and Minimum Radius

The sketch depicts the entrarce of the sector magnet and the slit located in front of it. Its opening is q0
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 thi
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 i
illustrated in green (red).

Now, assume the slits are opened to a finite width 0 and assume all clwster ions propagate with
the same kinetic energy v . 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 i i 0, 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 arex Qo6 0 ¢cO a p T
with [ cUji .Insertinggy  p 1t I andi v mini yieldst ¢k

However, the kinetic energy U of the cluster ions is a quantity that obeys Gaussian statistics, as can

be seen inFigure 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 0 O 70

They correspond to the following cluster ion masses to be selectedd Qd jgUu 1 0.These
can be approximated asd G pur .Wwitho dy p @A 6Gand| U ¢ VA 6according
to the kinetic energy scanplotted in Figure 3-4(b), one observeg (0=}

Both effects happen simultaneouslyduring size selection, hence, the estimated maximum errors add:
M a I [ . 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 w 1t The 2" quadrupole
triplet is installed for the very reason to again collimate the cluster ions transmitted following such

inclined trajectories onto trajectories parallel to the nominal beam path.
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3.3 Deposition Chamber

As can be seen in the CAD drawing of the CIBBystem 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 systam. The directions of the coordinate axes resulting from this definition are
visualized in Figures3-6(a),(b). Sketch (a) of the figure shows a co-deposition sample(j) and the two
sources(k), (I) located inside the deposition chamber, where the indices(j) - (I) 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 elemens, 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 cel(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 layerssuch as adhesion or capping layers on
the other. Effusion cell and triple electron beam evaporator take an angle ofp x td the reverse direction

of the z-axis in the yz-plane and of ¢ ttid the xz-plane, asindicated in Figures3-6(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 welitunable 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 ample 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 fravay
between the effusion cell and the sample arm, seeFigure 3-6(b), was set to a constant potential of

o Y ®. A cutout in the sheet allowed the uncharged output from the effusion cell to pass the electrode,
while charged particles were deflected or absorbed by the sheetThis measure did not influence the

deposition of the cluster ions.

The triple electron beam evaporator (Focus EFM3T) provides three independent evaporation
pockets. Besides a target rod, crudile 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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Figure 3-6: Sketches of the Sample in the Deposition Chamber

(a) Effusion cell(k) and triple electron beam evaporator (I) are each installed under an angle ofp x tb the
reverse direction of the z-axis in the yzplane. 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 ydirection.
The cluster ion beam (cyan) is directed to the )direction, i.e., into the drawin g plane, where the beam plane
of the CIBDsystem is the xyplane of the shown coordinate system. The setup of the sample is discussed
Section4.2.2.

(b) Seen from the side, the two sources take an angle of; 1ttd the reversedirection of the z -axis. For this reasor
the sample was rotated by p ¢ wafier 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 stainles
steel electrode. A cutout in this sheet allows to deposit clusters and mateials from the two other sources
onto the slid in sample. The shielding electrode and outer parts of the sample are insulated from grounc
potential and the rest of the sample (green area). The rest of the sample (red area) is also insulated fror
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.

different materials, namely, capping layers in case of Ge matrix samples and adhesion layers in case of

Ag matrix samples. Before sage, the ion flux was calibrated via XRR measurements of reference films.

The sample arm of the deposition chamber reaches into the chamber along the ydirection. It can be
translated along x-, y-, and z-direction and can be rotated about its axis in addition, as indicated in
Figures3-6(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 LN, cooling purposes.The heating element was not employed in the present thesis #ce 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 xyplane in order

to slide in or out of the sample pocket of the sample arm, as indicated inFigure 3-6(b). For co-deposition
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a sample had to be rotated byp ¢ LAl this orientation , a sample takes the same angle towards the cluster
ion beam and the effusion cell, o v, With respect to the xz-plane, i.e., a sample isthen aligned half-way

between them.

A sketch of the sample arm with a loaded caedeposition sample is presented inFigure 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 thedrawn 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 ands insulated from ground potential.
Therefore, it can be set to a potential™Y * ufcpc ~QC% qr I bg dmp ~q_knjc
insulated well enough to qualify it for being used for cluster ion beam current measurements during
depositions. The 39 Faraday cup is installed beside the sample arm region shown in sketclfc). 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'Y . 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 maskthat is mounted on a co-depostion
sample. As the co-deposition mask is specifically designed for the deposition of the present

nanocomposites itis discussed in detail in Section4.2.2.

The rest of the sample is insulated both from ground and sample electrode potential. It can be set to
another independent potential "Y, with index* Q% dmp ~q_knj c%, Rfc amppcqgnml
occupies an aread  u#pl | corresponding to a diameter of o® [ | . 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 metefKeithley 6485). More precisely, the current “O of cluster
ions missing the sample was measured. Thesample electrode was chosen because the insulation of the
sample potential, though better than ¢ ® m, was not good enough to measure currents in the picoampere
range. To determine the real current "O of clusters whose charge is absorbed byY 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 ‘O is known the current hitting the sample can be
calculatedvia™© O ‘O . This procedure was common practice to monitor the stability of the cluster
ion beam during running depositions. Exemplary values are given inTable 3-1."Y and ™Y 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 comgfrom the
cluster source was betterthanp p 1 | A Airhcase of the FeGe samples and inthep 1 | A Aréhge
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 T ¢ TifiDare attached to
the system to remove remnant carrier gas. The largest part is removed by thepump located between the

aggregation tube of the cluster source and the £ skimmer, see Section3.2.

Potential sourcesof 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 leasto 1t E prior to every CIBD experiment.
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4 Fe-Gen Nanocomposite Films

Parts of this chapter have been published in MDPI Nanomaterigld5].

In this chapter, Fe-Ge nanocomposite films are prepared using the CIBDBystem 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 Sectiord.1, the
fabrication process of FeGe clusterassembled nanocomposite films is presented in detail in Sectiort.2.
Nanocompaosites containing eitherv 1t 1LV T(Fesee) Or p 1T T TP TT B#tomMsS (Fewoo) are synthesized by
simultaneous deposition of cluster ions from a sizeselected, 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 CIBDsystem during co-deposition. The nanocomposite samples studied in the present
chapter are listed in Section4.3. They vary between p ¥ | and severalp mtirti in thickness and were

synthesized with Fe concentrations p VA& .

In the following Sections 4.4 and 4.5, transport and further characterization methods are discussed.
Prior to the discussion of the FeGe nanocomposite sampes, the results observedfrom a reference sample
of pure amorphous Ge(a-Ge) that was treated and measured similarly to the nanocomposites are
presented in Section4.6. Subsequently in Section4.7 the magnetotransport properties of the
nanocomposites are investigated as a function of cluster size, cluster concentration in the matrixand
temperature. The magnetoresistances” ¥’ in the fabricated Fe-Ge nanocomposite samples is negative
and on the order of p b 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 fielddependent magnetoresistance effects

are discussed as well.

Subseqiently, 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 FeGe nanocomposite samples are analyzed.
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4.1 Material Properties: The FeGe System and the Amorphous
Germanium

4.1.1 The FeGe System

In early works on granular materials, compounds were preparedvia thermal annealing of films made
of two immiscible constituents. To grow off-equilibrium films of partially miscible components, more
sophisticated technigues have to be applied, e.g., such like these implemented in the used CIBBystem,

see Chapter3. Fe-Ge is such a partially misciblematerial system.
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Figure 4-1: FeGe Phase Diagram

The FeGe phase diagram illustrates that Ge is soluble in Fe up untp ® A . Several stable alloys format
higher concentrations, all differing in their magnetic properties. For example, FeGes (referred to as Fe 7Ge
in the phase diagram) is a ferromagnetic compound. Contrary to Ge in Fe, Fe atoms are not soluble in Ge
all. Phase diagram copied from Refeence [116].

The FeGe phase diagram depicted inFigure 4-1[116] illustrates the existence of several stable
FeGeg, intermetallics at room temperature and solubility of Ge atoms in Fe of upto p ® A&® . On the
contrary, Fe atoms are not soluble at all in crystalline Ge(c-Ge), which grows in a diamond crystal
structure. Instead, FeGe grains start to form in an elsewise pure Ge matrix. FeGe exhibits a parasitic
ferromagnetism (= imperfect antiferromagnetism) [117]. Increasing the Fe content, FeGe; (also
referred to as Fa 7Ge and Fas:Ge) is worth to be mentioned since this compound is a true ferromagnet

with a Curie temperature of T Y4 [117].
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FeGg, compounds can also exhibit polymorphism, i.e., there can existseveral crystal structures all
with one and the same chemical composition but with different magnetic properties. Including
high-temperature phases, e.g., both two FeGe polymorphic phases (hexagmal 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:Gei.x was also found to be a magnetic semiconductor that orders ferromagnetially below
"Y ¢ oewhenw vA® [120]. Gebased magnetic semiconductors can also be synthesigeusing,
e.g., Cr[120] or (Co,Mn) [121] .

To test the stability of the nonequilibrium Fe -Ge nanocomposites synthesized with the CIBBystem,
two transmission electron microscopy(TEM) samples were preparedon carbon-coated TEM grids prior
to®the preparation of the Fe-Ge nanocomposite samples discussed in this chapter. Whila v1 1 thin
nanocomposite film (x O18%) was deposited onto one TEM grid, pure Feio clusters were
deposited onto the other. An energy-filtered TEM micrograph of the first sample is shown
in Figure4-2(a), a standard TEM micrograph of the second one in Figure 4-2(b). Image processing
software (ImageJ, [122] ) was usedon these two imagesin order to observe the particle size distributions
plotted in Figure4-2(c). The two fitted mean particle diameters are in good agreement(o®1 ).
However, this value is larger than the diameter that is calculated for a sphere of homogeneous density,
i.e., with the density of bulk 4 -Fe(c&1 I, seeTable4-2). The obsenation of a larger diameter is assigned
to partially oxidized clusters as the structure of the clusters was found to be that of FeO. in case of the
TEM grid samples. Althoughtransferred from deposition to TEM vacuum in Ar atmosphere, this measure
could not prevent the unprotected films from getting oxidized. The difference in the widths of the
observed distributions is assigned to the different modes of image formation used torecord the shown
images with the TEM and to the difference in the percentage of the area 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 magnetaesistance effect. Anorphous Ge does not exhibit an
energy gap like its crystalline counterpart but a mobility gap (see Section2.4.1 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 DrThomas Reisinger, who also executed the size distrilution analysis. The TEM was

operated by Dr. Di Wang.
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Figure 4-2: TEM Micrographs of Fagoo Monolayers and Corresponding Size Distbutions

(a) Energyfiltered scanning TEM micrograph of a vl [ thin film of Fei clusters in aGe matrix with a
concentration of x O 18} . The film is thin enough to be treated as containing only one monolayer of Fejoc
clusters. For TEM, see footnote o page 49.

(b) Standard TEM micrograph of a monolayer of Faogo clusters deposited onto ant@i | a-Ge buffer layer. The
clusters occupyp P of the available area.

(c) Corresponding particle size distribution. The two fitted mean particle diameters, o&1 i, though not
representative, are in good agreement. The diameter that is observed when a cluster is modeled as a sphe
of homogeneous density, i.e., that of bulk | -Fe, isc&1 I. (seeTable4-2).

Both films were deposited onto carbon-coated TEM grids. Graphga),(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
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.

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 ofthe 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 omeasurements usingan a-Ge reference film will

follow in Section 4.6.

4.1.2.1 The Structure of Amorphous Ga@manium

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 gaj©® of a semiconductor and the inverse
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of the temperature. Hence, the resistivity does:” ® A@DjcQ Y. Inal 1 "¢ vs. p¥'Yplot, 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 calculatedfrom 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 thevalence band.This leadsto a kink
in the elsewise straightl T "¢ vs. p¥'Ycurve, which marks the onset of dominating intrinsic charge
transport. At temperatures below the onset, charge transport via activated donor electrons or
acceptor-state-induced holesdominates. 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¢ u+ and o ¢ .

Walley [124] and Walley & Jonscher[125] observed] "¢ vs. pT Yplots of continuous curvature
with a slope of T8t WA 6at ¢ 1, & A 6at o Tt and @ VA Gat temperatures close to the crystallization
temperature ¢ T v ) with no sign of saturation on either side; the (indirect) band gap of ¢ -Ge isT@® YA 6
at room temperature [126 - 128] and would give a slope of @ tA 6 Thus, the authors concluded there is
no well-defined activation energy for the conduction process in aGe. 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 T "¢ vs.p¥'Y The authors state that

this implies a hopping type of transport process to le responsible for carrier transport.

Richter et al. [129] performed X-ray diffraction (XRD) measurements on evaporated aGe films with
thicknesses on the order ofp A i. 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 p 1t Bess than bulk density they found the corresponding coordination number to be t atoms.
The second maximum, already overlapping with the third -nearest neighbor maximum, yielded a
coordination number of p catoms. Beyond these maxima no welldefined 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 diamond-type crystal structure.
The assumption made for mass density is justified since for bulk density a nonphysical coordination

number of T& atoms as first nearest neighbors would have been obsemrd.

