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Abstract 
Paramagnetic Ni-stabilized fee Fe thin films epitaxially grown on Cu(100) are known for 
their capability to undergo ion-beam-induced phase transformation into ferromagnetic 
bec phase. To bring these metastable films closer to the application, a Cu(100) substrate 
can be further substituted by Si(100) with a Cu(100) buffer layer. W i t h the use of a 
focused ion beam, magnetic properties of the films can be locally tailored and modulated. 
Moreover, this alternative approach to the preparation of media suitable for spin-wave 
guidance provides patterning possibilities unattainable by conventional lithography tech­
niques. Magnetic structures prepared in this way are studied by all-electrical spin-wave 
spectroscopy. This thesis covers the entire process from the metastable thin film growth, 
through the patterning, to structural studies and static and dynamic magnetic character­
ization. A broadband ferromagnetic resonance and propagating spin wave spectroscopy 
experiments are performed on focused-ion-beam-transformed continuous layers and mi-
crostructures. Microscale coplanar waveguides are used for inductive excitation and de­
tection of spin waves wi th defined wavevectors. Magnetic properties such as saturation 
magnetization and damping are extracted from the ferromagnetic resonance measure­
ments and characteristics of the propagating modes such as spin-wave decay length or 
group velocity are studied and compared wi th common ferromagnetic materials. 

Abstrakt 
Paramagne t i cké niklem stabil izované tenké vrstvy plošně cent rovaného kubického Fe, epi-
t axně naros tené na monokrys ta l ickém s u b s t r á t u Cu(100) jsou z n á m y svou schopnost í 
s t r uk tu rn í a magnet ické fázové p řeměny při ozáření ion tovým svazkem, a to do prostorově 
centrované kubické struktury charakter is t ické feromagnet ickými vlastnostmi. Monokrys-
tal ický Cu(100) subs t rá t je možné také nahradit Si(100) s mezivrstvou Cu(100). Pomocí 
fokusovaného iontového svazku lze dále snadno lokálně modifikovat magnet ické vlast­
nosti ozařované vrstvy. Tato metoda př ímého zápisu magnet ických struktur je alter­
nativou k běžným litografickým techn ikám, nabízející nové j im i nedosaži telné možnost i . 
P ř ip ravené magnet ické struktury následně využíváme k propagaci spinových vln . V práci 
je p ředs taven celý proces od rů s tu vrstev, přes p ř íp ravu mikrostruktur, až po studium 
jejich struktury a s ta t ických i dynamických magnet ických vlas tnost í . S využ i t ím vek­
torového síťového ana lyzá to ru studujeme ve vrs tvách a v mik ros t ruk tu rách př ipravených 
fokusovaným iontovým svazkem feromagnetickou rezonanci a propagující se spinové vlny. 
Zdrojem spinových v ln o definovaných vlnových vektorech jsou litograficky př ipravené 
koplanární vlnovody, sloužící t aké k indukt ivní detekci vln. Pomocí feromagnetické rezo­
nance kvan t i t a t ivně určujeme mater iá lové charakteristiky jako jsou sa tu račn í magnetizace 
a parametr ú t l u m u a ze spekter propagujících m ó d ů následně určujeme charakteristiky 
spinových vln, k teré porovnáváme s dalšími feromagnet ickými mater iá ly. 

Keywords 
magnonics, spin wave excitation and detection, ferromagnetic resonance, propagating 
spin-wave spectroscopy, metastable thin films, magnetic phase transformation 
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Introduction 

Introduction 

Magnetism is a complex and extraordinary quantum-mechanical phenomenon, which 

despite all efforts st i l l has not been entirely understood. Even though, it remains in 

the center of the basic and the applied research for decades, as it has already brought 

significant progress in many branches of applied science. Especially in information tech­

nologies, different magnetic phenomena found broad application, from data storage to 

recent advances in magnetic random access memories. 

Nowadays, util ization of electron spin and its wave properties is getting to the fore­

front of many studies. The emerging field investigating the properties of spin waves 

towards their potential application in low-power-consumption information technologies 

is called magnonics [1]. Metamaterials with periodically modulated magnetic properties 

- magnonic crystals - play a crucial role in magnonics. They provide a possibility of 

formation of allowed frequency ranges and band gaps in the spin-wave frequency spectra, 

which are necessary for performing logic operations [ ]. The main requirements on the 

materials from which is a magnonic crystal made of are high saturation magnetization, 

low attenuation properties and ease of preparation. Hence, there is an ongoing search for 

novel materials and related patterning possibilities. 

Potential candidates for application as magnonic crystals are nickel-stabilized face-

centered-cubic iron (FeNi) thin films epitaxially grown on copper [ ]. These films are 

paramagnetic at room temperature and they are capable of undergoing ion-beam-induced 

phase transition to the ferromagnetic body-centered-cubic structure. Therefore, magnetic 

patterns can be directly-written into the films by focused ion beam irradiation. 

The objective of this thesis is to investigate these metastable FeNi th in films and to 

explore their potential as a novel material for magnonics. 

In Chapter 1, we begin wi th an introduction to magnonics. We summarize its key 

aspects, basic principles of spin wave excitation and detection, the most commonly used 

materials and the prospects of magnonics for its future application in practice. To under­

stand the topics covered by this thesis, we also provide the relevant theoretical background 

to the micromagnetism, including the magnetization dynamics and the spin wave phe­

nomena. In the last section of the chapter, we present the most basic insight into the 

all-electrical spin-wave spectroscopy. This method deals with inductive spin-wave excita­

tion and detection via microscale coplanar waveguides or microwave antennas, and with 

use of a vectorial network analyzer [1], it allows studying spin waves in the frequency 

domain. 

In Chapter 2, we provide a review of the previous investigation of the metastable thin 

films; from the Fe/Cu(100) system towards the Ni-stabilized Fe thin films grown on a 

hydrogen-terminated silicon substrate. The section summarizes progress that was made 

mainly at T U Wien , Austr ia , our collaborator within a joint project which this thesis 
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is a part of. A s one of the joint project goals is transferring the film growth from T U 

Wien to Central European Institute of Technology Brno, Czech Republic, a substantial 

part of the chapter is devoted to the preparation of the samples in our laboratory in 

Brno. We introduce relevant growth and characterization techniques used for the thin film 

preparation in ultra-high vacuum conditions. Next, we describe the substrate preparation 

procedure and the following FeNi film growth. 

The prepared films provide a unique combination of structural and magnetic prop­

erties, valuable for the application in magnonics. Therefore, they are further studied in 

ambient conditions to fully explore their potential. A focused ion beam is used for the 

patterning; the atomic force, scanning electron and Kerr microscopies are employed for 

the investigation. Apar t from the magnetic material, we prepare coplanar waveguides 

acting as spin wave sources and detectors in further studies. They are fabricated by elec­

tron beam lithography technique. A l l the preparation procedures are finalized and by the 

end of Chapter 3, the samples are prepared for all-electrical spin-wave spectroscopy. 

Chapter 4 is fully concentrated on the final experimental part and discussion of the 

results. First measurements are carried our in order to determine magnetodynamic prop­

erties of the investigated material. This is realized through a broadband ferromagnetic 

resonance technique. Then we perform propagating spin-wave spectroscopy to study the 

propagating modes in the prepared continuous as well as in micro-patterned films. We 

compare all the results wi th commonly used ferromagnetic materials. Finally, we discuss 

the observed phenomena and possible outlooks. 
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1. SPIN WAVES IN THIN MAGNETIC FILMS AND PERIODIC MEDIA 

1 Spin waves in thin magnetic films 
and periodic media 

In this chapter, an introduction to problematics and a brief theoretical background to 

magnonics are given. Sec. 1.1 reviews state of the art in the field of magnonics. Before 

properly introducing magnetic spin waves, the basics of the theory of micromagnetism 

are recalled in Sec. 1.2. Covered topics include the energy formulation of ferromagnetism, 

a solution of the linearized equation of motion, and a mathematical description of spin 

waves and their propagation. In Sec. 1.3, different types of periodic magnetic media 

i.e. magnonic crystals are presented in more detail. A n d finally, Sec. 1.4 provides a 

brief introduction to all-electrical spin-wave spectroscopy which is for characterization of 

magnetic properties within this thesis. 

1.1 Introduction to magnonics 

Spin wave (SW) is a disturbance of time-independent state in local magnetic ordering 

propagating across a magnetic medium. A s the name suggests, it is connected with 

a collective oscillation of electronic spin systems in magnetically ordered materials in 

form of a wave [1, 5]. Described by the classical approach, a S W can be interpreted as 

a phase-coherent precession of magnetization vector of the magnetic medium, which is 

characterized by relevant energy density contributions. The wave is further derived from 

an equation of motion as a small signal disturbance of the quiescent state [ ], this approach 

is used later in this thesis. Equivalently, SWs can be treated using the microscopic 

approach [7, 8]. In that case, there are introduced S W quanta called magnons, which 

behave as weakly interacting quasiparticles. 

The concept of SWs was first introduced by F . Bloch already in 1930 [ ] and the 

waves have been studied ever since by many groups in both theoretical and experimental 

research works. The first one who directly observed SWs in case of spatially uniform spin 

precession was J . H . E . Griffiths in 1946 [10], but it was not unt i l 1966 when SWs with a 

finite wavelength were observed by P. Fleury et al. [11]. 

It was proven that SWs can be compared wi th electromagnetic or acoustic waves and 

can be regarded as their magnetic analogy, as they show many similarities with each 

other. Different means of S W observation showed they can be excited, guided by a 

waveguide, reflected [12, 13] or refracted [12] at an interface, polarized [ ], self-focused 

[15] or diffracted [ ]. SWs also report quantum tunneling [ ] and interference [16]. These 

waves wi th wavelengths at the nanometer-scale can carry information in the form of an 

angular momentum [2]. A l l the aforementioned effects indicate a possibility of employing 

the SWs as potential data carriers in computing devices; therefore, SWs present a great 

5 



1.1. INTRODUCTION TO MAGNONICS 

interest for the application and the study of their uti l ization for information processing 

and storage have become a cornerstone of the emerging field called magnonics [1, 5]. 

1.1.1 M o t i v a t i o n 

Microelectronic industry nowadays faces problems resulting from the demand of the mar­

ket for further and further downscaling of logic devices. The continuous shrinking of the 

elements causes tremendous difficulties in the effort to reduce the energy consumption 

and power dissipation of electronic circuits. Besides, the increasing density of devices 

causes complications with interconnection wiring itself. Whereas maintaining the current 

trend is still more challenging, there is an urgent practical need for novel devices capable 

to overcome these constraints inherent to the electron-charge-current-based technology 

[17]. One of the possible routes for solving the problems is the implementation of magnon 

logic. This rather progressive way would be a revolutionary solution necessarily compris­

ing redesigning of the entire systems with new more efficient mechanisms, but it could 

open brand new possibilities benefiting from their wave properties. 

Possible S W wavelengths vary in a wide range from nanometers up to coherent os­

cillations. Especially the short wavelength SWs are a suitable candidate to use as novel 

information carriers, as they inherently propose uti l ization of devices even in sub-10 nm 

scale [ ]. Moreover, simultaneous use of SWs wi th different frequencies and their super­

position allows parallel operations. Guided by magnetic waveguides across macroscopic 

distances, the waves can transfer spin information without charge transfer that normally 

leads to the generation of Joule heating induced energy loss. The S W signal can be mod­

ulated by application of an external magnetic field and it can as well be easily introduced 

into the material and then converted again to voltage via inductive coupling. 

There are also certain drawbacks of magnon logic already known. It is a relatively 

high attenuation and rather a small group velocity of magnons in the first place. O n 

the other hand, both of these are being less significant wi th the shrinkage of the devices. 

Yet, not only S W propagation and manipulation has been studied widely in recent years, 

but the best suitable materials allowing fast and low damping S W propagation are being 

searched for as well. 

1.1.2 S p i n - w a v e e x c i t a t i o n a n d d e t e c t i o n 

The excitation and the detection of SWs still remains a significant technological chal­

lenge of magnonics, as both high frequencies and precise localization of SWs are essential. 

SWs can be generated by several means including thermal, magneto-optical and induc­

tive excitation and also excitation v ia spin-transfer torque [18]. The most common and 

straightforward technique is the inductive excitation by uti l ization of microwave antennas 

[ 23]. This is a powerful technique for generation of rather long wavelengths SWs, and 

it is anticipated to be applicable up to 100 G H z frequencies [ ]; however, more complex 
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1. SPIN WAVES IN THIN MAGNETIC FILMS AND PERIODIC MEDIA 

solutions are needed in order to excite SWs in the terahertz range. It also becomes in­

creasingly difficult to couple microwaves to metallic waveguides, as the largest possible 

wavevector transferred by a waveguide scales wi th the inverse width of its signal line 

[1]. Therefore, different solutions beneficially using magnetic exchange interactions and 

spin-transfer torque have been proposed. For example an emission of short-wavelength 

SWs from vortex core upon its reversal [25- ] or emission from periodic modulation of 

magnetic anisotropy in thin film [28], coherent S W emission from pinned magnetic do­

main walls [ ] or magnetic multilayers [30-32], and generation of S W by spin-torque 

nano-oscillators [ 36] - tunable nanometer-size microwave oscillators designed to excite 

highly localized magnetization precession. The last are currently in the center of interest 

as they enable efficient directional S W transmission and offer possibility to be utilized as 

nanoscale emitters. Finally, an alternative compromise approach is based on wavelength 

conversions in the vicinity of microwave antennas such as using tapered waveguides [37], 

diffraction grating couplers [ ], or increased effective field near edges of patterned antidot 

structures [39]. 

Similarly, there exists a wide range of methods enabling diverse possibilities for SWs 

detection. They vary from each other in sensitivity, spatial and temporal resolution and 

in the range of detectable S W wavelengths. A n overview summarizing selected attributes 

of different approaches can be found in Ref. [ ]. Most of the methods can be classified into 

following types: inductive [19, 20], spintronic [ - ] and optical detection. The optical 

detection includes Br i l louin light scattering [23, 33, 34, 37, 43-45] the most used method 

for S W observation nowadays and time-resolved scanning Kerr microscopy [22, 46, 47]. 

Furthermore, many other kinds of detection have been proposed such as x-ray-detected 

ferromagnetic resonance [ 18], time-resolved scanning transmission x-ray microscopy imag­

ing [ ] or thermoelectric detection via anomalous Nernst effect [ ]. 

1.1.3 M a t e r i a l s for m a g n o n i c a p p l i c a t i o n 

For successful implementation of magnonic device technologies, the choice of magnetic ma­

terial plays a crucial role. The attributes essential for the selection are: low attenuation 

properties to allow spin-wave propagation at long distances, high saturation magnetiza­

tion, which is needed in order to reach high S W frequencies and group velocities, and 

sufficiently high Curie temperature to ensure thermal stability of magnons. Above al l , 

the material has to be easily prepared and modified as the waveguides fabrication must 

be simple and less expensive for its future employment. 

The most promising candidate both for study and development of magnonic logic 

elements has been considered a ferrimagnetic insulator Y 3 F e 5 0 i 2 (YIG) due to its ex­

tremely large propagation lengths and spin-wave lifetime [49-51]. However, this material 

is connected wi th major complications in its growth, not compatible wi th current devices 

on semiconductors. Another extensively used material is polycrystalline Ni§oFe2o alloy 

called Permalloy. It offers relatively low S W attenuation sufficient for many experiments, 
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1.1. INTRODUCTION TO MAGNONICS 

together with good availability and easy deposition and patterning [37, 52, 53]. Simi­

lar advantages are offered by CoFeB [ i] which is commonly used in magnetic tunnel 

junctions. Recently, also half-metallic Heusler compounds drew an attention [54]. These 

alloys comprise two transition or rare-earth metals and a main group element, they pro­

vide very large S W group velocities, and even S W propagation over 100 [xm was detected 

in C o 2 M n S i [55]. 

However, there is st i l l need for novel materials wi th significantly reduced attenuation 

properties, which would be compatible wi th advanced nanofabrication techniques. De­

pending on the particular choice of magnetic material, different techniques are used for 

waveguides and logic elements fabrication: from photolithography often used for Y I G 

processing, through focused ion beam mill ing, to electron beam lithography widely used 

to modify, for instance, Permalloy films. These micro- and nanopatterning methods are 

usually followed by etching or lift-off processes. 

Before the functional element fabrication process itself, the magnetic media can be 

nanopatterned, giving rise to artificial materials of novel properties and opening brand new 

possibilities for utilization. In patterned magnetic materials, properties of SWs can differ 

with respect to those of SWs in homogeneous magnetic media. Especially, periodically 

modulated materials are of particular interest as the S W band structure of such patterned 

media is modified; allowed states and forbidden frequency gaps, where no magnonic states 

are allowed, are induced in the spectrum. Many experimental studies have been made on 

the topic recently, as the introduction of a band gap in S W spectra is essential to enable 

util izing of magnons in logic devices. 

1.1.4 M a g n o n i c dev ices 

Magnonic devices offer the possibility to be easily manipulated by the applied magnetic 

field and whereas they are magnetic particles, they can wi th benefit be used as non-volatile 

memory elements. Therefore, they can give rise to devices re-programmable at the sub-

nanosecond timescale [1]. They can be integrated within present microwave electronics, 

but with the benefit of shorter wavelength compared with electromagnetic waves at the 

same frequency range, hence offering better possibilities for subsequent downscaling [1]. 

The field of magnonics has made significant progress in recent years including a demon­

stration of first magnonic logic devices. The first experimentally demonstrated prototype 

of a spin-wave based logic device was a spin-wave N O T gate [56] followed by N O R and 

N A N D gates [57] both based on Mach-Zehnder-type spin-wave interferometer. These 

devices are operational at room temperature in the G H z frequency range and use the S W 

amplitude as a logic output [ ]. Similarly, the S W phase can be used as the logic output 

such as in a proposed three-terminal device proposing a solution for N O T and Majority 

gates [58]. Similar and more advanced designs have been proposed and demonstrated 

using different materials. For example, a valve transistor combining Y I G and cobalt mag­

netic layers [59], which is able to compare SWs being transmitted between both layers 
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1. SPIN WAVES IN THIN MAGNETIC FILMS AND PERIODIC MEDIA 

either in parallel or in antiparallel alignment. Similarly, a magnon valve made of two sep­

arated Y I G layers wi th magnon conductance controlled by their relative magnetization 

orientation and an adjacent platinum layer converting magnons to readable voltage [ ], 

or a YIG-p la t inum transistor allowing magnons spin conductance control by spin-current 

[61] and other. 

Fabrication of these magnon valves that remain in open, or closed state without con­

tinually applied an external magnetic field is an important step forward to fully magnon-

based circuitry. Notwithstanding the recent great progress, there are sti l l many techno­

logical challenges related for example to miniaturization of the devices which are rather 

macroscopic so far. There is plenty or unexplored paths and opportunities to be seized, 

giving magnonics a significant potential towards application in the near future. 

In this section, we wi l l recall the fundamentals of magnetism and the basic formulation 

of micromagnetism as a continuum theory. Micromagnetism forms an interconnection 

between quantum mechanic approach and Maxwell 's theory of electromagnetic fields. It 

operates wi th small continuum entities at the nanoscale - elements of the size of at least 

a few interatomic distances. Therefore, it is used to describe the magnetic behavior 

of nanostructures, including phenomena such as magnetic domains and domain walls 

[62], or to determine hysteresis behavior. Micromagnetism assumes that magnetization -

the fundamental quantity of magnetism defining the density of magnetic moment - is a 

smoothly varying function in space and time. Moreover, it supposes constant magnitude 

of the magnetization vector over the whole homogeneous magnetic material, allowing it 

to change only the orientation. 

Following text describes the behavior of magnetization in magnetic materials in ac­

cordance wi th the micromagnetic theory 1 . 

1.2.1 E n e r g y f o r m u l a t i o n o f f e r r o m a g n e t i s m 

Magnetic materials are classified by magnetic susceptibility x, a tensor quantity relating 
their magnetization M wi th magnetic field strength H 

In general, the susceptibility tensor enables the transition between M and H , which both 

can be time and position variable and do not need to be collinear to each other. In 

the special case of a linearity of the two vectors, x reduces to a scalar. According to 

its magnitude and sign, magnetic materials can be classified as diamagnetic (% < 0), 

paramagnetic (x > 0), ferri- or ferromagnetic (x 3> 0) and antiferromagnetic (x ~ 0) 

1 Deepe r insight into the problemat ics prov ide Ref. [62-64]. 

1.2 Theoretical background 

M = x H . 
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materials. W i t h i n the scope of this thesis, we restrict ourselves to ferromagnetic materials, 
namely iron (Fe), nickel (Ni), cobalt (Co) and their alloys Permalloy and Fe7sNi 2 2 (FeNi). 

The magnetic field B is defined by 

B = /x 0 (M + H ) = / i o ( x + l ) H , (1.2) 

where /xo is magnetic permeability of vacuum, being 4n x 1 0 ~ 7 ^ ^ . The expression in 
parentheses is the permeability of the material. 

