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Abstract

Spin wave (SW) excitations in two-dimensional (2D) and tkdaeensional
(3D) periodic nanostructures and chiral helimagnets haenstudied ex-
perimentally and compared to theoretical predictions. $&tsoscopy
has been performed with microstructured coplanar waveegith mea-
sure SW excitations as well as SW propagation. 2D samples staic-
tured with periodic arrays of holes, so-called antidotidat (ADLS) with
periods ranging from 800 nm down to 240 nm, using focused &emb
lithography. Artificially introduced defects were foundgopport fast SW
propagation with the additional freedom to guide SWs arourmhers.
Complete band gaps were predicted in ADLs with periods b&o®/nm.
Bio-engineered 3D magnetoferritin crystals have beenatuekperimen-
tally and SW propagation over a few micrometers was foundoliabora-
tion with a theory group, GHz excitations in these systemseweodeled
using an effective anisotropy of individual nanoparticldifferent sys-
tems of chiral helimagnets, i.e. metallic MnSi, insulatidgOSeQ, and
semiconducting Re , Co,Si, have been studied throughout their magnetic
phase diagram. The GHz excitations were found to differ soalie val-
ues between different materials, but when being normaliagtieir spe-
cific T-dependent critical fields and accounting for the geometrthe
sample, the data fall onto universal curves being chaiatitefor the dif-
ferent magnetic phases. We find excellent agreement betexgamiment
and theory developed by a theoretical group.

Es wurden Spinwellen (SW) Anregungen in zweidimensiona?&) (nd
dreidimensionalen (3D) periodischen Nanostrukturen umichte Helima-
gnete experimentell untersucht und mit theoretischen afsdgen ver-
glichen. Spinwellen-Spektroskopie mit mikrostruktutéerkoplanaren Wellen-
leitern wurde durchgefiihrt, um die Anregung sowie Aushiregtvon Spin-
wellen zu messen. 2D Proben wurden mit Hilfe von fokussiddeen-
strahllithographie mit periodischen Lochern, so genamAtatidot-Gittern
(ADLs) mit Gitterperioden von 800 nm bis 180 nm, strukturien kin-



stlich erzeugten Defekten wurden aussergewdhnlich sieh8& gemess-
en, die dazu noch um Ecken gelenkt werden konnten. KomBettel-
licken wurden fir ADLs mit Gitterperioden unter 600 nm vagesagt.
Biologisch hergestellte 3D Magnetoferritin Kristalle wlen experimentell
untersucht und propagierende SWs tiber wenige Mikrometertkomach-
gewiesen werden. In Zusammenarbeit mit einer Theoriegriomnten
die GHz-Anregungen mit Hilfe einer effektiven Anisotropder einzel-
nen Nanopartikel erklart werden. Verschieden Systeme tmalen He-
limagneten, d.h. metallisches MnSi, isolierendes@8eQ und halblei-
tendes Fe_,Cao,Si, wurden Uber ihr magnetisches Phasendiagram unter-
sucht. Die Absolutwerte der GHz-Anregungen unterschekilen zwi-
schen den verschiedenen Materialsystemen. Durch Norngjeauf die
spezifischen temperaturabhangigen kritischen Felder wter BBerlick-
sichtigung der Geometrie der Probe konnten die Anregungeien ver-
schiedenen Phasen auf eine universelle Theorie zurlidkgeférden. Ex-
zellente Ubereinstimmung zwischen den Experimenten und keorie,
entwickelt von einer Theoriegruppe, wurde gefunden.
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1. Introduction

The research field of magnonics has attracted a lot of irténecent
years promoted by the need for miniaturization and low-pave@asump-
tion in modern information technology (IT)ITR0D9]. Magnorcrystals
(MCs), i.e., periodically patterned ferromagnets, areath@ogues of pho-
tonic, plasmonic, and phononic crystals that are expldibedhe manip-
ulation of wave-like excitationd [Joa08, Ga010, Yul0]. he ffield of
magnonics, one explores the creation, manipulation, atettien of spin
waves [BIo30], i.e. wave-like spin excitatioris [Kru06, Né&i,[Krul0,
Lenll]. In general, spin-wave based MCs can be realized imaller
size compared to photonic crystals and they hold great m@ffioir down-
scaling microwave devices operated in the GHz frequendynefNeu09b,
KrulQ]. The downscaling argument is similar to surface aticuvave
based GHz filters and delay lines which are an integral pahefelecom-
munication marke{[Cam98]. Due to anisotropic dispersiwthlang range
dipolar interaction, the underlaying physics and tungbitif magnonic
crystals can differ from their optical and acoustic coupdets due to the
formation of minibands[[Neul0, Neulld]. The discovery of #pin-
transfer torque [Bai€8, TsoDD, Kis03] has further stimedathe research
for nanoscale devices in the microwave regime. It has besmodstrated
that a DC current is able to excite magnetization precessiamgiant mag-
netoresistance nanopillar, so-called spin-transfer seeuillators (STNOS).
The combination of spin waves and STNOs was proposed toecreat
noscale microwave devices [Bei96, Dem10]. Here, the rekeam spin
waves is essential to pave way for future integrated STNO«&\Wices
[Nal13]. Other nanoscale logic devices have been propogerdtioe years
[Khi08b, [Khi10,[Khi084a| Khi0Y, Khi0OR, Cho06, Lee08], whespin wave
interference effects are used to create logical output-eiittrical spin-
wave spectroscopy has been shown to be an efficient techfogube
excitation and detection of spin waves over distances oertttan 10um
[Cov02,Bai0l| Liu0¥, VIa08, VIal0, Neulld, NeulO, Duel?2].



1. Introduction

Two-dimensional and three-dimensional magnonic crystals

The study of one-dimensional magnonic devices has alrezaty to nu-
merous publications showing unique properties of nanosirad MCs as
it has been demonstrated that MCs can be reprogrammed wiaéitpeetic
history [Top10]. Recently, two-dimensional MCs consigtof a periodic
lattice of nanoholes, i.e., so-called magnetic antiddickes (ADLS), have
generated in particular great interest [GUIO3]. Such devire the mag-
netic analog of photonic crystals making use of air holes @liedectric
layer [JoaOB]. So far, the magnetic devices have been ige¢st in mag-
netic fieldsH applied in the plane of the ferromagnetic thin film being
mostly NiggFey (Py) [Gue00. Yu03, YuQ4, McP05, Pec¢05, YLUD7, Mar07,
Kos08a/ NeuO€g, Tse0B, Neu10, Tacl0a, Tac10b, Ulrl0, HuAldwed
minibands and partial band gaps have been observed butardpécific
directions of the wave vector [Neulld, Ziv12]. The dispersion rela-
tions have been found to depend cruciallyFnbecause inhomogeneous
demagnetization fields created by the holes varied significthe refrac-
tive index of the spin waves in the permalloy thin films [Nep@Ri11].
This provoked spin-wave localization counteracting mémith formation.
A different approach is presented in this thesis as we turexternal mag-
netic field into the out-of-plane direction, which increaiee homogeneity
of the internal field. Thereby magnetostatic forward volunaes (MS-
FVWs) are provoked that are particularly interesting for ex@mt mode
formation in MCs as they exhibit a isotropic dispersion tielaand at the
same time the lowest propagation loss per unit time [Afi9809]. In this
thesis, we predict complete band gaps in our two-dimenkigi@s and
we report on efficient spin wave guiding in complex geomethiased on
MCs making use of MSFVWs.

Extending the field of MCs into the third dimension has beappsed
by theoretical calculations with predictions of large bayaps [Kra08a,
Kra08b]. In spite of these encouraging predictions, thera liack of ex-
perimental work on 3D MCs as the preparation of such is a grealt
lange. Recently, Kostylev et al. have presented very istieng results on
3D inverse opal structures [Kod12] as a possible candidata 8D MC.
In the meantime, the field of bioengineering has been growirey the
past years with remarkable results, e.g. to create arrayarafparticles by
self-assembly of monodisperse colloidal nanocrystala@B| Pil06]. Fur-
thermore, a true order in all three dimensions has beenaazhi®y protein



crystallization technique of magnetic nanoparticles [B8]s The combi-
nation of bio-assisted methods to create 3D structuresefetigth scale
of the magnetic exchange interaction opens completely ressibilities
for the field of magnonics. Within this work, we present firssults on
magnetoferritin crystals arranging magnetic nanopadidn a fcc lattice
with a few nm spacing. We find proof of dynamic coupling betwewli-

vidual nanoparticles, supporting fast spin-wave progagat

Chiral helimagnets

One year after the discovery of ferromagnetic resongncé®pin 1946,
C. Kittel explained the uniform spin-precession mode in bgemeously
magnetized ferromagnets when irradiated by electromagwates in the
GHz frequency range [Kit48]. The so-called Kittel formutapowerful
for both metallic and insulating ferromagnets. Later, iswaalized that
inhomogeneous magnetic states such as bubble dorhaing|Bapport a
distinct set of eigenexcitations consisting of acoustfjcal and flexible
domain wall modes. A renewed interest in such excitatiossstienulated
research in recent yeais [Gub12]. During the time, much rnoreplex
magnetic states were identified where the Skyrmion lati@ne example
among others such as canted ferromagnets and helimagnrdtsl lali-
magnets found in non-centrosymmetric crystals have fustimulated re-
search in recent years due to the very unique phase diagr@g/[Weu09a,
Yull,[Onol?]. In metallic MnSi, a topologically stable spéxture, i.e,
the Skyrmion lattice, has been demonstrated in the A-phdeeaemper-
ature and finite magnetic field. Strikingly, the Skyrmiortitz is moved
by a current of relatively small density due to the spin tfantrque. This
holds great promise for future applications in spintrofidcsn10/ Sch1Z2a].
At the same time, the Skyrmions are of enormous interestdretherg-
ing field of magnonics [Krul0] as they form a lattice which ipdically
modulates the magnetic properties in a self-organized erarin MnSi,
the period is strikingly small and on the 10 nm scale that ihipartic-
ular not routinely feasible via state-of-the-art nanaghaphy. Intriguing
magnonic crystal behavior might result from the Skyrmiottida going
beyond nanostructured ferromagnetic materials. Withan flamework
of this thesis we study three different chiral helimagnetiaterials, i.e.
metallic MnSi, semiconducting ke, Co,Si, and insulating C40SeQ.