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, disader of atomic positions at distances larger than the secondnearest neighbor
distances. Since shorrange order is preserved to good approximation and only longrange order is
destroyed in amorphous semiconductors, they still have a band structure similarto 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 bad states in distorted bonds can
raise in energy, i.e., above the valence band energy of the semiconductd® . Simultaneously, conduction
band states can be lowered below the conduction band edgeO 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 O and ‘O, respectively. The states are localized because the energetic adaption

of a state is due tothe 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 canbe formed because of the lack of closeby
neighboring atoms with free valences.Such a valence statas called a dangling bond. Therefore, dangling
bonds carry one very weakly bound eled¢ron on the one hand and provide an unoccupied state for
another electron on the other. However, there is an energy penalty Q "Yor 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 aGe appears as pgype
semicondudor when forming a junction with ¢ -Ge and, hence, hopping processes must be the driving
mechanisms besides regular conduction through the conduction band123] . 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 abovethe valence band so

that the Fermi energy O lies nearer the valence than the conduction band - .

According to Kocet al. [133] , mass density and esistivity of a-Ge strongly depend onthe deposition
conditions when deposited at low deposition rates. The authors prepared aGe films via cathode
sputtering at rates down to T8 WA I7E 1 ¢ b i7Oand found a quick reduction of the observed mass
densities and a strong decrease in conductivity when samples are deposited at rates below about
p& A ITE Above, mass density and conductivity saturate at”  v& GFA 0, which is still below bulk
value, and” pLli . For a sample deposited atthe lowest rate the authors determined a density of
1® oFA 0. The lowest density stated in literature is 080CFA 10[123] .
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Hauser& Staudinger[134] deposited aGe films with thicknesses between ¢c&1 | and several
p Ttin i by sputtering arc-melted Ge both onto LN,-cooled substrates (X x+) and onto substrates kept at
room temperature. Subsequently, hey examined the structure of their films . Characterizing their film
deposited atx x+ at the temperature of LN, 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 atx x anneals as soon as the
sample is warmed upto 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 LN. Therefore, two a-Ge islands cannot coalesce because adjacent atoms cannot satisfy tetrahedral
bonding conditions when coming close together. Ad-atom diffusion would be re quired 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 shiftin I 1" vs.”"Y 7 graphs at aboutp ¢ #twhen 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 t@ppear
independent of the used substrate and to have no major influence on the electronic conductivity in case

the sample was thicker thanp 1t .

4.1.2.2 Phenomenology of the Magnetoresistive Properties ofthe 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
3 iim © 'O (see Section2.4.1) 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[125,135-137].

While c-Ge does show ordinary magnetoresistances fw © O [138], a-Ge generally shows an
anomalous negative magnetoresistance. It vanishes at aboutt v Jt#nd changes to a positive one at
temperatures below @ 1. The magnetoresistance of aGe is independent of the applied current and the
relative orientation of the magnetic field (isotropic), as was found by, e .g., Kubelik & TGska[139,140] ,
who prepared ot to @fi thick a-Ge films via cathode sputtering. They found the magnetoresistance
to be 3" 7" © pX'Yat temperatures aboveq v ftand to change into a positive one aty #. In between,

it reaches a maximum in magnitude at p Y+t 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 changeover temperature to

positive magnetoresistance. The authors suggest this tde the typical behavior of a-Ge.

Furthermore, Kubelik & TGska[139,140] apply a model based on Zeeman splitting and enegetic
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 magnei field is applied. Hence, changing the hopping transfer

rates for the spin-split levels yields a negative magnetoresistance.

Besides that type of magnetoresistive behavioranother one showing substantially different behavior
was categorized by Kubelik& TGska: That second type shows positive magnetoresistance at low
magnetic fields and when below a certain temperature “Y, and changes to negative magnetoresistance
at a certain high-enough field "O after going through a maximum in magnetoresistance at"O . Both 'O
and 'O shift to higher fields with decreasing temperature and the magnitude of the magnetoresistance

increases with decreasing temperature. AboveY only negative magnetoresistance is observable.

Additional positive m agnetoresistance arises from carrier transport through extended stateswhich
quickly saturates already at low fields, adding a constant contribution for higher fields. The same
behavior was found by Mell & Stuke[141] before, who observedthe positive contribution to strongly

depend on sample preparation.

4.1.2.3 Transport Mechanisms

As charge transport happensvia localized states to an apprecialbe extent and as there is no welk
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 dates within the band gap between'©O and ‘O is orders of magnitude lower than

the mobility of classical valence and conduction bandlike 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@e are based
onDavis& Kmr r %q T PLB2,142in bvicigh 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 urtil an energy ‘O, for conduction and valence band

tail states, respectively.
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Conduction in extended states is due to electrons thermally excited aboveO . The conductivity is

given by

” ” lQ ” lg)_ ‘Q _F] [4_1]

where the energy differenceO O is varieslinearly with temperatureas O O 30 | “#ndwhere
itis ,, Q00 Q"Y with O and*‘ being average values at the conduction band edgel0 O 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 3w together with the energy difference of

the sites has to be thermally overcome:

O O 3w

” ” A g D 'F'Q uY

8 [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 dhe conduction
band extended states’O. As, © ‘ itis, L , 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 hopjig

energy 3w is sufficient:

. . AP 3 [4-3]
QY
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 a4D _pp_w md qggrcqg ugrf
parameter that combines and includes both spatal distance and energetic difference. These parameters
are independent of each other in disordered systems. In this 4Darray short-range hops are favored and
as conduction is a result of successive hops it is the average distance in this array that deterimes the
conductivity. After some intuitive assumptions Apsley& Hughesp c npmbsac Kmrr %g pcqs,]

exhibits a dominanti i ,C8 "Y | temperature dependence for 3D systems
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with Y @ | j'Q0'0 [132,142], inverse localization length | of an Andersonike localized
state w® Q [144], which is set to pf pl1 1[145], and a weak temperature dependence
, 8 pIY[146,147] . The numeric factor G was determined by various authors from resistivity data,
all within p v Rleviation among each other (see Referencg145] and references therein), and is usually

set to & ¢ p ¢The most probable hopping distance is:
W ~ ]
0 L 100 QY 8 [4-5]

As an estimate of order, Movaghar& Schweitzer[148] state”Y x p 1+ for a-Ge and mention
that the corresponding density of states OO x pmm-pm A6 Al [149] is much larger than
rfc mlc npmnmgcb ~w Kmrr %gq OfCf €t mp V% Ad f [449,150] g This ml  r f
argument is supported by the fact that a spin density of statesx p 1 A would be very difficult
rm cvnj _gl ugr f rfc rmm j mu &Pdllak[d51] dgpproximateanthe %q r
density of states of aGe around the Fermi level as an exponentially decaying function and found
00 ¢c® pm A6 Al , whichis not much more than what was found for a constant density
of states (OO ¢8t pm A6 Al ). Hauser& Staudinger[134] found Y u® p 1+ for a
o1t | a-Ge film deposited at c Tt and Y (& p 1+ for a T wini thick film measured after
T (E of annealing at o 1 To summarize, values for"Y are on the order of p p 1+. The set of VRH
parameters of a sample clanges with its history of annealing [147] . The average hopping distance is

0 eyl i-pd [aty x (see Referencg146] 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 aGe (and &Si) based on Davis& Kmr r %q TPF gl j ma_j gxc
the Fermi level. Corredions due to some insufficient points of the model were added by Osaka[152] .

The model is also well discussed by Mehreet 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 energ “Yecause of
Coulomb repulsion in the doubly occupied case. There is a certain humber of singly occupied states
between O 'Q™and O and the same number of states that can be doubly occupied lies betweei©

and’ O Q" YCharge cariiers can now hop upwards or downwards in terms of energy, where a spinflip
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is required to occupy a target state (anomalous hops) with a probability r} and no spin-flip is involved
(normal hop) with a probability 1) p N . A spinflip 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 "O:

LU AQD"YTY 8 [4-6]

Movaghar & Schweitzer distinguish between anomalous up and down hopsTl,'F‘ ‘O [148]. An

upward hop requires thermal activation while a downward hop does not. The attempt frequency is
' "AGPY Y j p i , where ' [denotes the mean hopping frequency, and the constant

“Y inrange of x p m+ for a-Ge were observed fromelectron spin resonance (ESR) data 6 a-Ge

samples[149] .

They further take into account that a normal hop 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 betweenuv ™ and 1 Tm# 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 spintlattice relaxation
time '[[ 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 spi-lattice relaxation happen faster than spin-spin relaxation. Therefore,
spins can be treated as only weakly interacting abovep Tt ftand magnetoresistanceis determined by the
field and temperature dependence of the spirtlattice relaxation times. Below p 1+ the hopping times
become longer than the spinspin relaxation time. Here, anomalous hops are the ones with highest
hopping times and, hence, determine the spinlattice relaxation time; by definition they turn into normal
hops when relaxation time is exceeded. Then, spins are no longer weakly but strongly interacting.
Differentiating betweenthese two scenarios, Movaghai& 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 spinlattice relaxation one [ 1 Y 1t the authors

express the magnetoresistance as
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where parameters”Y T, ® and"Y , and alsol p 1 were determined from their ESR data. The

maximum estimated magnetoresistance for aGe in their model is 3Yj'Ys o © QjT p b which is

of the correct order.

Both up and down hops possess positive and a negative component of magnetoresistance. Positive
magnetoresistance saturates quickly within vrti 4 for both directions. Its magnitude decreases
exponentially with temperature for Y p v ftand then saturates below aboutr@ Puntil the lower limit
of the model is reached at”Y p 1+ 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 magnetoesistance.
Movaghar & Schweitzer find great similarity of their expression to the empirical fit used by
Clark et al. [153] betweeny ¥+ and o 1T+ Also, the model partially explains why the magnetoresistance
increases with increasing temperature when aGe samples are annealed. Annealing increases the
hopping time for normal hops 1" without significant changes in spin-lattice relaxation at zero field "Y 1t .

Therefore, anomalous hopshappen more frequently, which results in a higher magnetoresistance.

Other effects come to play with increasing temperaure. First, conduction via localized states in the
band tails setsin. Negative magnetoresistance in this regime is explained by Hedgcocl&k P _ s b rMiljp4] %q
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

decreaseq155] .

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 Femi level
to show that VRH doesindeed 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 O O , where Ois the energy of astate and'O is an energy width around the Fermi level O .

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 Pollalet al. [156] substantiate
their arguments as it scaleswith the characteristic “Y ! dependencein the temperature range between

the temperature of LN, and room temperature.

Mell & Stuke[141] proposed the negative magnetoresistance component tovary with the magnetic
field as3'Yf'Y® * 'O , where the exponent& changes with temperature from 1§ to & at v 1 ftand
p X b, respectively[130] . This form has been generally agreed for negative magn#resistance in
a-Ge[138] . Moreover, it also supports the fact that the negative magnetoresistance of aGe does not
saurate even in high fields of up to p ™ [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 resonane,
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
p T [148] .

4.2 Fabrication of FeGe Nanocomposite Films

The oxygen sensitivity of the Fe clusters made it necessary to protect the depositethanocomposite
films on the upper side against atmospheric influence. For this purpose, all samples were covered with
protective material layers. As a consequencethe 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. fie layout of the sample chip that resulted from

these requirements is explained in Sectior4.2.1.

To fabricate a nanocomposite sample with the CIBDsystem reviewed in Chapter3 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 designedin such a
way that the area open to deposition is divided into two regions belonging to two different electric
potentials. Also, it considersthe orientation of the effusion cell inside the deposition chamber in terms
of sample chip alignment. The complete sanple layout used for co-depositions with the CIBD system is
presented in Section4.2.2 and the deposition process itself is discussed in Sectiod.2.3. First
characterization steps executed right after the deposition of a nanocomposite sample are summarized in
Section4.2.4.
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4.2.1 Sample Chip Layout

Each sample was deposited onto avi | vl [ wafer piece, which was cleaved off from at i
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 byhand. 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 twestep process after removal of the dicing tape. The
first step was CQ-snow-jet (Applied Surface Techrologies 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 cleanintf{Oxford Instrument s Plasmalab80 Plus).

The next step wasto deposit the contact line patterns used for resistivity measurements. To perform
the deposition, a batch of up to ¢ Tsamplechips was mounted on a UH\ compatible stainless steel holder
(Pink GmbH). The wafer pieces were fixed laterally in the pockets ofa 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 p Ttirl  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 inFigure 4-3(a).
The cyan square marks the outer edge of both the frames and the mask and has a side length af d | .
The green squaresg Tin number, are the pockets for the wafer piecesand have a side length ofug | | .
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 inFigure 4-3(b). The sample films that
were deposited with the CIBD system had a rectangular shapewith dimensions p8ti | o®1 [ . 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 neighborig lines to connect to a deposited film by
means of the four-wire technique. The red lines have a width of T 111 , a length ofx p& i [, and a gap
of p @i 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 ¢ i thick Si ({100}, P -doped, p tJA i to ¢ TtIA [y witha ¢ Tl

insulating SiO, thermal oxide layer on each side.