The origin of spontaneous magnetization and hysteresis of ferromagnets lies in the 
variations in free energy contributions in the material. These are the temperature depen­
dent Helmholtz and Gibbs free energies. A n increase of temperature consequently causes 
a decrease of magnetic moment and magnetization. In micromagnetism, however, we 
mainly work wi th processes at zero thermodynamic temperature. Therefore, the temper­
ature dependence is not considered while building the theory of micromagnetism. The free 
energy consists of several contributions. The most important of them wi l l be explained 
in brief. 

The first contribution is the Heisenberg exchange interaction, which arises from Cou­
lomb interaction between atoms with unpaired electrons, as a consequence of Paul i ex­
clusion principle prohibiting two electrons to be in the same quantum state [65]. The 
exchange energy of a pair of spins S is given by Hamiltonian 7iex = —2JjjSj • Sj. The 
exchange integral Jij quantifies the strength of the exchange interaction and it is positive 
(negative) in the case of parallel (antiparallel) spin alignment. In accordance with the 
Hex, the density of exchange energy of a magnetic body can be written in a form of 

£e* = - j J 2 s i - S j . (1.3) 
h3 

Moreover, an anisotropic exchange term may arise from the lack of inversion symmetry in 
specific cases e.g. at the heavy-metal/ferromagnet interface or within certain materials of 
the non-centrosymmetric crystal lattice. This so-called Dzyaloshinskii-Moriya interaction 
favors a non-collinear spin configuration unlike the Heisenberg exchange (1.3) and it can 
be expressed using the strength of the interaction D as 

£ D M i = - D ^ S i x S J , (1.4) 
h3 

The second contribution is given by magnetic anisotropy, the energetic inequality 
between different orientations of spontaneous magnetization. More mechanisms of an 
anisotropy exist. It can be caused by the crystallography or the shape of the magnetic 
body, or induced by an external influence. The first case is referred to as a magne-
tocrystalline anisotropy and its microscopic origin lies in the spin-orbit coupling and the 
dipole-dipole interaction. The coupling of electron orbitals with the crystal lattice causes 
that magnetization can be stabilized in some directions (planes) on the expense of the 
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1. SPIN WAVES IN THIN MAGNETIC FILMS AND PERIODIC MEDIA 

others. The first are called easy exes (planes), the latter hard axes (planes). For its direc­

tionality, it is customary to express the anisotropy energy in a sine series using anisotropy 

constants K^. In materials wi th one easy (hard) axis such as hexagonal or orthorombic 

crystals, or in thin films, we talk about uniaxial anisotropy and write 

£A,uni = Kn s in 2 9 + Kn2 s in 4 9 + ..., (1.5) 

where 9 is the angle between the vector of magnetization and the anisotropy axis. In cubic 

crystals, we express the cubic anisotropy by the direction cosines of the magnetization 

vector wi th respect to the anisotropy axes ai 

^A,cubic = K^ala? + a2

ya2

z + a2

za2

x) + K2a2

xa2

ya2

z + .... (1.6) 

In the case of thin magnetic films, additional anisotropy term which is associated with 
the symmetry breaking at interface may arise. Since its magnitude scales inversely with 
thickness t and it has the easy axis oriented perpendicular to the film plane, it is often 
written as 

£A,± = ^ a 2

z . (1.7) 

Spins inside a magnetized material interact with each other by a long range dipole-

dipole interaction. This third contribution and also the source of shape (magnetic) 

anisotropy is called demagnetization energy. Its density can be written as 

£d = -^jvM(r).HddV, (1.8) 

where is demagnetization field which is caused by magnetization inside the material. 

The H d depends on distribution of spins within the magnetized body and it may generally 

be complicated to calculate. The proportion between magnetization and the induced H d 

is demagnetization tensor TV depending on the shape of the magnetized body 

H d = 7 V M , (1.9) 

The demagnetization tensor trace tr(JV) = Nxx + Nyy + Nzz = 1 [ ]. In a special case of 

a sphere, Nxx = Nyy = Nzz = | . For a th in magnetic film in the xy plane, Nxx = Nyy = 0 

and Nzz = 1. 

The fourth energy contribution, induced by placing a magnetic body into an external 

magnetic field H e x t , is called Zeeman energy. Its density is written as 

£z = ~y ^M(r)-UextdV (1.10) 

and it is minimized by orientation of spins in direction parallel wi th the H e x t . 
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1.2. THEORETICAL BACKGROUND 

A l l these energy contributions compete in order to minimize the total energy of the 

system £ t o t a i - This can result in the formation of magnetic domains and particular spin 

configurations inside the system [62, 6 4 ] . F inding the energy minimum gives an effective 

field H e f f , defined as 

H e f f = - - % f , (1.11) 
HO ONÍ 

which can be used to describe this overall effect experienced by the spin. 

1.2.2 M a g n e t i z a t i o n d y n a m i c s 

To obtain a response of a magnetic system to the application of an external magnetic 

field, the equation of motion needs to be solved. In the following, we assume a continuous 

variation of spin alignment and its representation via the magnetization vector - the 

macrospin model. When a strong static field is applied, all spins are aligned parallel 

with the field according to the Zeeman energy (1.10) minimization and the magnetization 

vector precesses around the direction. The equation of motion, proposed by L . Landau 

and E . Lifshitz reads [66] 
— = - 7 / x o M x H e f f , (1.12) 

where 7 is the gyromagnetic ratio. For a free electron, 7 = g\e\/(2me) wi th g being a 

dimensionless g-factor, e the electron charge and me its mass. However, 7 differs for 

different materials, see Tab. 1.1. The equation of motion describes the change of the 

magnetization upon an action of a torque T caused by the field H e ff 

T = M x H e f f , (1.13) 

leading to the precession of the magnetization around the effective field. The E q . (1.12) 

describes an ideal case of an undamped precessional motion. However, damping is ob­

served in experiments. Hence, a phenomenological damping term can be included and 

the equation of motion becomes 

^ = - 7 L L / X 0 M X Heff - X ( M X Hef f ) . (1.14) 
s 

Yet, it is only observed suitable for small values of a damping parameter A in units of s _ 1 . 

Alternatively, a different damping term depending on the magnetization time derivative 

can be used. The so-called Landau-Lifshitz-Gilbert equation of motion then reads as 

where etc is a dimensionless phenomenological Gilbert damping parameter. The rela­

tion between the gyromagnetic ratios and the damping parameters can be expressed as 

12 
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Tab. 1.1: Gyromagnetic ratios for selected magnetic materials [64, 68]. 

material 7 / 2 T T ( G H Z / T ) material 7 / 2 T T ( G H Z / T ) material 7/2TT ( G H z / T ) 

Fe 29.1 G d 27.3 Y I G 28.1 
Co 30.4 N i 30.5 Permalloy 29.3 

7 L L = 7 G / ( 1 + a c ) a n d ^ = ^GTA^OMS- Thus for small values of CHG, both damped equa­

tions of motion (1.14) and (1.15) are the same [ ]. W i t h i n the framework of this thesis, 

we do not distinguish between gyromagnetic ratio and damping parameter in both models 

and write 7 and a, respectively. 

It is not possible to find an analytical solution for the equation of motion in its general 

form. Therefore, in order to solve it, its linearization has to be done first. To do so, we 

use following assumptions. 

We assume thin magnetic film infinitely extended in the xy-plane, hence leaving only 

one non-zero component of the demagnetization tensor Nz = l. To properly describe 

the crystalline character of the studied material, we consider possible four-fold magnetic 

anisotropy with two perpendicular easy axes in the film plane and a surface perpendicu­

lar magnetic anisotropy. However, we restrict the anisotropy contribution to values lower 

than those induced by the demagnetization field [ ]. Such magnetic film is placed in a 

homogeneous external magnetic field pointing in the x direction Hextex, strong enough 

to ensure saturation of the film in this direction, and small homogeneous (k = 0) excita­

tions along the y axis: h e x t ( t ) = hext exp(icjt)ey wi th angular frequency ui. Considering 

E q . (1.1), the E q . (1.15) can be solved following the calculation in Ref. [ 0]. 

The solution is provided in the form of Xyy component of the susceptibility tensor 

_ u)M(u)H + ujeS - iau) 

Here, we use 

where 

w M = 1VOMs; un = lfi0H; u e S = 7 / x 0 M e f f , (1.17) 

H = 7/X0 (tfext + ; MeS = M s - (1.18) 

and the resonance frequency given by 

o;r

2

es = w H (WH + êff) • (1-19) 

The equation (1.19) is a special case of so-called K i t t e l formula [ ], a field dependent 

resonance of thin magnetic film placed in a homogeneous magnetic field 

uls = (WH + (NY - NX)UJM)(UJH + (NZ - NX)UJM) (1.20) 

for uu —> weff and NX — NY — 0 and NZ = 1. 
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1.2. THEORETICAL BACKGROUND 

The Xyy i n E q . (1.16) can be split apart into real and imaginary parts 

uM (WH + Weft) (u2

es - u2) 
yy >» K 2

e s - o ; 2 ) 2 + a 2 a; 2 (2a ;H -a ;eff ) 2 ' 
'1.211 

f/ x _ a W M [^ + (afr + C^eff)2] ( x 
U w J K 2 es - ^ 2 ) 2 + « 2 u ; 2 (2u ; 2 - c e

2

f f ) 2 • 

The imaginary part can be approximated by a Lorentzian function and its maximum is 

found for u = uTes giving the equation for the so-called ferromagnetic resonance ( F M R ) 

frequency 

fTes = ^ = ^VH(H + MeS). (1.23) 

The linewidth Au of the Lorentzian peak is connected with the damping parameter a. 

Considering Au u r e s , a full width at half maximum ( F W H M ) of u gives [ ] 

A w = a(2un + w e f f ) . (1.24) 

The linewidth Au is also observed to be connected with the linewidth AH, which can be 

interpreted in terms combining the inhomogeneous broadening AH0 and Landau-Lifshitz 

(1.14) or Gilbert (1.15) damping model [73]. Then 

AH = AH0 + ^ ^ . (1.25) 
7 

where a is the Landau-Lifshitz or Gilbert damping parameter in the dimensionless form. 

From this expression, the damping parameter independent of the inhomogeneous broad­

ening in a field can be obtained. The a can also be determined from Af dependency after 

conversion of the expression (1.25) into a frequency domain [74]. For k = 0: 

A H ^ A „ 0 + 2 a / w 1 + ( ^ y . ( 1, 6 ) 

1.2.3 S p i n waves 

In the previous section, we discussed uniform magnetic excitations only, i.e. the case 

when al l magnetic moments precess at the same phase. Such behavior can be described 

as a S W of infinite wavelength and thus the wavevector k = 0. In the following section, a 

case of non-zero k SWs is addressed. 

The frequency spectrum of SWs can be divided according to the wavevector into two 

parts: the SWs with a long wavelength and small k values dominated by the dipolar 

interaction usually called magnetostatic waves, and the SWs with a short wavelength and 

large k values known as exchange dominated spin waves. The former are discussed in 
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1. SPIN WAVES IN THIN MAGNETIC FILMS AND PERIODIC MEDIA 

more detail in this section. Finally, a spatial confinement can lead to the emergence 

modes called standing spin waves. 
In order to analyze the magnetostatic modes in different geometries, magnetoqua-

sistatic approximation which is presented in more detail in Ref. [ >] can be used. 

We start wi th the magnetoquasistatic approximation to Maxwell 's equations in the 

absence of currents: 

V • B = 0 (1.27a) 

V X H = 0 (1.27b) 

V X E = iuB (1.27c) 

and suppose the absence of anisotropy and exchange interaction. Since V X (V\ř) = 0 

for any analytical function it can be written H = — V-i/> from E q . (1.27b). Using both 

E q . (1.2) and (1.27a) and considering a wave propagating in an angle 9 wi th respect to 

the bias field Hextez, a wave equation of the spatial part of the scalar potential ip can be 

written as 
'd2ip d2ip\ d2ip 

(-1 + x ) { ^ + W ) + ^ = 0- ( L 2 8 ) 

This, so-called Walker equation, is the basic equation for magnetostatic modes in homo­

geneous media and its solution is referred to as the magnetostatic modes. 

First , assuming plane wave propagation ip = exp(ik • r) in infinite magnetic medium, 

the E q . (1.28) simplifies to 

(l + x)(k2

x + k2

y) + k2

z = 0. (1.29) 

Solving the equation for a wave propagating along ez, dispersion relation of plane wave 

magnetostatic modes can be explicitly expressed in terms of frequency [75]: 

to = ywH(wH + % s in 2 9). (1.30) 

It is worth to notice that the result is independent of k. This degeneracy can be removed 

either by introducing boundaries, such as in thin films, or considering the exchange in­

teraction. The latter can be done by addition of the exchange term u ^ A e x ^ 2 to uu of the 

magnetostatic plane wave in E q . (1.30). 

The same results as those we obtained from the macrospin model here and in Sec. 1.2.2 

can be derived by the microscopic approach which is thoroughly explained in Ref. [75, 76]. 

The dispersion relations of distinct magnetostatic modes in finite media can be derived 

by solving the Walker equation (1.28) wi th a different choice of boundary conditions. We 

start by defining the group velocity vg and the phase velocity vp of a S W as 

duo uu 
V g = d k V p = k' ( > 
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According to the sign of vg and vp, the modes showing the same (opposite) directions are 

called forward (backward) modes. In order to solve the Walker equation for a thin film, it 

is distinguished between the case of the film magnetized in-plane and out-of-plane. The 

magnetostatic modes are then classified by the relative orientation of the magnetization 

M wi th respect to the film surface and to the wavevector k. 

Magnetostatic surface waves 

Magnetostatic surface spin wave ( M S S W ) , known also as Damon-Esbach (DE) mode [ ] 

are observed in the in-plane magnetized film wi th a perpendicular alignment of the k 
with respect to the M . When the film is magnetized along the x-axis, the S W propagates 

along the y-axis, hence k _L M . The dispersion relation obtained by solving E q . (1.28) is 

given by 

Here the k\\ is an in-plane component of the wavevector k and t is the film thickness. The 

name of the mode comes from the fact that its amplitude decays exponentially from the 

film surface. The dispersion relation and the group velocity are plotted in F ig . 1.1. 

Magnetostatic backward volume waves 

Magnetostatic backward volume waves ( M S B V W ) are the mode wi th the wavevector 

parallel wi th the magnetization direction k || M and both lying in the film plane. The 

dispersion relation for the lowest order can be given explicitly by 

On the contrary wi th the M S S W , the amplitude of the waves does not decay within the 

volume of the film and the group velocity is negative, whereas the phase velocity stays 

positive. Hence, this mode is a backward wave. 

Magnetostatic forward volume waves 

Magnetostatic forward volume waves ( M S F V W ) concern a normally magnetized thin film 

and a spin wave propagating in the film plane. Therefore, the wavevector k _L M and 

the wave propagation is independent of the k\\ orientation in the plane. The lowest order 

dispersion relation can be written as 

Both the group and the phase velocities are positive, which implies a forward mode and 

the amplitude is again uniformly distributed throughout the volume of the film. 

W M S S W = W H ( W h + w e f f) + -^(1 - e 2 f c " ' ) . (1.32) 

(1.33) 

(1.34) 
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Fig. 1.1: Spin-wave dispersions calculated using Eq. (1.32), (1.33) and (1.34) and group velocities 
calculated by differentiating the equations according to the Eq. (1.31). Material parameters 
are set to correspond with studied FeNi thin films: noMs = 1.76T, 7/(271") = 29.5 G H z / T and 
t = 8nm at fi0H = 0.1T. 

The lowest order dispersion relations and corresponding group velocities obtained by 

its differentiation are plotted for all the three modes in F ig . 1.1. 
The so far mentioned modes describe propagating spin waves. It is apparent as they 

always have a non-zero group velocity, the energy is being transferred. The other existing 

possibility are the standing SWs that transfer neither energy nor information while having 

\vg \ = 0. A s in an electromagnetic wave analogy, a standing S W is the result of interference 

between two waves propagating in the opposite directions. Moreover, the possibility of 

formation of the standing waves arises from a spatial confinement. This can be induces 

in magnetic nanostructures or periodic magnetic media serving as potential wells [ ] 

for the S W . However, even an in-plane magnetized thin film can host a perpendicular 

standing spin wave (PSSW) [72, 78] wi th the perpendicular wavevector component k± 
l imited by the boundary conditions, such as that only integer multiplies p of the half of 

the corresponding wavelength can fit into the film thickness. The dispersion of the P S S W 

is given by 

PSSW WH + ^eff + 
2A7 (pir\ 

t ) 7 
2A7 /pir\2 

;i.35) 

where A is the exchange stiffness and t is the thickness of the film. 

1.3 Magnonic crystals 
Magnonic crystals ( M C ) are artificial crystals created by periodical variation of different 

materials or modulation of material parameters, which modify the S W propagation within. 

Detailed overviews of state of the art M C s were recently presented by Krawczyk et al. 
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[ ] and Chumak et al. [ ]. Here, we wi l l summarize different kinds of M C s and available 
approaches to their preparation. 

Concept of magnonic crystals 

As presented in the Sec. 1.1, M C s are needed to process information in form of magnons 

and implementation of magnon logic into the circuitry. The S W band structure can 

be tailored to induce bandgaps and allowed minibands, which enables the realization of 

integrated S W logic. 

A periodic modulation of magnetically ordered materials, from arrays of etched grooves 

or pits to the variation of saturation magnetization, magnetic anisotropy, or internal 

magnetic field is of special interest. The band structure is affected both by periodic 

patterning and by the spatial arrangement of the magnetization vector. The modulation 

provides an extra degree of freedom for tailoring of the S W properties. 

M C s are classified depending on whether their properties can or cannot be changed in 

time. Static M C s , properties of which are constant over time, can be integrated into the 

magnonic circuitry as passive elements e.g. microwave filters, resonators and delay lines 

for generation of microwaves. Reconfigurable or dynamic M C s - artificial crystals wi th 

adaptable band structure - are suitable candidates to use as active devices in SW-based 

technology allowing e.g. tunable filtering, time reversal or frequency conversion. 

There are two mechanisms responsible for band formation in a periodically modulated 

media. The first is a coherent scattering and Bragg reflection in a periodic media. The 

second is described by confined (standing) modes in resonators, arranged in such way 

that they support propagation of SWs of discrete frequencies from one to another. In 

both cases, the phase and the velocity of propagating SWs are determined by geometrical 

parameters of the M C . 

Based on the geometry, M C s can be divided into thin-film and bulk crystals. In both 

categories their properties can be modulated in one- [80], two- [81] or three-dimensions 

[82]. The last type has been so far studied theoretically, but the first two types have 

already been experimentally demonstrated in numerous investigations using different ma­

terials and fabrication concepts. 

Static magnonic crystals 

The most straightforward approach for the preparation of static M C is patterning of a 

homogeneous film or a waveguide. B y using lithography and etching techniques, it is 

possible to create arrays of grooves, holes and stripes or different structures resulting in 

periodic variation of the film thickness [I -85] . The one-dimensional M C s prepared from 

grooved Y I G waveguides, for instance, were studied both theoretically and experimentally 

[86, 87 ] . The frequency width of rejection band and its rejection efficiency of M S B V W 

and M S S W modes has been found to be a function of the grooves dimensions, increasing 

with both their width and depth. Another similar case is a spatial variation of S W 
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waveguide width, which was init ial ly proposed using Permalloy nano-wires structured 

in a step-like manner [ 8]. Later, S W spectra in nano-wires wi th continuous (periodic) 

width modulation were studied and distinct resonance modes were observed for various 

film thicknesses [89]. 

A different approach employs the saturation magnetization as a tunable parameter 

in M C preparation. The existence of the S W localized modes wi th the frequency lying 

inside band gaps of a one-dimensional M C with alternating saturation magnetizations 

was predicted by numerical calculations [ ]. Crystals combining stripes of two ferro­

magnetic materials (such as Co and Permalloy) [ ] or single-material waveguides with 

locally reduced saturation magnetization [ !] were introduced. It was as well observed, 

that even a slight variation of the saturation magnetization results in a decrease of the 

S W transmission about an order of magnitude [93] and that the band gap width can be 

tailored by changing the width of the stripes. 

Combination of both approaches (modulation of the saturation magnetization and the 

geometry) gives rise to M C s comprising two different nanostructured magnetic materials, 

which provide even better adjustability of the S W spectra [84]. 

Moreover, not only the ferromagnetic material itself has to be structured to induce 

band gaps in the S W spectrum. It was proposed and experimentally confirmed that M C s 

can be prepared by periodic metalization of a ferromagnetic layer [50]. 

Reconfigurable and dynamic magnonic crystals 

More recent studies have been carried out on the preparation of M C s wi th properties 

adjustable in time, which are called reconfigurable. In the case that timescale of the 

reconfiguration is shorter than the time of the S W propagation through the M C , the 

crystal is called dynamic. 

Different methods of reconfigurable M C s fabrication were introduced. For instance, 

thermal gradients can be created by laser i l lumination, resulting in local modulation of 

the saturation magnetization [ ]. These variations in the magnetization distribution lead 

to the formation of band gaps in the S W transmission spectrum. The band gap positions 

are given by the crystal geometry, whereas their widths in the frequency spectrum are 

adjustable by the intensity of the laser i l lumination. 