1. Introduction

We report on their GHz excitations and find excellent agragmath a
universal theoretical description for all chiral helimagin materials in-
vestigated. This universal theory of excitations can bdiegjin a univer-
sal manner to chiral helimagnets like the Kittel formula femromagnets.
Furthermore, we explore the measured linewidth, i.e. tmepdag of the
system. We find unique dependencies of the linewdith, whitferdor
different regions of the phase diagram.

Overview of the thesis

This work is organized as follows: In chapfdr 2, we preseatttieory
on ferromagnetism, dynamics, spin-waves, nanopartieled, chiral he-
limagnets together with numerical methods. In chapter 3,describe
our experimental setup used within this thesis, i.e. attical spin-wave
spectroscopy. In chaptel 4, we explain sample preparasomgwptical
lithography as well as focused ion beam lithography. In t&dB, we
make material considerations especially for the excitatibMSFVW. In
chaptef B, we study 2D magnonic crystals, i.e. antidots &galar square
lattice. In chaptelr]l7, we evaluate excitations in 3D magnaenystals, i.e.
regular arrays of nanoparticles so-called magnetoferitystals. In chap-
ter[8, we report on GHz excitations in chiral helimagnetsthgr with a
universal theory for such. We finish this thesis with a sunymaaid outlook
in chaptef®.

10



2. Theory

In this chapter, we give a brief description of the theoryssfémagnetism.
From this we explain the ferromagnetic resonance basicsdéitroduc-
ing spin waves. After an excursion into GHz excitations inaarticles
with bulk and surface anisotropy, we give a short introdarctio chiral
magnets and their complex dynamic bahvior. The model of parizles
has been developed by M. Krawczyk from the Adam Mickiewicavdn
sity in Poznan. The theory on chiral helimagnets has beeviged by
Prof. A. Rosch’s group at the University of Cologne in ordeirterpret
experimental data obtained within the course of this woee (shapt€r]8).
Furthermore, we introduce numerical methods used thrautgh work,
i.e. micromagnetic- and electromagnetic simulationshinfollowing the
brief description is based on the textbooks as Refs. [Ki@&96, BluO1,
Hil02, |Spa03l, Sko08, Sta09]

2.1. Ferromagnetism

The magnetic susceptibility classifies magnetic materials through their
response of the magnetizatibhto an external fieldH:

M = xH, (2.1)
whereM is defined as microscopic magnetic momentger volumel[SkoO8]:

dm

M= ——.
av

(2.2)
In general,y is a tensor so thatlt andM do not need to be collinear to
each other. Simplified to a scalgrcan take one of the following values in
order to classify magnetic materials:

e y < 0: Diamagnetic materials. These materials create a magnetic

field that counteracts the external magnetic fidldlue to orbital
magnetic moments of electrons, which means that these ialater

11



2. Theory

are repelled from magnetic fields. Diamagnetic effects amg v
small and are usually not observed in everday life.

e x > 0: Paramagnetic materials. Uncompensated spins of elactron
align parallel toH and therefore give rise to an increased flux den-
sity. Paramagnets are attracted by an external magnetdfielun-
like ferromagnets, they do not retain their magnetizatidgremwthe
field is removed.

e x > 0: Ferro- and ferrimagnetic materials. These two types of
magnetic materials have in common that they both retain gefini
magnetization even if the external figltlis removed, i.e. they ex-
hibit spontaneous magnetization. The main difference as fir-
rimagnetic materials consist of differently oriented femagnetic
sublattices, where the magnetic moments are not cancetedus
mostly happens if the sublattices are made up of two difteaams
or ions. Above the Curie temperature these materials bepamse
magnetic.

e x > 0: Antiferromagnetic materials. Can be described by tworinte
penetrating and identical sublattices of magnetic momédie set
of magnetic moments is spontaneously magnetized below sdtne
ical temperature (Néel temperature), the second set isapeously
magnetized by the same amount in the opposite directionreldre,
aniferromagnetic moments cancel out and there is no mampasc
magnetization left. Above the Néel temeprature antifeagnets
undergo a phase transition and become paramagnetic.

In this work, we are working with ferromagnetic material®. iy >

0. Next we want to take a closer look at the energy contribstiead-
ing to spontaneous magnetization in ferromagnets. Exa@harigraction
gives rise to the first energy contribution we want to look Bkchange
originates from Coulomb interaction considering the quantechanical
Pauli exclusion principle, which says that two fermionsrearbe in the
same state. The Hamiltonian for this exchange interactidima sum of in-
teractions between the spiBof localized individual magnetic moments,
here given in the Heisenberg notation:

<% = —Z Jljél . éj, (23)

.3

12



2.1. Ferromagnetism

whereJ;; is the exchange integral that quantifies the strength ofdnte
tion. A ferromagnetic order is achived whepy has a positive sign, lead-
ing to a lower energy for parallel alignment of the spins. idskEq. (2.8
with spin vectors instead of quantum mechanical operatersan write
the exchange energ$, as

bex=—-JY Si-Sj=-2]) S-S, (2.4)
i,J 1<j
As the exchange interaction falls off very rapidly as a fiorctof dis-
tance between spins, this interaction is nearly a nexthieiginteraction
[Kit66]. Nevertheless, exchange interaction is the cawsddng range
ordering in ferromagnets because of its strength. It leadbké splitting
between the spin-up and spin-down bands in itinerant fesgpmats con-
sidered in this thesis on the order of 1 €V [Sto06]. Using ddreapprox-
imation for Eq[2.# one derives:

A
bw= [ dry (V- M)?, (2.5)

whereA is the exchange constant. In general, whé@ndM are position
dependent, the exchange field is given by:

Hex = (VA2 V) M, (2.6)

where)gy is the exchange length given by:

2A
= —= 2.7
/\ex #0]\/-[527 ( )

wherelMs is the saturation magnetization.
Another contribution to the total energy is the Zeeman gnéggwhich
describes the interaction of the magnetizatibrwith an external fieldH:

& = —% AVM(r) - H. (2.8)

The energy is thus minimized if the magnetization is aligimethe direc-
tion of the external field.
A further contribution is the so-called demagnetizatioergy &y and

13



2. Theory

the corresponding demagnetization field leads to shape anisotropy. It
has its origin in long range dipole-dipole interaction be¢w spins. The
energy term is written as:

A—— AVM() - Ha(r), (2.9)
2V sample

whereHg(r) is the position dependent demangetization field. This quan-
tity Hq can be derived by using magnetostatic Maxwell equations:

110V - (M + Hg) = 0 (2.10)

V x Hg = 0. (2.11)

Even though the calculation éf4 can be very complicated it is simple for
the case of a uniformly magnetized ellipsoid, where the dpratization
field is homogeneous inside the ferromagnet and a lineatibmof the
magnetization [Aha06]:

Hqg = NM. (2.12)

Here we have introduced the demagnetization field teAsgiven in the
appropriate coordinate system:

(N, 0 0
N=|o0o N, 0], (2.13)
0 0 N.

where the trace of this dimensionless demagnetization fexidor ful-

fills N,+N,+N, = 1. For the case of a sphere the diagonal elements are
N,=N,=N_ = 1/3. This tensor has been calculated for different geome-
tries, e.g. for thin magnetic films [Kal86] and for ferromagio wires
[Gus02]. Whereas for complex two-dimensional structuresuzadytical
solution does not exist. In the course of this work we studjous sample
geometries and we will usd’,, N, and NV, in order to account for the
specific geometry.

Finally, we consider an anisotropy energy term, which mehasthe
energy of a sample is dependent on the direction of the miagtien. As
discussed above, one reason for an anisotropic behavitveahtgneti-
zation can be shape anisotropy due to dipolar energy. But @ithiout

14



2.1. Ferromagnetism

this effect, an infinitely extended homogenous single atysan exhibit
an anisotropic energy landscape if one considers spin-orgraction.
Through this, the energy of the spins is coupled to the symnudtthe
crystal lattice. The energy term for a cubic crystal reads:

Eep = K1 (mim? +mim?2 + mZm?) + Komimim?, (2.14)

wherem; are the components of the normalized magnetizatiopro-

jected to the cubic axis of the lattice. One can also write fimimula using
the direction cosines of the normalized magnetizatignwhich isa; =

e, - m;. The respective anisotropy field can be calculated using:

2K,
H = —. 2.15
Holly M, ( )

Another volume anisotropy is the uniaxial anisotropy:
Suni = —Kym?2. (2.16)

For K, being positive the--axis becomes a magnetically easy-axis, whereas
for negative values of{, the z-axis is considered a hard-axis. Besides
those volume anisotropies, one has to consider surfaceteopses, e.g.
in thin films [Bil07] and nanoparticles [Kac06, Yan07]. InirHilms this
anisotropy term is described using a phenomenologicalxiatiperpen-
dicular anisotropy parametéf , as:

& = f%mi, (2.17)
whered is the thickness of the film. For very thin films, this anispiyo
can even dominate the demagnetization energy leading &bk gierpen-
dicular magnetization. The anisotropy field can be written a

2K,

H =- m;.
- poMsd

(2.18)

This relation is used to determine the surface anisotroflyiimfilms using
ferromagnetic measurements as shown later on.

In systems with broken inversion symmetry, i.e. if there dsimver-
sion center between magnetic sites, the Dzyaloshinskiijdanteraction

15



2. Theory

(DMI), which has a preferred chirality, has to be considerigsl strength

is linearly proportional to the spin-orbit coupling. Hetke coupling be-
tween two spin$, andSg on sites A and B respectively can be described
by the Hamiltonian

Jom = Dag - (Sa x Sg) s (2.19)

where the coupling constaBtag o< (X x rag) depends on the vectogg

connecting the two sites, and on the displacenxenit a ligand ion. It is
important to note that DMI is antisymmetric in terms of petation of
spins. The free energy term can be written as

Epm = /erDM(r) (V x M(n) ), (2.20)

with the coupling strengti. DMI becomes important in chapter 2.5 for
chiral helimagnets, where the competition between the angé interac-
tion and DMI is responsible for the chirality of the spin stiwre in such
materials.