®®  The oxygen plasma was run ata pressure ofp Tt it4 1 ,@vih a flow of p U0 A Adt a power of 6 17 , and for p ¢ @
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(a) (b)
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Figure4-3: Laser Cutting Profie 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 ste
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 edc
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) ist 1 |, that of a sample pocket (green squares) isu& | | . The rec
structure consists of ten parallel contact lines that each end up in a bonding pad @i | 1@l 1). The
lines each have a width oft 1t , the gaps in between are po 111 wide.

be deposited was taken into consideration. As shown inFigure 4-3(b), one side of each contact line was
extended to end up in a bonding pad. Theser@®| | 1@l | bonding pads, in turn, were connected
using a semiautomatic wire bonder equipped with ¢ 41 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 vl [ Ti adhesion layer and a¢ 1 | Pt conducting film, both
deposited via UHV electron beam evaporation. Thepattern was deposited at a rate of aboutT® BFO
The resistance between a pad and a contact line at its end was measured to be about T Ift. A quality
check using an optical microscope was made for each chip féer the deposition to decide whether to use
it for the deposition of a nanocompositesampleor not. An example optical micrograph of a chip carrying

the deposited contact line pattern is presentedin 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 lasecut

mask and the electron beam evaporation process and isaused as follows.

On the one hand, the deposition mask was structured into ap 1t fri thick stainless steel sheet while
the cut out line width was only T 111 . 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

61



490 um

Figure4-4: Optical Micrograph of a Contact Pattern Deposited onto a Si Chip by Means of UHV Electron Bea
Evaporation

The ten parallel lines each have a width oft 111 and agap of p if I between them. The pattern is made
ofaul I Tiadhesion layer and a¢ 1t [ Pt conduction layer.

worse the deeper it cut into the stainless steel sheet. This resulted in a noso-well defined cutout when
breaching through the back side of the stainless steel sheet. On the other handthe 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 poiad 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 ifrigure 4-4.

The corrugated edges are notconsideredto affect the transport measurements ofthe 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 form 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 voltagesensing 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
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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 filmThis will be discussed in more
detail in Section5.1.3.3.

Dmp amlggqrclaw* rfc ~“snncp% cbec md _ qg_knjc a
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 lon 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 Sectior4.2.1) had to be
connected to the potential of the sample pocket™Y . 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 Y that was used to monitor the current of cluster ions. Therefore, in order to have enough
feedback viathe change of the cluster ion current occurring when a co-deposition sample is translated
with the sample arm, the area belonging to Y 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 effectsthat, in turn, would have influenced the deposition of cluster ions.
Sincegrinding 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 ofFigure 4-5.

Starting attheleftf _ | b qgbc md rfc dgespc%g snncp pmu* <ct
Omicron Labssample 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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Figure 4-5: Sketch of the CIBD Sample Assembly

The first row shows the asembly 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 OmicronLabs sample holde
(anthracite). Its Pt contact pads are joined with two strips of carbon tape (green). Next, a set of five stainles
steel frames is added in order to keep the sample chip in position. The inner frames are tilted by X td 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. T
result is shown in the rightmost column. The upper sketch shows the assembly as seen from the top, tt
lower one as seen from the right-hand side.

The codeposition mask consists of three elements, which are depicted in the second row. The lower on
(cyan) is a slit mask, with the slit being tilted byp X td 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 Kaptor® tape (yellow), which also electrically insulates the upper and lower mas|
elements from each other. The upper mask carries a circular hole and is connected to the sgpte electrode
potential Y when the sample is slid into the sample pocket of the sample arm. This functionality is provide
by the pantograph -like antenna, which is seen best in the side view sketch. The rest of the sample
connected to the sample potential Y.

A set of five stainless steel frames (brown), each with a thickness ofp m A | 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 o v ¢ A1 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

tited by p x. J

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: o® 1 | pi [), which defines
the shape of the film to be deposited onto the sample chip. It is also tilted by p x id 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 Kaptoff tape (yellow) is used to glue the two

Mo-made sheets to each other and to insulate themfrom each other at the same time. The area inside
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the circle belongs to the sample potential™Y for this reason, while the area outside the circle belongs to

the sample electrode potential ™Y , as it is illustrated in Figure 3-6(c).

Consequently, the lower side connects to the carbon strips ontie sample chip This way, the contact
pattern of the chip is electrically connected to the potential of the sample holder Y. 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 assembkd 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 shortcircuiting 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 thang 1 7tll. However, the use of
Kapton® tape prohibited the baking of a sample for cleaning reasonsat 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 arnthe antennatouches
the sample electrode sheet.The antenna wasformed 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 usedco-deposition mask layout was the gap between the
upper and lower mask sheet. A growing layer of deposited material could have shortcircuited 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 (p x ahgle). However, matrix material was still deposited under
an angle of o v, &ind, 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 shortcircuited the co-deposition mask. Fe-Ag nanocomposites

will be discussed in Chapter5.
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4.2.3 Nanocomposite Deposition Process

Fe-Ge nanocomposites were synthesized containing either Fgo or Feiono 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 pressuresofw pm I AAO

and lower.

A loaded sample was cooled by a constant flow of LN through the coolant tubing of the sample arm,
which resulted in a substrate temperature of p o # vJ #uring 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 (&5e) solid when the

substrate temperature is lower than 1 v Ji#125] .

The effusion cell was run betweenp p Tdmand p o TdT1#Nn order to achieve deposition rates of up to
T® BTOof 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 Section3.3, a relative deposition azimuth angle of o v klietween sample normal and
axis of the cluster ion beamwas chosen in all deposition experiments.Deposition under this angle is also

the reason why aGe grew in a porousway here.

A symbolic cross section through an FeGe CIBD sample is shown inFigure 4-6, an optical
micrograph in Figure 4-7. The deposition of every Fe-Ge nanocomposite sample started with a pT |
buffer layer of matrix material. The deposition of this litle 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 ¢1 [ in
Reference[145] . There, Geis depositedonto sapphire substrates atv @ #hat carry interdigital Cr array s.
In the present thesis potential gaps in the a-Ge buffer layer are considered tobe filled after continuation

of film deposition.

While the effusion cell was adjustedto 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 samplearm

(see Section3.2). Also, the position of the co-deposition sample was fine-tuned in order to allow a
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Figure4-6: Cross Section Through the Layers of an Fée 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.

maximum of cluster ions to reached the sample. As explained in Sectior.2.2, fine-tuning was done by

minimizing the cluster ion current recorded by the sample electrode.

For samples used in this work™Y and "Y were set to voltages between v ¢ and v ¥ 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 peatom in a cluster at
impact was 1 A 6 T8t @& 6and 18t TA 6in Fesoo, Feinoo and Fewsoo cClusters, respectively. Therefore,
clusterswere deposited close to or within the soft-landing regime [157,158] . Representative cluster ion

currents are listed in Table 3-1.

After up to @8 E 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 Gemade it necessary to deposita thick protection layer. Therefore, p 1t irti of pure a-Ge wereadded.
Additionally, a Si capping layer was deposited on top of the protection layer using the triple electron
beam evaporator. This step was necessary since@e is prone to oxidation because of its porous structure.

Si forms a selfpassivating axide 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 samplein 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 wasunloaded from the UHV system it was immediately disassembled (see

Section4.2.2 for assembly) and remnant pieces of carbon tape were peeled offrom the sample chip.
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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 weezers, 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 documentedAn
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 vertcal 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 Section3.3), which led to different areas of deposition in conjunction with the spacing
between the slit mask and the sample surface (see Sectior.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 appearaiored dark brown in
the micrograph. Last ~ G§- S % bcl mr ¢ r f c-wigertrhnsporanmegsurenfentscpcthis d mp

particular sample.

The measured twowire-resistance were dominated by the nanocomposite film deposited between
the two neighboring lines. 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 twowire resistances at roomtemperature varied in a range from above ¢ 1 7Tl for
the pure a-Ge film down to p& HJI for several samples close to the percolationthreshold (see
Section4.7.2.1). Since the resistance of a Pt line is on the order ofp 1l the two-wire resistance
Nk n n @$ seusefultool to detect the pair of lines between which the Fe concentration was highest.
Exemplary two-wire resistance data are shown inFigure 4-13(a) as blue bars. In that figure the two -wire
resistance data ae shownin 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 depositio These measurements will be

discussed in more detail in Section4.5.1.1.

As a precautionary measure the nanocomposite samples were stored under UHV conditions in the
load lock of the CIBD system between measuements. As will be discussed in Sectior.7.5.3, the taken
measure<; protection layer, capping layer, UHV storageC successfully protected the nanocomposite

from chemical and mechanical damaging
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Figure 4-7: Optical Micrograph of Fe-Ge NanocompositeSample G157

The shown film was deposited onto the CIBD sample chip that is shown irFigure 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., th
difference in the shadowing by the mask, is caused by the different angles of incidence, see Sectiod.3, in
conjunction with the spacing between surface of the sample and bottom of the mask. The contacts chosel
for four -wire transport measurements for this particular sample are labeled according to their function.

4.3 List of Used FeGe 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 FeGe nanocomposite
films were deposited, out of which a set of p psamples could be used to analyze the magnetoresistive
properties of the FeGe nanocomposite system. Their depositiorrelated properties are listed in Table 4-1.
There, samples are listed byincreasing Fe concentration® . Besides the Fe concentration, the thickness
of the nanocomposite layer 0 and the average distance between the surfaces of two neighboring clusters
0 0 “Yabbreviation of mean particle separation) are given. How these quantities were calculated from
EDX data will be explained in Section4.5.1.2. Together with samples that do show magnetoresistive
behavior, samples that are too high (G128, G131, G158, G161, G163) or too low (G149) in mncentration

but that are, nevertheless, shown for comparison reasons in several figures, are added to the sample set.
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To differentiate them from those samples showing magnetoresistive behavior their IDs are written in

parentheses. Samples too high in conentration consist of clusters percolating to large extents. The

samples are markedwith a dagger symbol ®in Table 4-1.

Table4-1: List of Used FeGe Nanocomposite Samples

Summary of FeGe 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.

SampleID ., <« 1| SamplelID 4, <« 1]
Fesoo-Ge (H&) (1) (i i) Feioo-Ge (H&) (i 1) (1)
G160 PO ¢COo¢ pB (G149) pu p WY C&
G159 CT pCn pH G144 pyY Vgao ¢
G164 cy pon pP G146 pyY o1 n ¢d
G165 Y pcp PP G152 pPw pTY 8
G136 cy P X [o}) G148 c¢p CLuuL pd
(G161) ov pmn¢ ™ G140 GG POX PX
(G158) TP vg TR G157 ¢CX ¢go1 p8
(G163) TC o¢ T (G131) Xe o& 1

(G128) Yo o&@ ™

ASample is above percolation threshold. See Sectio#.7.2.1and Figure 4-22.

Table4-1 is meant to only give an overview over the sample IDs and the corresponding
concentrations at this point. Data shown and discussedm the further course of this chapter will refer to
these IDs and concentration values repeatedly. Samples containing Fey clusters will be represented by
green triangles ¥, those containing the Fegoo ones will be represented by blue circles®. Data points
representing samples that exhibied no magnetoresistance arerepresented by open symbols that are
crossed in addition ¥ 8. In graphs that show data plotted as curves a unique color is assigned taeach
sample, where also different symbols may be used to kelp differentiate between the sample. When the
data of both Feseo-Ge and Feaogo-Ge samples are plotted within the same graph the data are represented

by dashed and solid lines, respectively.

It is noteworthy that the nanocompaosites for which magnetoresistive behavior was found possess an
Fe concentration roughly betweenp VA& and o A & . Moreover, all samples but one were thicker than
p mirti. These samples can all bareated as 3D films. The thinnest sample, G136, has a film thickness
ofonly p X I. At this thickness and with the given concentration it can be estimated that only pgoclusters
are stacked on top of each other on average across the whole film thickness. Therefore, G136 cannot be

safely assumedto 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 (Sectiord.2.4) and a preliminary EDX Fe concentration
analysis (Section4.5.1.1) 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 wih a Physical Properties Measurement
System by Quantum Design(PPMS) equipped with a ‘Resistivity Option%The system provides a LHe
cryostat with an accessible temperature range of¢ + to t 1+ Furthermore, it is equipped with a
superconducting magnetioa _r ¢cb gl ggbc rfc NNKQ%Wg JFc bcu_ y4* ug
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 exgihed below are

given in Appendix A.

Electric contact to a sample chip was made by wire bonding the selected contact pads, see
Section4.5.1.1,toa PPMS transportmeajs pckcl rqg q_knjc fmjbcp* fclacd

resistances were measured by the fouwire technique.