Besides the thermo-optically induced modulation of saturation magnetization, another 

means of M C s control was proposed by using electric field or current. It was proposed 

for instance using heterostructures wi th perpendicular magnetic anisotropy controllable 

by applied voltage [ ] or uti l izing a cavity in antidot crystal with a defect, which can act 

as a S W resonator upon injection of spin-polarized current in the vicinity of the defect 

[96]. Another recently proposed and experimentally investigated alternative is based on 

utilization of surface-acoustic-wave in Y I G [ ]. Also, a novel approach, which has been 

theoretically studied, is dynamic crystal based on magnetic domain wall nucleation and 

annihilation [98]. 
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Dynamic M C s are currently getting into the center of interest as they hold potential 

for signal-processing and sensors applications. A special interest is currently paid to the 

electric-field-controlled M C s which enable further operation under low energy consump­

tion when compared to the optically controlled crystals. 

Spin waves in periodic systems 

Calculation of S W dispersion relations in periodically modulated media can be performed 

using the plane-wave method. It has been widely used as a technique for solving Maxwell 's 

equations in last decades and became very popular in the application in photonics. It has 

also become a common tool to calculate the dispersions of S W in two dimensions [Í ] and 

later it has been extended to describe also three-dimensional M C s [82]. 

In general, the technique numerically solves eigenvalue problems in systems wi th spa­

tial periodicity by their transformation into the reciprocal space via Fourier transforma­

tion. It starts from the linearized equation of motion converted into the reciprocal space. 

Then, exploiting periodic boundary conditions to describe the problem, the technique uses 

the ansatz of plane waves to find the solution. More detailed description of the plane-wave 

method can be found in Ref. [ ]. 

1.4 All-electrical spin-wave spectroscopy 
In the framework of the thesis, the S W investigation is performed via inductive tech­

niques, namely by the broadband ferromagnetic resonance ( F M R ) and by the propagating 

spin-wave spectroscopy (PSWS) . To introduce the measurement process, we present an 

experimental basics to the inductive techniques using a vector network analyzer ( V N A ) 

and the most important concepts of high-frequency (hf) engineering 2. Especially Ref. [1] 

may be found very instructive to the understanding of the V N A instrument and its op­

eration principle. Plus, the theoretical background of associated techniques is thoroughly 

explained in Ref. [72]. 

1.4.1 V e c t o r n e t w o r k a n a l y z e r 

Nowadays, the V N A has found a wide application potential in hf measurement techniques. 

It is used to characterize a vast range of hf passive components including cables, couplers, 

filters, attenuators or antennas, and active devices such as transistors or amplifiers. It is, 

however, necessary that these devices operate only in their linear mode of operation. Then, 

their characterization is performed by measurement the network or scattering parameters, 

the so-called S-parameters, as a function of frequency. 

In the most basic concept, the V N A is used to measure the impedance. Such exam­

ination is very simple at low frequencies, since a common voltmeter, an ammeter, and 

2 B y the designation hf, we refer to a range of radio frequencies approx. lO 7 -!!] 1 1 Hz. 
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a sine-wave generator can be employed to measure the ratio between voltage and current, 

to calculate the impedance. However, the measurement of incident and reflected waves 

to obtain the impedance becomes more complicated at hf. In that case, the V N A is used 

to measure an impedance response of a device under test ( D U T ) to a sine-wave stimulus. 

W i t h the use of a signal separation hardware and a pair of receivers, signals from the 

waves incident to and reflected from the D U T are measured. The impedance response 

characterized by the S-parameters is obtained in its complex form, as both phase and 

amplitude of the signal are acquired. Hence, the designation "vector". For comparison 

scalar network analyzers, which were developed earlier, provide the response only as scalar 

quantities. 

A n important part of the measurement process is a calibration. This is required in 

order to eliminate systematic errors of the measurement system and also to exclude the 

influence of hf cables and probes, which are used to connect the D U T with the V N A . 

After performing a calibration, the assessed S-parameters depend only on the microwave 

circuit of the D U T . The errors can be corrected in multiple ways, using various calibration 

processes, described in more detail in Appendix A . l . The most common technique for 

the V N A calibration (and also the method used within the framework of this diploma 

project) is the S O L T (Short-Open-Load-Through) calibration. Generally, it relies on the 

connection of well-defined standards to both ports of the V N A before connecting the D U T 

and measuring the frequency response. 

1.4.2 M i c r o w a v e e x c i t a t i o n a n d d e t e c t i o n 

Exci ta t ion of SWs in the media of our investigation is ensured by a coplanar waveguide 

( C P W ) [100]. 

The mechanism of the inductive S W excitation lies in generation of an alternating 

Oersted magnetic field around the waveguide placed in a proximity to the magnetic mate­

rial. The whole volume of the magnetic material is init ial ly saturated by a bias magnetic 

field so that all its spins are aligned parallel. B y applying a hf signal to the waveguide, 

the alternating field in a direction perpendicular to the current is created and its com­

ponents which are non-collinear with the bias magnetic field induce a torque acting on 

the magnetization, in accordance wi th E q . (1.13). A n amplitude of the magnetization 

precession is increased in the vicinity of the waveguide and is transmitted further through 

neighboring spins. Meeting the conditions imposed upon the bias field and oscillation 

frequency enables the S W propagation in the magnetic material. 

The detection of SWs is ensured by the same mechanism as the excitation. Using an 

analogical waveguide as the antenna, the S W is detected by an inductive pickup. 

Coplanar waveguide 

A coplanar waveguide comprises a conductive strip, which is placed on the surface of 

a dielectric, and two ground electrodes placed symmetrically along the strip. This config-
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1.4. ALL-ELECTRICAL SPIN-WAVE SPECTROSCOPY 

uration benefits from the simplicity of the design, as all electrodes take place on one side 

of the dielectric substrate. Another benefit of a C P W is its inherent ability to produce a 

circularly polarized magnetic vector at the surface of the dielectric between the electrodes. 

There is a whole range of wavevectors k that are excited by a single waveguide, how­

ever, they are not all excited to the same extent. In case of a C P W , the excitation spec­

t rum is given by a Fourier transform of the hextey. The excitation spectrum comprises 

dozens of peaks and gaps, and its shape is a function of the C P W geometry. There exists 

a maximum at the excitation spectrum, which is located at k — /CCPW
 a n d it identifies the 

most excited S W wavelength by that particular C P W . Another important value in the 

excitation spectrum is the first minimum located at k — kcntos- A s the second maximum 

is significantly attenuated compared to the first one, the kCVLtos can be looked at as the 

highest wavevector that is excited. To obtain the whole excitation spectrum of a C P W , 

the fast Fourier transform has to be performed. It is however possible to estimate the 

^cutoff value alone. In the literature can be found different approaches resulting in similar 

values, using either a formula kCVLtos ~ ft/ws [101] or kcnt0E ~ 2n/(ws + 2g) [102], where 

ws is the width of the signal line and g is the gap between the signal line and each of the 

ground lines of the C P W . 

Microwave transmission 

In order to understand the measurement and the S-parameters, we introduce the basic 

theory of electromagnetic propagation in a microwave transmission line. There are four 

electric parameters describing a transmission line given by its geometry and material: 

resistance R and inductance L of the conductors, capacitance C between the conductors 

and conductance G of the underlying dielectric. A l l these parameters are related through 

voltage and current. In hf systems, however, two other parameters are mostly used for 

the characterization instead of the static parameters voltage and current. The first one is 

called the characteristic impedance Zc of the line 

and it is the hf counterpart to the impedance which relates static voltage and current. 

The second one is the propagation constant 7 C defined by 

Both the Zc and 7 C are generally complex quantities. The 7 C is often split in the real and 

the imaginary parts called the attenuation constant and the phase constant, respectively. 

In the case of a low-loss transmission line, R uL and G uC. The Zc can be 

approximated by the expression 

(1.36) 

7c = y/(R + iu;L)(G + iuC). (1.37) 

(1.38) 
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port 1 S u ) 

J21 

DUT ( S 2 2 port 2 

'12 
Fig. 1.2: A schematics of the S-parameter model of the two-port D U T . Complex and nor­
malized incident waves a\ and outgoing waves bi are indicated together with the corresponding 
S-parameters. 

which is a function of the geometry only. Hence in the case of a C P W , the Zc can be 

adjusted by the width of the conductors and spacing between them and it is commonly 

chosen to be 50 Q. 

1.4.3 S c a t t e r i n g p a r a m e t e r s 

In order to describe a D U T in the hf measurements, the S-parameters are preferably used, 

instead of more complicated measurements of total voltage and current. To characterize 

a transmission element, a so-called two-port model can be used 3 . The two terminals of 

the element are called ports % — 1 and 2. Then, a pair of waves aj and bi is defined 

Vi + Zcili Vi — Zcili di = — and bi = — , (1.39) 
^yZci Qy/Zci 

which both are complex and normalized. Here, Vi, Ii, and Zci, are the voltage, the current 

and the characteristic impedance of the transmission line at the port i, respectively. The 

waves Oj and bi can be interpreted as an incident wave and an outgoing wave. Using these 

waves, we can define the S-parameters as follows 

Sll S\2 

S21 S22 
;i.4o) 

The S-parameters defined in this way denote the ratio of the outgoing wave at port % 

to the incident wave at the other port. A n d it also means that the wave bi is a linear 

combination of the incident waves at both ports. It should be noted that any D U T can 

be fully characterized only by a set of S-parameters. The mutual relation between both 

waves and the S-parameters is shown in a schematics of the two-port model in F ig . 1.2. 

Reciprocity and symmetry are other decisive properties of the D U T . When the former 

is fulfilled, the transfer function of the D U T is independent of the wave propagation 

direction and the S-parameters form a symmetric matrix wi th S21 = <Si2- The latter implies 

S11 = S22 for a symmetric D U T . 

3The notation can be as well extended for n-port device using n 2 of the S-parameters. However, we 
work with two ports exclusively using our VNA. 
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1.4.4 B r o a d b a n d f e r r o m a g n e t i c resonance t e c h n i q u e 

The broadband F M R is a standard technique for measurement of the magnetization dy­

namics in bulk magnets, th in magnetic films or micro-patterned magnetic media. It offers 

a possibility to measure the magnetodynamic properties in the frequency domain over a 

range of tens of G H z . In this way, the measured magnetic parameters can be obtained 

with high accuracy and their frequency dependence can be accessed. 

The F M R technique allows the excitation of SWs wi th the wavevector close to zero. 

A C P W with a relatively wide signal line is used to ensure that /CCPW ~ 0 and the other 

k > 0 contribute very little to the excitation spectrum. 

A n output of the technique are F M R parameters which are obtained from a standard 

measurement of the S-parameters against frequency and magnetic field. Magnetic excita­

tion is a sinusoidal signal, provided to the sample via a C P W . A single C P W serves as a 

transmitter and a receiver of the S W and the dynamic response of the sample is induc­

tively detected by the V N A . The measured quantity is either the reflected signal Sn (or 

S22), or the transmitted signal S21 (or S12). B y analyzing the frequency sweep spectra, 

the frequency linewidth can be obtained and used for characterization of the dynamic 

magnetic properties. 

It is mostly not possible to distinguish the frequency dependent signal from the back­

ground signal. Therefore, techniques involving subtraction of the measured signal from a 

reference signal, or its division by the reference signal are commonly used. The frequency 

spectra measured either in the zero bias field or in full magnetic saturation are most often 

used as references. 

There are two different experimental arrangements commonly used. In the first case, 

the magnetic medium is covered by an electric insulation layer such as silicon dioxide 

(Si02) and a waveguide is lithographically prepared on the top, see F ig . 1.3a. Such con­

figuration is wi th benefit used when magnetic micro- or nanostructures are investigated, 

as it allows to precisely align the waveguide with the structures. In the second case 

(Fig. 1.3b), the waveguide and the magnetic media are prepared on two separate sub-

M 

I 
(a) (b) (c) 

Fig. 1.3: A schematics of the measurement setup for the ferromagnetic resonance measurement 
using lithographically patterned C P W (a) or the flip-chip technique (b) and a schematics of 
setup suitable for the propagating spin-wave spectroscopy (c). According to the waveguide 
design, these methods allow three different qualities can be measured: A frequency response 
after the input signal reflection (a) or transmission (b) and a signal connected with propagation 
of the SWs (c). 
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strates. The substrate with magnetic film is placed on top of the isolated waveguide so 

that the film is turned towards the waveguide. The so-called flip-chip technique can be 

used only for the investigation of magnetic properties of continuous thin films or large 

arrays of structures, as the alignment is more complicated. 

1.4.5 P r o p a g a t i n g sp in -wave s p e c t r o s c o p y 

The propagating spin-wave spectroscopy (PSWS) technique is a tool for measurement of 

magnetostatic modes wi th non-zero wavevectors k. Similarly to the broadband F M R , the 

P S W S relies on the inductive excitation and detection of SWs v ia C P W s (or microwave 

antennas). In this case, the excitation and the detection are ensured by two waveg­

uides spatially separated by short distance across which the excited S W can propagate 

(Fig. 1.3c). The reflected signal Su and also the transmitted signal Sij from one waveguide 

to the other can be measured by the V N A . Then, the characteristics of the propagating 

S W such as attenuation length, phase delay, group velocity or magnetization relaxation 

rate can be calculated from the transmitted signal. In the P S W S configuration as well, 

both the lithographic preparation and the flip-chip techniques can be used. 

To excite the S W modes wi th large k values in common ferromagnetic materials based 

on 3d transition metals, the dimensions of the waveguides need to lie in the order of tens 

of nanometers to units of micrometers. The waveguides of precise widths and spacings 

are necessary to provide the excitation spectrum with defined distributions of wavevec­

tors. Therefore, they are commonly prepared by the electron beam lithography ( E B L ) 

technique. 

There is, however, an exception in terms of the dimensions when the S W propaga­

tion media consists of a material wi th very low-attenuation properties, such as Y I G . In 

this case, nearly macroscopic waveguides can be used. Conversely, very narrow waveg­

uides cannot be used wi th Y I G , as its low saturation magnetization limits the excitation 

frequencies to rather low values (and therefore limits also its potential for hf application). 

It is worth mentioning that due to its low attenuation properties, Y I G has become 

the first material extensively studied for S W propagation and it is st i l l probably one of 

the most used materials in the P S W S . The attenuation lengths, i.e. the length scale at 

which the wave amplitude decreases by a factor of e, observed in Y I G films lie in the 

micrometer to millimeter scale. Different propagating modes have been investigated in 

continuous and patterned films [51, 103, ] ] and Y I G is also employed as a reference 

material within the framework of this project. 
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2 Metastable FeNi thin film 
preparation in ultra-high vacuum 

The purpose of this chapter is to introduce the first experimental part: preparation 

of samples. Techniques used in the preparation process are briefly introduced in Sec. 2.1. 

Then, it is summarized the state of knowledge of metastable FeNi thin films made at 

Institute of Appl ied Physics at T U Wien ( T U W ) and lately also at our laboratory in 

Brno. A model system of Fe/Cu(100) is described in Sec. 2.2 and its later replacement 

by FeNi/Cu(100)/H-Si(100) is discussed. Sec. 2.3 provides a concise description of the 

technological procedure of metastable FeNi film and the substrate preparation performed 

in our laboratory. 

For the sake of clarity, the whole preparation process, in a nutshell, is illustrated in 

F ig . 2.1. A more detailed description is provided in the following text. 

2.1 Introduction to ultra-high vacuum techniques 

Ultra-high vacuum ( U H V ) stands for vacuum regime with the pressure of residual gas 

below 10~ 7 P a or 10~ 9 mbar. In order to achieve high quality thin film samples with well 

defined interfaces and material composition, it is a must to perform the whole preparation 

Fig. 2.1: A schematics of the metastable FeNi thin films preparation. The steps of the metastable 
thin film preparation on the Si substrate is summarized in the first row and the parallel process 
for the case of a Cu substrate is presented in the second row. Once the metastable thin film 
is prepared, the sample is taken out from the U H V apparatus and it is patterned by FIB 
direct-writing. The structural as well as the magnetic properties are characterized using the 
S E M and the magneto-optical Kerr magnetometry ( M O K E ) , respectively. The sample is then 
prepared for magnetodynamics studies. 
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procedure in such conditions. However, the work wi th U H V is challenging and requires a 

special approach as some technological aspects must be taken into account. 

The residual atmosphere is mainly caused by gases permeating through or diffusing 

out from walls of a U H V apparatus chamber and of surfaces of objects loaded inside the 

chamber. Therefore, anything transferred to the vacuum chamber from the outside (such 

as samples and sample holders) has to be properly cleaned prior the experiment itself. A l l 

objects loaded into the vacuum must consist of U H V compatible materials exclusively, and 

they have to be degreased before placing into the vacuum. Usual substrate preparation 
comprises outgassing both the sample holder and the sample followed by one or multiple 

cycles of sputtering and annealing. Then, the intended material can be deposited on the 

sample. To ensure flawless preparation, individual steps of the process can be monitored 

via different characterization methods. 

As the preparation of the metastable FeNi thin films is rather complicated, we check 

the different steps of the procedure by several characterization techniques. X-ray photo-

electron spectroscopy and low energy electron diffraction, the most important techniques 

for us, are briefly described in this section. The thin films preparation itself is carried out 

by epitaxial growth, which we also introduce to in the following text. 

2.1.1 E p i t a x i a l g r o w t h 

The word epitaxy refers to a deposition of a single crystal layer on top of a crystalline 

substrate. The method of epitaxial growth is extensively used for the thin-film deposition 

on single crystals in the U H V conditions. The films prepared by the epitaxial growth 

are chemically pure and of well-defined crystal orientation wi th respect to the substrate, 

as the substrate creates a seed crystal for the film which is deposited. If this condition 

is not met, the thin-film growth is not epitaxial. Generally, it is distinguished between 

homoepitaxy and heteroepitaxy. In the first case, the deposited film and the substrate 

are of the same chemical composition; in the later, they consist of different materials. 

The material to be deposited is located in the evaporator, either in a form of an 

evaporation rod or it is placed inside a crucible. First , the material is heated by electrons 

emitted from tungsten filament in close proximity. Then, the atoms of the heated material 

are emitted from the evaporator in a form of gas. Most of them remain inside, but some 

can pass through a collimator and reach the sample surface. Some of the atoms are ionized 

by collisions with accelerated electrons and a part of them hits the collimator. There they 

create the electric current which can be measured by a flux monitor. This current is used 

to control the deposition rate during the process. The evaporator has to be cooled in the 

course of the deposition, in order to avoid an increase of the pressure. A flow of water or 

nitrogen gas is typically used for the cooling. 
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2.1.2 L o w ene rgy e l e c t r o n d i f f r a c t i o n 

Low energy electron diffraction ( L E E D ) is one of the most frequently used techniques 

for surface analysis. In order to obtain a back-scattered electron diffraction pattern, the 

investigated sample has to be a crystal wi th a well-ordered surface structure. L E E D can 

be then used for investigation of the sample surface reconstruction, chemical bonds and 

also structural changes on the surface. 

In the experiment, a beam of low-energy electrons emitted from an electron gun is 

directed upon a crystal surface at normal incidence. Electron energy is typically in range 

of 20 — 300 eV. A s these electrons collide wi th the investigated surface, they diffract in 

various directions depending on sample crystallography and they are accelerated towards a 

phosphor-covered screen. The diffracted electrons that reach the screen, cause fluorescence 

of the screen in the places they hit its surface. In this manner, a L E E D pattern is created 

on the screen. The intensity of glow of each spot depends on the electron intensity and 

the obtained geometrical pattern reflects the atomic structure on the crystal surface in 

reciprocal space. A more detailed description can be found in Ref. [105]. 

From the analysis of the L E E D pattern spot positions, one can obtain information on 

the degree of crystallite of the surface. The method also provides information on the size, 

symmetry and rotational alignment of the lattice unit cell. Moreover, from the intensities 

of individual spots, it is possible to quantitatively determine the atomic structure of the 

crystal wi th an accuracy of a few tenths of an angstrom. 

2.1.3 X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y 

X-ray photoelectron spectroscopy (XPS) is a widely used method for chemical characteri­

zation of surfaces. It is a common tool for a study of an electron structure and a chemical 

composition of solids or th in films. The X P S provides information about both quantita­

tive elemental composition of materials and about electron bonds. A n information depth 

of the technique is given by electron mean free path, which is usually several atomic 

layers from the sample surface. Hence, wi th the information depth of 3-10 nm, the X P S 

is considered as a surface sensitive technique and it can be as well used to estimate the 

thickness of thin films. Except for atoms of hydrogen, all elements can be distinguished 

together wi th their oxidation state. 

Different experimental approaches allow angle-resolved or temperature-dependent mea­

surement and even energy-resolved measurements of adsorbate distribution wi th lateral 

resolution down to several microns. Moreover, a depth profiling is also possible when the 

X P S measurement is combined with ion-milling. 

The X P S technique is based on the photoelectric effect, i.e. on the emission of photo-

electrons created by incident photons. In the experiment, a sample surface is excited wi th 

characteristic X-rays incoming from a monochromatic X-ray source causing the emission 

of photoelectrons from core levels of the sample. These photoelectrons are focused and 

collected by an electron energy analyzer. Only those of desired kinetic energy can pass and 
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continue towards a detector, and hence contribute to the measured signal. From kinetic 

energy measured by the analyzer, electron binding energy is directly obtained. Then a 

photoelectron spectrum is recorded over a range of electron kinetic (or binding) energies. 