In order to calculate the total energy density we have to spralllen-
ergy contributions, which determines the alignment of tregnetic mo-
ments:

Stot = Eex + Epm + &7 + &4 + Ecub + Suni + EL. (2.21)

From this, we have to find the energy minimum in order to finddqei-

librium configuration of the magnetization. The competitizetween the
different contributions can lead to magnetic moments frognin different

directions locally. This can lead to complicated domaimfation when
the total energy is minimized. Using the total energy dgnsi can for-
mulate the total effective magnetic field:

1
Heff = _7VM giob (2-22)
Ho

2.2. Magnetization Dynamics
So far we have discussed the contributions to static maggnetNow we

consider magnetization dynamics. We use a macrospin mduaedeaall
magnetic moments are summed up to a single macro spin repeddey

16



2.2. Magnetization Dynamics

the magnetization vectd. For simplicity, we assume that the governing
energy term is the Zeeman energy, which means that the ektieid
Hey: is strong enough to align all moments in the direction of tkiemnal
field. The basic formula for magnetization dynamics was fireposed by
Landau and Lifshitz [Lan35]:

i—l\: = —ypuoM X He, (2.23)
where~ is the gyromagnetic ratio defined ase|/(2me). Hereg is the
g-factor, e the electron charge, and is the mass of an electron. Using
this model, we introduce the torqueacting on the magnetization, which
leads to a precessional motion around the effective fiel&pited in Fig.
2.1:

T = oM X Heg. (2.24)

Using the above stated model would lead to a infinite long gssional
motion of the magnetization around the equilibrium statettis is not an-
ticipated and observed in experiments, a phenomenologgraping term
is included[Lan35]:

dM A
o = koM x Her - EQM % (M x Hef) , (2.25)

considering the damping parameter Although this equation could ac-
count for the observed experimental data, it fails for lavgkies of\.
Therefore, a different damping term was proposed by Gilf@ib5],
where the damping depends on the time derivative of the ntiagtien:

% = —ypoM X Hest — %s <M X i;:l) ) (2.26)
wherea is the phenomenological Gilbert damping term. Equafiiorf2.2
is called the Landau-Lifshitz-Gilbert equation and is rhosmployed in
magnetization dynamics. It can be shown that for small \wabafey, both
equations are equivalent [Mal03]. We stress that the dagnf@mm is a
phenomenological approach as to describe the process gfyedissipa-
tion. In general, the contributions to the damping term anmerous and
complicated. Under specific conditions, it is possible twaota from ex-
periments. To find an analytical solution for the Landauwshifz-Gilbert
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2. Theory

Figure 2.1.: Precessional motion of the magnetizatn represented by a makro
spin, around the effective internal fieldes. %—"f is pointing perpendicular to the
field and the magnetization describing the precession. If the motion is ditinge
cone angle of the precessional motion is continuously decreased deadispiral
motion, untilM andH are aligned again.

equation in a general form is not feasible. However, undgaceassump-
tions one can solve the problem for the case of a thin film_[Bit4For
this, we have to make the assumption that the film is extendedtely in
thezy-plane so that we can set the demagnetization factahs v, = 0
and N, = 1. We take a uniaxial anisotropy with an easy-axis inthe
direction into account. Furthermore, we assume that thenetation is
parallel to the effective field pointing along thedirection, whereas the
excitation fieldhex(t) = hexexp(iwt)y is small and pointing along thg
direction. Also, we use a uniform excitation, i.e. a wavetoegé = 0. We
also take perpendicular anisotropy induced by the surfatoesiccount but
we restrict this to small values so it does not exceed the deetaation
field. Following Ref. [Gie0b] we obtain the real and imaginpart of the
susceptibility:

wm (WH + we) (wrzes— w2)

(whe— w2)2 + a?w? 2wy + wek)

R (Xyy) = Xyy = 5 (2.27)

"

QWw\ [wz + (wn + weﬁ)2:|

) 2.28
(wie— w2)2 + a?w? 2wy + weﬁ)2 ( )
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2.2. Magnetization Dynamics

Here, we have introduced the following terms:

wyn = YioMs; wy = Ypo (Hext + Huni) 3 wett = Yo Met, (2.29)
whereHuni:% contains the uniaxial anisotropy afdes includes the
contribution of perpendicular surface anisotropy:

2K |
d,UOMs.

Mg = Mg — (2.30)
The imaginary part of the susceptibility, i.e. Hq. 2.28, banapprox-
imated using a Lorentzian function, which has its maximurthatreso-

nance frequency:
Wi = wH (Weff + wH) - (2.31)

This is a special case of the well known Kittel formula_[Kif48vhich
contains the demagnetization factors:

whs= (wn + (Ny — N.) wm) (wn + (N — N.) ww) . (2.32)

If we setN.=N, =0 andN, = 1, Eq.[2.3R gets the form of Ef. 2131,
wherewy — wegr. The uniform excitation is called ferromagnetic reso-
nance (FMR). As mentioned above, Hqg. 2.31 is the field depe#nds-
onance frequency for a thin film in an external magnetic fieldhie -
direction. For the case of an external magnetic field perigetat to the
thin film plane, i.e. the out-of-plane direction, we can réathe demagne-
tization tensor in that we sétf,=NN, = 0 andV, = 1. From this, we obtain
the field dependent resonance frequencies for a magneti¢figl; > Hyq)
pointing perpendicular to the film plane [Sta09]:

Wres = WH — Weff- (2.33)

where againuy — wer. From Eq.[2.3B we see that the resonance fre-
guency increases linearly with the external field and thpesie given by
/2.

Considering a Lorentzian shape of the imaginary part of treeepti-
bility and thereforev. The full width at half maximum (FWHM) ofu is
defined as the frequency linewidth of the imaginary part efshsceptibil-
ity [BilO7]:

Aw = a(2wy + wek)- (2.34)
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2. Theory

ext

Figure 2.2.: Spin wave with wavelengthsw propagating in a ferromagnetic thin
film. The external field is applied along the out-of-plane direction, i.emabto
the film plane, leading to a magnetostatic forward volume wave. The direafion
phase evolution is indicated By

As the imaginary part of the susceptibility is not complgteymmetric
around the resonance frequency the Lorentzian shape islhagppeoxi-
mation and should be kept in mind.

2.3. Spin Waves

So far we have restricted our discussion to uniform exaitatn a thin
film, i.e. wave vectork = 0. Here, the magnetic moments precess at
the same phase. Next, we want to look at excitations of noo-zave
vector. As this corresponds to a collective excitation ofmetic moments
exhibiting a finite wavelengthsy, we call this a spin wave or magnon if
the quantized nature would be relevant. Spin waves of shavelengths
are exchange dominated, whereas spin waves with a long evagtbl are
dominated by magnetic dipole interaction. The correspueaiaves are
called magnetostatic waves, which we will address here.ign[E2, we
show a sketch of such a spin wave traveling in a material witimige
wavelength in a certain direction indicated by

We start with the basic Maxwell equations in the abscenceiokats
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2.3. Spin Waves

in the magnetostatic limit;
VxH=0; V-B=0; VXE=-B. (2.35)
We use the magnetic induction given by:
B = o (1+X)H. (2.36)

Here, we have introduceg as the high-frequency susceptibility derived
from the Landau-Lifshitz equation without loss. Using thagnetostatic

potentialy in H = —V4 allows us to write down Walker's equation
[Sta09]:
_ [Py 0P 9%

Assuming that the spatially modulated potential is prapasl to a uni-
form plane wave, i.e1) « exp(ik - r), we are able to find the dispersion
relation:

(1+X) (k2 +K) +kZ=0. (2.38)

We define the group- and phase velocity as

j— aw .
- Ok
From this, the different magnetostatic modes are obtainedhibice of
appropriate boundary conditions and relations for theediffit components
of k [Wal57]. In the following, we distinguish between threefeitnt
magnetostatic modes found in thin films, where we neglestardpy and
exchange interaction. The different modes are charaettby the angle
between the magnetization and the in-plane wave végtor

g vp = respectively (2.39)

E>

© Magnetostatic surface wave (MSSW):
The name of this wave stems from the fact that the amplitudayde
exponentially from the surface. It is often called Damorizch
(DE) mode as they were first described by Damon and Eshbach
[Dam61]. This wave is observed whéf) is perpendicular to the
magnetization ani¥l lies in the sample plane. Their dispersion re-
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22

lation is given by([StaQ9]:

2
w, _
Witssw = WH (Wh + wetr) + TEﬁ (1—e 2kndy, (2.40)
This wave has a positive group velocity as can be seen from the
positive slope depicted in Fig.2.3 (a). In the limiting cémek — 0
we get Eq.[2.31. Note that fat << Asw the exponential decay
across the film thickness is not significant.

Magnetostatic backward volume wave (MSBVW):

This mode is called a backward mode cause it exhibits a rvegati
group velocity (see Fid._2.3 (a)). In contrast to MSSW thiddeis
amplitude is distributed uniformly throughout the film’slume,
which is why it is called a volume mode. The configurationkgf
andM is collinear to each other while being in the sample plane.
The dispersion relation is given by [Kal86]:

5 1—e hid
WMsBYW = WH |WH + Weff 7k”d . (2.41)

Magnetostatic forward volume wave (MSFVW):

As the name suggests this mode has a positive group velauity a
the amplitude is uniformly distributed throughout the figmblume.
Here, the magnetization points in the out-of-plane ditetti.e. per-
pendicular to the film plane. It is worth mentioning that thisde
does not depend on the direction of the in-plane wave végtofhe
dispersion relation is isotropic and given by [Sta09]:

) 1—e knd
WHMSEFYW = WH [wH ~+ Weff (1 - kdﬂ . (2.42)
Il

In general this mode exhibits a smaller group veloeigyat small
wave vectors (see Fig._2.3 (a-b)), but the MSFVW are of patic
lar interest for coherent mode formation in MCs as they axklktile
lowest propagation loss per unit time [Sta09]. We will stulis
kind of mode extensively throughout this work. Because eesidre
expected to be more familiar with the MSSW and MSBVW, we give
some extra information on the group velocity in Fig.]2.3 Jc-th



2.4. Ferromagnetic Resonance of Nanoparticles

Fig. [2.3 (c), we display the variation of the group velocity the
wave vector in the dipolar regime and in F[g.12.3 (d), we shiogv t
dependency of the group velocity on the film thicknés#n the in-
set of Fig[ 2.8 (c) we also show the dependency of the growzitgl
on the external field. To generate the plots in Fig] 2.3 we tised
following parameter: 41 nm thick CoFeB wififs = 1430 kA/m and
an out-of-plane anisotropy @€, = 2.9 mJ/nd. For thek-dependent
plots we set the external field to 100 mT (1.8 T) for DE and MSBVW

(MSFVW). The field dependency and the thickness dependency of

the group velocity was evaluated aroung 0.6 x 10* rad/cm.