4.4.1 Measurement of Transport and Magnetoresistive Properties

For transport measurements each sample was installed in such a way that thdour-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 sanple chips. By installing the samples rotated
by w 1 the samples could also be measured in thetransverse orientation. To orient the samples
with the film plane perpendicular to the magnetic field another sample puck had to be used. Some
transport measuwements were also performed in these orientations in order to check if the measured
response to the magnetic field is isotropic, see Sectio.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 padsavailable on both the puck and a sample were electrically connected by means of

wire bonding, see Section4.2.1.
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A series of transport measurements always started with the softwarecontrolled recording ofa 'Y Y
curve in zero magnetic field. Starting at o 11 four excitation currents 'O were set for resistance
measurements:¢ Tt p v i, p i, andv 1t !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%qg pcqgqggrgtgrw mnrgml mlc _ dr csmallerthamthe angsgiveAml g c o
above had to be applied at lower temperatures. Also in this case, four excitation currents wereused The
measurement of 'Y Y data points was partially repeated with the new set excitation currents in this
context. In order to make fulluse ofr f ¢ N bbhiKaifitigs of precise resistivity measurementsthe limit
for this is at about T - m) excitation currentsaslowasp it lucpc _nnjgcb, Rfc NNKQ%q

limit to apply a set excitation current was p T6.

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 rgligibly small. For that reason, all
resistance measurements took place within the linear +V regime. This is underpinned by the FV
characteristics of aGe shown in Referencg125] , where non-Ohmic behavior of a-Ge films was observed
to set in only when electric fields higher than v p m6FA 1 v 167p Tt A are applied, and by the I-V
data of two Fe-Ge samples presented inFigures4-24& a ' * &b "' ?2q _| cqgrgk _rgml *
maximum possible voltage drops, in accordance with the fourwire measurements, over a distance of
three neighboring lines corresponding to about @ 1 A& I. The resulting maximum electric field is about

p& p 167 . This is well below the threshold mentioned above.

'Y Y 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

Section2.3.

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 Y'Y kc _gqspckclraqg, Fclacdmprf* rfcgc kc_gspckcl
asptcq%, Rm pcampb _ k_el cr mpc qgmpedin aaaop: momEdracto r f ¢ k
maximum magnetic field, to the maximum at reverse field direction, and again to maximum magnetic
field. The set maximum magnetic field was ¢ 4 within these sequences. Magnetoresistance curves were

recorded starting at o 1T+ and were performed down to T 1%, or lower if possible. After the recording
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of the magnetoresistancecurves, optional measurements, like detailed magnetoresistance curves at low
fields and temperatures, were performed for some samples, too. The maximum recaded change in
resistance due to the application of a magnetic field was about 1@ b This magnetoresistive change is

small compared to the change of the resistivity due to temperature variation.

All the transport measurements were performed with the PPMSin 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,¢ vof such alternating current readings were executed and averaged for each resistance data
point. After the ¢ ureadings the measured resistance was automatically calibrated to the value observed
from the measurement of an internal reference resistor (PPMS Standardcalibration mode). The
variances of these measurements were used to calculate the variances of the sample resistivities arud

deduced quantities.

Last, it is argued by a model calculation that the transport measurement of the FeGe 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 asmean particle distance, is assumed to bet 1 | 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 thanp +. Therefore, all samples are measured
wit hin the low -field regime @ o QY In case of Faoo clusters, amean particle distanceof t1 |
corresponds to a mean particle separation of p@1 . In the opposite case, the highfield regime,

processes are fieldnduced [159,160] .

To estimate the case where chains of touching clusters with large gaps in betweerare formed,
assume ten Fegoo that form a straight chain parallel to the direction of the electric field. Since the mean
particle separation is still p&1 | the applied voltage effectively drops over a smaller distance. In the
assumed scenario the electric field is larger by a factor of about¢® compared to the case of stepwise
potential drops between isolated single clustersas assumed above. Also, the ditance to the next chain
is seven times larger than before. The temperature corresponding to the electrostatic energy ip @ + in

this scenario. Therefore, even in this extreme scenario transport happens in the lowfield regime.

From two-wire-resistance measurements, see Sectio#.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 twewire resistance was dominated by the resistance of the nanocomposite.
However, samples are compared by their resistivity and not by their absolute resistanceY . 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 calclated from the dimensions of the cuboid spanned by the width 0 of the
film, the thickness of the nanocomposite layer ¢, and the distance between the two contact lines used for

voltage sensingQ The resistivity isthen” 0 o [JQ

4.4.2 Magnetoresistance Data

Magnetoresistance curves are recordings of resistancdata 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 rom 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
p 4 to ¢ 4 and finer data point spacings were recorded. This way, a more detailed view on the low-field

magnetoresistivebehavior was observed.

Because for most samples the measured resistance continuously decreased over time atrt + and
sometimes even at¢ v 1 the highest temperature for which magnetoresistance data are presented is
¢ TR The continuous change in resistance is assigned to the annealing process happening in@Ge,
which is discussed inSection4.6.2. Additional stress that affects the amorphous strucure 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 att 1# were observed for every sample,
therefore, T 1% is the lowest temperature where magnetoresistance data of samples used in the present
chapter are compared at. In between these two temperaturesp T fwas chosen as a thid temperature

for comparison.

Various magnetoresistance curvesof samples G152 and G164are shown in Figures4-8(a),(c),
respectively. The data of these two samplesare representative for all discussed FeGe nanocanposite

samples and, hence, serve as exampshere.

The most prominent feature visible in all plots is the always negativemagnetoresistancethat quickly
develops within the range of p4, i.e., in the low-field range. This feature is henceforth referred to as
Njwhgcecj b k _el crahmmqggr . Fuahernore, the low-field magnetoresistance is
obviously superimposed by at least one fielddependent magnetoresistanceeffect, which is linear to good
approximation for most magnetoresistance curves. By extrapolating an approximaing line to zero field ,

the magnitude of the low -field magnetoresistanceis separated from a magnetoresistance curve. This is

74



(a) G152 Fe o0 GE
0.1% T T

=19 at%

0.0%

-0.4%

— 200K — 150K — 100K
~—— 40K — 30K

80 K

HoH (T)
(c) G164  Feg,Ge ¢ =28at%
0.05% T ‘ T T T
— 200K — 150K — 100K
40 K — 10K

0.00% | oo v e

-0.05%

Ap/pg

-0.10%

-0.15%
-6

HoH (T)

(b) G152  Fe,00Ge ¢ =19at%
0.1% . . . . . 0.03%
® Low-Field
oo%l ¥, -~ Fit
- 0.02%
+ Slope -
* o _.---""° =
2 01% . e -
2 T J001% T,
3 L7 =
—~-02% | L =
£ K >
z L’ - 0.00% -E?
~ -03% | L] a
'Y a
’ =
..’ - - 4 -0.01%
04%E __ - . ¢ °
L]
.
-0.5% L L L L 1 -0.02%
0 50 100 150 200 250 300
T(K)
(d) G164 Fey,Ge ¢ =28at%
0.05% : ' : . : 0.04%
® |ow-Field
. -~ Fit H0.03%
0.00% |- . ¢ Slope -
* ~
o 4002% =
2 PP =
H e - - =]
8 - =
= 0.05% - * ..~ 1001% =
& - ~
= - 3
< L7 2
2 , . 1000% &
-— ’. L 3 —_— S
0.10% | . =
L 4
o - 1-0.01%
| e _-~
L]
0.15% L L L L L -0.02%
50 100 150 200 250 300
T(K)

Figure 4-8: Magnetoresistance Curves and Magnetoresistance vs. Temperature plots of Samples G152 and G164

(@) &(c)
(b) & (d)

diamonds) for samples G152 and G164, respectively

Magnetoresistance curves recorded at several temperatures of samples G152 and G164, respectively.
Low-field magnetore sistance (red circles) and slope of lineainfield change approximations (blue

The resistance of a sample first drops down to a temperaturedependent maximum magnetoresistance,
which increases with deceasing temperature within an applied magnetic field range of * 'O v Ttin4as
can be estimated from graphs (a),(c). Secondly, when the magnetic field is increased further, the resistanc
usually follows an almostlinear dependence, except at low temperatures for some samples. Th
approximate slopes of these estimaions are again temperature dependent and even change sign.

exemplarily shown in Figure 4-8(a) for the curves at p v ftand t 1#. Henceforth, the field-dependent

component isreferred to _ dfield*dependent magnetoresistancéo

of the linear approximations 3 3”j3m j3& ‘O . The slope is a good value for comparison since it

b

gq

b g g a she sjopes

reflects both sign and strength of the field dependence of the approximatedas-inear effect. The low-field

and field-dependent magnetoresistance values resulting from this sparation are discussedseparately in

Sections4.4.2.1 and 4.4.2.

2, respectively.
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In Figures4-8(b),(d) the respective magnitud es of the two effects are shown asa function of
temperature. The low-field magnetoresistance is represented by red circles (left scale) while the slopes
of the approximating lines are represented byblue diamonds (right scale). For the added fit curves (red,
dashed lines) see Section4.7.3.4. As can be seen, bth effects are temperature dependent. The lowield
magnetoresistance on the one hand, is always negative andincreases with decreasing temperature. The
field-dependent magnetoresistanceis characterized by a negative slope at ¢ 1+ and above but
continuously changes toa positive slope with decreasing temperature. This holds for all samples listed
in Table4-1 (provided they show magnetoresistive behavior). At temperatures below¢ 1#, for some
samples the field-dependent magnetoresistance beomes strongly nonlinear, e.g., for G164, as depicted
in Figure 4-8(c). However, the low-field magnetoresistancecould still be estimated with the method
explained above.Also, a low temperatures the low-field magnetoresistance of some samples decreased

again.

In Figure 4-9, a comparison of magnetaesistance curvesrecorded at ¢ T+ p TTH and T T iS
presented, where the data belonging to Fesp-Ge and Feioso-Ge samplesare plotted in separate graphs
For series, three selectedsamplesare shown. Similar plots comparing the magnetoresistance curvesof

all measuredsamples are given inAppendix B.

The following statements can be deduced from the data shown inFigure 4-9. First, the low-field
magnetoresistance is lager for the larger cluster species and increases with decreasing cluster
concentration. Secondy, 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 slops of the flanks are a
function of cluster size and cluster concentration. At high temperatures the slope is negative, reduces in
steepness with decreasing émperature, and changes to a positive one at a samplespecific temperature.
From G136, which carries by far the thinnest nanocomposite layer @ X [, seeTable 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 p 1t |, buffer and
protection layer of sample G136 may have contributed to carrier transport to a reasonable anount for
this specific sample. As discussed in Sectiod.3, also to treat the nanocomposite layerof G136 asa 3D
film is not justified because only about two clusters are stacked above each other between buffeand

protection layer on average.
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Figure 4-9: Comparison of Magnetoresistance Curves at¢ TH p T+ and 1 1# of Selected Fgoo-Ge and Feoos-Ge

Nanocomposite Films

Sample G160 is represented by data of repeated measurements instead of original data. Se®ection4.7.3.3.
Similar graphs containing the curves of all samples are shown iAppendix B.
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Figure 4-10: Low-Field Magnetoresistance vs. Temperature of all F&e Samples

(a) Feso0-Ge samples.
(b) Feiooo-Ge samples.

Data for samples G144, G146 and G160 show a decrease in magnetolisgance magnitude for lower
temperatures, intersecting the lines of the other samples. Arguments for this behavior are given later ir
Section4.7.3.3.

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 magnetoresistanceincreases with decreasing
temperature and is larger for the larger cluster species. The effect remains well belowp Pin magnitude.
For samples G160, G144 and G148 a reduction in low-field magnetoresistance was observed at low
temperatures, approximately from p 1t #ton. 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 inFigure 4-12.
The flatter resistivity curves will be discussed in Sections4.7.3.3 and4.7.3.4. Intersecting
magnetoresistance data lines, or some which show the trend to do so, can also be found in

literature [161,162] , unfortunately lacking any dis cussion.

4.4.2.2 FieldDependent Magnetoresistance

Sample G160 has a much lower concentration of clusters compared to the other Fgo-Ge samples.
Its magnetoresistance curve may have taken a different shape compared to the other sample®f 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 dlopes of the approximated-aslinear

field-dependence curves inFigure 4-11. Separated into Feoeo-Ge and Faogo-Ge films, Figure 4-11 presents
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Figure 4-11: Magnetoresistance slope vs. Temperature of all F&se Samples

() Fesoo-Ge samples.
(b) Fepoo-Ge samples

Fesoo-Ge curves smoothly increase from an almostero slope to a more and more positive one with
decreasing temperature. Fgooo-Ge curvesfollow this trend as well but remain smaller in magnitude

compared to the Fesgo-Ge curves. Fepo-Ge curves exhibit a jump from negative to positive values arount
w T¥ in their slope data.

the temperature dependence of all field-dependent magnetoresistanceslopes as defined earlier in

Section 4.4.2. Slope data points are added to Figures4-8(b),(d) and 4-28(b) as blue diamonds.