In the spectrum appear peaks that are relevant to the surface atoms emitting photoelec-

trons of distinct energy. Mater ia l composition can be identified from the peak positions, 

chemical bond from the peak shift and quantity of a detected element is determined from 

the peak intensity. 

2.2 Epitaxial iron films on copper 

The system of Fe thin-film epitaxially grown on copper single crystal - Cu(100) - has 

been extensively studied over past decades due to its potential for growth of metastable 

face-centered-cubic (fee) Fe even at low temperatures [106-108]. When grown properly 

the film can be controllably transformed by ion irradiation to the body-centered-cubic 

(bec) structure [109]. Such unusual behavior opens up many possibilities for util ization 

and further investigation. 

2.2.1 M e t a s t a b l e t h i n i r o n films 

As an allotropic material, Fe can be observed in more forms called phases. These differ 

in their crystal structure and they also exhibit distinct physical properties. In special 

cases, more than one phase of Fe thin films can coexist under the same conditions. These 

films are called metastable. W i t h the change of pressure and temperature, the Fe films 

undergo phase transitions, which are affected also by the presence of admixtures and 

their concentration. A t room temperature, pure bulk Fe is observed exclusively in the 

bec structure, the a phase. In such case, it is ferromagnetic up to Curie temperature 

(approx. 770 °C) . W i t h the increase of temperature up to approx. 912 °C, it recrystallizes 

to 7 phase characterized by fee lattice and paramagnetic properties. 

The reason for combining Fe wi th C u substrate is following. In heteroepitaxial systems, 

there are always some disturbances at the interface of the layers due to different sizes of 

lattice constants of the two materials. Therefore, in order to achieve proper epitaxial 

growth, it is necessary to choose a system made of substances of similar lattice constants. 

Restricted to the case of room temperature, the lattice parameter of bec Fe is 2.68 A 

[110] and it is incompatible wi th the lattice parameter 3.615 A of fee C u , as the differ­

ence in their size is 26 % of the C u lattice parameter value. However, the fee Fe lattice 

parameter 3.588 A [107] almost perfectly fits the one of C u , as their variation is less than 

0.7%. Therefore, a C u single crystal exhibiting the fee structure can serve as a suitable 

substrate for the epitaxial growth of the fee Fe films. 

Moreover, the fee Fe thin-film structure varies wi th thickness depending on the ratio 

of two major energy contributions. The first one, the energy of deformation, stabilizes 

the pseudomorphic structure of Fe i.e. the film structure is deformed to correspond with 
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Fig. 2.2: Schematics of Fe/Cu(100) crystal structure, modified from [111]. The first schemat­
ics illustrates the earliest stage of growth - the ferromagnetic nanomartensitic structure, the 
second depicts the pseudomorphic growth of the paramagnetic fee structure, and the third one 
depicts growth of the ferromagnetic bec structure after releasing strain in the Fe layer. In both 
ferromagnetic growth regimes, preferred orientation of the magnetization vector is indicated by 
black arrows. 

the substrate. The second contribution is the energy given by the crystal structure, 

which initiates the transition of Fe into the a phase because the bec structure is more 

energy-efficient at low temperatures [111]. Depending on the ratio of both energies, three 

types of structures can be distinguished in different ranges of film thickness, schematically 

depicted in F ig . 2.2. 

In the very beginning of the growth of Fe on Cu(100), a bcc( l lO) structure is observed 

up to a thickness of four monolayers ( M L ) of Fe. The bec structure is distorted in such 

way that it minimizes discontinuity of the lattices at the interface and hence the energy 

of deformation. This structure, called nanomartensitic 1 , exhibits ferromagnetism and 

magnetic anisotropy with an easy axis in the out-of-plane direction [112-114]. Then, a 

pseudomorphic growth of fcc(100) structure of paramagnetic Fe follows [112, 115]. It is 

sustainable up to the thickness of 10 M L when the energy gained by the fee to bec phase 

transition overcomes the interface-induced energy of deformation. Finally, the thickness 

region of paramagnetic Fe ends and the film relaxes back into the bcc( l lO) structure being 

ferromagnetic wi th magnetization lying in-plane of the film surface. The critical thickness 

at which the transition occurs can vary depending on temperature, on the presence of 

surfactants, and strain in the film. This structural phase transition ( 7 —> a) is closely 

linked to magnetic phase transformation (paramagnet —> ferromagnet). Similarly, the 

magnetic properties are connected with the film thickness. 

2.2.2 S t a b i l i z a t i o n o f p a r a m a g n e t i c phase 

As thin films of pure 7-Fe are stable only below the thickness of approx. 10 M L , it was of 

major interest to find also possibilities for stabilization of thicker films. The thicker the 

Fe films are, the less they are prone to oxidation and to mechanical damage, both highly 

undesirable properties for the further application of the films. Furthermore, thicker films 

can reach higher magnetic moment after their transformation. 

X A characteristic twin structure that combines local bec order with a good lattice matching at the fee 
substrate interface, a typical sign of bulk martensitic transition occurring on much smaller length scale 
[112]. 
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Two methods of 7-Fe stabilization were introduced so far. The first alternative is 

deposition of Fe film in carbon-monoxide (CO) atmosphere [114, 116, 117]. During the 

deposition, gaseous C O molecules dissociate when they get in contact with the Fe surface. 

The C atoms incorporate into interstitial sites of the growing layer crystal lattice, where 

they act as stabilizing agents for the fee structure growth. Contrarily, the O atoms remain 

on the surface acting as surfactants; they promote the further layer-by-layer growth of 

Fe. Unfortunately, the surface is gradually saturated by these O atoms that prevent 

additional atoms of C to penetrate into the Fe bulk. Therefore, the growth is no longer 

stabilized and the phase transformation takes place. This fact limits the maximum 7-Fe 

film thickness to approx. 2 2 M L [117]. 

The aforementioned l imitat ion has been overcome by the later method presented by 

Gloss et al. [ ] using N i as a stabilizing agent. A t room temperature, crystalline N i dis­

plays ferromagnetic properties. It is stable in the fee structure wi th the lattice parameter 

of 3.52 A and its atomic radius is almost no different than the one of Fe. It can be easily 

bound to the Fe lattice and it can as well take the bec structure of a-Fe. These properties 

make N i an optimal element for alloying wi th Fe and also a convenient candidate the for 

fee structure stabilization. 

A phase diagram of an F e ^ N i ^ ^ alloy and stability of each of the two phases in depen­

dence on the N i concentration were thoroughly investigated. Based on the experimental 

study, see F ig . 2.3, the region of metastable fee structure was determined [3]. The exact 

range of N i concentrations was found to depend also on the pressure of residual C O gas 

in the U H V chamber where the growth takes place (Fig. 2.3a). Finally, an optimum was 

found for 22 % of N i at 3x 10~ 9 mbar of C O . This N i concentration, which takes place just 

before the invar region, provides large magnetic moment (Fig. 2.3b). Most often, films of 

thickness 44 M L were studied [118] but it is possible to grow even thicker films using this 

method. 

Due to the reasons given above, Fe7sNi 2 2 (FeNi) has been exclusively used in successive 

studies. 

2.2.3 T r a n s f o r m a t i o n b y i o n b e a m i r r a d i a t i o n 

The transformation from the metastable 7 to the a phase was ini t ial ly demonstrated 

on 8 M L Fe thin film wi th use of a broad beam A r ion irradiation [109]. It was later 

demonstrated on thicker CO-stabil ized films using lithographically prepared mask [117] 

and on Ni-stabilized films using a focused ion beam (FIB) irradiation [118]. The principle 

of transformation upon ion irradiation was thoroughly studied in last decade. 

A n atomic structure of th in FeNi (or Fe) film is subject to an interplay of two energy 

contributions as discussed in Sec. 2.2.1. F ig . 2.4 shows a dependence of total energy 

on the crystal structure. The fee structure is, as can be seen from the figure, a local 

energy minimum of the studied system [120]. O n the other hand, the bec structure is 

energetically even more favorable and it is a global energy minimum of the system. The 
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Fig. 2.3: Diagrams of the structural and magnetic phases of Fe-Ni alloy: (a) Dependence of the 
structural phase on N i concentration and on the residual gas pressure during the deposition, 
modified from [3] and (b) dependence of the magnetic moment on N i concentration, modified 
from [119]. 

graph well illustrates the metastability of the fee phase. Before the system can relax to 

the bec phase, an energy barrier needs to be overcome. 

The process of transformation can be explained by the Thermal spike model: The 

extra energy can be delivered to the system by an incident ion. The kinetic energy of the 

ion is transformed into the thermal energy and it is transferred to an atom it collided with. 

When a large amount of ions impact at one spot a small volume of material melts and 

lattice defects are created in its vicinity. In case that the energy obtained by another ion 

exceeds the energy barrier, a nucleus of bec structure is created before the molten volume 

freezes; and with certain probability, it can freeze in a different structure (bec) than the 

surrounding (fee). Many bec nuclei which grow and coalesce are gradually created in this 

way forming the new bec phase embedded in the fee matrix. 

0.7 0.8 0.9 
c/a 

Fig. 2.4: Calculation of the FesNi alloy total-energy in dependence on the lattice parameters 
c/a ratio during the fcc-to-bcc structure transformation, in which c = 2.67au and a = 2.6au. 
Modified from [120]. 
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Fig. 2.5: Interface between crystal lattices of FeNi and Cu. The gray lattice represents the 
last atomic layer of fee Cu(100) whereas the red and green lattices represent the first layer of 
metastable fee (100) and bec FeNi(l lO). Four equivalent alignments of the bec (110) lattice on 
top of fee Cu(100) exist. They are rotated by ±19.5° from the fee (Oil) direction, as indicated 
by the dashed (black) lines. 

After recrystallization into the bee structure, crystal lattices of both adjacent materials 

no longer match. Instead, there are four equivalent orientations of FeNi ( l lO) lattice on 

top of the Cu(100) lattice, as was demonstrated using L E E D [112, 117]. One of the bec 

(111) directions is parallel with (Oi l ) direction of the fee lattice whereas the other one is 

rotated by ±19.5° from the corresponding direction, see F ig . 2.5. It is important to know, 

whether all four lattice orientations are created in the same proportion or one particular 

orientation dominates over the others, since the crystal structure is closely linked with 

magnetocrystalline anisotropy. A strong four-fold anisotropy is expected in crystalline Fe 

films. We have earlier confirmed the presence of the magnetocrystalline anisotropy in the 

transformed FeNi th in films [121], which is discussed in further detail in Chapter 3. 

2.3 Preparation of FeNi films on different substrates 

For the successful preparation of metastable fee FeNi , flatness and purity of the single 

crystal substrate are essential. In the following section, experimental treatment of different 

substrates which allow the fee FeNi growth is described. In addition to the C u single 

crystal, we use also silicon and diamond substrates. 

2.3.1 C o p p e r s ing le c r y s t a l 

Deposition of FeNi directly on the C u single crystal is the most straightforward approach. 

C u crystals of various sizes, shapes, and quality are commercially available. The used 

substrates are Cu(100) hat-shape single crystals wi th 4 m m upper and 6 m m bottom 

diameters, wi th orientation inaccuracy <0 .1° and purity 99.999% made by M a T e c K . 

A t the beginning of the experiment, the Cu(100) crystal is attached to a degreased 

molybdenum (Mo) sample plate using two strips of M o sheet placed from the sides. The 

crystal cleaning is carried out by cycles of sputtering and annealing inside of a U H V 

chamber wi th a base pressure below 5x 10~ 1 0 mbar. A broad beam of 1 keV A r ions from 

an electron impact ion source is used for the sputtering at normal incidence. Consecutive 

annealing is performed using e-beam heater. The temperature is checked by a pyrometer, 
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mounted on the view-port of the chamber, which is directed on M o sample plate wi th 

the set emissivity of 0.8. A t the temperature of 600 °C we estimate that the actual 

temperature of the sample is about 50 °C lower than the one measured by the pyrometer. 

The whole cleaning procedure is summarized in the following list: 

• Mount ing the Cu(100) crystal on a sample plate and its insertion into the U H V 
system. 

• Outgassing the sample plate with the sample: It is important not to exceed the 

temperature of approx. 600 °C, to avoid the risk of melting of the C u substrate. 

The emission current corresponding to the required temperature is approx. 15 m A 

at 1 kV. 

• Sputtering the crystal: A typical procedure comprises sputtering for 20min wi th 

20 u A of 1 keV Ar+ at 9x 10" 6 mbar. 

• Annealing the crystal for 15 min: Heating of the sample is provided by 15 m A elec­

tron bombardment at 1 k V which corresponds to the temperature range of approx 

550-580 °C. 

• Two additional cycles of the sputtering followed by the annealing treatment: It 

is usual to apply more gentle parameters of sputtering procedure such as 5 min, 

15 u A , 750 k V and to perform the annealing at a slightly higher temperature such 

as 580-600 °C, 17mA, 1 k V for 15 min. 

The final state after the preparation can be checked by L E E D and X P S techniques. A 

typical L E E D analysis is performed with the filament current of 1.5 u A , the screen at 6 k V 

and wi th primary beam energies in a range of 80-200 eV. For the X P S analysis, aluminum 

(Al) anode at power 400 W is typically used. Chemical purity of the crystal surface is 

verified by checking the energy spectra, especially for the presence of O, C, and M o peaks. 

When there are no impurities present, we proceed wi th deposition of metastable fee FeNi . 

The procedure is described further at the end of Sec. 2.3.2. 

2.3.2 H y d r o g e n - t e r m i n a t e d s i l i c o n 

As mentioned in the previous section, the system of metastable fee FeNi on a C u single 

crystal has already been thoroughly studied. However, in order to bring it closer toward 

the application, substitution of the C u single crystal wi th a less expensive material is 

necessary. The most appropriate substitute is of course silicon (Si). It has been the most 

used material in microelectronic industry for many years and great progress has already 

been made in the understanding of its material properties and its technological processing. 

Therefore, possibilities for substitution of the C u by Si have been explored and it has been 

shown that metastable FeNi th in films can be prepared on a Cu(100) buffer layer on a 

hydrogen-terminated (H-Si) surface of Si(100). 
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The preparation of the epitaxial Cu(100) buffer layer on top of a Si single crystal is 

rather challenging. The use of regular Si(100) results in the growth of C u ( l l l ) which 

is the preferred crystallographic orientation of C u on Si(100). To make the Cu(100) 

growth possible, the Si substrate needs to be hydrogenated first [122]. The Cu(100) 

crystal lattice is rotated by 45° wi th respect to H-Si(lOO): the [010] direction of C u being 

parallel wi th the [Oil] direction of Si, and their mutual lattice mismatch is 4-6%. The 

H-S i substrate can be obtained by two methods: chemical and thermal. The former is 

achieved by ex-situ hydrofluoric acid (HF) etching and the latter is performed in-situ by 

flash annealing followed by the deposition of atomic hydrogen. 

The stabilization of the Cu(100) structure on H-S i was already demonstrated by mul­

tiple studies [ 1 2 2 - 1 2 6 ] . W i t h i n these, H-Si was prepared solely by the chemical approach. 

Metastable fee FeNi films were also successfully prepared on top of C u buffer grown with 

the use of H F etching at T U W 2 [127]. Even though these FeNi films display low surface 

roughness at a microscopic scale, we have found difficulties with the subsequent inves­

tigation of their magnetic properties by the optical method (i.e. M O K E ) due to their 

corrugation on a macroscopic scale. Therefore, it became desirable to use a method of 

preparation of cleaner H-S i to enable the growth of FeNi films of better surface quality. 

As a result, the thermal approach was implemented, and it exclusively is used for the 

preparation of H-S i within the scope of this thesis. 

Flash annealing and hydrogenation 

Prior the in-situ hydrogenation process, Si surface has to be cleansed of native oxide. To 

remove carbon-dioxide ( C O 2 ) and other carbon contaminants from the Si surface, anneal­

ing at the temperature of 1200 °C is necessary. Cleaned surface is then hydrogenated 

using custom built hydrogen-cracker - a system that heats H 2 gas flowing through cap­

illary to approx. 1700 °C and decomposes it to atomic H . To suppress heating of the 

sample by hydrogen-cracker, a l iquid nitrogen ( L N 2 ) cooled C u cryo baffle is used. 

Hydrogen adsorption sites on the Si(100) surface form a (2x1) reconstruction up to 

a full monolayer coverage. Addi t ional exposure to atomic H leads to the final state 

characteristic by a ( l x l ) reconstruction wi th saturation point being around 2 M L of H 

[128]. In such case, the surface is very flat and can be used for epitaxial growth of Cu(100). 

It was observed that 150 L is sufficient for complete surface coverage by H [129]. However, 

even more H can be applied with no harm. 

Substrates used in the experiment are boron-doped Si(100) with the resistivity of 

6-12 fim and the thickness of 525 um. Samples wi th dimensions of (3x12) m m 2 are cut by 

laser-dicing. This technique enables preparation of rectangular samples wi th very straight 

edges which is a highly important aspect for homogeneous distribution of temperature 

during the annealing process. The treatment is ensured by direct current (dc) heating 

2One of advantages of using of the chemical approach is the parallel removal of the native oxide and 
hydrogenation of the surface within a single step of HF etching. Using the thermal approach, this has to 
be done separately. 
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3 BBP*iaSfflH 
Fig. 2.6: Two similar custom built sample plates for dc heating. The sample plates comprise 
Mo parts such as sheets, threaded rods with nuts, or bolts with spacers. Ceramics are used to 
insulate the electrodes. Samples up to 5x14 m m 2 can be fasten within. 

inside the U H V chamber wi th a base pressure below 5 x l 0 _ 1 0 m b a r . Two similar custom 

built M o sample plates and a commercial one are used for mounting of the samples 

(Fig. 2.6). Design of our sample plates is based on the design of the sample holders for dc 

heating made by S P E C S . Temperature is checked by pyrometer directed on the Si surface. 

Initially, emissivity is set to 0.75 ( S i 0 2 ) for outgassing and it is changed to 0.35 (Si) only 

before the annealing. 

The whole cleaning and hydrogenation procedure is summarized in following list: 

• Mount ing a Si sample on a dc sample plate and its insertion into the U H V system. 

• Outgassing the sample plate by e-beam heater: The sample plate containing the 

sample is heated at the temperature of approx. 600°Cunt i l pressure in the U H V 

chamber reaches 5 x l 0 _ 9 m b a r . The outgassing is mostly carried out overnight, as 

it last several hours. 

• Outgassing the sample by dc: The sample is heated with use of a dc power supply 

at the temperature of approx. 600°Cun t i l the pressure reaches 5 x l 0 _ 1 0 m b a r . Cor­

responding heating power is approx. 5 W , depending on dimensions and resistivity 

of the sample. 

• Cooling a cryo baffle wi th L N 2 : After the outgassing procedure, it is necessary to 

wait unt i l the pressure decreases below 4 x 10~ 1 0 mbar before initiating the celasining 

of the sample. 

• Flash annealing the sample by dc at 1200 °C: Typically, dc is in a range of 9.5-10.3 A 

depending on parameters of the sample. The annealing temperature is held for 10 s 

and it is preceded by a 5 s ramp up from the outgassing temperature and followed 

by a 5 s ramp down to room temperature. The t iming is crucial in order to avoid 

melting the sample and to prevent the formation of silicides. The annealing process 

can be optionally repeated several times to ensure the sample surface cleanliness. 

• Hydrogenation of the sample: The atomic hydrogen exposure takes approx. 420 s. 

It is achieved with 1 k V H atoms at the pressure of l x l 0 _ 7 m b a r . The supplied 
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power is typically 18 W but the parameters can slightly vary. O n the other hand, 

keeping the back pressure as low as possible is essential, therefore, the H-cracker 

has to be well degassed first. 

• Surface reconstruction analysis by L E E D followed by one shorter hydrogenation 

step. 

After each step of the preparation procedure, inspection of the sample final state by the 

X P S analysis can be considered. However, it needs to be remembered that each additional 

treatment can increase contamination of the sample surface. Moreover, the X P S causes 

partial dehydrogenation and so does the L E E D . 

Results from analysis of Si sample during the preparation are shown in F ig . 2.7. X P S 

spectra of Si(100) obtained before and after annealing (Fig. 2.7a) prove the disappear­

ance of O and C peaks - the major surface contaminants. The change of the surface 

reconstruction from (2x1) to ( l x l ) caused by hydrogen saturation is further visible in 

the L E E D patterns (Fig. 2.7b). These are obtained before and after the hydrogenation 

the primary beam energy of 80 eV. Such H-Si(lOO) substrate is prepared for deposition of 

the buffer layer. 

O n the other hand, a remaining contamination, an incomplete hydrogenation, and 

other deviations result in the growth of a different than the (100) structure. It can be 

either polycrystalline C u or the C u ( l l l ) structure. 