As mentioned above, we restrict this chapter to dipoleddiglmminated
modes but we mention that exchange-dominated spin wavetsfexsmall
wavelength, where the exchange interaction dominate, Alse should
keep in mind that perpendicular standing spin waves canrpatiere the
wave vector is in the perpendicular direction and the serfafcthe thin
film sets the boundary conditions. As these modes are notuthjed of
this work we will leave it up to the interested reader to fallthe work of
e.g. Bilzer[BilO7].

2.4. Ferromagnetic Resonance of Nanoparticles

In chapte ¥, we study dynamic excitations in ordered nartima (NP)
systems. Here, we derive an analytical formula to fit the erpental data
and to get a deeper understanding of the physics involveginardics in
NPs. The calculations are done by Dr. Maciej Krawczyk from Adam
Mickiewicz University in Poznan. Before we start with theigation, we
briefly discuss the already existing studies on dynamictations in NPs,
which have been addressed in several papers using diff@ssnmptions.
By excluding exchange interaction, Walker et.[al [Wal5]rid rich spec-
tra of magnetostatic excitations. Uniform spin wave modéhk wolume
magnetocrystalline anisotropy of uniaxial and cubic cb@mawhere con-
sidered in Refs. [[Sur92, BiaD3] and Ref._[Art57], respadtiv Higher
standing modes in spherical NP, i.e. with nonzero azimudnal radial
nodalpoints, where the exchange contribution dominatees wensidered
by Aharoni in Refs.[[Aha91. Aha97]. The influence of both exatje and
dipolar interactions were considered in Ref._[Ali05]. Thmdamental
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Figure 2.3.: Spin wave dispersion relation in the dipolar regime (a) and at very
small wave vectors (b) at which all-electrical spin-wave spectrosegpgriments
take place. The group velocity for MSFVW in (c) is calculated from the slafpe
the dispersion relation and the dependency on the film thickness is shodh in (
Parameters for the calculations are given in the text.

mode in NPs with surface anisotropy of uniaxial characteumidirec-
tional character (always parallel to the magnetizatiorta@avere inves-
tigated in Refs. [[Shi99a, MerD0] and [Shi99b] respectivelre surface
anisotropy modifies the boundary conditions for magnatmadynamics,
i.e. it changes the magnetization pinning and the frequehspin waves.
Besides uniaxial and unidirectional surface anisotromelNype surface
anisotropy was also considered in NPs [Kac06, Yan07]. Thgetic con-
figuration and types of anisotropies present in magneitfeNPs is still
unresolved[Bic50].

In our model, we assume that the kernel of the magnetic NPasach
terized by the magnetization vectt of constant length|M| = M),
exchange constant, and volume magnetic anisotropy with constant
Furthermore, we include a single surface anisotropy cohsfa [Aha91].
For the derivation of spin wave resonance, we follow thedsath proce-
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2.4. Ferromagnetic Resonance of Nanoparticles

dure by minimization of the total magnetic energy:

brot = / BudV + 74 £,ds, (2.43)
whereé&, is composed of four elements:
& = Eex + Euni + &g + 7. (244)

The integration in Eq[{2.43) is performed over the NP’s kéuolumel
and over its surface arég in the first and second integral, respectively. We
took the uniaxial volume anisotropy instead of a cubic anigay for con-
venience. For magnetization along [001] direction a volamisotropy of
cubic crystals in first approximation reduces to the uniaian [Chi97].
Moreover it was shown in Ref.[ [Gaz98] that magnetoferritiR\be-
have like a magnet with uniaxial volume anisotropy. In famt Item-
perature magnetic anisotropy in bulk magnetite is stillemdiscussion
[Bic50, [Mux00]. The calculations can be straightforwarektended to
cubic anisotropy [Chal1l]. We will also limit us to the unigtitional type
of surface anisotropy. An extensive discussion of the imiteeof various
forms of the surface anisotropy on magnetization dynamaecshe found
in Ref. [Fio05].

The calculation of spin wave spectra in dependence on tbasity of
the magnetic field requires a two step procedure for arlgiglaection of
the magnetic field with respect to the magnetic anisotrojy. ax the first
step, the equilibrium direction of the magnetization iscaédted, then the
normal modes of the spin wave oscillations are calculatedllinear ap-
proximation. The equilibrium direction of the magnetipativector can
be derived by minimization of the energy functional Hg. 8.4nder the
condition of a fixed value ofM| [Bro63]. It is equivalent to finding the
minimum of the functional[(2.43) with respect to sphericabiinatesy
andd of the magnetization vector defined in Hig.]2.4, where we elibs
magnetocrystalline anisotropy axis to be parallel tostexis. The condi-
tions for extremum of the function:

%:0 and

o0&y
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2. Theory

provide us with the trigonometrical equation:
Kysin20 = — MgHeysin(6g — 0), (2.46)

with oy = ¢ for uniaxial anisotropy.fy and oy are angles of the ex-
ternal magnetic field with respect to theaxis (Fig.[2.4). Taking into
account only solutions with second derivativessoivith respect to angles
larger than 0. Thus the equilibrium orientation of the mdigiation vector
M = M, (with unit vectore, with spherical coordinateg, andf,) for a
givenHgy is found.

The equilibrium orientation of the magnetization allowsta$ook for

‘A

a *
AETTTTL A

¢

Figure 2.4.: The coordinate system used in the calculations. Parameters and angles
used in the text are defined. The uniaxial magnetocrystalline anisotsapysa
along thez-axis.

solutions of the Landau-Lifshitz equation (Eq.2.23) irelim approxima-

tion, i.e., under the assumption that dynamical componehtee mag-
netization vectom are perpendicular tdI, and thatm| <« M. The
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2.5. Theory of Magnetic Excitations in Chiral Magnets

effective magnetic fieldc is calculated as the variational derivative of
&t With respect to the magnetization vector (c.f. Eq. P2.22):

2A
poMs

Heff: ivMéZfOt: Hext+ v2m"“Huni (e'n)n_Hm (2-47)
where the volume anisotropy field 1%, = 2K,/ Ms [Chi97].

To find the frequencies of spin wavesgs, i.e., harmonic oscillations
around the equilibrium orientation, one can solve Eq._(Ri@3inear ap-
proximation with assumed harmonic time dependenceof €“! and
complemented with boundary conditions. Boundary condgiare de-
rived from the energy functional EJ._(2]143). Finally we dbtan equa-
tion for the frequency of the fundamental mode in a NP withauial vol-
ume anisotropy (assumed to be along thaxis), unidirectional surface
anisotropy, which introduces pinning of the magnetizationthe NP’s
surface, in an external magnetic fidltl,; applied under the angtg, with
respect to the uniaxial axis. It reads [Shi99b, Chal1]:

2
(wres) = (H + Hexicos(0n — 0o) + Huynicos 26,)

Yho (2.48)

(HL + Hexecos(Op — ) + Hynj cos? 90) .

This formula is used in chaptgl 7 to fit the experimental dam@agneto-
ferritin NPs.

2.5. Theory of Magnetic Excitations in Chiral Magnets

Motivated by the experiments carried out during this worlyich we
present in chaptér 8.1, Prof. Achim Rosch and his group at)thieer-
sity of Cologne developed a theoretical approach to desdhib excita-
tions found in chiral magnets using Ginzburg-Landau th@d/3i13]. This
chapter is dedicated to briefly outline this theoreticalygsia. lllustrations
of spin configurations and excitational modes shown withis thapter
are obtained by A. Rosch and his group in Colodne [Gar13]. gari-
son with experiments is then presented in chdpiér 8.3.
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2. Theory

2.5.1. Introduction

So called helimagnetic B20 compounds such as MnSi, FeGe, B®, Si
and CyOSeQ undergo transitions between such different states as a func
tion of magnetic fieldH,; and temperaturé (Fig.[2.3). At zero magnetic
field and below the transition temperatufghelimagnetic order appears.
The spin configuration in the helical state is shown in (). While
increasing the magnetic fielghd Hext > poHci), the helimagnetic state
undergoes a spin-flop transition to a conical phase depiotédg. [2.6
(b). Here, the spins are canted towards the field directiarthEr increase
of the magnetic field leads to another transition to a spia#jpeed state,
i.e. ferromagnetic (FM) phase. Within a small pocket clas&lies the
Skyrmion phase. Here, the spins form a vortex-like strectfig.[2.T) in

a 2D hexagonal lattice. The magnetic phases arise from tmgetition
between exchange interaction, Dzyaloshinskii-Moriyansmibit coupling
and higher order spin-orbit coupling.

2.5.2. Magnetic Excitations atk =0

In the case of chiral magnets the solution of the Landauhit#sGilbert
equation (Eq._2.26) is complicated, because it cannot ealined. There-
fore, the total free energy in the Ginzburg-Landau modetfaral magnets
is definded in analogy to the total free energy (Eq. P.21)fréts energy
functional is given by

F = ]:O + ]:dipolar + ~7:Cub7 (249)

where the first terniF, containes the Dzyaloshinskii-Moriya interaction
and a Zeemann-term._[Baki80, Nak8® 4ipo1ar is the dipolar interaction
and the last ternf,, = [ dr feu, CONtains cubic anisotropies.