Disregarding sample G160, the variations of the slopes 3 3"j3am j3 ‘'O as a function of
temperature can be described as follows.Nanocomposite films containing the smaller Feoo cluster
species,seeFigure 4-11(a), have a slope close but not equal to zero atemperatures above¢ 1T+ Some
are negative, some are positive. With decreasing temperaturealso the negative ones change to positive
ones latest until a temperature of p v ftis reached From this temperature on, the slopescontinue to
increase i.e., the flanks of the magnetoresistance curves become steepenvith further decreasing
temperature. Regarding the films containing the larger Feiooo cluster species,Figure 4-11(b), the slopes
are negative at high temperature for all samples. For Fesoo-Ge samples no systematic dependenceon
@ and 0 0 ™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 Fespo-Ge data, differences in the slopes careasily be identified and clearly assigned to
different Fe concentrations in the Feiooo-Ge series The slope vs. temperature curves of samples G157
and G140, which are the sampleswith the highest Fe concentration, are well separatedfrom the curves
of the samples lower in Fe concentration and, at a first view, seem to follow the trend given by the
Fes00-Ge samples in graph(a). Samples G152 to G144 both possessingower Fe concentrations, more

or less show a similar slope that is caistant to good approximation down until p 1t+ Then, the slope
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quickly changesover to a positive one within the temperature range limited by ¢ # and p 1+ This
quick increasealso appears in the data of sample G157 and G140, though their slopsdid already change

to positive onesat p T+

4.4.3 Resistivity vsTemperature Data

A summary of the ” vs."Ycurves of all FeGe samples is given inFigure 4-12. Starting at the low ”
side, samples with an Feconcentration too high to show magnetoresistance are represented by dotted
lines: green ones represent Bsqo-Ge data and blue ones represent Feyo-Ge data. These sampleswith
room temperature resistivitiesbetweenp 1 LIl andp 1 Lli inaccordance with the minimum metallic
conductivity [160] , showed only little variation wit h temperature. As a consequenceof their granular
metallic structure, the resistivities of these samples decreasgwith decreasing temperature starting from
room temperature and, after arriving at a minimum value, increased again with further lowered
temperature. The second feature is assignedo not only the fraction of a-Ge in between the network of
mostly touching clusters but also to the aGe 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 sampk with the highest Fe
concentration, (G128). However, the increase of resistivity at lower temperature overcomes and

outnumbers the preceding decrease to an extentthat increaseswith decreasing Feconcentration.

When the amount of Fe clusters is reducedurther, the Fe-Ge nanocompositesamples start to show
magnetoresistive behavior, the first one is G136 with ¢ YA & . The room temperature resistivity of these
samplesvary over four orders of magnitude, i.e., up to the order of p TtLli , 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,p YA® ,
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 p VA& , does not
show magnetoresistive behavior anymore and, therefore, is also drawn as dotted blue line, confirming
p mLli as the upper limit in room temperature resistivity for magnetoresistance to be observed The

resistivity curve of an a-Ge refaence sample, see Sectiod.6.1, is added to the graph as well.

The three color-coded, dotted lines are data from original measurements (samples G144, G148and
G160) which are, later in the analysis part, Section4.7, argued to were measured incorrectly. However,
they are shown for consigency 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 igen in Section4.7.3.3.
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Figure 4-12: Resistivity of all FeGe Samples vs. Temperature

Dashed and solid lines represent Fgo-Ge and Feeo-Ge samples, respectively, that showe
magnetoresistance. Dotted lines represent those which did not: green for Feoo and blue for Feigoo Samples
For elsewise colored, dotted lines see text. The curve of an-&e reference sample is added as brown, soli
line. Resistivity increases with decreasing Fe content and is higher for films containing the larger clust
species (Fenoo).

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

Section4.7.2.2.

To summarize, the resistivity systematically increases with decreasing Fe&oncentration and is higher
at a fix Feconcentration when clusters ofthe larger speciesare embeddedin the film . With the exception
of samples G148 and G152, the samples of each series are well ordered by their Fe concentration

determined via EDXanalysis seeTable4-1.
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4.5 Further Characterization Techniques

4.5.1 Scanning Electron Microscopy and Energiispersive XRay Spectroscopy

Energy-dispersive Xray (EDX) spectroscopy performed with a scanning electron microscop€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 Referenceqd163,164] .

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 Xray photon that
carries the difference in binding energy. The binding energies are on the ordep E A. ®isregarding very
light elements, there are several inner electrons bound in different shells and hence, with different
energies. Consequently, Xray 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 eachchemical element. Hence, by reconstructing arecorded
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 atomweight, or mass
percent, where the sum of all contributions is p 1 11 I every case. Since the electron beam can be

scanned across a specimen this method can also be applied to recomhaps of elemental composition.

The electrons interact with the specimen via scattering processes and transfer their initial kinetic
energy in a sequence of scatteringevents This leads to a pearlike interaction volume since the scattering
angle is generally nonzero. The penetration depth, i.e., the distance from the sample sdface to the
bottom of the interaction volume, can exceedpti . The penetration of a ¢ TE A 6électron beam into a
representative FeGe film is illustrated in Figure D-1 in Appendix D. However, the volume in which the
emission of Xray 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 creded 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 Leal530 SEM equipped with an Oxford Instruments XMax N50 EDX
detector was used. The system was used to obtain highresolution micrographs, EDX point spectrg and

EDX maps of the nanocomposite films. Because the energy deposited by the electron beam could have
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Figure 4-13: Preliminary and Ultimate Characterization of the Fe Concentration for FeGe Sample G157

(a) Preliminary raw Fe concentration in weight percent (red) and corresponding two-wireresistances (blue
columns) of sample G157. The corresponding optical micrograph is presented ifrigure4-7. A Gaussiadike
profile can be deduced from the plot as well as a correlation of the Fe concentration and the two-wire
resistarnce. The dashed lines represent the two contact lines of a tedinescontact-pattern between which

the voltage was sensed during transport measurements and between which the EDX map presented i
graph (b) was recorded.

(b) The blue rectangle is the Fe conentration 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 foL
contact lines used for four-wire transport measurements. The black circle in the SEMmage is an imaging
artifact originating from the use of the in 4ens detector and did not affect the EDX measurements.

led to annealing due to irradiation of th e asdeposited samples the SEMbased 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 compar by the Fe concentrations that can be
calculated from the sample-specific CIBD process parametersi.e., the cluster ion. To estimate the
concentration of clustersin 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 (seeFigures4-4 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.
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The raw concentrations of Fe, givenin atomic percent (A& ), measured for the example sample

G157 are plotted in Figure 4-13(a) together with the measured two -wire resistances. A Gaussiadike Fe
cluster distribution can be deduced from this plot. Tf ¢ r _ eldb rboJd %4d%mn the x-axis refer to the
rcl Nr amlr _ar jglcqg mll%s thequppermgsiconeaWsgally a saniple pvas
measured across that pair of lines between which theFe concentration was highest. The pair of lines
chosen for voltage sensingin terms of four-wire resistance measurementsis marked by two vertical,
dashedlines in graph (a). The presented sample was measured between lineS and 6. It can be seen that
the measured two-wire resistivity (blue bars, right scale, see Sectiord.2.4) and the preliminarily

determined Fe concentration are correlated. Note the logarithmic resistance scaleThe raw concentration
of Fe in sample G157 measuredat Line 5 is o® A O.Bhe raw concentrations of C, O, Si, Ti, Ge, andPt
arep PAD , cBAD , 0 AD, BAD , p @AD, and pA D , respectively. A plot containing

the full set of raw concentration data observed for sample G157 is givenn 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 ¢ 1E A électron bombardment were
deemed acceptable. Therefore, EDXlemental maps between the voltage £nsing Pt lineswere 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 tcamounts
proportional to their thicknesses. This is justified because both the Pt and even the Ti of the contact lines
(see Section4.2) could easily be resolved even for the thickest sample G144 ¢ ¢ i 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 imMAppendix D in Figure D-1. The simulation shows

that ¢ TE A électrons propagate deeper thanpti 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 0 be the number of all atoms in the sample that contribute to the measured elemental
concentrations. The raw atomic concentrations aredefined as & 0 70 , Wwhere "Qdenotes the
different elements present in the sample. In particular, the concentration of the cluster-type atoms is

® 0 70 and that of the matrix-type atoms is @ 0 © 0 70 . 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 theMatrix in the nanocomposite layer. Further, let @ T ® &) 0 70  be the fraction
of cluster-type to the sum of cluster- and matrix-type atoms, where 0 0 0 0 0 isthe total
number of these. The same ratio restricted to the nanocomposite layer, i.e., the concentration of

cluster-type atoms in the nanocomposite,is® 0 j 0 0 .Thenitis

0 8 [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 theutput film thickness was calibrated with the help of an XRR
reference sample the numbers of atoms can be replaced by he thicknesses of the layers that were
deposited onto a sample0 © . Then, solving for the cluster-type atomic concentration within the

nanocomposite® yields

&) P = : — 8 [4-9]

From this result, volume concentration & , mean particle distance 0 0 ‘QOmean particle separation

00 "Y 0 00 Q ,andnanocomposite layer thicknessd can be calculated.

. p w a .

; h 4-10
& pmmhp — p - [4-10]
0 0o @ ¢ " h [4-11]

P p ® & "

- @ 0 a .
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was used to express the volume of a clusterdy and its diameter Q . The clusters are assumed to be

spheres with a homogeneous distributions of mass

The following mass densitiesof Fe, Ge, and Agwere usedfor calculations throughout this thesis:

" X&) HGIA | bulk density of Fe[58] ,
” P CIA | for a-Ge, determined via XRR from a reference sampleand
! p BIGTA | for Ag determined from reference sample films via XRR.

For comparison, the densities of cGe and Ag as listed in literature arev® GTAT and p ® TCTA [,
respectively[58] . In case of Ge the lower density is because Ge grew amorphous under the conddns
present during deposition. The density of Ag differs by v b from the literature value. With the mass
densities given above the cluster diameters and volumes given in Table 4-2 can be calculated Feisoo

clustersare only used in FeAg nanocomposites, see Chapteb.

Table 4-2: Calculated Diameters and Volumes of Fe&so, Felooo, and Feisgo Clusters

Fesoo Fetooo Feisoo
A () & 8 o0&,
Teal ) L8o P @ P X

Table4-3 compares the Fe concentratiors calculated from deposition data &  with th ose
determined with the explained EDX-based methodd . "O is the average current of clusters absorbed by
the sample potential *Y. The cluster ion current ‘O multiplied with the time of deposition Y  divided
by the elemental charge Qyields the number of clusters deposited into the red circle illustrated in
Figure 3-6(c). Meanwhile, matrix material with a thickness® was grown during “Y . The EDXbased

value given on the right-hand side was calculated from the ratio Gexplained 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 FeConcentrations Calculated from Deposition and EDXData

Sample ID  Cl “Matri L. A e T
ple usters-Matrix S || - A1) (HD) T (H®)
G144 Feoo-Ge w¥P! 9E t1XxO0o (8 U PW
Al184 Feso0-Ag ppP! 0E poo 1P Ww pB
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Figure 4-14: EDX Maps of Fegoo-Ge Sample (G128)

From left to right the Pt, Ge, and Fe EDX signals are shown. The Pt contact pattern and the Ge stripe ¢
clearly resolved. The Fe signal reveals the Fe cluster spot, i.e., the intensity profile of the cluster ion bear
circle with a diameter of ¢ [ | is added as referace.

4.5.1.3 Full Sample EDX Elemental Mapping

EDX elemental maps were acquired for someof the samplesto examine the total distribution of Fe
cluster on the sample. This was doneat the largest possible scan field of the SEMx t i 1) at the working
distance optimal for EDX measurements(y® i [ ). As an example, the EDXmaps observed from sample
(G128) are shown in Figure 4-14. Besides a clear signal fronthe 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 1% skimmer of the CIBDsystem, see Sectior8.2. However, since
the cluster source is mostlikely not optimally aligned with the 1 ' skimmer, the resulting image, i.e., the
distribution of Fe clusters on the deposition sample, deviates from a tophat profile. Moreover, the beam
of cluster ions can be defocused during deceleration of the clusterions or because of charging effects
due to the badly conducting sample surface.This leads to amore Gaussianlike concentration profile .

However, the distribution of Fe in the region of maximum concentration is approximately uniform.

Charging effects onthe sample surface may have also led to cluster accumulatiors along the edges
of the nanocomposite films, especially where the Pt contact lines meet the film. Such accumulations
appear as dark spots at the lefthand edge of the film presented in the optical micrograph in Figure 4-7.
Charging effectscan 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 withinpi | to¢i | from the observed
Fe concentration distribution. A circle with a diameter of ¢i | is added to the Fe signal image 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 singledomain 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 nanopatrticles is explained in Sectio2.3.