Several typical issues that can arise during the preparation are listed below together 

with their causes: 

• A substrate of too high resistivity is used. =>- dc "breakthrough" cannot be reached. 

i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 1 1 1 1 •• i 1 • 1 1 i 1 1 1 1 i i i i ij i i i ij 
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Binding Energy (eV) 

(a) (b) 

Fig. 2.7: Preparation of H-Si(100). (a) X P S spectra of Si(100) sample before treatment and after 
two cycles of flash annealing at 1200 °C. Insets: details of the O Is and C Is peaks, (b) L E E D 
patterns of the (2x1) reconstruction on the Si(100) surface (top) and of the ( l x l ) reconstruction 
on the H-Si(100) surface (bottom). 
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• A sample is incorrectly mounted on the sample plate. =>- The measured resis­

tance is infinite and either the dc "breakthrough" cannot be reached or the sample 

melts/breaks at one of its ends. 

• A sample is cut too wide. =>- Supplied dc power is not sufficient for reaching 1200 °C. 

• Sample edges are ragged. =^ Heat is not distributed equally causing melting of the 

sample on sides. 

• The pressure inside the U H V chamber is higher than recommended in different steps 

of the procedure. =^ Defects appear on the Si surface to a greater extent. 

• Spots associated wi th the (2x1) and (1x2) reconstructions are visible at L E E D 

pattern after the hydrogenation. =^ The H saturation point was not reached yet. 

Buffer layer and metastable thin film deposition 

To obtain a homogeneous fee (100) film of metastable FeNi , a quality of the substrate 

topmost interface is crucial. So far as it is known, C u on H-Si(lOO) grows in an island 

mode [126] which is connected wi th grain formation at the C u / H - S i interface. The grains 

cause an increased appearance of defects and they induce strain inside the film; then 

eventually grains of C u are observed throughout the whole film thickness. Fortunately, 

the morphology of C u ameliorates wi th thickness [130] as a coalescence of the islands and 

grains can take place. For this reason, relatively thick Cu(100) buffer layers are necessary. 

O n the basis of our most recent observations, there is another important factor respon­

sible for a proper growth of the Cu(100) structure. During the process of a C u deposition, 

a contamination by calcium originating from a crucible of one of the two used evaporators 

was observed in many experiments. O n the contrary, no such contamination was observed 

when the other evaporator was used. It has turned out that, when the contaminated evap­

orator was used the growth of the fee (100) structure was successful. However, wi th the 

use of the other evaporator, we were not able to prepare a monocrystalline Cu(100) layer. 

This result is rather counterintuitive; and moreover, many of earlier experiments relying 

on the H F etching technique were successful even though the uncontaminated evaporator 

was used. One of the possible explanations of this behavior is an assumption that the 

presence of any contamination on the H-S i surface acting as a surfactant is sufficient for 

initiation of the fee (100) structure growth. In the case of H F etching, the resultant rough 

and not entirely pristine surfaces could also be sufficient for an initiation of the Cu(100) 

growth. However, an evidence for this hypothesis is currently missing, and therefore, the 

reason why the growth has not been always successful remains an open question. 

We continue in the investigation of the problem, as it would help us to better under­

stand the buffer layer growth. Here, we concentrate on the rest of the deposition process, 

in the way in which it was performed in our laboratory. 

A typical thicknesses of the C u and the FeNi films used within this project are 125 nm 

and 8 or 24 nm, respectively. F i lms are grown inside a custom deposition chamber wi th a 

base pressure of 5x 1 0 - 1 1 mbar. The C u buffer layer is deposited from a crucible and the 
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metastable film is deposited from an Fe7 8 Ni 2 2 evaporation rod; C u from electron beam 

evaporator E B E - 1 by S P E C S and FeNi from evaporator F E M 3 by Focus. The deposition 

rate is checked before the deposition itself by quartz crystal microbalance ( Q C M ) - a 

resonator that estimates a mass variation by measuring changes in its resonance frequency. 

A Q C M needs to be calibrated and kept at a constant temperature as its resonance 

frequency is temperature dependent. A l l depositions are performed at room temperature 

but the evaporators have to be cooled-down to preserve the pressure inside the U H V 

deposition chamber during the evaporation in a 10~ 1 0 mbar range. To make it possible, a 

LN 2 - coo led cryo baffle is used and the evaporator in use is being continuously cooled by 

the flow of LN2 -cooled N 2 gas. A s the FeNi layer is generally deposited immediately after 

the C u layer, the procedure is summarized as a whole in the following list: 

• Cooling-down a cryo baffle wi th L N 2 unt i l the pressure inside the U H V deposition 

chamber reaches 4 x l 0 _ 1 0 m b a r and subsequently cooling the C u evaporator. 

• Calibrat ion of the deposition rate using the Q C M . 

• Deposition of C u : The supplied power of 18.2 W corresponds wi th the deposition 

rate of approx. 0 . 0 4 A s - 1 which results in a deposition time of 8.7h for 125nm of 

C u . The pressure has to be kept below l x l 0 _ 9 m b a r in course of the deposition to 

minimize the number of contaminants. 

• Examinat ion of the crystallographic structure by L E E D . 

• Deposition of FeNi: The supplied power of 14.4 W corresponds wi th the deposition 

rate of approx 0.02 A s - 1 , which results in deposition time approx. 1 h for 8 n m film. 

The pressure must not exceed 5 x l 0 ~ 1 0 m b a r . In case the pressure of the residual 

atmosphere is lower, gaseous C O is injected as a supplement. The bias voltage 

1.5 k V has to be applied to the sample to prevent hit t ing of the sample surface by 

the evaporated ions and its instant transformation. 

• A final check of the structure by the L E E D followed by the X P S analysis of the 

chemical composition. 

Typical measurement results are shown in F ig . 2.8. A n important part of the metastable 

film analysis is the inspection of its chemical composition. Besides contaminants detec­

tion, the X P S can be used to estimate the ratio between Fe and N i in the compound. 

Surroundings of Fe 2p and N i 2p peaks are measured wi th fine step and fitted3. From area 

below the modeled data (insets of F ig . 2.8a), an elemental ratio Fe : N i can be calculated 4 . 

Apar t from the FeNi film composition verification, the underlying substrates can be 

investigated before the deposition of the FeNi film. The X P S spectra in F ig . 2.8a eluci­

date chemical comparability of a C u single crystal (blue) and a C u buffer layer on H-S i 

3The spectra are analyzed with use of Unifit XPS Analysis Software. 
4Estimation of the ratio is 90.8 : 9.2 in the case presented in Fig. 2.8a. Such deviation from the expected 

composition 78:22 can be explained either by the data misinterpretation caused by insufficiently wide 
energy range around the Ni 2p peak, or by inappropriate evaporation conditions resulting in composition 
variation of deposited material. 
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Fig. 2.8: Comparison of epitaxial Cu(100)/H-Si and Cu(100) single crystal substrates, (a) X P S 
spectra of both substrates prior deposition of metastable FeNi and of the deposited 8 nm-film on 
top of Cu(100) buffer layer. Magnesium (Mg) anode at 300 W is used. Insets: details of measured 
and fitted Ni2p and Fe2p peaks, (b) L E E D pattern of Cu(100) single crystal at 150 eV primary 
beam energy, (c) L E E D pattern of 125 nm Cu(100) buffer layer at 130 eV prepared and measured 
by J . Gloss at T U W . 

(green); and oppositely, L E E D patterns (Fig. 2.8b and 2.8c) reveal the difference in the 

surface quality of both substrates. Blur ry diffraction spots in the C u / H - S i case indicate 

significantly rougher surface than in the case of C u single crystal. Despite their struc­

tural difference, magnetic properties of the FeNi films on both substrates are similar in 

many aspects. The relation of the structural and the magnetic properties is described in 

Chapter 3. 

2.3.3 P e r o v s k i t e ox ides a n d d i a m o n d 

There are several other materials that can be considered as candidates to substitute 

Cu(100) single crystal. The main selection restriction is their structural lattice match 

with fee FeNi . 

The first possibility is provided by perovskite oxides S r T i 0 3 and L a A 1 0 3 that were 

already used for the Cu(100) growth [131]. It is possible to prepare them in form of 

thin films on Si single crystal substrate [132], thus they are compatible wi th current 

semiconductor microelectronics. In the past, SrTiOs was used as a substrate. However, 

the preparation of metastable FeNi th in film on this substrate has not been successful. 

As an oxide, SrTiOs is characterized by lower surface free energy compared to metallic 

C u . Hence the C u buffer layer grows in an island-growth mode on top of this oxide. It 

was observed, that these islands and grains are too large, and therefore, they prevent the 

creation of a Cu(100) single crystal layer. 

Another substrate suitable for metastable thin film growth is diamond [ ]. In con­

trast wi th C u , diamond is extremely durable, it provides a band gap as large as 5.5 eV, 
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high thermal conductivity, and transmissivity in both visible and X-ray spectra. More­

over, single crystalline C(100) can be prepared even as a free standing membrane which 

makes it a good candidate to be investigated by X-ray techniques. A very small lattice 

mismatch at the fee Fe/C(100) interface ensures that it does not need to be used together 

with Cu(100) buffer layer, which also makes C a good alternative to C u or Si . 

The preparation of metastable FeNi on top of diamond was successful at T U W and 

one prepared FeNi/C(100) sample was investigated within the framework of the project. 

A diamond single crystal of dimensions (4x4) m m 2 and the thickness 1 m m was used 

as a substrate for the growth of the metastable thin film. The preparation process was 

performed with use of a following procedure. 

The C(100) substrate was etched in 20% HNO3 and then cleaned by sonication in 

deionized water. Next, it was mounted on a sample holder and loaded into a U H V 

system. After the outgassing procedure, the substrate was annealed at the temperature 

of 700 °C. The chemical purity of the cleaned substrate was checked by Auger electron 

spectroscopy. The 8 n m thick FeNi film was then evaporated by the same procedure as 

described in the Sec. 2.3.2. 
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3 Preparation of spin wave source 
and propagation media 

The chapter is divided into two main blocks: patterning of metastable FeNi using the 

F I B and preparation of waveguides for spin wave excitation and detection. The pattern­

ing possibilities and the process of micropattern preparation are described in Sec. 3.1. 

Magnetic properties observed in the prepared films and their relation to the morphology 

is discussed in Sec. 3.2. Nanofabrication of coplanar waveguides using electron beam l i ­

thography is described in Sec. 3.3 and the design of the prepared waveguides is presented. 

In Sec. 3.4, the experimental setup and the experiment are outlined. 

3.1 Ion beam direct writing 

A second stage of the preparation process of the magnetic media for spin wave prop­

agation starts by taking the sample wi th deposited metastable FeNi thin film out of 

the U H V complex. The preparation and the successive experiments are performed us­

ing following samples: 8 n m thick films of FeNi grown on Cu(100) and on C(100) and 

FeNi/Cu(100)/H-Si(100) samples with the thickness of the metastable thin film of 8 and 

24 nm. A l l the used thin films on hydrogenated Si , a sample on C and some of the films on 

C u single crystal were prepared by the colleagues at T U W . Nevertheless, their complete 

characterization and all the results presented in the following sections are carried out in 

our laboratory. 

The transformation by F I B irradiation is performed wi th two F I B - S E M dual beam 

systems: T E S C A N Lyra3 and F E I Helios 660. Both the instruments use G a ions acceler­

ated up to the energy of 30 keV and enable selection of the probe current in the range of 

approximately 1 p A to 50 n A . Other customizable parameters include: both a normal and 

an oblique ion beam incidence, a dwell time of the ion beam at one spot down to 0.03 us, 

a lateral distance between the irradiated spots down to nanometers, number of passes of 

the beam and the beam trajectory. 

The influence of the ion energy on the transformation of Fe and FeNi th in films was 

already investigated [114, 118]. In accordance with the earlier findings, we keep the same 

ion acceleration voltage 30 k V in all experiments. The high energy provides the best 

writ ing lateral resolution and the G a ions of 30keV can penetrate through the whole 

thickness of the metastable film or even deeper into the substrate. Therefore, the film can 

be transformed as a whole. We change all the other parameters according to a particular 

application. 

The possibility to direct write magnetic patterns by the F I B is a unique property of 

our system and this method of magnetic nanopatterning is very advantageous is several 
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aspects. First of all , it is fast and easy. A s a single-step technique, it allows much easier 

patterning than conventional technique relying on the E B L , which usually require multi­

ple patterning steps followed by a lift-off or an etching process. Second, it provides a vast 

range of patterning options. Due to all the mentioned parameters that may be changed, 

various magnetic structures can be written quickly and with reasonable resolution start­

ing from millimeter-sized patterns and ending wi th sub-lOOnm elements. In the previous 

study, we used an ion current of 3 p A to transform a lattice of magnetic nanodots with 

a diameter of approx. 80 nm [121]. Th i rd , magnetic structures are written without any 

significant modulation of the film surface. Thus, the transformation process can produce 

discrete magnetic patterns embedded in a continuous paramagnetic matrix. Last, contin­

uous transitions between the ferromagnetic and the paramagnetic material can be made 

as a result of partial transformation; in contrast wi th the E B L or the optical lithography 

processes which produce mainly patterns wi th sharp step-like edges. Also the possibility 

of a gradual change of the saturation magnetization at structure border can be used with 

benefit in magnonics, for instance, for preparation of graded-index magnonic elements 

[134]. 

3.2 Thin films pre-characterization 

Before init iating the experiments wi th spin waves, the properties of the prepared films 

need to be well understood. Only then, we can appropriately use their rather unusual 

potential and we can also be aware of some limitations. 

3.2.1 T r a n s f o r m a t i o n eff ic iency 

First of all , we determine the range of ion doses upon which the transformation of 

FeNi/Cu(100) occurs. For this test, we irradiate a series of 12 pm patterns, each by 

different amounts of ions in the range of 1 x 10 9 to 5x 10 1 7 i ons /cm 2 , beam current 145 p A 

(beam spot size of approx. 30 nm) and scanning step size 10 nm. Based on our previous 

results with FeNi/Cu(100) , an optimal ion dose in the order of 10 1 5 i ons /cm 2 is expected 

and potential influence of the F I B scanning strategy is taken into account. Therefore, we 

carry out the same experiments for patterns irradiated along isotropic scanning trajecto­

ries either by a single scan or by multiple scans of shorter dwell times. 

Immediately after the transformation, we image the irradiated patterns by S E M . We 

cannot detect changes in topography, but we can observe the contrast change between 

the irradiated and the unirradiated areas using an electron beam accelerated by 5 k V and 

detected by Everhart-Thornley secondary-electron detector. Upon slight tilt of the sample 

from the normal direction, the observed contrast reverts wi th the change of azimuthal 

angle. In transformed areas, the strongest contrast change is observed at 10° inclination 

and the reversal appears wi th a six-fold symmetry in a full rotation. This indicates 

its connection to the crystal lattice of the bcc structure. Indeed, the behavior can be 
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Transformation dose ( ions/cm 2 ) 

Fig. 3.1: Ion dose test for the 8nm thick FeNi film on Cu(100). Dependence of the normalized 
saturation magnetization on ion dose used for transformation by two FIB scanning strategies: 
a single scan (gray) and 100 scans (red) with the same total irradiation times. Inset shows the 
initial part of the dependency in a linear scale and a linear fit indicating the constant transfor­
mation efficiency with the ion dose. Dependence of contrast changes of the 100-times scanned 
structures on the ion dose imaged by secondary electrons (blue) reflects the magnetization state. 
The irradiated areas turn lighter with ion dose up to the an abrupt (bright-to-dark) contrast 
reverse; at that point the full saturation is reached. Then the irradiated areas lightens up again, 
as FeNi is being sputtered away. 

explained by the electron channeling through the transformed material [135]. Apar t from 

distinguishing between irradiated and unirradiated areas, it can be used to distinguish 

between the four structural domains (presented in F ig . 2.5) upon t i l t ing the sample. 

Hence, the S E M is a powerful tool for monitoring of the structural (and also magnetic) 

phase transformation already during the F I B transformation without removing the sample 

from the instrument. 

To probe the magnetic properties, we use two instruments based on magneto-optical 

Kerr effect: a custom built micro-Kerr magnetometer [136] and a wide-field Ker r micro­

scope by Evico magnetics. Neither of these techniques can provide the absolute value 

of saturation magnetization. Instead, they measure quantities, called Kerr rotation and 

Kerr ellipticity, which are proportional to the saturation magnetization. 

In F ig . 3.1, the result of the experiment is presented. Using either of the scan­

ning strategies single- or multiple-pass scanning, the magnetization init ial ly increases 

linearly wi th the ion dose, as indicated by the inset plot wi th the linear x-axis scale. A t 

3x 10 1 5 i ons /cm 2 , however, a difference between the two approaches arises. When the film 

is irradiated by single scan strategy (gray dataset) an abrupt increase of the saturation 

magnetization toward its maximum occurs. O n the contrary, upon irradiation by 100 

fast scans over the area (red dataset), the magnetization smoothly increases with the 

dose up to 8 x l O 1 5 i ons /cm 2 . Then it unites wi th the first dependency. Using each of the 

strategies, the magnetization decreases and it reaches zero at 4x 10 1 6 i ons /cm 2 . B y that 
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270 
Fig. 3.2: Angular dependency of transformation efficiency. A fully transformed part of the area 
plotted in dependence on ion dose used for the transformation and the angle between the fee 
[010] and the scanning directions. S E M micrographs of 6x14 rim rectangles oriented in 10°, 30°, 
60° and 90° from the fee [010] direction, each irradiated by the same ion dose 5 x l O 1 5 ion/cm 2 

from the bottom side up. The transformation is uninitialized in the bright parts and oppositely, 
the dark part indicate the full transformation into the bec phase. 

point, the FeNi film is completely sputtered away. The change of contrast imaged by 

secondary electrons is plotted for the dataset of the 100-times scanned structures. The 

irradiated areas turn slowly brighter wi th low ion doses and they suddenly darken when 

the optimal ion dose is reached. The areas light up again as the C u substrate is being 

gradually exposed. 

We further studied the sudden change of transformation efficiency in the case of a 

single scan strategy. Due to the present magnetocrystalline anisotropy of a four-fold 

symmetry, we expected a variation of transformation efficiency wi th an angle defined 

by the F I B scanning direction and the easy (or hard) axis. We irradiated a series of 

6 x 14 p m 2 rectangles by linear scanning along their long side by different ion doses. The 

rectangles were oriented so that different angles were enclosed between the longer of their 

sides and the fee [010] direction (easy axis). We confirmed the orientation dependence 

of the transformation efficiency and its four-fold symmetry. This is visible in F ig . 3.2 

representing the percentage of the irradiated area which is fully transformed into the bec 

phase. A selection of four rectangles irradiated by 5 x l O 1 5 i o n / c m 2 and labeled by their 

orientation with respect to the fee [010] direction is also shown. Dark spots indicate fully 

transformed parts, bright parts are not yet transformed even though they are irradiated. 

These patterns were scanned from the bottom edge up, and therefore, the bec structure 

nucleation starts from there. Once the transformation is initiated, the bec structure 

grows in triangles beginning at each nucleation site. W i t h further scanning of the F I B , 

the triangles coalesce and form continuous bec structure, as is visible in micrographs 

labeled 30° and 60°. 

The situation is quite similar in the case of F e N i / C u / H - S i . We performed the exper­

iment for samples of both thicknesses of FeNi films in order to find the optimal ion dose 
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Fig. 3.3: Ion dose test for FeNi/Cu(100)/H-Si(100) samples with 8 and 24 nm of FeNi and a 
dependency of contrast changes in the 8 nm film imaged by the S E M . Patterns are irradiated 
by a single isotropic scan by the FIB over their area. 

for each. F ig . 3.3 shows the dependency of the normalized magnetization on ion dose. A 

dataset of normalized contrast imaged by secondary electrons corresponds to the irradi­

ated patterns in the 8 nm film. There are no apparent changes of contrast up to the point 

of FeNi film removal, nor there is visible a variation wi th the scanning strategy. Therefore, 

the degree of transformation can be only roughly estimated using S E M , as is apparent 

from the dependence in the plot. Besides, individual structural domains of the group of 

four are visually indistinguishable using S E M only which makes the characterization more 

complicated. 

Instead, we observe faster onset of the full magnetic saturation and a plateau stretched 

up to higher ion doses than in the case of FeNi/Cu(100) . The init ial transformation 

efficiency is isotropic and the same for both films grown on the H-S i substrate. The 

optimal transformation is reached already by 1 x 10 1 5 i ons /cm 2 and the magnetic signal 

measured by Ker r microscopy is constant over a range of more than an order of magnitude 

higher dose. Therefore, the choice of irradiation dose is less strict than when using the 

C u substrate. 

Finally, it is worth to refer to the FeNi/C(100) system. This sample differs significantly 

from the others on C u and H-S i substrates. Mere S E M micrographs of an unirradiated 

film uncover a difference in its morphology, see F ig . 3.4. A s it is noticeable from the 

images, FeNi does not form a continuous film but instead the whole C(100) surface is 

covered by microscopic islands and clusters of FeNi . 

Nonetheless, we performed the same experiment as wi th the other samples. We irra­

diated analogous series of structures to those on C u and H-S i substrates and analyzed 

them using the micro-Kerr magnetometer. However, we observed Ker r ellipticity not 

higher than 0.03 mrad which is 13 times less than the highest value (0.4mrad) measured 

in transformed FeNi/Cu(100) . Furthermore, we experienced major difficulties wi th a scat-
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Fig. 3.4: S E M micrographs (from the left): overview micrograph of the clean C(100) surface 
and the FeNi/C(100) and a detail image showing clusters of FeNi on the C(100) substrate. 

tering of the probe on the film surface. These can be addressed to the morphology. Based 

on these observations, we decided not to carry on with the FeNi/C(100) research. 