The magnetic resonances are determined with the help ofgtiretien
of motion for the magnetization (c.f. Ed._2]23). Linearziaquation
[2.23 around the equilibrium configuration allows to det@mnihe eigen-
modes and eigenfrequencies. A magnetic time dependenagsnileads
to a deviation from the equilibrium configuratid(r ,¢) and thus to a fi-
nite effective field. The calculation of the resonance feggties finally
reduces to an eigenvalue problem of a characteristic mattigre the am-
plitudes and the pitch orientation are determined by miningj the cor-
responding potential§ [Waill3]. In general, the magnetiegirequencies
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Figure 2.5.: Sketch of the phase diagram of a B20 helimagnet studied in this
thesis. Below the transition temperatdfgand at zero field the helical phase is
established. With increasing magnetic field one enters the conical phase ae

a critical field Hc, the field polarized or ferromagnetic (FM) phase is reached. In a
small pocket just before the critical temperatifitethe Skyrmion phase is located.
Above T; we enter the paramagnetic (PM) phase. The intermediate (IM) phase is
not adressed in this work.

and its spectral weights are obtained by diagonalizing mioaléy the ma-
trix. Analytical expressions for the eigenfrequenciesemzmomentu&
in the field-polarized and the conical phase can also be ety this
ansatz.

I. Field-polarized phaséi.,; > Ho

1As the distribution of the exciting magnetic field in our setsilmost homogeneous, we
will discuss the magnetic excitation frequency at zero mommenid = w>(0) as well
as in the limit of small momentim | _, o limz — oo w® (k). The latter limit depends in
particular on the orientatiok.
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Figure 2.6.: (a) Sketch of the spin configuration in the helical phase with the helix
pitch vectorQ. (b) Spin configuration in the conical phase where the external field
is higher thanH; and the spins are canted towards the field direction [Gar13].

In the field-polarized phase we obtain a single excitatiomenthat cou-
ples to the magnetic field. This is the standard ferromagnmesonance
with a frequency given by the Kittel formula:

wres = [1l110y/[Hea + (No — N2)M] [Hon+ (N, — N.)M], (2.50)

with N; (i = z,y, 2z) being the diagonal elements of the demagnetization
matrix (Eq.[2.IB). In the case dfy > Hc, the magnetization is almost
saturated and we can approximate ~ y..nHe SO that the resonance
frequency reads

huw,
m ~ \/[h + (Nz — N>)Xcon] [P + (Ny — N2)Xcon]- (2.51)
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2.5. Theory of Magnetic Excitations in Chiral Magnets

Figure 2.7.: lllustration of the Skyrmion lattice, i.e. a periodic arrangement of
vortex-like structures in an fcc lattice. The spins parallel and anti-patalltie
external fieldHex are shown in red and green color respectively [Gar13].

With the reduced field = H/H¢ > 1 and the susceptibility.,,, defined
as:

fop”

Jefo2 + NOH*QNZ ’

Xcon = (252)

with . = pg/f.u., i.e., a single Bohr magnetop £ > 0) per formula unit
and a stiffness/es that depends on the magnetic field orientation and the
helix pitch vectorQ.

II. Conical phaseH | < Heyy < Heo

In the conical phase we find two excitation modes. These gigdes
are illustrated in Fig_218. The corresponding frequenaiesgiven by the
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analytical expression

it 1
_ Mres  _ [(14 Z(N, + N, — AN )xeon ) (2 4+ (1 253
lglops He {( 4( Y X )< ( (2:53)

1
- 2Nz)Xcon) - h2 (]- + Xcon(]- + Z(Nz + Ny

— 2NwNy)Xcon - N.(24+ (1 - NZ)Xcon)))

1 2
£ < Xeon [Ng (2 +(1—2N, - k(1 - 2Ny))xcon)

2
N (2 (1= 2N: = B2 xeon ) — 2Na Ny (2
=+ (1 — 2Nz)Xcon)2 + 2h2(4 + (1 =+ Ny — 4N2)Xcon)(—2
— Xcon + 2NzXcon) + h4(8 + Xcon(8 + (1 + 2Ny)Xcon

£8N(2+ (14 M) )

The right hand side is a function of the reduced magnetic fietd Hext/ Heo <
1 and depends on the value of the susceptibjity, from Eq. [2.52), that
is constant within the conical phase.

One can check that the mode;, smoothly connects to the Kittel re-
sult in the limit Hgxy — Heo. In the same limit, one finds that the spec-
tral weight of the other mode,. with the magnetic field vanishes. The
susceptibilityx .., iS @ measure for the strength of the dipolar interaction
energy. For a spherical sampl = 1/3, Eq.[2.58 reduces to:

huwigs
lglpopsHeo

- {2 _ Xf;“ _ h2(1 + XC3°“ - %) (2.54)

N;=1/3

= hX [ (6~ xon ) (206 + Xeon)

B 3h,2(2 N Xcon))} 1/2}1/2'

Ill. Helical phaseH,; < H¢1

The helical phase is the most complex phase. In zero figlg, = 0,
the mean magnetization vanishes and the anisotropic pdreopoten-
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2.5. Theory of Magnetic Excitations in Chiral Magnets

Figure 2.8.: The equilibrium spin configuration of the conical phase is shown on
the left. On the right hand side the two excitation mode&3 predicted by the
theory, where the individual spin precessional motion is indicated byethanrow

[Gar13].

tial fixes the pitch vector either along a crystallograptiitl) direction or
along (100). A finite field in general competes with the cubic anisotropy
and instead wants to align the pitch along the field. For fialdag high
symmetry directions, i.e(100), (110), (111), that differ from the equilib-
rium orientation of the pitch at zero field, one expects agdawrder phase
transition from the helical phase to the conical phase atiaalrfield H .,
with H.; < H.. For other directions, there is only a smooth crossover
between the helical and conical phase as the pitch reoiiteatk

For the helical phase the magnetic excitation spectrum walsiaed
numerically. Similarly as in the conical phase, one obtaws modes
within general different magnetic excitation frequencies

IV. Skyrmion lattice phase
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Figure 2.9.: Monte-Carlo simulation of the three excitation modes in the Skyrmion
phase. We show snapshots of the different modes at different tiefesifle)

to illustrate their evolution over time. The yellow arrows indicate the in-plane
component of the magnetizatidn [Gar13].

Within the Skyrmion lattice phase we find three magneticmasaes pre-
viously identified by Mochizuki[Moc12] as two gyration, i.a clockwise
and counter-clockwise mode, and a single breathing modeHise2.9).

In Fig. [2.I0 we summarize all predicted excitations withie model
considering a spherical sample, i€; = 1/3. The color in this plot indi-
cates the field range wherein the different phases existddteeand their
different size illustrate the theoretical expected weighthe resonances
for an AC excitation field transverse to the static exterretlfi Only the
breathing mode in the Skyrmion phase is shown for a longild\C field
configuration because otherwise its weight vanishes.
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Figure 2.10.: Summary of the magnetic field dependency of the excitations pre-
dicted by the model for a spherical sample geometry N.g= 1/3. The color code
serves as a guide to where the different excitations are present. Enhefdize
circles illustrate the excitation strength predicted by the model taken into mtccou
the excitation field of the CPW [Wail3].

2.6. Numerical Methods

2.6.1. Micromagnetic Simulations

In order to further substantiate the findings by experimargshave em-
ployed micromagnetic simulations within this thesis. Weéased the
MicroMagus software package [Bei08]. The software tootwaltes the
static magnetic configuration numerically by minimizing ttotal energy
&iot- The software takes all magnetic field contributions (besiBMI)
as discussed above into account. Furthermore, by solvangdhbation of
motion Eq.[2.2b numerically the response of the magnetitesyso dy-
namic perturbations was obtained from the software package
MicroMagus is a finite difference simulation software, tlee sample is
divided into layers of nonzero volume and each layer is disred intoV
pixel of volumef); and magnetizatioM for i = 1...N. The energy contri-
butions of each pixel is summed up to the total energy of tistesy. The
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internal fieldHy.,; is calculated for each pixelfrom Hin ; = — ;;;Iot Itis

then tested for every iteration if a minimum remaining tardsi reached,
i.e. if M; aligns withHjn ;. If this is not the case a new magnetization
configuration is calculated. The resulting ground statesesiuas an input
for dynamic simulations.

We have employed two different simulation geometriesifor 0 and
k # 0 asillustrated in Fig. 211 (a) and (b) respectively. Fondations at
k = 0 we construct a unit cell of certain size, which is then suioidigl into
a number of pixel cells so that we end up with a finite simutatiolume
Q. We apply 2D boundary conditions in thg-plane. In a first step we ob-
tain the static equilibrium state magnetizatidiir) andHq(r). A spatially
uniform field pulse is then applied over the whole simulag@ometry to
get the response &t= 0. The field pulse is usually applied at the begin-
ning of a 10 ns long time-domain dynamic simulation &, ¢) data is
obtained. Using fast Fourier transformation (FFT) we gepatially re-
solved spectral responge(f,r). From this we obtain the spatial power
pIotsP(f/, r) for a given frequency’ showing the localized spin preces-
sion for a mode af’ [NeuO6].

For simulations of the dispersion relation we need to exteedsim-
ulation geometry iny-direction (see FigC2.11 (b)) so that we can apply
a localized field pulse. The field pulse needs to be extended roore
than one unit cell and should not end at the border of a unitasethis
causes zero signal at the Brillouin zoneskispace. Again one obtaines
M(r,t). We use spatio-temporal 2D FFT to obtd®{f, k) and therefore
the dispersion relatiorf(k) [Kru06]. In Fig. [2.12 (a) we show the sim-
ulated dispersion relation for a plain film of Py with 22 nmctess in
the MSFVW geometry (o H = 1.2 T). The dashed line is the calculated
dispersion using Eq_Z.4#2. One can see that the calculagjrees well
with the simulated one. Only at largethe calculated dispersion obtained
by Eq.[2.42 deviates from the more accurate curve obtaineditnppmag-
netic simulation. Note that the experiments in this thesésperformed
at much smaller wave vectors, i.&.< 5 radfm. FromP(¢,z) we also
get the time dependent spin precession amplitudes. Tliwslls to plot
shapshots of the spin precessional amplitude at diffenerastt to illus-
trate propagation of spin waves. In Fig. 2.12 (b) we showelssgpshots
again obtained from the Py plain film simulation in MSFVW gesirg.
The exciting field pulse is located in the center of the simioitegeometry
(point-like excitation) and one can see spin waves trageabotropically
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Figure 2.11.: Schematic illustration of micromagnetic simulation layouts. (a) Lay-
out used fork = 0 simulations. One unit cell is used with two-dimensional peri-
odic boundary conditions in they plane. The unit cell is subdivided into quadratic
pixels, where one has the specific sf2e The unit cell is excited with a homoge-
neous field pulse. (b) Layout used for£ 0 simulations. The unit cell is repeated
N times in they-direction. Again 2D periodic boundary conditions are applied.
The field pulse is applied over the indicated area, therefore exciting spiaswa
with & # 0.

b 4

away from the center, which is different from in-plane fietthfiguration
[Neullb].