To identify superparamagnetism in the present nanocomposites the magnetic properties were
examined using SQUID magnetometers (Quantum Design MPMXL andVSM). Each sample was
inserted into the respective sanple chamber using a plastic straw, which is a commonpractice 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 'O ¢ 1t 4betweeno 1 #and v + 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 seeSection2.3.

After the ZFC/FC sequence the magnetization of each sample was recorded at 1t ftand v + while
the magnetic field was ramped in a loop similarly to the recording of magnetoresistance curves (see
Sedion 4.4). The maximum applied magnetic field was * O T® 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 hanocomposite
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, neertheless, this usually was the region of highest Fe concentration.
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Figure 4-15: Magnetization vs. Temperature and Magnetic Field of Feo and Fejooo Clusters Embedded into aGe Matrix

(a) & (b): Example zerofield and field-cooled curves of samples G152 and G164, respectively.
(c) & (d): Corresponding magnetization curves at o m+ and v +. The dashed lines are approximating Langevi
functions.

4.5.2.2 Results of Magnetic Properties Measurements

SQUID measurements were used terovide evidence for the presence of clusters in the samples used
for magnetoresistance experiments. Excepfor samples (G149) and (G161), SQUID measurements were
performed for all samples listed in Table4-1. For this purpose, each sample underwent ZFC/FC
measurements as explained above. Two of such measurements are shown Figures4-15(a),(b). The
blocking temperature, more precisely, the temperature for maximum magnetization of the ZFC
curve (red), is p & for both samples. The ZFC and the FCcurves(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.
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Owing to the deposition process (Section4.2), in particular, to the Gaussiantlike 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 wich
and length, see Sections4.5.1.1 and4.5.1.3. Because magnetic dipoledipole interaction between
clusters depends on their distance and, therefore, the local Fe conentration, 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 Figures4-15(a),(b) are
plotted in Figures4-15(c),(d), respectively. The gray curves correspond to data recorded atu +. Here,
below the respective bloking temperature, clusters are blocked and reveal a ferromagnetic nature.
Accordingly, hysteresis in magnetization was observed aw + for both samples. The coercive fields are
¢ ¢ 4andp U 4 respectively, aswritten in the insets. The insets show the sane data, however, reduced
to a range within which the hysteresis is clearly visibly. A third magnetic hysteresis plot is presentedin
Figure 4-28(d).

As expected, the samples exhibit larger magnetic moments at lowe temperatures. At o 11+ well
above the blocking temperatures, anhysteretic magnetization behavior caused by the continuous
alignment of superparamagnetic moments was observedTo be precisely, the magnetization curves have
the shape of an initial magnetization curve, however, the magnetization curves remain fully reversible.

The samplesbehave like ferromagnets, however, without being subject to magnetic hysteresis

The effective magnetizations of the samples are averaggalues over one SQUID measuremenperiod
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 + were observed for all

measured nanocomposite samples.

Generally, for nanocomposite samples showing magnetoresistive behavior blocking temperatures
between p # and 1 T were observed, as shown in Figures4-16(a),(b). There, the Dblocking
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 qgq_knjc%qg qk_j43),itdagkeicindugdey th& the blockipg emperatlire
increases with increasing cluster concentration and is generally larger for the larger clusters. Feoo-Ge

samples that do show magnetoresistance exhibit a average blocking temperature of¢ u+, the average
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Figure 4-16: Blocking Temperature vs. Fe Concentration and Resistivity

Above an Fe concentration of o TA® , see graph(a), and a corresponding resistivity lower thanp 1 nj ,
see graph(b), Fe clusters are percolating in the nanocomposite samples. This causes the blocki
temperatur e to increase as there are effectively larger particles in the layers due to accumulations
touching clusters. Data points of samples that do not show magnetoresistive behavior are represented b
crossed symbols.

of Fespo-Ge ones isp x+. Sampleswith an Fe concentrationtoo high to show magnetoresistive behaviot
as discussed inSections4.3 and 4.4.3, are represented bycrossed symbolsin the plots. These samples
possess larger blocking temperaturesthan those samples that do show magnetoresistive behaviar
Obviously, for these samples the blocking temperature increases withrnicreasing Fe concentration. This
is assigned to both strongermagnetic interaction between the clustersand to the formation of larger Fe

compounds.

Also, no cooperative ferromagnetic phase of blocked Fe clusters was found fronrCcurves at low
temperatures[165] . With the definition of the blocking temperature, Equation [2-16], the bulk
ve pm*i [166] and

the cluster volume according to Table 4-2 for Feio0 Clusters a blocking temperature of aboutg + can be

magnetocrystalline anisotropy constant of Fe atthe temperature of LHe 0

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
isolated

coupling between interaction between

compounds[25,167].

touching clusters and dominating dipolar

In the nanocomposite samples discussed in the present chapter clusters are only separated by
distances inthe range of their diameter, i.e., of p1 [ to ¢1 I. Since they are expected to magnetically
interact, the Langevin functions approximating the magnetization curves shown in Figures4-15(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 regire tT ¢ 1t T and o Tt Tt 1%,
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respectively, to follow the shape of the magnetization curves ato 1+ These moments correspond to
superparamagnetic base units ofp& Feioso and ¢& Fesoo clusters, respectively, assuming every atom
provides the moment of an J-Fe atom, which is ¢& * . The reason is agglomeration: The observed
moments are the apparent moments of agglomerating coupled clusterg25]. With increasing Fe
concentration the average amount of coupled clusters increaseswhich is the reason for the blocking

temperature to increase.

4.5.3 Thermal Annealing, Hydrogenation, and Crystallization of FeGe

Nanocomposite Films

The deposited FeGe nanocomposite films represent a nonequilibrium state of the FeGe system.In
general, several alloys can form in the Fe-Ge system see Sectiord.1, and up to p @ A® of Ge can
dissolve in bcc -Fe. Also, transport in aGe 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 itransport and magnetometric
measurements further conclusionson the as-deposited nonequilibrium nanocomposite phase may be
drawn. For this purpose, both the a-Ge reference twin sample G245A&B (see Section4.6.3) and five
nanocomposite films (G144, G146, G148, G152 and G160) were annealedunder the presence of
hydrogen gas, more precisely,in v p ™ | A AKRCAL15 atmosphere (Air Liquide ARCAILC 15 is a
mixture of Argasand v T OI8 of Hy) at ¢ ¢ Jt#Section4.7.6). Both the reference samples and
one nanocomposite sample G152, were also annealed at X 1t Jt #where a-Ge is expected to crystallize
and the constituents of the nanocomposite film are expected to intermix (Section4.7.7). 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 Section4.6.3, a-Ge starts to crystallize whenannealed in the
temperature range from o Tt Jt#o 1 v Jit#Therefore, equilibrium phases according to the FeGe phase
diagram should form at x 1t Jt #seeFigure 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 ofx ¢ TA# , which is a good estimate for the average concentration of Fe in all samples

of Table4-1 that show magnetoresistive behavior, the parasitic ferromagnetic phase FeGe in
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conjunction with a phase of pure c-Ge would be present. In between the locatconcentration-limit (locally
high Fe concentration) and the homogeneousintermixing -limit, anot her ferromagnetic phase, FeGe;,
with a Curie temperature well above room temperature (Y 1 Q4[117]) exists according to the phase

diagram. Therefore, annealed FeGe nanocompaosites nay 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 presentedhe aGe 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 independentfrom each other. For that reason, the
rcpk ~“rugl q_knjcqg% ugjj _ ] eABAanhdeB. Branspbrt prodeésesgmm thg _ k n

magnetoresistance of aGe are discussed in detail in Sectior.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 Sectiond.2): Sputter gas flow (without sputtering) for similar ambient
pressure, LN cooled sample in the deposition chamber, similar deposition rate of Ge, ug of Si substrate

with a ¢ mtirti SiO; surface layer, and contact lines consisting ofu T [ Ti+ ¢ 1t | Pt

One property that had to be taken into consideration was the enormous total resistance of aGe of
more than ¢ 1 tmthat was measured across F&e sampks between pairs of contact linesaway from
the cluster spot. To achievethe lowest possible resistanceof a reference samplefilm the gaps between
the contact lines had to be reduced to a minimum, while simultaneously the crosssectional 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 crosssectional area. For this reasonalargerp t | p 1t | Sichip was used for the aGe reference
film. Making full use of the maximum possible width of a sample, a v&i | wide film of a-Ge was

deposited and contacted along its full width.
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As a second measureanother 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 depositedin the same way as for the regular CIBD sample chips, and a lifoff 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 lefthand 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 p 111 wide contact lines
with a spacing of only ¢8tfi could be depositedonto the p 1t | p 1t | 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 betreated as insulated from each other and, therefore, as individual
samples. The individual thicknesses of the dposited a-Ge were determined via AFM profilometry to be
T witi (G2-45A) and T v it i (-B), respectively.

It was observed that the resistance of the aGe film at first strongly depended on ambient parameters
after the sample was loaded into the PPMS. Even prging 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
conditions, 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 ag ¢
In the corresponding plot, see Figure 4-17(b), a kink in the resistance appears at about¢ v ftas can be
seen best from the data of sampleB. This kink translates to peaks in the plots of the derived parameters
‘O and"Y, where O s the pro-forma calculated activation energy of a potential thermally activated
process in graphs(c),(d), respectively. A constant activation energy ‘O is the identifying feature of
thermally activated transport and comes from the Arrhenius law used to empirically model such

processes DADA @DPO TQ"Y). For the VRH parameter Y see Equationg4-4] 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 processesin addition to VRH through states close to the Fermi level. Thesemay 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 welrained coworkers only, the electron-beam lithography process

was performed by Dr. Thomas Reisinger.
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Figure 4-17: Optical Micrograph and Various Resistance / Resistivity vs. Temperature Plots of the@e Reference Sampl

(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 aGe film. The contact lines each have a width ¢
p 111 and gaps of¢8tti between them. Because of the required electronbeam lithography process the
contact pattern was performed by anot her persor®.
(b)i (d) Resistance of sample G25B plotted vs. temperature in three differently scaled graphs:
(b) " vs."Y(c)i T"Cvs."Y ,and(d)i 1 "@Y" vs. YT (AVRH scalingo).

Blue data points in graphs(c),(d) represent the slope in the according scaling, seeSection4.7.2.3 for an
explanation. The dashed lines represent the suggested literature valueO ¢ v it A &or activated
transport according to Pollaketal.[156] and an estimated value for the VRH parametel
Y o p 1+, respectively, for the shown data.

mobility edge. From Figures4-17(c),(d) no clear conclusion can be drawn. An activated transport
process happening with an activation energy ofO ¢ v it A gindicated by the horizontal , dashedline
in Figure4-17(c), is supported by data from Pollak etal. [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 Y ¢ p 1+ as indicated by the horizontal, dashed line in
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Figure 4-17(d). This value is one order of magnitude larger than the values stated in literature (see
Section4.1.2.3) and yields a density of statesof OO0 v pmn Al A6 .

Because of the kink and the narrow examined temperature range, resistance data are noas robust
as for the as-deposited reference sample. Below¢ ¢ #f1r f C NNKQ%q p_1| ec md np
measurement was exceeded. However, data of the annealete reference sample (Sectiort.6.3) support

the given interpretation.

Also, co-deposited Fe clusters distort and interrupt the aGe 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. Thereforethe a-Ge reference samples may not
represent the properties of the aGe forming the matrix between the clusters of the codeposied

nanocomposite samples.

4.6.2 Magnetoresistance of the Amorphous Germanium Reference Sample

Magnetoresistive properties of the aGe reference samplewere measured down to as low as¢ T
and are presented inFigure 4-18. During the recording of the magnetoresistance curvesthe measured
resistances still decreasedcontinuously 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 G245A is plotted over the time
lapse of a complete field loop sequence. The dashed line indicates a lineain-time change of the
zero-field resistance of the film from the first reversal of the direction of field rampin g at @4 until the
end of the hysteresis cycle (again at@4) so that YOO Y | o 0O 3Y'0 was a good
approximation to cancel out the continuous reduction of the sample resistance The data point 0 RY
was chosen to be the first zerofield pass afterapplying maximum field . The slope| was calculated using
the second zerofield pass at 0 RY . 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 © p® E) to maximum
field (0 ¢® E) is about two times larger than the change caused by the maximum applied magnetic
field of @4. The initial curve misleadingly features a strong field dependence However, the steeper slope
is due to afiner 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 reachedfor the first time at ¢ p® E. In Figures4-18(c),(d) , only data without the

initial curves are shown. Except at¢ 1 # all curves were recorded with an excitation current of p Tt !,

Although the data remain vague, especially for posiive field polarity, nonetheless, the change of

the magnetoresistance both as a function of the magneticfield and of the temperature could be
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Figure4-18: Magnetoresistance of the a-Ge Twin Reference Sample G245

(a) Resistance vs. time, recorded over a full magnetic fieldequence.
(b) Resistance vs. magnetic field, as measured (green) and with subtracted timdependent decrease (yellow).
(c) & (d) Magnetoresistance vs. magnetic field for samples G25A and -B, respectively.