3.2.2 M o r p h o l o g y o f t h e t h i n films 

Morphology of the substrate is an important factor influencing the final quality of the 

FeNi films. Based on our previous results from L E E D , quality of the Cu(100) surface is 

very different between the C u single crystal and the C u buffer layer grown on H-S i , see 

F ig . 2.8b and 2.8c. Moreover from the S E M observations of the FeNi films, the difference 

in their structural quality depending on the underlying substrate is distinguishable. A n d 

finally, the magnetic properties of the films prepared on C u and on H-S i partially differ. 

We investigate surface qualify of our samples using atomic force microscopy ( A F M ) . 

Even more important than an init ial state of the films is the final quality of the surface 

they obtain during the transformation process. Therefore, we compare the surfaces in the 

two cases side by side in F ig . 3.5. A l l micrographs are measured under the same conditions 

on two adjacent ( l x l ) u m 2 areas of each sample, but one of each pair is irradiated by 

approx. 10 1 5 i ons /cm 2 . There is an indisputable difference between the film on C u and 

on H-S i . The first film is perfectly flat except for a few step bunches and contaminants 

(Fig. 3.5a). The latter reveals a nano-grain structure (Fig. 3.5b and 3.5c). 

Deterioration of the film on C u single crystal upon ion irradiation is apparent, less can 

be concluded from the other two pairs of micrographs. Hence, to estimate the roughness 

from the micrographs, we perform a quantitative analysis of the height distribution over 

each one. The obtained height distributions are presented in graphs 3.5d and the results 

summarized in Tab. 3.1. The surface of FeNi film on the C u substrate is 15x less rough 

than the same film on H-S i substrate and its roughness is significantly increased by the 

transformation. O n the contrary, the roughness of FeNi on H-S i is slightly decreased by 

the ion irradiation. The reason for this behavior may be related to the grain intermixing 

caused by the incident ions. O n top of that, a better quality surface is observed in the case 

of 24 nm thick FeNi film when compared to the 8 n m film. This indicates a coalescence of 

the grains during the FeNi film growth. Such behavior can be expected and it suggests that 

the morphology improves wi th the thickness of both the buffer layer and the metastable 

film. 
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Fig. 3.5: (a)-(c) Topography of as deposited metastable fee FeNi (top row) and bee FeNi (bottom 
row) after the FIB irradiation. A l l A F M micrographs have the same lateral scale 1 um and 
different z-scales: (a) 2.2 nm (b) 13 nm and (c) 11 nm. (d) Height distribution calculated over 
images (a)-(c): Surface of FeNi on Cu (top) and FeNi of two different thicknesses on hydrogenated 
Si (bottom). 

Tab. 3.1: Height distribution calculated over area l u m 2 obtained before and after irradiation of 
FeNi thin films by Ga ions. 

sample designation as deposited: F W H M (A) after irradiation: F W H M (A) 

8 n m FeNi on Cu(100) 3 .4±0.015 8.7±0.029 
8 n m FeNi on H-Si(lOO) 55.9±0.29 49 .8±0.16 
24nm FeNi on H-Si(lOO) 46 .4±0.14 43 .6±0.18 

3.2.3 T h e effect o f a n i s o t r o p y 

As mentioned in the previous chapter, the four-fold magnetocrystalline anisotropy is an 

intrinsic property of crystalline Fe films and we have observed it also in FeNi thin-films 

on C u during our previous studies [121, 137]. We have found a magnetic anisotropy 

of four-fold symmetry apparently connected wi th the crystallographic directions of the 

substrate, which is weaker than the anisotropy expected in a pure Fe single crystal. We 

have also observed that there is a dependence of the anisotropy symmetry on the F I B 

scanning direction through the irradiated 

Different results are obtained, if a pattern is irradiated by isotropic (such as circular) 

scanning of the F I B or if an anisotropic scanning strategy (such as linear scanning) is 

used. In the former case, the magnetic anisotropy of the four-fold symmetry is observed. 

In the latter uniaxial magnetic anisotropy is observed. 
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It has been found out that directions of the easy axes lie in (010) directions of fee 

lattice. The reason for this behavior was found in the transformation process itself. B y 

the F I B scanning strategy, we are able to select which of the four structural bec domains 

are created to what extent. Therefore, when all four domains are equally represented 

in the transformed area (by the isotropic scanning), different anisotropy contributions 

add up forming a four-fold anisotropy with the easy axes in the fee (010) directions. On 

the contrary, when only two out of four structural domains are created, the resultant 

anisotropy is uniaxial. 

This behavior can be demonstrated by transformation of two areas on the sample 

by the same ion dose 2 x l O 1 5 i ons /cm 2 by a single linear scan, however, each one by 

different angle of the F I B scanning. The anisotropy is then investigated wi th the use of 

the Ker r microscopy: Magnetic field was applied in different angles wi th respect to the 

[010] crystallographic direction of the sample and a hysteresis loop was taken for each of 

the orientations wi th a step of 10°. The remanent magnetization of all hysteresis loops 

were then plotted against the direction of the applied field. The easy and hard axes can 

be easily distinguished from the polar plots, see F ig . 3.6. 

This experiment was repeated for different F I B scanning directions and the easy axis 

orientations were analyzed in each case. It was observed that even though the direction 

of the easy axis is to a great extent controlled by the fee (010) directions, its precise 

orientation varies as a function of the angle between the F I B scanning and the crystal­

lography. A variation was found to belong into a range of ± 1 0 ° around the (010). A s can 

be seen from Fig . 3.7a, the angle smoothly rotates with rotation of the F I B scanning and 

then it suddenly jumps to the proximity of the other preferred orientation. This highly 

interesting finding has opened numerous possibilities for application of the metastable 

FeNi in magnonic element design. 

The same anisotropic behavior has been tested on the 24 nm thick FeNi film prepared 

on H-S i . The presence of the anisotropy connected wi th the crystallography have been 
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Fig. 3.6: Polar plots of remanent magnetization normalized to the saturation for two areas 
transformed by the FIB scanning in two directions perpendicular to each other, measured by L . 
Flajsman. 
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Fig. 3.7: The direction of the magnetic easy axis as a function of the angle of the FIB scanning 
direction with respect to the fee [010] (a) for the FeNi /Cu and (b) the FeNi /Cu /H-S i . The data 
were measured and analyzed by L . Flajsman. 

confirmed, although not to the same extent as in case of the C u substrate. From the 

preliminary results, it seems highly probable that the anisotropy can be tailored by the 

F I B scanning even in this type of sample (Fig. 3.7b). Unfortunately, it is not possible to 

distinguish between the bec structural domains by the crystallographic contrast directly 

by the S E M . Anyhow, there is st i l l plenty of space for further investigation unt i l the true 

potential of the metastable thin films on H-S i is fully explored. 

3.3 Sources and detectors nanofabrication 
Exci ta t ion and detection of SWs is carried out wi th a series of C P W s prepared by standard 

E B L technique and followed by a deposition of the conductive material v ia an electron-

beam evaporation. The waveguides are made of a t i tanium (Ti) adhesion layer and a gold 

(Au) conductive layer. The prepared C P W s (with the exception of the area of contact 

pads) are covered wi th an insulation layer of Si02- Then, they are wire-bonded to an 

adapter made of a double sided C u clad board. A schematics summarizing the whole 

preparation procedure, described in detail in the text, is presented in F i g 3.8. We should 

remark, that when the C P W s are lithographically prepared directly on top of the mag­

netic (conductive) material, the order of the preparation process is reversed. Naturally, 

the Si02 insulation layer has to be deposited below the C P W s and there is no further 

necessity to cover the A u layer. 

The substrate, which we use in most of the cases for the C P W fabrication is gallium 

arsenide (GaAs) , the most widely used substrate for hf applications nowadays. G a A s is 

preferably utilized when low noise signal, high electron mobili ty and low dielectric loss are 

needed. Therefore, we use G a A s as a dielectric substrate for all the P S W S experiments, 

as the detected signal is highly attenuated by the propagation in such case. However, 

for F M R measurements where wider waveguides are utilized and the signal detection is 

easier, we use less expensive Si wafers covered by 285 nm thick S i 0 2 layer as the substrate. 

The fabrication process is summarized in several steps as follows: 
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Fig. 3.8: A schematics of the C P W preparation process: A GaAs substrate is cleaned, coated 
with PMMA-based resist and exposed to an electron beam irradiation. After the resist is devel­
oped, the adhesive T i layer and the A u layer are deposited from an electron-beam evaporator. 
The lift-off is performed with the use of an acetone bath. The prepared waveguide is partially 
covered by an insulation and it can be used in magnetization dynamics experiments. 

• The G a A s (or S i02/S i ) wafer is cut into (5x5) m m 2 rectangles by laser-dicing and 
it is thoroughly cleaned by the sonication in acetone and isopropyl alcohol (IPA) 
bath. 

• The well-cleaned substrate is pre-beaked at the temperature of 150 °C and coated 

by resist based on Poly (methyl methacrylate) ( P M M A ) , commercially available as 

A R - P 679.04 from A L L R E S I S T . After the spin-coating at 2500rpm for 60s, the 

substrate is post-baked at 150 °C for 180 s. 

• The substrate is irradiated by electrons accelerated by the voltage of 20 k V wi th the 

use of an electron-beam writer T E S C A N Mira3 . A dose of 2 7 0 u C / c m 2 was found 

to be optimal for the exposure of the whole thickness of the resist. To limit the 

emergence of optical aberrations during the exposure, the area of the waveguide is 

stitched up from numerous (100x100) u m 2 write-fields. 

• The exposed pattern is developed for 100 s by bathing in commercial developer 
A R - P 600-56, followed by bathing for another 60 s in IPA, which is used as a stopper. 

• Plasma etching for 60 s in 80:20 A r : 0 2 plasma is carried out to assure removal of all 

residues of the resist from the exposed 

• Deposition of T i and A u is performed in an electron-beam evaporator with the 

base pressure of l x l 0 _ 8 m b a r . The thickness of the deposited adhesive T i layer is 

typically 5 nm and it is succeeded by deposition of 140 nm of the functional A u layer. 

• The lift-off procedure consists of an acetone bathing for several hours and following 

sonication and cleaning by IPA. The long-lasting lift-off process is necessary to 

enable acetone to penetrate in between the long and narrow conductive lines of 

C P W s . 

• Prepared waveguides are checked by an optical microscope and the widths of their 

lines are measured. The contact pads of the waveguides are then covered, for in-
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stance, by a Kap ton tape and a 40 nm thick insulating layer of S i 0 2 is deposited 

over the unprotected part of the sample surface. 

In order to investigate the magnetic material attenuation properties, P S W S experiments 

need to be performed using pairs of C P W s wi th different distances between the transmitter 

and the receiver. Therefore, we pattern four pairs of the C P W s with different mutual 

distances side by side on a single substrate, to ensure that a l l conditions are as similar as 

possible in all the four waveguides. 

There is also a minor disadvantage of using of a single substrate to host multiple C P W s 

when a wire-bonding technique is used for contacting. The bonds need to be removed 

from the first C P W before a new one can be connected. O n the contrary, the scheme of 

more C P W s on a single substrate provides an additional benefit when a probe station for 

microwave probing - more common tool for hf measurements - is employed. To contact 

the C P W s , the probes can be easily moved between the C P W pairs without a necessity 

to exchange the substrates. 

3.3.1 P r e p a r e d wavegu ides 

The layout of the used C P W s was designed to be compatible wi th the microwave probes 

and so that they can be wire-bonded. Moreover, the C P W s are designed to provide enough 

space for placing of our samples wi thin the flip-chip technique. 

In order to enable the excitation of different wavevectors, C P W s with various dimen­

sions have been prepared. The characteristic dimensions by which the C P W s are described 

involve: width of the signal line ws, width of the ground lines wg, and the gap between 

them g, the signal-to-signal line distance d, the length of the lines L and the A u layer 

thickness t. These parameters are varied and the other dimensions are kept constant. 

For the sake of clarity, the characteristic parameters are graphically illustrated in optical 

micrographs of the prepared C P W s in F ig . 3.9. 

The waveguides prepared on the S i 0 2 / S i substrate, intended to be used in the F M R 

experiments, have the overall length of 8.4 m m including the contact pads. The distance 

between the narrow part of the C P W and the contact pads is bridged by 50 um wide lines 

Fig. 3.9: A n optical micrograph of four C P W pairs, which wary in the signal-to-signal distance 
and a detail of a C P W pair snapped with higher magnification. The characteristic dimensions 
of the waveguides are indicated together with their designation. 
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tapered on both ends. The width and the length of the contact pads are (100x300) p m 2 

and the edge-to-edge pitch between the signal and the ground pads is 50 pm. 

In the case of the P S W S , the waveguides prepared on the G a A s substrate have the 

overall length of 3.7 m m including the contact pads. The dimensions of the contact pads 

are ( lOOxlOO)pm 2 and the edge-to-edge pitch between the signal and ground pads is 

again 50 pm. 

The waveguide which is used for a majority of the F M R experiments is a C P W in the 

transmission geometry. It can be characterized by the following dimensions: g = 5 pm, 

ws = wg = 10 pm, L = 1000 p m and t = 100 nm. The estimated /CCPW excited by such a 

C P W is approx. 0.23rad/pm. 

As different C P W s are used for the P S W S experiments, the characteristic parameters 

of the used series are concisely presented in Tab. 3.2. The /CCPW a n d ^cutoff values of each 

C P W are included in the table. These values are numerically calculated using F E M M 

software 1. 

Tab. 3.2: Characteristic dimensions of the CPWs used for the excitation and the detection of 
propagating spin-wave modes. A l l the presented CPWs have the same thickness of the A u layer 
t = 140 nm and the length L = 400 pm. Only the shortest signal-to-signal distance of each series 
of four C P W pairs, labeled as min. d, is explicitly stated. The other d values can be obtained 
by adding 1, 2 or 3 pm. 

label ws (pm) wg (pm) g (pm) min. d (pm) /CCPW (rad/pm) /cCutoff (rad/pm) 

a 3.27 2.54 1.20 9.13 0.7031 1.342 
b 2.36 1.20 0.81 5.96 1.087 1.981 
c 3.66 2.75 1.86 10.68 0.5752 1.087 
d 2.16 1.80 1.68 6.29 0.8309 1.534 
c 3.27 2.18 1.35 9.14 0.7031 1.278 
f 2.75 1.93 1.20 8.00 0.8309 1.534 

3.4 Experimental setup 
The experimental setup used for the all-electrical spin-wave spectroscopy investigation is 

illustrated by a diagram in F ig . 3.10. The main parts of the setup are as follows: the V N A 

instrument, a source of the bias magnetic field equipped by a Hal l probe gaussmeter and 

a power supply, a computer used for automation of the experiment control, the source 

and the detector of SWs and finally the sample upon investigation. 

The V N A instrument (model Rohde & Schwarz ZVA50 1 0 M H z - 5 0 G H z Vector Net­

work Analyzer) is used both as a generator of a sine-wave stimulus and as a detector 

of the dynamic response of the system, in accordance wi th the description provided in 

Sec. 1.4. Transmission of the hf signal towards the C P W and back to the V N A is en­

sured v ia microwave cable assembly by Huber-Suhner (model SF104). Their connection 

1Finite Element Method Magnetics: www.femm.info/wiki/HomePage 
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Fig. 3.10: Schematic diagram of the experimental setup for the all-electrical SW spectroscopy 
measurements. The sample and the CPW(s) are placed between the pole pieces of the electro­
magnet. The magnet is powered by bipolar power supply and the produced field is measured 
by digital gaussmeter. Connection of the CPWs with the ports of the V N A is established via hf 
cables and S M A connectors. 

is established by S M A (SubMiniature version A ) connectors placed at both ends of the 

cables. 

The bias field is generated by an electromagnet powered by a bipolar power supply 

(model B O P 20-10M) made by Kepco. Positions of iron pole pieces of the electromagnet 

can be adjusted. Depending on the width of a cavity between the pole pieces, the electro­

magnet is able to produce the magnetic field of the intensity fi^H up to approx. 2 T. The 

bias fields applied during an investigation of our samples, however, do not in most cases 

exceed 100 m T . A digital Ha l l effect gaussmeter (model F W Bel l 6010) with the probe 

placed in the vicinity of the sample is used to dynamically measure the intensity of the 

magnetic field between the pole pieces. 

The power supply, the gaussmeter, and the V N A are connected to a computer through 

a U S B (universal serial bus) and a G P I B (general purpose interface bus) interface. In this 

way, the devices can be controlled from the computer v ia dedicated Lab V I E W software 

which allows for semi-automated measurements of the S-parameters in dependence on 

frequency and magnetic field. 

Connection of the waveguides 

Since our C P W s are contacted exclusively via the wire-bonding technique, an adapter 

which would connect the C P W s with the rest of the experimental setup has to be used. 

The adapter made of a double sided C u clad board is prepared separately from the C P W s 

and it can be repeatedly used for different C P W series. Examples of the prepared adapters 

suitable for the F M R and for the P S W S studies are shown in F ig . 3.11a. 

First , electrodes to direct the hf signal between the waveguide and the S M A connectors 

are engraved into the C u clad board. The board is equipped wi th a pair of device sockets 

(model Right Angle S M A 50 Q made by Rosenberger) and then the G a A s substrate with 

the C P W s is fixed to an engraved position on the top of the board. In order to allow 

eventual removal (and exchange) of the C P W s series, a glue soluble in acetone is used for 

the fixation. Finally, contact pads of one C P W are wire-bonded to the engraved signal 

lines. 
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(a) Adapters with wire-bonded CPWs (b) Mounted adapter 

Fig. 3.11: Photographs of the CPWs wire-bonded to the Cu board adapters, (a) Examples of 
the prepared adapters for each of the experimental geometries. Substrates with a single C P W in 
transmission geometry are used for the F M R measurements and substrates with a series of four 
CPWs are used for PSWS experiments, (b) A top view of the adapter mounted between the 
pole pieces of the electromagnet. The measured sample is placed film-side down on the C P W . 

It requires a special care to properly wire-bond the C P W , as the bonds act as sources 

of noise during the hf measurements. Hence, the quality of the prepared bonds is to some 

extent related to the quality of the acquired frequency spectra. 

The C u board adapter including the C P W s , prepared according to the described pro­

cedure, can be mounted between the pole pieces of the electromagnet and connected with 

both the ports of the V N A . The investigated sample is put by the magnetic-film-side 

down on the middle part of the Si0 2 -covered waveguide(s). The whole interconnection is 

captured in F ig . 3.11b. 
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4 Experimental results and 
discussion 

In this chapter, the achieved results are presented and discussed. Quantitative anal­

ysis of static and magnetodynamic properties obtained through the broadband F M R is 

presented in Sec. 4.1. We present the F M R measurements of FeNi thin films grown on 

C u and on C u / H - S i substrates and compare them with thin films of standard ferromag­

netic materials, which include Fe, N i , and Permalloy. In Sec. 4.2, we present results 

from P S W S experiments with FeNi th in films and we study a possibility to employ the 

metastable FeNi th in films in magnonics. The spectroscopy is carried out as well for ma­

terials commonly used in magnonic structures, Permalloy and Y I G . Then in Sec. 4.3, we 

compare propagating S W modes in a continuous layer of FeNi and in a micro-structured 

layer. 

4.1 Broadband ferromagnetic resonance 
A l l measurements discussed in the following section are performed using the setup which is 

described in Sec. 3.4 combined wi th the flip-chip technique. Therefore, we used the S O L T 

calibration, which is referred to in Appendix A . l , using the calibration kit provided by 

the V N A manufacturer. 

The directly measured quantities are the S-parameters in their polar notation. Hence, 

we obtain magnitude (power) and phase of the S-parameters in dependence on frequency. 

A n example of a raw frequency spectrum acquired by the V N A is provided in F ig . 4.1. The 

chart shows measured F M R quantities of transformed 24 nm thick film of FeNi measured 

in a bias magnetic field of 58 mT. The F M R peak which lies at 9 G H z , is almost entirely 

hidden in the signal background. Therefore, it is necessary to process the detected signal 

first and normalize the spectra to a reference signal 1 . 

A common technique of the normalization is a subtraction of the signal from a reference 

signal and its subsequent division by the reference. Essentially any frequency spectrum 

taken under different bias field can serve as the reference. However, typically the signal 

1The detected power, initially provided in dBm, is converted to mW and with a known load impedance, 
its further conversion to corresponding voltage signal is also possible. The conversion between the power 
in dBm and in mW can be achieved as follows 

*• 
Here, the Vp^ is a peak voltage value of a sine-wave. As well as the power is recalculated, the phase can 
be converted from degrees to radians. Then, the recalculated values can be expressed in Cartesian form. 
To reveal the field-dependent signal, they are most often used in logarithmic form. Finally, the whole 
spectra is normalized to the reference. 
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Fig. 4.1: Raw frequency sweep spectrum of S21 obtained from 24 nm FeNi film measured at 
58 mT. The F M R peak at 9 GHz is barely visible. 

obtained at the highest applied bias field, sufficient for saturation of the magnetic material 

or the signal obtained at zero bias field is chosen. 