2.6.2. Electromagnetic Simulations

We use the software todl/icrowaveStudidy in this work to obtain the
magnetic fieldh(r) produced by a coplanar waveguide. Results are pre-
sented in chaptér 3.3. The waveguide is discretized intalsition cells
and Maxwell’s equation are calculated obeying the contynconditions
of the simulation cell boundary using finite-integral-nadh The software
is used to obtain the current density in the inner- and owtadactor of
the coplanar waveguide. The excitation ports aregb0iscrete ports in
our simulations. From a FFT we get the corresponding exaitatpec-

1CST Corp., Darmstadt, Germany
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Dispersion relation
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Figure 2.12.: (a) Dispersion relation as simulated by micromagnetic simulations
for a 22 nm thick Py plain film with an external magnetic field of 1.2 Tesla agplie

in the out-of-plane direction. The white dashed line is the calculated dispersio
relation using EJ._2.42. The calculated curve only differs from the sitedleurve

at very highk-vectors. In (b) we show snapshots of the local spin precessional
amplitude obtained by micromagnetic simulations, after a local excitation in the
center of the simulation cell, illustrating the isotropic nature of the MSFVW.

38



2.6. Numerical Methods

trum of the coplanar waveguide, which we show in chaptdr Bad3.more
information on the sotware we refer o [Wei08]. In Fig._2.18 show
a typical simulation geometry of a coplanar waveguide aedstmulated
field profile.
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2. Theory

Figure 2.13.: The simulation geometry of a transmission CPW, i.e. two CPW's
collinear to each other. One CPW consists of a signal line and two grourd line
on either side. A cut through the CPW and the substrate shows the simuédtied fi

distribution.

40



3. All-Electrical Spin-Wave Spectroscopy

In the course of this work we have employed all-electricalspave spec-
troscopy (AESWS). This technique is related to common VNAR(Mec-
tor-Network-Analyzer-FMR) in that it relies on the excitat of spin-
waves using CPWs in combination with a VNA. The main diffeeeiie
that in AESWS one excites spin waves with a nonzero wave véctoav-
eling over a certain distanaé Therefore, this technique is also known
as propagating spin-wave spectroscapy [Mel01, BaiOl, B8ao08]. In
this chapter we present the general components of this bapaldneasure-
ment technique, i.e. Lakeshore Cryogenic Probe Station-€PX/ector
Network Analyzer (VNA), and coplanar waveguides (CPWSs).Ha ¢nd
of this chapter we give a detailed description of the datdyaisof a fer-
romagnetic plain film.

3.1. Measurement Setup

In Fig. [3:1 we show an overview picture of the experimentalsand a
close-up of the sample station. The main part of the experiahsetup is a
commercially available open flow cryogenic refrigeratoakkeshore Cryo-
genic Probe Station CPX-VF), which consists of six thergnathchored
microwave probe arms. However, throughout this study amtydrms are
used. These two arms are connected via&bMicrowave cables to the
VNA, which is used as a microwave source and detector andsisrithed
in the next section in detail. The cryogenic microwave t@s0(um pitch)
are further connected via semirigid microwave cables. Tobgtips ac-
complish the transition from a female K-connector to thrediviidually
spring loaded tips in a Ground-Signal-Ground geometrychvlaire used
to connect to the corresponding pads of a coplanar waveguiderder
to enable exact positioning of the probe tips a micropasitig system is
integrated in the probe arms. The inner chamber is evaciated10—*
bar) and cooled using liquid helium. This enables coolinthefsupercon-
ducting magnet, which gives rise to a perpendicular magriieid of up
to 2.5 T. At the same time the cooling can be used for measumsraehe-
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3. All-Electrical Spin-Wave Spectroscopy

lium temperature (4.2 K). In addition, the sample stage imeated to an
automated heater system, which is used to control the texyerof the
sample in the range of 4.2 K to 400 K. To avoid any environnlerése

the setup is mounted on a shock absorbing table. Automataddguisa-
tion and control software allows to run predefined measuntsehemes
and controls the magnetic field and the VNA.

3.2. Vector Network Analyzer and Scattering Parameter

The VNA in combination with a coplanar waveguide is used fa ¢en-
eration of electromagnetic waves. Here the VNA is used/as-aource at
frequencies ranging from 10 Hz to 26 GHz. The VNA supportsisiidal
voltage signals of the form:

Vr,t) = V(r)exp(iwt), (3.1)

which are traveling through the microwave cables and the CBMisider-
ing that the electromagnetic propagation in a microwaveudiis mainly
characterized by the series resistaf;¢he series inductandeas well as
the shunt conductanc& and the shunt capacitan¢g one can derive the
so-called Telegrapher's equations [Sar43]:

PAY, ~ 27 ~
8V_ 2y . Q_ 27

or2 K oor? T (3.2)
where~ is the propagation constant defined as:
v =/(R+ jwL)(G + jwC). (3.3)
The solutions of Eq$._3.2 have the form:
V(r) = VTexp(—yr) + V_exp(yr) (3.4)
I(r) = I'Yexp(—vr) + I~ exp(vyr). (3.5)

HereV*, I, V—, I~ are integration constants and their solutions are
linear combinations of waves traveling backward and fodvarhe ratio
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3.2. Vector Network Analyzer and Scattering Parameter

Veétor Network Analyzer
SNE -

7

Microwave tips (ground-signal-ground)§

Figure 3.1.: Pictures of the Lakeshore Cryogenic Probe Station CPX-VF used
within this work. The upper picture shows an overview of the setup congisfin

a Vector Network Analyzer, microwave equipment like @Gnatched cables, and
the probe stage itself with all features explained in the text. In the lower piateire
show the sample stage. Two microwave probe tips are used to contaahipées
The superconducting magnet is located beneath the sample stage pliessap
external field of up to 2.5 T. The chamber is cooled with liquid helium and the
sample stage can be heated to reach any temperature between 4.200a0d 4
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3. All-Electrical Spin-Wave Spectroscopy

of these integration constants is called the characteriisfiedance:

vt V- (R+ jwL)
Jo= — = =y |t 3.6
CT I+ I- (G + jwC) (3.6)

For a more detailed dereviation we refer the interestedersi@dthe work
of Bilzer [BilO7].

For the situation of non-Transversal Electric and Magrfaids (TEM)
wave propagation the measurement of total voltage andrausreot appli-
cable. Therefore, the VNA measures S-parameters insteadawdefine
a scattering matrix for a microwave network withports using complex
normalized waves,, andb,, as follows:

Vn + ZCnIn b Vn - ZCnIn
p = —(——F7— ; n = T & 5 -
2V Zen 2V Zen

Now we can calculate the voltadé and the current,, at portn using:

(3.7)

ap — bn
C (a‘ + ) \/Z ( )
Inserting Eqs[314 arld 3.5 into Elg. B.7, one can seedthatescribes the
incoming wave, whereds, is the outgoing wave:

+ V-
ap, = Vi exp(—vyr) ; b, = —=—exp(yr). (3.9)
Zen Zen

In Fig.[3.2 the relation between 5, b, 2, and the S-paramters is sketched.
For our case of a 2-port, i.en = 2, device we need?, i.e. four S-
parameters, which completely describe our network:

by S11 Sa1 (@
= 3.10
(52> <512 S22 az ( )
This is called the scattering matrix and e&, is the ratio of the outgo-
ing waveb,, at portn to the incoming wave,,, at portm. At this point
we want to emphasise that the S-parameters are complexsvahaethe

measured quantities are therefore phase sensitive. Weedllater that
this enables us to evaluate the group velocity of propagapin-waves.
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Figure 3.2.: lllustration of the microwave network and the relation between the
ports @1,2, b1,2) and the scattering parametéts.

In order to cancel out any errors introduced by the cableshetips,
connections, and inaccuracies in the hardware of the VNA secaucali-
bration routine. This shifts the reference plane to the drideoprobe tips
and the measured signal only depends on the circuit in betwé& are
using the calibration substrate CS-5@¢~ B industries and the routine
OSLT (Open, Short, Load, Through), which is designed fougbsignal-
ground probe tips with a pitch of up to 2%0n. The calibration substrate
has well defined standards, which are an open-circuit, Sleatton, a pre-
cise 5012 impedance and a coplanar waveguide of defined length. Each
standard has to be connected with the probe tips and meaisubexth
directions in order to get a full error correction.

3.3. Coplanar Waveguides

Coplanar waveguides (Fig._2]13) are key to our measurereehhigue
as they provoke defined spin precession in the material uederlt is of
utmost importance to understand and model the excitatianackeristics
of the CPWSs. We have used two different CPW designs withinwois,
which can be seen in Fidg. 3.3 (a) and (b). The rf-current froen\YNA
creates an oscillating fieldls (Fig. [3.3 (c)) according to Biot-Savart’s
law. This field causes spin precession in the magnetic nahtdose to the
CPW. The reverse effect is then used to detect any spin fmiecas mo-
tion. In Fig.[3.3 (a) we show a so-called flip-chip design, reithe sample
is placed on top of the CPW. In Fi§._8.3 (b) we show two CPWs, twhic
are prepared collinear to each other, in order to excite\spires with one
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3. All-Electrical Spin-Wave Spectroscopy