The magnetoresistance is negative and incrases in magnitude with increasing magnetic field and decreasin
temperature.

roughly revealed and approximated by an exponential dependence " ¥ 0‘ 0 with a
temperature-dependent exponent ¢ that stresses the negative magnetic field dependence of the
magnetoresistance[130,138,141] . Magnetoresistance curves at several temperatures for both twin
samples G245A and -B are plotted in graphs (c),(d), respectively, each with approximating curves of the
exponential form mentioned above. The exponents are summarized inTable 4-4. They are within the
rangeT® ¢ p8ras specified in Reference$130,138] . For temperatures lower than p x & a positive
component adds to the so far purely negative magnetoresistance. However, this temperaturerange
remained inaccessible with the used samplelayout and measurement equipment because ofstrong

increase of the sample resistances.
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Table 4-4: Exponent of a-Ge Negative Magnetoresistance

Sample ID € € € 3

G2-45A T TWw C e P
G2-45B @ X G ™ T Y

Both short- and long-term changes in resistance ove time of a-Ge samples are reported inthe
literature. Walley & Jonscher[125] report an increase in resistivity by a factor of up to o seweral weeks
after film deposition. In the present thesis, a decrease in resistance was observeduring the
measuremens. However, this decrease followed a slow increase in resistance by severg 1 Bprior to
the resistivity and magnetoresistance recordings vithin 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¢ ¢ Jr#and x 1t dtdn ARCALLS atmosphere (see Sectior.6.3) the change is assigned to the adaption
of the deposited Ge to the topology of the sample chip. The topology isdominated 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.

Kubelik& TGqi _%q nf c| n@c?® pfjYdepegdencg[139,140] could not be deduced from
the recorded” 7 "YAO 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 ofthe a-Ge, which is a direct consequence ofthe atomic bond structure.
See SectioM.1.2.3 for VRH. This structure is irreversibly changed when an atomic misalignment gets
straightened as soon as a sufficiently high temperature is reached125,155] . The structure of a-Ge
deposited at the temperature of LN, as in this thesis, starts to anneal as soon as the deposid 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 aGe 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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(a) G2-45B  Annealing: 220 °Ciin H, (b) G245B  Annealing: 220 °Ciin H,
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Figure4-19: Resistivity and Magnetoresistance of aGe Reference Sample GA5B After Annealing at ¢ ¢ Ji#

(a) Magnetoresistance vs. magnetic field at various temperatures.
(b) Absolute sample resistance.

(c) Resistivity 1in
(d Resistivity 1in

activated transport scalingbo.
VRH scalingo.

f
A

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 sates around
the Fermi level is reduced[128] .

For that reason, the reference twin sample G245 was annealed in ARCAL15 atmosphere in the
same way someof the FeGe samples were First, at ¢ ¢ Jt#or p E in vacuum and another hour in
ARCAL15 atmosphere and in a third step, at x mJ #or p Ein ARCAL15 atmosphere. Since aGe tends
to crystallize when annealed aboveo mdt#o 1 v J1#130,168] , crystallization is expected to happen in

the latter annealing step. The respective magnetoresistance and resistivity data are plotted in
Figures4-19 and 4-20, and are compared in Figure 4-21.
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(a) G2-45B  Annealing: 700 °Ciin H, (b) G245B  Annealing: 700 °Ciin H,
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Figure 4-20: Resistivity and Magnetoresistance of aGe Reference Sample GA5B After Annealing at x 1t Jt#

(a) Magnetoresistance vs. magnetic field at various temperatures.
(b) Absolute sample resistance.
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4.6.3.1 Resistivity of the Annealed Gemanium Reference Film

Compared to the asdeposited film, whose resistivity data are plotted in red in Figures4-21(a),(b),
the resistivity of a-Ge decreases by a factor op Twhen annealed at ¢ ¢ Jt#see data plotted in green.
Below ¢ mm+# VRH with Y o® p 1+ is clearly present (see Section4.1.2.3 and Equations[4-4]
and [4-5] for VRH). At p ¢ # the absolute resistarce exceeded the upper limit of the PPMS for precise
resistance measurement. The lower'Y ¢ pfO ‘O indicates a higher density of states at the Fermi level
and, according to Equation[4-5], a shorter VRH hopping distance. Because the annealing inARCAL15
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 ¢ v #tin the resistance of

the as-deposited film (red) disappeared. The inefficiency of post-deposition hydrogen annealing was
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Figure4-21: Comparison of Data from the As-Deposited and Annealed Ge Sample G25B

(&) Comparison of absolute resistivity vs. temperature cuves.
(b) Comparison of relative resistivity vs. temperature curves.
(c) Comparison of magnetoresistance curves recorded at T +
(d) Comparison of magnetoresistance curves recorded ap Y ft

explicitly confirmed by annealing an Fe-Ge nanocomposite film first in vacuum and secondy in
ARCAL15 atmosphere both at ¢ ¢ Ji#see Sectiod.7.6. Usually, amorphous semiconductors are
hydrogenated right during deposition [169] .

When annealed aty 1t Jt#or one hour in a third annealing step, the resistivity of the Ge reference
film increases again, see cyan data inFigures4-21(a),(b), but stays below that of the as-deposited film.
Analyzing its resistivity data for activated and VRH transport, which is illustrated in Figures4-20(c),(d),
respectively, yields a constant activation energyO ¢ v it A @bove ¢ x ¥ Below, the resistivity is
_nnpmvgk_rcjw jglc_pY op g i+PAs stated_in Spdtiends.1uan adtivation
energy of ¢ v ft A @an be related to carrier activation above the mobility gap of a-Ge. Also, because the

resistivity of a Ge sample should decrease when becoming crystalling168] , nucleation may have
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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 ofc-Ge isabout x Tt itA 6

4.6.3.2 Magnetoresistance of the Annealed Gamanium Reference Film

Because of the lower absolute resistance of the annealed Ge film magnetoresistance curves could be
recorded down to p Y+ Both after annealing at ¢ ¢ Jt#nd X 11 3t #he magnetoresistance isnegative
and of the same shape observed for the asleposited film. When annealed at¢ ¢ Jt #nagnetoresistance
at room temperature and below is smaller compared to that of the asdeposited film in the accessible

temperature range.

According to the transport model by Movaghar & Schweitzer, seeSection4.1.2.4, an increase in
magnetoresistance must be due to a change to a higher discrepancy of the hopping times for
spinnrnpcqgcptgl e 21 mp HKattige%nd fspinrsgn relaikatbion gnmeg 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 annealedyattt Jt #
The magnetoresistance curves of the annealed Ge film are quite similar to these ahe as-deposited ones
as is exemplarily shown in Figure 4-21(c) for ¢ t ¥ The magnetoresistance of the film annealed at
¢ ¢ Ju#ontinuously approaches the one thevery samefilm exhibits after being annealed at ) 1t Jt#n
terms of magnitude. At the lowest possible temperature, p Y ¥ presented in Figure 4-21(d), the
magnetoresistance curves seem to overlap. However, the resistance of the film annealed at 11 3t Avas
slightly above 1 - myat that temperature and, therefore, at the PPMQ %igper limit for precise resistance

measurement.

4.7 Analysis

4.7.1 Uncertainties for FeGe Nanocomposite Samples

The uncertainties of the characteristic quantities are governed by the mass density of aGe
determined via XRR, thecrystal balance calibration performed by means of XRRreference samplesand
the tampering of the EDX signal by the layers covering the nanocompositdayer. Here, absolute errors

are estimated for a representative Fego-Ge sample consisting of a 0 p1 I Ge buffer layer and a
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0 p min i protection layer. For the nanocomposite layer, 0 p v Il of Ge are assumed to be
co-deposited with the clusters, and the raw Fe concentration determined by EDX is assumed to be
© pAD.

For the raw crystal balance output an error of 30 1 | 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 @ yA&® , therefore, an error

30 ™ A& is assumed The XRR correction factor istT& X ,@n error of T8t Y i assumed.
This yields 0 ™ ™10, o ppd8 pg 11 and 6 x® uya 1i. The
XRRecalibration-corrected concentration is then & CR ¢8 AD.

For Fe, the mass density of | -Fe is assumed and deviations from a perfect crystal structure are
respected by variations in it: ” X8 18 CIA | . For aGe, the mass density was determined via
XRR and is” u® CFA | . This value is respected with an error of 3” & CFA | . This results in a

calculated nanocomposite thicknessof 6 po& p @ 1 1.

With the distribution width of the sector magnetof p Tt an error of T U [ of the cluster diameter
can be deduced for the nominal ¢& d . The corresponding volume concentration of the calculation

example sample is thenc P& ¢ Ol
Finally, the mean particle separation isO 0 Y p& ¢ | with an absolute error 30 0 Y 1& ¢ |.

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 p & Pin this representative example.

4.7.2 Transport Properties

4.7.2.1 Percolation Thresholdand Tunneling between Clusters

Embedding Fe clusters into aGe allowed for tuning the resistivity of the nanocomposite films over
five orders of magnitude by varying the amount of Fe in the film. In Figure 4-22(a) film resistivities at
p Tt #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 o TA® as
indicated by the vertical lines in graphs (a),(b). At concentrations below this threshold the resistivity
quickly increases over several ordersof 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 p 1t LIl range on this side. Samplesabove the

percolation threshold did not show any magnetoresisive behavior (crossed symbols¥ ).
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Figure 4-22: Resistivity vs. Fe Concentration Data of the F&e Films Reveal a Percolation Threshold

(a) Resistivity of FeGe films atp 1 ftvs. Fe concentration.
(b) Relative resistivity atp 1 #tand T 7 vs. Fe concentration.

The percohtion effect appears as a kink in the graphs ato A . Both absolute and relative resistivity
increases rapidly with decreasing temperature when the Fe concentration falls below the percolatior
threshold. To better visualize the trends data points of sanples not listed in Table4-1 are added to both
plots.

Figure 4-22(b) shows relative resistivity data at p t# and t ™ (solid and open symbols,
respectively) defined as” 1" . As expected, samples above percolation threshold only show minor
changes in relative resistivity. To better visualize the percolation effect the data of some Fego-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 aconsequence of the poor resistivity of aGe, especially at lower
temperatures, the resistivity of the nanocomposites increases rapidly across several ordersf magnitude
with decreasing Feconcentration. This effect appears as a kink inFigure 4-22(a). Moreover, it is worth
noting that samples containing the larger cluster species (Feioo, ®) exhibit a stronger increaseof the
resistivity with decreasing Fe concentrationcompared to the Fesoo series¥. This conclusion can also be
drawn from Figure 4-22(b), which depicts the relative resistivity " 7" at p 1t f(solid symbols) and

T 1* (open symbols). Below the percolation threshold the ratio increases both with decreasing Fe

concentration and increasing Fe cluster size. As a scaling effech 0 "Varies as0 77 with the cluster

sizein case thevolume concentration remains constant. However, as shown inFigure 4-23, the resistivity
increases exponentially with increasing 0 0 "Yhdependent of cluster size. This suggests that charge
transport must be dominated by effects that depend on this average nearest neighbor surfacéo-surface

distance.
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Figure 4-23: Resistivityvs. Mean Particle Separation ap 11 ftand 1 1%

The resistivity of the FeGe narocomposite films is a function of 0 0 "Mdependent of cluster size.

Scher& Zallen [170] simulated finite basic 3D lattices (sc, bcc, fcc, hcp and diamond) by randomly
nj _agle f _pb gnfcpcqg ml rfc ggrcg md rfcqgc j _rrg:
nearest neighbor spheres form close contact, i.e., touch each other. When only few sphess 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, Sche& Zallen [170] found that the critical occupation densities are quite similar for the
tested lattices, i.e., on average a volume fraction of onlyp & O 183} 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 p & OT& holds for any 3D system[171].
Transformed to the atomic concentration of Fe within the Fe-Ge clusterassembled nanocomposite films,
this threshold calculates to approximately ¢ YA® , which is in good agreement with the graphically

estimatedc TA® .