To avoid introduction of asymmetry into the normalized spectra, we used as the ref­

erence either the spectrum obtained at zero-field or a median of all the measured spectra 

through the sweep of magnetic field. We observed the best results using the latter ap­

proach because this choice of the reference reduces the signal variations wi th the bias 

field. In most cases, however, the zero-field reference provided very similar results. 

After such treatment, the F M R is usually fairly distinguishable from the background 

even in the case of very low measured signal strengths. Examples of two processed sig­

nals illustrating the enhanced visibil i ty of the observed peaks are shown in F ig . 4.2. We 

denote the modified quantities ASu and ASij. Strengths of the excitation and detection 

signals are represented by | A S i j | and an amplitude of the transmitted signal is repre­

sented by |ASV, | . Further information can be assessed also from their real and imaginary 

parts WL(ASij) and I (AS 'y) , respectively. Moreover in the S W propagation experiments, 

information about the phase is carried in the transmitted signal. 

A l l the presented S W spectra are processed with the use of the reference signal tech­

nique, to enhance the visibil i ty of the F M R signal. Always, the I(ASij) values are plotted 

on a logarithmic scale. In F ig . 4.3, the measured S W spectra of metastable FeNi thin films 

can be seen. The F M R peak is well visible in each map. This is caused by excitation of 

the S W at the resonance combinations of bias field and frequency. The probed frequency 

range is 0.1-10 G H z and the bias field is swept from 100 m T to -100 m T . The input power 

is 10 d B m . 

7 8 9 8 9 10 
Frequency (GHz) Frequency (GHz) 

(a) 100 nm Permalloy (b) 24 nm FeNi 

Fig. 4.2: Measured and processed quantities AS21 obtained from the spectra of Permalloy and 
FeNi films. Both examples are measured at 50 mT in the frequency range around the F M R 
peak. Spectrum measured at zero bias field was taken as the reference signal. 

57 



4.1. BROADBAND FERROMAGNETIC RESONANCE 

-80 -40 0 40 80 -80 -40 0 40 80 -80 -40 0 40 80 
Magnetic field (mT) Magnetic field (mT) Magnetic field (mT) 

(a) 8nm FeNi /Cu (b) 8nm FeNi /Cu /S i -H (c) 24 nm FeNi /Cu /S i -H 

Fig. 4.3: SW spectra of the three studied FeNi films. The normalized AS21 parameter is plotted 
in a logarithmic scale. Dashed (white) line indicates the F M R fitted by Eq. (1.23) 

The apparent frequency-independent peak lying at / = 5.9 G H z (in F ig . 4.3) is not 

related to the ferromagnetic material of investigation. Instead, this noise is caused by 

a standing electromagnetic wave created in the cavity between the pole pieces of the 

electromagnet. The signal lines of the C u adapter behave as a microwave antenna exciting 

a wave which is reflected on the poles pieces. It was found that the observed signal 

corresponds to the 2 9 t h Harmonic of the standing wave. 

4.1.1 M a g n e t o d y n a m i c p r o p e r t i e s m e a s u r e m e n t s 

The obtained S W spectra are further investigated in order to extract the magnetodynamic 

characteristics of the studied materials. We achieved to extract the parameters including: 

saturation magnetization M s , gyromagnetic ratio 7 , damping parameter a and inhomo-

geneous broadening AH0, which are all described in Sec. 1.2.2. Different steps of data 

processing, which we describe in detail, are depicted in F ig . 4.4. 

The most straightforward is the extraction of the M s and the 7 from the S W spectra, 

which can be done by fitting the F M R frequency in accordance wi th E q . (1.23). A s the 

presence of weak magnetocrystalline anisotropy is expected, we included the anisotropy 

constant K\ to the model. Based on Kerr measurements we carried out earlier, no t i l t of 

the magnetization from the film surface is expected, and therefore, the term containing 

K± is not considered. In this way, we obtained the values of M s and 7 for all the three 

FeNi samples. In all of them, the best fit was found for the K\ = 0. The most probable 

explanation concerning the samples prepared on H-S i is their weak anisotropy. In the 

case of FeNi/Cu(100) , it would be necessary to analyze several other areas transformed 

by F I B scanning along different directions, to extract a reliable value of K\. Therefore, 

the K\ is not listed in Tab. 4.1 among the other obtained parameters. 

To extract a, there exist two possible approaches, which were discussed in the Sec. 1.2.2. 

The first relies on the linewidth AH and the latter uses the linewidth Af according to 

Eq . (1.25) and (1.26), respectively. We implemented both methods into the analysis pro-
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Fig. 4.4: Different steps of the data analysis process shown on a 24 nm FeNi film: The resonance 
frequency fTes is first fitted using Kit tel formula (Eq. (1.23)), from which we obtained parameters 
Mg, 7 and eventually K\ (a). Next, the I(AS l 2i) parameter as a function of the bias field 
at constant frequency is fitted by the Lorentzian function (b). Finally, the Lorentzian shape 
linewidth is plotted against the / r e s , giving a linear dependency, from which the a and AHQ is 
assessed (c). 

cess but the approach relying on Af was found less accurate in the measured region due 

to the linewidth broadening at low frequencies2. Therefore, we present the results ob­

tained using the linewidth AH. A t selected frequencies, we fitted the field-sweep spectra 

of I (A5 , 2i) by the Lorentzian function. Its full width at half maximum AH is a linear 

function of the resonance frequency fves (Fig. 4.4). The slope is proportional to the a and 

the intercept can be interpreted as the AH0. 

In order to classify our samples and to compare them with different materials, we ana­

lyzed also several other ferromagnetic materials which we have available (Fe, N i , Permal­

loy). Each of them was deposited by an electron beam evaporation as a continuous film 

on a Si substrate. We prepared samples wi th the film thickness of 100 nm which would 

be easy to measure and should display bulk-like properties and also 8 n m films to better 

approximate our FeNi samples. The measurement and the analysis process was the same 

2The phenomena of the line-width broadening is indirectly connected to the flip-chip technique. Es­
pecially to the fact, that the transformed area of the sample is larger than is the width of the CPW 
conductor. The magnetic field excited off-center of the CPW has an out-of-plane component. This 
inhomogeneity creates magnetostatic modes, which cause the linewidth broadening at low frequencies 
[72]. 
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Tab. 4.1: Summary of the parameters extracted from F M R measurements. The mean values 
are provided together with respective standard deviations. Reference values taken from the 
literature are listed together with the measured values. 

sample t (nm) / x 0 M s (T) 7/(2TT) ( G H Z / T ) a x l O " 3 AH0 (mT) 

F e N i / C u / H - S i 24 1.77±0.6 29 .5±0 .5 8 .39±3.1 0 .7±0.28 
F e N i / C u / H - S i 8 1.75±1.5 28 .5±1.6 8 .79±0.27 1.7±1.1 
F e N i / C u 8 1.17±0.9 26 .0±1.0 8 .84±1.1 0 .4±0.4 

Permalloy [64] - 1.04 29.9 8 [36, 89, 138] -

Permal loy/Si 100 1.03±0.05 29 .8±0.6 8 .0±0.4 0 .3±0.18 
Permal loy/Si 8 0 .86±0.31 29 .5±5 14 .0±1.3 0 .8±0.6 
Fe [64] - 2.15 28.9 - -
F e / S i 100 2 .2±0 .7 28 .9±4 4 7 ± 1 3 4 ± 5 
F e / S i 8 1.6±0.6 28 .9±5 12.4±1.0 5 .3±0.4 
N i [64] - 0.61 29.5 - -

N i / S i 100 0 .61±0.37 26 .5±7 .3 20 .8±6 .7 24 .3±2.4 

as the already described characterization of FeNi . A selection of the measured maps for 

the reference materials can be found in Appendix B . l . 

A l l obtained results and corresponding reference values are summarized in Tab. 4.1. 

The measured parameters of the thicker reference materials are in good agreement wi th 

the values which can be found in the literature. Not surprisingly, the M s is reduced in 

the thinner films. This can be attributed to degradation of the magnetic material by 

its oxidation, which is more significant in the case of the thin films. We can assume 

similar behavior in the FeNi films. The assumption of oxidation can be supported by the 

fact that both the samples on H-Si were measured much sooner after their preparation 

than the sample on C u , in which we observed a lower value of the Mg. Also from our 

other experiments with the metastable FeNi films, we have been able to conclude that 

the effective M s decreases by approx. 20 % of the init ial value wi thin first few weeks after 

their removal from the U H V . 

Concerning the S W attenuation properties, metastable FeNi exhibits relatively low 

effective damping. The extracted values of a ~ 0.0087 are consistent over the three FeNi 

samples and they are comparable wi th the literature value of Permalloy (0.008). O n the 

contrary, the a is relatively high in the Fe and N i samples. This can be expected in 

imperfect films prepared by the evaporation. 

The observed finite zero-frequency field linewidth AHQ is very small in the FeNi when 

compared wi th Fe and N i . This inhomogeneous broadening is connected wi th structural 

imperfections of the investigated material. Therefore, this behavior also is expected, as 

the quality of the epitaxially grown FeNi films is certainly better than of the films prepared 

by the evaporation. The less expected are the low values in case of Permalloy. O n top 

of that, we can observe the lowest value of AHQ between the FeNi samples in the film 

grown on C u and the highest value in the thinner film on H-S i , which is in accord wi th 

our observations of their morphology, discussed in Sec. 3.2.2. 
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4.2 Propagating spin wave spectroscopy in plain films 
The spin wave propagation study was carried out by P S W S experiments using the same 

setup as described in Sec. 3.4. In contrast with the F M R studies, we used a pair of C P W 

prepared on G a A s substrate for each measurement of FeNi samples. We have studied 

S W propagation in FeNi exclusively in the geometry of magnetostatic surface spin waves. 

However, in Y I G , we were able to observe propagating modes in two different geometries: 

magnetostatic surface spin waves and magnetostatic backward volume waves. 

4.2.1 P r o p a g a t i o n i n Y I G film 

The study of Y I G on a gallium gadolinium garnet ( G G G ) substrate was performed pre­

dominantly to verify the capabilities of our measurement setup. This material was chosen 

as it has been studied by P S W S by other groups and the signal of propagating S W is easy 

to acquire. 

A sample used for the study is a 6 u m thick Y I G film epitaxially grown on G G G ( l l l ) . 

Lateral dimensions of the sample approx. (3x24) m m 2 allowed us to study the SWs 

propagating between 2 m m and 20 m m distant antennas. These propagating modes were 

excited and detected solely by antennas engraved into the C u board. The signal line width 

was chosen to be approx. 500 pm. This way, the highest excited wavevector (approx. 

60rad/cm) is st i l l in the non-saturated part of the dispersion curve even though the Mg 
of Y I G is very small. 

The measurement and the subsequent signal processing was performed using the same 

procedure as in the previous experiments. The frequency was swept in a range of 0.1-4 G H z 

and the bias field was swept between ± 1 0 0 m T . The best signal-to-noise ratio was obtained 

for the input power of -10 d B m . The measured S W spectra in both geometries were verified 

by numerical calculations. A side by side comparison of the measured and the modeled 

S W spectra is shown in F ig . 4.5. 

We acquired the modeled S W spectra from numerical calculation of the density of 

states in dependency on the bias magnetic field. The material parameters used in the 

calculation were taken from the literature: 7/(277) = 2 8 G H z / T and Mg = 0.14 M A / m 

[49, 97]. The calculation of dispersion relations for M S S W and M S B V W modes was 

performed using M A T L A B software. The obtained normalized density of states was 

plotted for the same bias field and frequency range as in the experiment. It can be seen 

that the measured and modeled data are in a good agreement. 

In a low-field region of the measured spectra (Fig. 4.5), the S W signal apparently 

disappears. This is caused by a demagnetization of the Y I G film, which is characterized 

by out-of-plane magnetization direction in absence of a bias field. W i t h increase of the 

bias field intensity, the signal is soon restored after exceeding the anisotropy field. The 

S W spectra of all four signals obtained from the S-parameters measurement in M S S W 

geometry are further presented in Appendix B.2. 
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Magnetic field (mT) Magnetic field (mT) 
Fig. 4.5: Comparison of the measured and calculated SW spectra of (a) M S S W and (b) M S B V W 
propagating in YIG/GGG(111) . The thickness of the Y I G film is 6ym and the SW are excited 
by 500 ym wide Cu antennas. The model is calculated using the dispersion relations Eq. (1.32) 
and (1.33) with wavevectors in the range from k = 0 up to kcutog = 63rad/cm. 

4.2.2 P r o p a g a t i o n i n m e t a s t a b l e t h i n films 

One of the main goals of the S W propagation studies was to describe the investigated 

material from the perspective of magnonics. So far, we were successful in detection of 

propagating modes in the 24 nm thick FeNi film and extraction of the S W propagation 

characteristics. 

The observed propagating modes in the transformed continuous layer of 24 nm FeNi 

are presented in F ig . 4.6. A s a S W source and detector, we used a C P W series b, the 

parameters of which are summarized in Tab. 3.2. This design combines a relatively 

short separation and moderately low static impedance, which was measured as 115 Q 
between the signal and the ground electrodes. We observe signal at significantly lower 

frequencies than it is predicted from the analytical model of the M S S W mode, E q . (1.32), 

for k = /CCPW = 1.087 rad/um. In the figure, the modeled M S S W mode is indicated by slid 

(blue) line. Even though, we expect that the measured spectra belong to the propagating 

mode, as we observe a frequency increase compared to the F M R , which is indicated by 

dashed (blue) line corresponding wi th the curve in F ig . 4.3c. 

A range of the measured bias fields was narrowed to ± 5 0 m T , after ini t ial P S W S 

experiments which revealed that at higher frequencies (and thus fields) the signal is almost 

hidden by the noise and it is unsuitable for the analysis. The signal amplitudes overall are 

much lower in the P S W S compared wi th the F M R studies. The high level of background 

signal is connected also wi th the use of the flip-chip technique. Despite the l imitation of 

the technique, we were able to extract the S W characteristics from the measured spectra. 

To evaluate the S W characteristics, the amplitude of the transmitted signal is first 

normalized to the excitation strength. However, in order to do so, another aspect needs 

to be taken into account. In general, the sample upon investigation is not placed precisely 

in the geometrical center of the C P W s , which leads to an inequality of the excitation and 
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Fig. 4.6: Imaginary parts of the normalized amplitudes of the reflected signal at port 1 (a) and 
the transmitted signal between two CPWs with d = 5.96pm (b). Cross sections of the SW 
spectra at selected frequencies and bias fields (labeled in the graphs) are presented below. They 
show the excited SW (corresponding to Su parameter) and the SW incoming (corresponding 
to 1S21) to the other C P W . The spectra are obtained for 24 nm thick film of FeNi prepared on 
H-Si. Analytical model of the M S S W excited by /CCPW = 1.087 rad/um, based on the measured 
parameters of the sample (given in Tab. 4.1) is indicated in the SW spectra by blue line. For 
clarity, as well the model of F M R is indicated in the SW spectra by the dashed (blue) line. 

detection strengths. Thus, | 5 i i | 7̂  l-S^I- Such non-reciprocity can be even though mathe­
matically corrected. Instead of using only the AS21/ASn (or A 5 ' i 2 / A 5 ,

2 2 ) parameter, the 
geometrical mean of both reflected signals \ / A S ' i i A 5 ,

2 2 is employed as a normalization 
factor. 
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4.2. PROPAGATING SPIN WAVE SPECTROSCOPY IN PLAIN FILMS 

Then, the normalized parameters can be used to evaluate the S W characteristics such 

us the group velocity, the decay length d~ and the magnetization relaxation rate T. These 

quantities are connected through the formula d~ = vg/T. 

To obtain the S W characteristics, we followed an experimental procedure as reported 

by Glad i i et al. [138], who studied single crystal iron films grown on MgO(OOl). The 

amplitude of | A £ 2 i | as well as the real I ^ A ^ i ) or the imaginary part I(A5,2i) is needed. 

The amplitude IAS21I of the signal measured in P S W S experiment is normalized to the 

amplitudes |A5ii | and |A5' 2 2| representing the excitation and detection strengths, yielding 

a normalized amplitude A2\. This quantity is expected to decay wi th the distance between 

the C P W s as 

y/\ASU\\AS22\ 

Here, do stands for an offset caused by the non-zero width of the C P W signal lines. Since 

the decay is exponential, -ln(^42i) is a linear function of the signal-to-signal distance d. A 

slope of the dependency provides an inverse of 5. Therefore, the P S W S has to be carried 

out for several pairs of C P W s wi th various d (Fig. 4.7a). 

Furthermore, we use the fact that the imaginary (and the real) part of the transmitted 

signal contains information about the phase of the propagating S W . This leads to the 

formation of an oscillation of the signal imaginary component, within the peak formed 

by the signal magnitude. The period of this oscillation is connected wi th the vg through 

the propagation time r = (d+ do)/vg. The oscillation period which indicates the change 

of phase about 2ir is the inverse of the r. Hence, by plotting the r against the d, we can 

obtain the group velocity as an inverse slope of the linear dependency (Fig. 4.7b). 

The relaxation rate of the propagating S W can be obtained from E q . (4.2) by substi­

tuting for d~ and subsequently for r. Then, the T simply represents the slope of - l n ( A 2 i ) 

as a function of d (Fig. 4.7c). 

We measured the S-parameters using a series of four C P W s , to have enough points to 

allow us to fit the data. From the measured S W transmission map (Fig. 4.6b), we chose 

the frequency spectra at the bias field of 20 m T . Around this field, the S W signal was 
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Fig. 4.7: SW characteristics extracted from PSWS measurements of 24 nm thick transformed 
continuous layer of FeNi. A dependence (a) of the logarithm of the normalized signal amplitude 
A21 on the signal-to-signal distance d providing <5_1, a dependence (b) of the propagation time 
r on the d providing a w " 1 and a dependence (c) of the logarithm of ^4 2i on the r providing the 
value of T. 
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Tab. 4.2: Summary of the propagating SW characteristics extracted from the PSWS measure­
ments. The mean values are provided together with respective standard deviations. The bias 
field, at which the analysis was carried out is indicated as H. 

sample t (nm) i J ( m T ) 5 (pm) vg (km/s) T x 10 8 (rad/s) 

FeNi 24 20 13.9±0.6 2 .05±0.15 1.47±0.09 
Permalloy 100 38 3 .3±0.6 3 .2±0.4 11.3±1.6 

the least difficult to distinguish from the background noise. We processed the frequency 

spectra for each measured d as described above and acquired the parameters which are 

listed in Tab. 4.2. 

In order to support our results, we repeated the same measurement and analysis 

for material commonly used for S W propagation - Permalloy. Propagating modes were 

excited in 100 n m thick Permalloy film using a C P W series d. These C P W s have very 

similar dimensions and thus excite similar wavevectors as the previously employed C P W s 

(type b). To assure the conditions as similar as possible wi th the ini t ial experiment 

using FeNi , we investigated the frequency spectra having the peak at the same resonance 

frequency as FeNi does. A n intensity of the corresponding bias field is 38 mT. Results of 

the analysis are presented in Tab. 4.2 and selected steps of the analysis are presented in 

Appendix B .3 . 

The table provides a comparison of the calculated characteristics together wi th the 

sample properties and the field H at which the analysis was performed. The value of 

decay length extracted for Permalloy is consistent wi th our expectations 3 p m [139]. O n 

the contrary, we found unusually long decay length of SWs propagating in FeNi . The 

results obtained from S W propagation in epitaxially grown Fe, as reported by Glad i i et al . 

[138], are significantly different than ours. The study presents the decay length in a range 

of 5-7 pm, which is approximately half of our value. In the study, the S W characteristics 

are calculated for the bias fields within a range of 20-180 m T . The value of 5 = 6.8 pm 

extracted at 58 m T (corresponding wi th the resonant frequency of 18.9 GHz) is stated 

explicitly in the study. O n the contrary, our result is measured at 20 m T and the resonant 

frequency is 5.7 G H z . Therefore, the values cannot be correctly compared. Nevertheless 

these findings are not necessarily in a dispute, since a decreasing character of S wi th the 

resonant frequency is expected. Moreover, our result approaches the theoretical values of 

5, which are quite higher at low-frequency region than those measured in Ref. [138]. 

Using our current experimental setup, we were able to analyze the propagating S W 

only in a range of low frequencies. However, it is of high interest to repeat the experiment 

for SWs excited by higher frequencies, in order to compare the values precisely. The result 

we have obtained so far is stil l very promising, even though a further investigation should 

to be carried out in order to confirm this first observation. 

In addition to the propagating S W modes in the 24 nm thick FeNi film, we were also 

able to detect SWs propagating across a distance of approx. 6 pm in the FeNi film with 

the thickness of 8nm. The SWs were excited and detected by a pair of C P W s from a 
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series b. The obtained S W spectra is presented in Appendix B.4. Despite the fact that 

strength of the detected signal is not sufficient to perform quantitative analysis of the S W 

characteristics, these data open up new possibilities for investigation. A s the measured 

S W spectra prove that the combination of the detection limits given by our experimental 

setup and attenuation properties of FeNi enables to carry out further P S W S experiments 

with the 8 nm films. 

4.3 Spin waves in modulated magnetic media 
A n experimental study of S W propagation in magnonic crystals was initiated based on 

assumptions derived from results obtained through micromagnetic modeling. 