CPW (CPW1) and receive the propagated signal using the secBhd
(CPW2). Thek-vector distribution depends on the geometrical parame-
ters of the CPW. The first CPW design (Hig.]3.3 (a)) has an icoeductor
width (wic) and an outer conductor widthug.) of 20 um as well as a gap
between inner and outer conductargfy) of 11 um. The second CPW
geometry (Fig[[313 (b)) hasic = 2.4 um, woc = 2.4 pm, andwgap = 1.1
um. The distance between the inner conductors of CPW1 and CPW2 is
12 um. Using electromagnetic simulation&/¢crowaveStudio) we ob-
tain the component of the dynamic magnetic figldas depicted in Fig.
[3:4 (a) and (c). In Fig_3l4 (a) one can clearly observe the sfect, i.e.
the tendency of an alternating electric current to becorstiduted inho-
mogeneously within a conductor, such that the current tersiargest
near the edge of the conductor. In F[g.13.4 (c) we have alsiepldhe
z-component of the dynamic field,. We find that the values differ by an
order of magnitude, which is why we negléct for the further analysis.
Next we use Fast-Fourier-Transformatiorngfto get the excitation spec-
tra of the CPWSs. The result can be seen in Eigl 3.4 (b) and (d)have
labeled the first and second most promingrgxcitation as well ag\k
(full width at half maximum) fork,. The parameteAk, i.e. the distribu-
tion of excitation vectorg, leads to inhomogeneous line broadening in the
measured resonance sigrial [BilO7]. In addition we want tatpout that
people have used approximations of the spatial field, winenehave used
rectangular field profiles [CouD4, Kern07, Neull1lb]. Althougis might
be a good approximation for CPWs having a small inner conduwdtith,
e.g.wic = 2.4um, for CPWs having an inner conductor width of 2@ the
skin effect causes a large deviation from the approximatetngular pro-
file and is therefore not able to reproduce the excitatiofilprim a good
manner. If we compare thig -vector obtained by FFT using a rectangular
function with the value obtained by the exact function framwdations we
get an absolute error of ¥2(42%) for wic = 2.4 um (wic = 20 um). This
emphasizes the importance of our analysis, especiallhéocase of wide
CPWs. In general, spin precession is excited by the curreatigin the
CPW and a voltage can be induced in the CPW vice versa. Faoltpam
approach by[[Gie05, Sil99] the flux in a CP®¢py caused by a magnetic
sample of magnetizatiod is

Bepw = 10 / "R a, (3.11)
1%

46



3.3. Coplanar Waveguides

Probe tips

Figure 3.3.: (a) Sketch of the experimental setup in a flip-chip configuration, where
the sample is placed on top of the CPW. The microwave tips are in contact with
the contact pads of the CPW to feed the rf-current through. Akhgeld is gen-
erated in the CPW and excites spin waves in the sample under test. (b) Sketch
of integrated CPWs lithographicaly prepared on top of the sample foagedn
measurements. The spin wave is excitated at one CPW and the propsigatdds

then detected using the other CPW being collinear to the first one. (c) Cuugthr

the substrate and the CPW on top. Thefield (solid lines) is shown as well as
theey field (dashed lines).
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Figure 3.4.: CST MicrowaveStudio is used to simulate the dynamic magnetic field
h, for a CPW with a 20um wide signal line (a) and a 2. 4m wide signal line

(c). In addition we show the out-of-plane component (red curve hi(e) i, for

the smaller CPW which is much smaller if compared to the in-plane component.
Through a fast Fourier transformation/of we obtain thes-vector distribution for

the 20pm wide signal line CPW (b) and the 2.4n wide signal line CPW (d).

whereV is the volume of the sampldicpy is the field created by the
CPW, and! is the current through the CPW. In a transmission experiment
with two CPWs, one CPW (CPW1) is used as the excitation port and a
second CPW (CPW?2) as the receiving port, but note that eiaritaind
detection can also be done using just one CPW (reflectiongumation).
Again neglecting out-of-plane contributions we define thagnetic flux at
CPW2 as:

<I>2=uo/ %-Mdv, (3.12)
v 42

whereh, is the magnetic field along thedirection of CPW 2 defined by
the currentl, and the width of the inner conductor ling;:
I

Wic

hy = — f(z)e.. (3.13)
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3.4. Full 2-port Data Analysis

Here f(z) is a normalized spatial distribution function lof .. It follows

that

By — Jotl sin é

[ @t ), (3.14)
where¢ is the angle between the magnetization andatkexis, [ is the
length of the inner conductor ands the thickness of the magnetic ma-
terial. From this one can calculate the induced voltigeat the receiver
CPW by

_dPy  x(w)potlsind / dhz 4(x,1)
Vo = e dgnf(x)id?f . (3.15)

Wic

We want to point out that herg(w) is the susceptibility of all contributing
spin waves([VIal0] and reads:

(W) = / Ak (w, k) p(k)exp(—ikd). (3.16)

p(k) is the efficiency of excitation for a giveh, the exponential decay
takes the attenuation of spin waves over the distariog account.

We also want to mention that spin waves excited by CPW1 arenigt o
excited directly underneath the conductor lines but algbeir close vicin-
ity and to a small amount underneath the receiving CPW2. Tiféste
leads to direct crosstalk and it should be evaluated foeuwdifit CPW ge-
ometries as the influence of this effect on the measured éatendls on the
distanced between the CPWs and the geometrical parameters of the con-
ductor lines. The CPWs used in this work have been studiechsivtdy
in Ref. [Neullb] and electromagnetic crosstalk was fourtzetemall.

3.4. Full 2-port Data Analysis

Here we demonstrate typical data analysis as used wittsnatbik. We
use a sputtered CoFeB plain film in order to describe all aspafodata
evaluation. The thickness of the film is 41 nm. The prepanatiosuch a
film is described in the next chapter. We are using the prapag&PW
design withwic = 2.4 um in order to make full use of AESWS. As de-
scribed before we are extracting S-paramet8(g(H );;) from the VNA,
wherei and; denote the ports. Heligs always the receiving port arjds
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Figure 3.5.: Raw measurment signals 6f; at an external field ofic# = 1.9 T

as obtained by the VNA (a). In order to observe the ferromagnetineeme we
employ a difference technique as explained in the text. From this we obtain the
magnitude, the real and the imaginary part of the scattering paramejershe
oscillatory signal in a propagation measurement, i.e. using two sepePatésC

to excite and detect, is shown in (c). In addition, we show the transmissibn an
reflection signal of the phase (d).

the exciting port. If just one port is used we write 5. During the mea-
surement we sweep the frequency, while the external fieldlésdonstant.
Usually this is repeated for several values of external fieldrder to get
the field dependency of the resonance frequency. In[Eig.a3.&vé¢ show
the measured signal at an external field of 1.9 T. The sigrslds/n in dB
and is defined as:

b;

J
The curves in Fig[_3]5 (a) thus reflect the electromagnesipaese of the
CPW. From the small values 6f > we see that CPW1 is well isolated from
CPWZ2. In order to observe the resonance frequency, i.e. spomse of
the magnetic material, we need to enhance the signal-sematio. This
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3.4. Full 2-port Data Analysis

is done by a difference method. By taking a reference meamneat a
different field (reference fieldyrer than the actual measuremeijeas we
obtain a difference signal as:

AS = SMeaS_ SRef. (3.18)

Preferably we take a reference signal at a high external, figetre the
resonance is above the 26 GHz measured by the VNA, so thaigihal s
does not interfere with our actual measurement signal. 8ores this is
not possible because the field strength available at the s&&hot enough
to push the frequency out of the range of the VNA (dependsemidterial
under test). In this case we take the reference measureteefield where
the resonance is as far away as possible from the measured, sityvays
assuring that no overlap of the two resonances occurs. Tianel data
set can be seen in Fig,_38.5 (b), where we show the magnitudalsag
well as the real- and imaginary part. The main resonance#&lglvisible
at 6.1 GHz as well as a second maximum on the right shouldéeafiain
peak at around 6.6 GHz. The second peak can be assigned tecthrals
excitation maximak, of the CPW (c.f. FiglL3}4 (d)).

In Fig. [33 (c) we plot the transmission signalS;», i.e. spin waves
are excited at CPW2 and the signal of propagated spin wavescked
up using CPW1 at a distande We observe two signals, which stem from
the already mentioned excitations /at and k;. The mere fact that the
excitation spectra of a CPW has a finite widit produces the oscillatory
signal in the real- and imaginary part4fS,, [BaiO1,[Bai03| Bao08]. This
is due to the fact that the phase of the spin wave depends oratheevector
k:

¢ = kd. (3.19)

The VNA measures the change of phdse for changing frequency f,
i.e. a variation inf and thus ink as mentioned above. From this it is
possible to extract a group velocity, which is given by:

Vg = g—: = 2nd (2;) . (3.20)

For the evaluation ofg we extract the frequency difference from two max-
ima of the oscillations, which arA¢ = 2r apart. This means Edq._3]20
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Figure 3.6.: Resonance frequencies as a function of external field applied in the
out-of-plane direction (a). Linewidtl\ f and effective damping parametets
plotted over frequency (b). In a MSFVW thin film experiment we are able to
extract the intrinsic damping parameter:, from the slope.

becomes:
vg = Afd. (3.22)

Identical to this method one can also evaluate the aboveiomect phase
shift by looking directly at the phase dataFig.[3.3 (d)). Using EJ_3.20
it is also possible to read out the group velocity from thead#tA¢,,.
Although this method is not used within this work we are shngwit as this
is a more traditional way of evaluating the group velocitiywe analyze
the group velocity fromAS;, and fromAg,, we obtainvg = 2.9 km/s
in both cases, showing the equivalence of the two methodsddiition,
we have plotted\¢,;1, where we see a change by 18 the resonance
frequency, as expected from a harmonic oscillator.

Finally, we show the field dependency of the resonance freguan
Fig.[3.8 (a). As expected from EQ. 2133 the frequency is alifienction
of the external field for fields higher tham Mg, i.e. the magnetization
is pointing in the out-of-plane direction (MSFVW configucat). In this
case we determingy Meg to be 1.7 Tesla. From E._ 2133 we see that the
slope is given byy/27 = 28.7 GHz/T, which is equivalent togfactor of
g=2.0.