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 dependencecharacteristic for
a semiconductor, a-Ge can, as a first approximation, be treated as an insulating matrix material. 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] .
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Sheng,Abeles and coworkers[159,160] were the first authors who published a model that explains
the detected 1 1 "C® "Y 7 resistivity dependence that had been found for disordered materials like
granular metals and some disordered semiconductors (see Referendd60] and references therein)
based on the data the authors extracted from NiSiO. and other granular films with an intrinsic grain
size distribution of pT [ to v | and between p& + and om 7#. They prepared sample films, about
p mirti thick, by co-sputtering the two constituents and leaving it to diffusion processes to form
segregated Ni grains within a SiQ insulating matrix. This statistical process leads to a distribution in
grain size'Q particle separationi, and a charging energyO required to create a fully dissociated pair of
singly and oppositely charged grains However, these three parametershave to be correlated since the
ratio of deposited metal and insulator is a sanmple constant. For this reason, the volume fraction w 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 (severalp 1t ). Spectating a small region in which the grain size is
roughly uniform, then, grain size ‘Q and separationi are directly proportional for a constant volume
fraction i i “Jooo 7 p 'Q As the charging energy of a grain within a granular metal is
0O ‘QTQ "Oi 7Q , where "Oi Q 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 i O is a constant for
a given a In the low -field regime (‘Q3w o QY which generally holds for the samplesof this work
as discussedin Section 4.4.1) thermal activation is the main mechanism for carrier generation and the
number density of activated charge carriers obeys a Boltzman law A @ DO ¥¢'Q"Y. 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
becauseiO A 18théefore, the carriers follow paths via grains with similar charging energies. The

sum of such percolation paths finally yields a condictivity that varies as

5
AGDbc — 4-15
” ” Q c 'Q "Y [ ]

with temperature -independent,, and 6 ...[0, where ... & “%d2 is the constant of decay in the

tunneling probability A @ Bc...i with effective carrier mass & “ and effective tunneling barrier height %o

In the random network of Fe clusters the charging energy is estimated from the energy of a singly
charged cluster surrounded by reutral clusters (= isolated sphere) to one of which the electron will
tunnelnext: O 'Q¥c6 .Here, 6 ¢“- - 'Q isthe capacity of an isolated sphere with the cluster
diameter Q and the dielectric constant of c-Ge[127,146] . The use of thedielectric constant of c-Ge is

justified by the quite similar refraction ind ices of c-Geand a-Ge, 18tand 1&, respectively[173] .
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Abelesetal. [160] nmgl r msr rfc qgkgj_pgrgcqg _I b bgddcpec
model as follows. On the one side, the differences in charging energies between clusters can be seen as
I _jme rm rfc clcpegcqg md rfc jma_jgxcb qr _rcq gl
on the difference in energy between the initial and final state but also on the absolute charging energy.
Also, g | Kmrr %q TPF kmbc] rfc bclggrw md af _pec a_pp
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. Balbergk Binenbaum[174] found that in a hard -sphere model
each sphere needs¢&® neighbors on average when a globally connected 3D network of spheres is
supposed to form [171], Dmjjmugle rf _r pcqsjr* rfc npm jck
tunneling barriers is treated by Balberg[171] by introducing a critical radius i . This radius spans a
sphere in which there are ¢& neighbors included on average. Usually, there are enough spheres closey
offering various options to tunnel to within i dmpkgl e qs |l crumpiq md rsl | c
connections between spheres with distances larger thani are ignored. However, there are also
connections that only offer one tunneling option, and that one is across the limiting distance i . It is
these links that dominate the resistance of the whole system: Tinneling conduction is dominated by

bottlenecks.

Sheng& Abeleset al. [159,160] found good agreement of the Ni-SiO,, Pt-SiO, and Au-Al.Os; data
with the derived i 1 "C® "Y 7 dependence. Nonetheless, there is a largeumber of publications that
deal with metallic granules embedded in insulating materials using different techniques of preparation.
Hattink etal. [175] produced CoZrO; granular films via pulsed laser deposition at room temperature
from rotating composite targets. Fujimori etal. [13] used radio frequency sputtering of CcAl
alloy targets with Ar + O, gas mixture to create granular films of Co granules separated by
insulating Al,O; grains serving as tunneling barrier. Lukashevichetal.[176] ion-implanted Fe into
a polymer (polyethylene terephthalate, PET). Probably the most exotic films wer prepared by
Holdenried et al. [24] who used well-defined prefabricated Co clusters from an inertgas aggregation
source with diameters between¢1 | and p 4 | with a narrow distributio n of only ¢ 1 PCooling 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, whic h allowed them to study pure tunneling transport up to atemperature of T 1.

All authors observed, with more or less accuracy, Shengk Abeleset _j | 28G8 "Y 7 temperature
dependence of tunneling transport between isolated granules. Holdenriedet al. [24] argue that for their

samples of equally sized and equallyseparatedCo clustersal 1 "C® “Y dependence, which was found
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for CoO-coated Coclusters by Pengetal. [177] , would have been expected. Neugebaue& 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 toA @D0O TQ"Y.
Considering the net rate of electrons tunnelingin or opposite to the direction of an applied electric field

yields the mentioned exponential inverse temperature dependence.

Holdenried et al. [24] suppose that sizevariable aggregates of percolating clusters effectively form
a cluster size and separation distribution that reproduces the broad cluster size distribution the
i i"ce "Y 7 temperature dependenceby Sheng& Abeleset al. is based on. This argument may also
hold for the present Fe-Ge clusterassembled 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 abrogated172] .

Schelpetal. [179] examined tunneling conduction between Co electrodes across anrisulating Al>Os
barrier intersected by a monolayer of equally sized 1 | to T1 | mean diameter) and separated Co
clusters within the tunneling barrier. The authors kept a constant distance of ¢&1 | between the
monolayer of Co clusters andthe second eled¢rode while they varied the distance between the first
electrode and the monolayer of clusters between T@1 | and ¢&1 | 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 1V characteristics. For their sample possessing the shortest
distance between Co cluster monolayer and first electrale (&1 I, referred to as sampleA)
Schelpetal. [179] find an increase in resistance only by a factor¢ when cooled from room temperature
down to the temperature of LHe, while the resistance increass by a factor¢ 1 flor their sample with the
largest distance &1 I, referred to as sampleB). In contrary to sample A, sampleB doesshow a strong
variation of the |-V curves with temperature. While the authors were able to fitsample? r m Qg k k ml ¢
theory of tunneling [50], [51], which yields |-V relations for generalized tunneling barriers, with a
reasonable set of parameters (barrier height%. p8& A 6and width i  p&1 1) they conclude to have

observed simple tunneling conductance for sampleA. However, the authors state they were not able to
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Figure4-24: Resistance Ratio andilV Characteristics Plots to Support Arguments for Coulomb Blocking

(a) Resistance ratio vsl 1 "g, including the slope of reference sample G5A. For dashed and dotted lines se:
caption of Figure4-12.
(b) Resistance ratio vsi 0 "YSamples G164 and G152 are highlighted. Solid symbols show data at Tt # open
symbols represent data att T¥.
(c) & (d) 17 V characteristics for samples G164 (kg, 0 0 Y p@ 1 1) and G152 (Fooo, 0 0 Y ¢8tl ).
Note the difference in voltage -scaling: microvolts in graph(c) and millivolts in graph (d).

fit sample B by any reasonable set of parameters. Moreover, Schelpt al. [179] observed that a minimum
voltage needs to be applied across the tunneling barrier to even generatesome tunneling current at all.
They assert that Coulomb blocking of clusters causes the explained deviations from pure tunneling

transport.

As the FeGe sanples in the present work are comparable to the samples of Schelgt al. [179] both
in cluster size and cluster separation (roughly p8tl | to ¢& 1 1) and, moreover, also in barrier height
when compared with the energy gap found by Gibson& Meservey (¢ 1t A B[146] and the band gap of
c-Ge(x x mitA §126-128]), Coulomb blocking may also be a driving effect for the resistivity behavior

of the present samplesthat is found when the temperature is varied. Figure 4-24(a) summarizes the
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relative resistivity " 1" vs. temperature curves of all FeGe samples exhibiting magnetoresistance
plotted in a double-logarithmic diagram (dashed and solid lines). The data of the samples are colored
and ordered according to Section4.3. For comparison, also the slope of aGe reference sample G245A
is added (brown line close to the right y-axis). Exceptof the curve close to the one of G144, the dotted
blue and green lines represent sampleswith concentrations above the percolation threshold. For this
reason these samples onlyshow minor changes in resistivity with temperature variation. Even a decrease

in resistivity is possible here, as indicated by one curvethat ends below ” 7’ patp .

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 F&e samples can show
both small (factor o) and strong (factor p 1)1increases in resistivity when the temperature is decreased
from room temperature down to p 1, depending both on the Fe concentrationin the film and the size
of the embedded clusters. Graph(b) shows relative resistivity data at p 1t +tand T 1# plotted vs. 0 0 Yt
can be seen that the relative increase in resistivity is a functionof 0 0 ;¥Yndependent of cluster size as it

was already found earlier for the absolute resistivity (Section4.7.2.1).

The two |-V characteristics plotted in graphs(c),(d) belongto 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 " 7" o at p 1#. Sample
G152 on the low-concentration side shows a ratio that can safely be extrapolated to” 1" p T at
p T, Fmuctcp* rfec pcqgqggr _|I ac md rfgg g_knjc cvacc

measurement (T - Ll). Nevertheless, resistancedata of G152 could be recorded beyond this limit.

The decent and strong temperature dependence of4V characteristics in graphs(c),(d) for small and
larger 0 0 TYrespectively, is in accordance with the FV characteristics shown by Shelpetal. [179],
which were discussed earlier. However, the I-V 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 temperatureswas not found. On the contrary, all
I-V 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, 0 0 " 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 Schelpetal. [179] Also, Schelpet al. applied voltages of up to severalp Ttin 6 to their Co cluster

monolayer tunneling samples.

4.7.2.3 Conduction Processes in F&e Nanocomposite Films

Rfc dgl _j qrcn rmu_pbqg ~° _bjw% glqgsj _ragétasmatrx|l | cj g
Kk _rcpg_j* "~ pgleq Kmrr %qgq T4&1R.3) as teanspog thnough thejmatvix n@dg c ¢ Qc
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represents an alternativeway to direct tunneling between clusters and, thus, charge transport through

Fe-Ge nanocomposite films in general.

Rfc _tcp_ec fmnngle jclerf bcdglcb g _ amknpmk
VRH model increases with decreasing temperaturg146] and, hence, becomes comparable to any mean
particle separation when the temperature is low enough. Gibson& Meservey[146] examined aGe
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 aboutp 1t I, when
meaauring their samples at x x+, the temperature of LN>. 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 stepto seek for the transport processes happening in thefabricated Fe-Ge
nanocomposite films, it is inevitable to analyze the recorded Y Y data. To do so, the data are plotted
into different graphs that are scaledin accordance with the different R-T characteristics of the various
transport processesthat are possible. In case alinear dependence is observed across a certain
temperature rangein any of the plots, the transport processcorresponding to the graph is the dominating
one in the identified temper ature range[172] . Exemplary analyses of this kind are presented in

Figures4-25 and 4-26 for samples G152 and G164, respectively.

Linear behavior above a”Y ¥ and "Y 7 temperature scale were motivated earlier. Because Fe
clusters can also be seen as magnetic impurities, & T " scale was also tested (not shown). As a check
for temperature activated processes the resistivity of each sample was atsplotted intoa | 1 "C vs."Y

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 p 1 ftas is exemplarily shown in graphs(a) of
Figures4-25 and 4-26. The” “Y data of each sample were plotted into correspondingly scaled diagrans

(red data in plots (b),(c)).

In case of the presented sampledinear 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 “with the difference between
the neighboring data points ' Q pand™@ p* uf gaf wgcjbq rfc dmjjmugle d
(seeFigure 4-25(c)):

Ql 1 'qY” L iicijy ™ 1icry *
’"G’ iy T C i C
Q Y ¥ "Y T "Y ¥

8 [4-16]
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The characteristic quantity “Y can be deducedfrom the slope of the plot. "Y 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). “Y

takes a constant value whenVRH is the dominating process of transport

Similar operatiol q ucpc ncpdmpkcb dmp * rlegarithmi¢ sgdling, yiglding] g1 e %
tunneling parameter 6 and exponentQ 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] .
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Figure 4-26: Resistance vs. Temperature Graphs
Sample G164

(a) Absolute sample resistance.
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Fewnoo-Ge sample G152, with an EDXdetermined p ¢\ & of Fe, provides ab 0 "¥f ¢8tl [, which is
well below the calculated cluster diameter of ¢&1 | (see Table 4-2). Obviously, tunneling transport is
the dominating effect between Y # and o 7 with 6 p d A &eeFigure 4-25(b). With an estimated
charging energyO  Qj1“- - Q o d A @orisolated Feio clusters and by taking 0 0 "¥s barrier
width, following the model explained in Section 4.7.2.1, a tunneling barrier heightaslowas%. p& 1 A 6

can be estimated This value is unphysically small.

Besides sample G152 only one other (G146, Fgoo, p YA , 0 0 Y ¢l 1,6 p N A gyielding
% c®l A dc _r spcqg 6 fromwhich the plosd#viagd 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 bypadag the sample region under measurement. The
unprotected pattern of Pt lines eases the formation of shortcircuits; this is a clear disadvantage of the
chosen method of how to electrically connect a sample film. In case of the two mentioned samplesalso
the very high resistance at low temperatures( p- m) may have been already too high for accurate

voltage sensing with the used PPMSSample G164 (Feo, with O 1 11 Apc YA® Fe,0 0 Y p 1 1,
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