Theoretical model 

The theoretical studies carried out by O. Wojewoda [140], investigate S W propagation 

in magnonic crystals comprising ferromagnetic thin films that display the same magnetic 

properties as those experimentally observed in the FeNi thin films. 

The modeled dispersion relations in M S S W geometry at 50 m T for three M C s and 

corresponding S W spectra are shown in F ig . 4.8. The M C s comprise 10 nm thick ferro-
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Fig. 4.8: Dispersion relations (a), (c) and (e) and SW spectra (b), (d) and (f) of one-dimensional 
MCs created by spatial modulation of various magnetic parameters in alternating strips. The 
strips are characterized by the width of 256 nm, the thickness of 10 nm and nominal value 
of saturation magnetization IJLQM^ = 2.14 T. Damping parameter is a = 0.008 and exchange 
stiffness A = 1.3pJ/m. (a)-(b) A magnonic crystal created by reduction of M s about 100% in 
every second strip, which results in spatial alternations of magnetization between 2.14 T and 0 T. 
(c)-(d) Similar M C with reduction of Mg by 20% resulting in alternations of 2.14 T and 1.7T. 
(e)-(f) A crystal created by variation of direction of the easy axis in an anisotropic material with 
KU = 14kJ /m 3 . The orientation of the easy axis is alternated between 0° and 90° with respect 
to the strips. A l l dispersion relations are calculated at the bias magnetic field of 50 mT. Blue 
profiles indicate the modeled density of states. Dashed (red) lines indicate analytically calculated 
dispersion relations obtained on the basis of the Bloch theorem and the transfer-matrix method. 
Band gaps are labeled by vertical (blue) lines. A l l spectra are plotted in logarithmic scale. 
Modified from [110]. 
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magnetic film, in which either saturation magnetization or magnetic anisotropy is alter­

nated in 256 nm wide strips. The created band gaps, which can be seen in the frequency 

spectra, are apparently reflected into the modeled S W spectra. Therefore, multiple peaks 

are visible in the S W spectra, in the contrary wi th the non-modulated material. 

For the sake of clarity, we provide a brief description of the used model and processing 

technique: 

The excitation magnetic field provided by a C P W with geometrical parameters of ws = 
wg — g — 100 nm is modeled in F E M M . The excitation spectrum and magnetic field 

induced by the C P W is used as an input to micromagnetic solver mumax 3 [141], which 

models the S W propagation in the M C . The calculated volume of (16x0.2x0.01) u m 3 is 

divided into rectangular prisms of size ( 4 x 4 x 5 ) n m 2 and periodic boundary conditions 

with sufficient repetitions are used. The calculation time is 10 ns and the time step 

< 1 ps. The two-dimensional maps of Mx are captured wi th time-step of 6 ps and they 

are exported to M A T L A B for further processing. Then, the data are converted by a fast 

Fourier transform ( F F T ) into the frequency domain. From the F F T of the Mx, dispersion 

relations of the propagating SWs are calculated. The dispersion relations are summed 

over k, providing the density of states in dependence on frequency. A n effect of the C P W 

acting as the detector is included. Finally, by repeating the whole calculation of the 

density of states for different bias magnetic field strengths, the resultant S W spectra in 

dependence on frequency and bias field are obtained. 

Experimental results 

The experimental studies of P S W S in patterned films are somewhat complicated when 

relying on the flip-chip technique alone. The prepared microstructures need to cover a 

large area of the sample surface, as the perfect alignment of the conductors on top of the 

structures is not possible. Therefore, we performed the experiments on (600x500) u m 2 

patterned by the F I B . 

Whereas our experiments are the very first studies of S W propagation in FeNi , we 

decided to begin wi th the least complicated type of M C s : a one-dimensional modulation 

of the saturation magnetization, see F ig . 4.8a-4.8d. Using the knowledge of the precise 

proportion between the ion dose used for the film transformation and the resultant satu­

ration magnetization in case of the 24nm thick FeNi film on H-S i (Fig. 3.3), we were able 

to modulate its M s in a controlled way. 

The first prepared sample comprises 900nm wide strips with the highest possible M s , 

alternating wi th 900 nm wide strips from which the FeNi layer was completely etched away. 

In the resulting structure, the M s is confined in the ferromagnetic strips separated by the 

etched grooves (Fig. 4.9a). The width of the strips was designed based on the knowledge 

of dispersion relations of different M C s obtained from micromagnetic modeling as well as 

on the F I B patterning possibilities. 
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The second sample was prepared without a topographical modulation of the FeNi film. 

We irradiated the chosen area by two different ion doses (Fig. 4.9b) both of them lower 

than would be necessary to sputter the FeNi away. The resultant structure consists of 

1000 nm wide strips wi th the highest possible saturation magnetization (which is approx. 

1.77 T) and 800 nm wide strips wi th the M s being a half of the maximum value (approx. 

0.88 T ) . 

Both of the samples were checked v ia S E M and Kerr microscopy in order to confirm 

the structure and the magnetic properties of the transformed patterns. The micrographs 

of the structures are shown in F ig . 4.9. The coercive field of both samples is approx. 

15 m T , when the strips are aligned parallel wi th the external magnetic field. 

For the P S W S measurements, we employed the same experimental technique as in the 

case of continuous magnetic films, wi th the only exception of the measurement frequency 

range. We measured the P S W S in the range of 0.5-20 G H z , in order to capture also the 

band gaps and the modes arising from the confinement, which are expected to lie within 

this frequency range. 

The measurements were carried out for both transformed structures, using the C P W s 

from series b, c, and d. One of the measured S W spectra is presented in F ig . 4.10. It 

corresponds to S W propagation through the ferromagnetic strips which are separated by 

the etched grooves. The employed C P W s are separated by the distance d = 5.96pm. 

For comparison purposes, the modeled S W spectra of M C s based on the experimen­

tally prepared structures are also incorporated into the figure. The data shown in the 

two-dimensional plots of the modeled M C s correspond with the normalized density of 

states in dependence on the microwave frequency and on the bias magnetic field strength. 

As can be seen from the measured spectra, we were not successful so far in a detection 

of different modes than those, which we have already measured in the continuous layer. 

The main difference that we were able to observe is a significant decrease of the transmitted 

(a) (b) 

Fig. 4.9: S E M and Kerr micrographs of one-dimensional magnonic crystals prepared from 
metastable FeNi films with the thickness of 24 nm. (a) FIB-etched grooves of width 900 nm al­
ternating with transformed FeNi areas and (b) alternating transformed and non-irradiated FeNi 
stripes with the width of 1000 nm and 800 nm, respectively. To enhance a magnetic contrast 
of the Kerr micrographs, a corresponding image taken at full magnetic saturation is subtracted 
fromthe image taken at 0 mT. Therefore, the magnetic signal is made more visible on the expense 
of the topography. 
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Fig. 4.10: SW spectra of the microstructured 24 nm thick FeNi film and modeled spectra 
one-dimensional MCs of the same thickness with alternating saturation magnetization. Exper­
imentally determined material parameters are used in the modeled systems, (a) Measured SW 
propagating in 900 nm wide fully-transformed strips (noMg « 1.77 T) alternating with FIB-
etched grooves of the same width. The SW excitation and detection is ensured by CPWs from 
a series b distant by d = 5.96 pm. (b) Modeled one-dimensional magnonic crystal with 900 nm 
alternating magnetic strips (HQM^ = 1.76 T) and non-magnetic strips, (c) Similar M C with 
alternating strips of two different saturation magnetization values /xo-^s = 1-76 T and 0.88 T 
(corresponding with Mg modulation by 50%). (d) Modeled spectra of continuous thin film 
with /J-oMg = 1.76 T. The calculated spectra (b)-(d) were obtained on the basis of numerical 
model prepared by O. Wojewoda. The model employs F E M M and M A T L A B softwares for SW 
excitation and detection and solves the SW propagation using micromagnetic solver mumax 3. 

signal when compared wi th S W propagation in the continuous layer. The decrease of the 

signal amplitude can be expected in this corrugated layer. 

The reason why the other modes and the band gaps could not be measured in the 

patterned samples remains an open question. The most probable explanation seems to 

be our experimental setup relying on the flip-chip technique. We plan to implement a 

microwave probe station, which would allow us to lithographically prepare the C P W s 

directly on top of the patterned FeNi film. 
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Conclusion 

In this thesis, we have been dealing wi th preparation and study of materials for 

magnonic applications based on metastable FeNi th in films. We investigated two systems 

FeNi/Cu(100) and FeNi/Cu(100)/H-Si(100) and successfully measured the magnetization 

dynamics in continuous and modulated layers prepared by F I B direct writing. 

We have prepared several metastable FeNi th in films epitaxially grown on Cu(100) 

single crystal substrates. These films were init ial ly used for magneto-structural analy­

sis including testing of transformation ion dose efficiency, magnetocrystalline anisotropy 

studies, testing of various F I B patterning strategies and in-situ studies of topography and 

morphology of both unirradiated and transformed films. A sample comprising 8 nm thick 

FeNi film was then used for all-electrical characterization of spin wave dynamics. 

We carried out multiple experiments in order to prepare hydrogenated Si(100) sub­

strate of the best chemical purity and structural quality of the surface. Despite the efforts, 

we were not successful in preparation of monocrystalline Cu(100) buffer layer on the top. 

As was revealed by experiments performed later at T U Wien , the most probable rea­

son for this behavior was missing C a during the deposition of C u . It was observed that 

C a contamination in a crucible of the evaporator can have a significant influence on the 

growth of the first atomic layers of the Cu(100), affecting especially the initiation of the 

(100) structure growth. Another possibility is insufficiently low pressure in the deposition 

chamber during the growth. In any case, it is of high interest to proceed wi th the study 

and accomplish the growth of Cu(100) single crystal on H-S i in our laboratory. Meanwhile, 

the samples prepared in at T U W were used for the study of spin wave propagation. 

Ferromagnetic properties were locally induced in the metastable thin films by a F I B 

irradiation. We achieved the best results upon single-scan irradiation by the dose of ap-

prox. 6x 10 1 5 i ons /cm 2 in case of 8 nm thick FeNi film on C u , and approx. 2 x l 0 1 5 ions /cm 2 

and 6 x 10 1 5 ions /cm 2 for 8 n m and 24 nm thick films on H-Si , respectively. Moreover, we 

found a direct relation between the crystallography and the transformation efficiency, 

while studying the films grown on a Cu(100) substrate. When scanned by the F I B along 

the low-index crystallographic directions ( O i l ) , we could observe the full transformation 

upon irradiation by approx. 25% lower ion dose when compared wi th the scanning along 

one of (010) directions. We did not yet verify whether the same behavior concerns the 

films grown on H-S i , nevertheless, it may become useful in future if these films shall be 

utilized as magnonic elements. It can be, however, expected that the direction depen­

dency of the transformation efficiency would be weaker in films prepared on H-S i due to 

the morphology of the C u buffer layer. We observed that the irradiated surface of FeNi 

film grown on H-Si is approx. 5.7x more rough than the surface of the same film grown 

on the C u substrate. The well-characterized samples were then employed as spin wave 

propagation media. 
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Conclusion 

Spin waves with various wavevectors were excited and studied in three different samples 

with use of the V N A . The excitation was ensured via microscale C P W s wi th various 

geometrical parameters, separately prepared on G a A s and S i 0 2 / S i substrates. Contact 

pads of the waveguides were wire-bonded to the experimental setup, since the probe 

station for microwave probing has not been available during the project. Due to poor 

adhesion of the C u buffer layer on top of the Si substrate, it is not possible to wire-bond 

the waveguides without damaging the underlying film. Hence, the waveguides could not 

be lithographically prepared on top of the FeNi films, but we had to rely solely on the 

flip-chip technique. The situation would be different if the probe station could have been 

used to avoid the wire-bonding. 

In the ini t ial experiments, we studied large transformed areas of the FeNi films by 

the broadband ferromagnetic resonance to obtain their magnetodynamic characteristics. 

Using K i t t e l formula which relates the resonant frequency to the external magnetic field, 

we extracted saturation magnetization, damping parameter, gyromagnetic ratio and inho-

mogeneous broadening of the resonant peak. In order to verify our results and classify the 

material of investigation, we performed the same experiment wi th several other samples 

including films of Fe, N i and Permalloy. The observed value of Mg of the FeNi is approx. 

1.76 T, which corresponds well wi th the value 1.8 T that can be obtained by interpolation 

of the saturation magnetizations of pure Fe and N i . Almost the same observed effective 

damping (0.0087) as in Permalloy (0.008) is the confirmation justifying FeNi as a potential 

candidate for application in magnonics. 

The measurements of non-zero k modes were carried out by propagating spin-wave 

spectroscopy. We excited modes propagating in Damon-Eshbach geometry and detected 

them inductively, by C P W s separated by the distance up to 11 um (measured by the 

signal-to-signal distance). Even though we did not try to detect the propagating SWs with 

use of more distant C P W s , we can assume that the S W could be detected ever farther. 

This assumption is based on the experimentally determined S W decay length. Measured 

at the bias field 20 m T (and resonant frequency approx. 5 .7GHz) , we obtained the decay 

length of 13.9 p m for a S W propagating wi th the group velocity approx. 2.1km/s. For 

comparison, the values 3.3 pm and 3.2 km/s were observed at the same resonant frequency 

in Permalloy. 

Encouraged by these observations, we believe that the thin metastable FeNi films hold 

a true potential for magnonic application as spin wave propagation media and we shall 

continue wi th their employment in further innovative investigations. 
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A. VECTOR NETWORK ANALYZER CALIBRATION 

A Vector network analyzer 
calibration 

A . l Calibration techniques 
For the characterization of a device under test, the magnitude and the phase of incident 
and outgoing waves are inspected by a V N A . B y the measurement of the wave properties, 
the V N A resolves many electric characteristics of the D U T including the impedance, 
group delay or losses. Nevertheless, the accuracy of the output parameters is a subject to 
the accuracy wi th which the V N A measures the magnitude and the phase relation of the 
incident and outgoing waves. A s the measurement depends on the measurement setup 
itself, calibration information is necessary for the proper performance, especially when a 
highly precise characterization is demanded. 

The main contribution to the uncertainties is a variation of the laboratory conditions 
and the measurement configuration such as temperature, frequency, D U T interconnection, 
length of the cables between the V N A and the D U T and so on. Another major source 
of imperfections is related with inherent instrument impairments. They are caused by 
four main contributions: port match, frequency response, directivity and isolation. A l l of 
them are in detail described in Ref. [ ]. The vast majority of these systematic errors can 
be eliminated by the calibration process. 

As there is a vast range of impairments, there also are many ways how to realize 
the V N A calibration. In accordance with the measurement settings, types of ports of 
the D U T or available calibration standards, different calibration methods varying in time 
requirements and accuracy can be used. Common types of a two-port V N A calibration 
include the frequency response calibration, the one-path two-port calibration and the full 
S-parameter calibration. The first one is the easiest, fastest and a reasonably accurate 
method, the second one provides better accuracy and allows wider measurement range. 
The last type is the most used and the most precise of them all. It provides the correction 
of all the S-parameters and employs various calibration techniques, of which we describe 
two in detail. 

The S O L T (Short-Open-Load-Through) calibration, which is sometimes referred to as 
the T O S M (Through-Open-Short-Match) calibration, is the most common technique for 
the V N A calibration. It relies on the measurement of well-known calibration standards 
connected to both ports. The calibration procedure is simple when dealing with a D U T 
with mating connectors. Then, both ports can be directly connected, which results in 
a zero-length Through. However, when a D U T with connectors of the same gender or 
with different type of connectors is used (i.e. a non-insert able device), the calibration is 
bit more complex. Either a phase-equal adapters have to be used for the calibration, or 
another method based on the use of a Reciprocal through is employed. This is the S O L R 
(Short-Open-Load-Reciprocal) calibration, known also as a calibration by Unknown Thru. 
Nevertheless, there is an additional requirement of reciprocity (S21 = S12) placed upon 
the Through standard. During the S O L R process, first a one-port calibration is carried 
out at each port using the Short, Open, and Load standards. Then, the S-parameters 
are estimated from forward and reverse measurements using the Through. The S O L R 
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short open load through through reflect 

lliilie H i ! 
Fig. A . l : A schematics of the calibration standards for two-port methods: SOLT and T R L 
calibration. Emplacement of contact probes of both ports is illustrated in the through lines. 
Reference planes in case of the T R L calibration are indicated by dashed line. 
technique is also useful for an on-wafer calibration, if the prepared Through line is anyhow 
bended. 

Another popular technique is the T R L (Through-Reflect-Line) calibration. It is widely 
used for the on-wafer measurements, where instead of highly precise calibration standards, 
rather a lithographically prepared calibration set is used. The Through is formed by a 
zero-length strip directly connecting both ports, the Reflect is a common open circuit 
between the ports and the Line is non-zero-length strip. A disadvantage of the T R L 
technique is a narrow frequency range in which it can be used. The range is given by 
the length of the Line. In order to extend the range, more Lines need to be utilized for 
successive calibrations. Such calibration technique is referred to as the multi-line T R L . 

Schematics of the calibration standards used for both of the described techniques is 
presented in F ig . A . l . Thorough description of other calibration types and associated 
processes can be found in Ref. [ ]. 

When the calibration of the V N A is completed, it is important to avoid any changes 
of the hardware and to keep the software setting the same for the measurement of the 
D U T . To preserve the calibration valid, all the measurement settings also need to be 
kept constant. They include the start and stop frequency, number of measured frequency 
points, frequency bandwidth, averaging, source power and settings of the receiver step 
attenuators. Therefore, it is often recommended to perform a test measurement to adjust 
all the parameters prior the calibration process. 
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A.2 On-wafer calibration 
In case the probe station is incorporated into the experimental setup, it is advantageous 
to use the on-wafer calibration standards rather than the calibration kit , which requires 
dismounting of the probes and connecting of the standards to connectors of the cables. 

Therefore, we provide the on-wafer S L O T calibration standards with each series of 
our C P W s . The calibration is prepared within the same lithographic process (described 
in Sec. 3.3) as are the waveguides. The only difference wi th the described procedure is 
omitting the deposition of the insulation layer, which has to be from obvious reasons 
absent. The optical micrographs of the calibration standard representatives can be seen 
in F ig . A . 2 . The line of the Load is designed to have 50 Q between the signal and the 
ground pads. 
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Fig. A.2: Optical micrographs of a series of the on-wafer S L O T calibration standards prepared 
using the E B L technique. The probe signal-to-ground pitch is 150 p. 
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B Measured spin wave spectra 

B. l Broadband ferromagnetic resonance in ferromag­
netic films 

- 80 - 40 0 4 0 8 0 -80 -40 0 4 0 8 0 
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(c) 8nm Permalloy/Si (d) 8nm Fe/Si 

Fig. B . l : Comparison of broadband F M R spectra of selected ferromagnetic materials. The 
dashed (green) line in the plots (a) and (b) indicates an analytical model of the F M R according 
to Eq. 1.23 with the literature values of M s and 7 . The dotted (blue) line indicates the modeled 
PSSW (Eq. 1.35) of the order p = 1. This mode with the zero-field frequency of 4.9 GHz is 
visible in the plot (a) and it cannot be observed in (b). 
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B. MEASURED SPIN WAVE SPECTRA 

B.2 Propagating spin waves in YIG 
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Fig. B.2: PSWS spectra in D E geometry of Y I G film with the thickness of t = 6 pm grown on 
a G G G ( l l l ) substrate. The comparison shows spectra of SWs excited and detected by each of 
the V N A ports. In the AS21 and AS12 can be seen a difference between the positive and the 
negative halves of the map. When observed in more detail, the spectra look mirrored around 
the zero-field. This can be attributed to the surface character of the D E modes. A SW excited 
by the antenna at port 1 (left) propagates toward the antenna at port 2 along one of the Y I G 
interfaces depending on the orientation of the bias field. Conversely, the SW excited by the 
other antenna (right) propagates in the same bias field along the other interface. A different 
quality of both interfaces then leads to a slight modification of the peak shape. 
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B.3. CHARACTERISTICS OF SPIN WAVES PROPAGATING IN PERMALLOY FILM 

B.3 Characteristics of spin waves propagating in Perm­
alloy film 

d (|im) d (|im) T (ns) 
Fig. B.3: SW characteristics extracted from PSWS measurements of 100 nm thick Permalloy film. 
A dependence (a) of the logarithm of the normalized signal amplitude A21 on the signal-to-signal 
distance d providing <5_1, a dependence (b) of the propagation time r on the d providing a v~l 

and a dependence (c) of the logarithm of A21 on the r providing the value of V. The values 
extracted at 38mT are: 6 = (3 .3±0.6)pm, vg = (3.2±0.4) km/s and F = (11.3±1.6) x 108 rad/s. 

B.4 Propagating spin waves in metastable thin film 
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Fig. B.4: M S S W spectra of continuous FIB-transformed FeNi film with the thickness of 8nm 
grown on an H-Si substrate. The SW spectra are obtained using a C P W pair from series b 
with the d = 5.96pm. Red line indicates analytical calculation of M S S W propagating in the 
film characterized by the experimentally obtained parameters (Tab. 4.1). Dashed (red) line 
indicates the position of F M R peak for the same film. 
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