To complete the data analysis we evaluate the linewifhof the
imaginary part ofAS;; at different fields (Fig[_3]6 (b)). This can be seen
as an effective linewidth where extrinsic and intrinsictritoutions add up.
Assuming uniform precession in an infinite medium the lirditviconnects
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to the damping parameteras:
Awefi = 20efiw, (3.22)

where we have used the subscript "eff” to relate to the meakeffective
linewidth. The effective damping parameteg; is plotted in Fig. (3.6
(b). For an AESWS experiment Vlaminck et al. [VIa10] have megd
that the effective linewidth consists of mainly two partsneCbeing the
intrinsic contributiomMwiny = 2ainyw and the other one being the extrinsic
contribution mainly caused by the non-monochromatic exicih of the
CPW, i.e. Awexr = vgAk. If one can add these two contributions to one
another one obtains:

Awett = 2ainyw + vgAk. (3.23)

From this we can extract the intrinsic damping parameter by plotting

A fer over the resonance frequency (Fig._13.6 (b)). From the slope w
obtainajny = 0.014. Finally, we want to give an expression for the attenu-
ation lengthL 4 over which the precession angle decay$ as Following
Vlaminck et al. [VIa10] the attenuation length is given by:

Lan =g T, (324)

wherer = 1/(ainyw) is the exponential time decay. The attenuation length
is helpful to determine how far a spin wave travels beforepfeeessional
cone angle decays asel/

Another way of evaluating the attenuation length is the dsbemea-
sured S-paramters in a transmission measurement. TheaS8Heas are
connected to the attenuation length through [Hub13]:

ASy = BAS11€8XP(—d/Lay) (3.25)

ASlg = (1 — B) ASggeXp(—d/Latt) s (326)

INote that this film was prepared before optimization of thettgpimg process using Argon
plasma. In chaptdr 5.1 we investigate the damping of a CoFeBfithi after process
optimization by using Xenon plasma and we fiag, = 0.008.
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whereg is a non-reciprocity parameter defined as:

ASa;
_ AS1
§= seoner (3.27)
AS1, AS22

For reciprocal characteristi¢stakes a value of 0.5.
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4. Sample Preparation

In this chapter we describe sample preparation of CPWs byaipithog-
raphy as well as the preparation of Antidots (ADs) using &zlion beam
(FIB) technique. Semi-insulating GaAs [001] of 3pt thickness is used
as a substrate Other material systems investigated in this work have not
been prepared by the author; therefore, only a brief desmipvill be
given at the beginning of the respective chapters with esfegs to more
detailed work on the fabrication processes from the groeggansible for
the synthesis.

4.1. Samples with Integrated Coplanar Waveguides

Here we want to give an overview of the process steps invoinetie
preparation of plain films and Antidot lattices (ADL) withtégrated CPWs.
For this we use optical lithography and focused ion beam)E8hnique.
After cleaning the substrate with propan-2-ol, 2-propanand drying
with dry Nitrogen the samples are processed as follows:

() Using commercial spin coaters a first layer of resist (L-G)@) is
spun onto the sample at 4500 rpm for 60 s. Followed by a baking
step at 180C for another 60 s. A second resist (SlSl:ﬂISiE
spun on top of the first one at 6000 rpm for 40 s. A baking step at
115°C for 60 s follows. The two-step process is used to achieve an
undercut, which makes the lift-off process in the end easier

(I) Next we use optical lithography to define a mesa of 200 x.#%
in size. We use a mask aligner MJB-gith a 350 W Hg lamp in
combination with a chrome mask, which contains the desireslan
The mask was produced by the Walther-Schottky-Institut GMT

LFreiberger Compound Materials GmbH, Freiberg, Germany
2MicroChem Corp., Newton, MA, USA

SRohm and Haas Company, Philadelphia, PA, USA

4Siiss MicroTec AG, Garching b. Miinchen, Germany
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4. Sample Preparation

using a laser writer. The sample is put in physical contatt thie
mask so the UV-light can expose the resist within the mesaektfi
by the mask. The time of exposure was set to 3.6 s.

(1) The structure is now developed using MF-26A develp‘er 30 s,

(V)

V)

(V1)

where the resist of the exposed area is solved.

Deposition of the desired material. For Py we use plalisi@apor
deposition (PVD) by electron beam heating. The depositquer-
formed in a high vacuum chamber under-I0mbar. For CoFeB
we use RF magnetron sputtering technique in Argon or Xensn ga
plasm. The material is ejected from a Gg-e50B2o target and
deposited onto the sample. Again the process is perfomein h
vaccuum at a base pressure of 10whereas during the sputter pro-
cess the pressure is 18

Lift-off processing in order to remove material on toptbé resist is
done using remover 1185The sample is left in the remover for at
least one hour at a temperature of 85Afterwards we are left with
a mesa of magnetic material, i.e. a plain film.

For the preparation of ADs we are using FIB to createqdid holes

in the plain film. In our case we use a cross beam system congpini

a scanning electron microscope (SEM) and a FIB NVisidft-46
order to align the samples we use an automated manual mark sca
method using ElphyQuantum softwrdhe same software is then
used to create periodic holes by a dot exposure of the FIBnéles

with a 190 nm (120 nm) diameter in CoFeB (Py) we use a current
of 80 pA and an exposure time of 21 ms.

(VII) Before the preparation of integrated CPWs we use atdayier de-

position (ALD) of Al,O3 in order to isolate the structure from the
CPWs. The isolation layer is optimized and set to a thickné$s o

1Rohm and Haas Company, Philadelphia, PA, USA

2We have used Argon gas plasma in the beginning, but we founXémeon leads to a better
film quality and smaller ferromagnetic linewidth.

3Rohm and Haas Company, Philadelphia, PA, USA

“4Carl Zeiss NTS Corp., Oberkochen, Germany

SRaith Corp., Dortmund, Germany
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4.2. Preparation of Flip-Chip Waveguides

nm. The temperature in the ALD chamber is set to°ID@uring
the deposition.

(VI Inorder to prepare CPWs directly on top of the as-pmepkstructure
we employ again optical lithography processing to defineGR&V
structure in the same manner as described in steps I-lIbwed by
material deposition using electron beam heating. First eodit
4.5 nm of chromium in order to establish adhesion. Secondly w
deposit 120 nm of Au. The pressure during evaporation isnagai
around 107 mbar.

(IX) Finally, we perform one more lift-off process step (3&¢to be left
with the CPW structure.

In Fig. [43 we show an SEM image of an AD sample with integrated
CPW prepared as described above. In this case the CPW issanigan
sion type CPW, i.e. two CPW stuctures collinear to each othigh inner
conductor width of 2.4.m and a seperation of 32m (c.f. chapte[3]3).

4.2. Preparation of Flip-Chip Waveguides

In some of our studies we have employed so-called flip-chipsuee-
ments, where we put the material under test on top of the CR&/CPWs
are prepared as described above using optical lithograpdhyif&off pro-

cessing. The CPWs can be of different geometries as mentiaretthp-
ter3.3. This way we have control over the excited wave veditribution.
As we are working with samples of different sizes the lendtthe con-
ductor line is varied according to the sample size, i.e. saraeof 9 mm
length and some are prepared to be 4@0in length.
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4. Sample Preparation

Figure 4.1.: SEM image of an integrated transmission CPW, i.e. two CPW’s
collinear to each other lithographically prepared on top of a thin film mesa. Th
signal and ground lines are 2.4n wide and the gap between the signal and ground
lines is 1.1um. The separation between the inner signal line of them igmh?2
which is the distance a spin wave travels in an AESWS experiment.
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5. Materials for MSFVW-based Devices

In this chapter we study different materials for their shitity for ex-
periments with out-of-plane magnetic fields, i.e. MSFVW faguration.
As the out-of-plane geometry has not been the subject of rsardies
in thin-film materials, there is also a lack of material colesations for
this particular configuration. We start from evaporated &ythis is a
widely used material in magnetoelectronics and magnoe&esarch. Next,
we investigate sputtered CoFeB (the exact composition eftdinget is:
CoyoFes0B2g) because low damping and large group velocities on this
composition have been reported recenitly [Yul2]. Both nigteare de-
posited onto semi-insulating Gallium Arsenide substrayesptical lithog-
raphy and lift-off processing. CPW'’s with an inner conducstadth wic =
2.4 um and a signal-to-ground separatiog = 1.1 um (c.f. chaptef-313)
have been prepared on both samples. In order to comparedireimic
properties, both films have been prepared with the samerthéskoft =
20 nm. Large out-of-plane fields are used to magnetize thesediccord-
ingly. Finally, we consider so called perpendicular magnahisotropy
(PMA) samples, i.e. ultra thin Co/Ni-multilayers. Thesetemnals are
interesting as they exhibit a perpendicular magnetizagigan at zero ex-
ternal field. Furthermore, PMA has been used in spin-torcaodlators
[Mad11] to excite coherent spin waves. Therefore, the dyognoperties
of PMA are of utmost interest for future integrated spingtee oscillator
spin-wave devices [Nall3]. The PMA samples have been pedpatrthe
University of Stockholm by the group of Prof. Johan Akerman.

5.1. Permalloy and CoFeB thin films

We start our measurements with the Py plain film. In Eigl 5)iM@show
a gray scale plot oA Sy, of the 20 nm thick Py film with field steps of 100
mT. The dark contrast reflects absorption of the microwageaidue to
resonant precessing spins. We divide the gray scale plotivad charac-
eristic regions (indicated by a white dashed line in Eigl (8)). In region
| the external magnetic field is not strong enough to aligspiths against
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5. Materials for MSFVW-based Devices

the shape anisotropy into the out-of-plane direction. Thite so-called
"not-aligned” mode of spin precession. At the local mininha@unduy H

= 1.0 T, the external magnetic field is just as high as the &gy field
that stems from the shape anisotropy of the sample. Frore therthe
spins are aligned with the external field and the curve fddlewinear de-
pendency. In theory, the local minima should be at zero faqy, but due
to a small in-plane component of the external magnetic fietkdeaposition
of the sample or unintentional film roughness, this resoadsnehifted to
a finite frequency. The blue dashed line is a fit to the measdata in
order to obtain the saturation magnetization usinglEq.] 2d@uming that
anisotropies are not relevant, i.8lex = Ms. From this we extract a sat-
uration magnetizatiod/s = 820 kA/m, which is in good agreement with
values reported in literatute[Mar10, Neul1b].

A typical line plot of the imaginary part ofAS;; at uoH = 1.3 T is
shown in Fig.[5.ll (b). Fitting a Lorentzian curve, we extradinewidth
of Af =0.23 GHz and a resonance frequencygf= 7.5 GHz. From the
oscillations inASy; (Fig. [5.1 (c)) we get a group velocity of, = 1.0+
0.3 km/s. This is consistent with the group velocityugf= 0.9 km/s cal-
culated from the slope of the dispersion using Eq.12.42 atthiem CPW
excitation peakk = 0.6 x 10! rad/cm. Usingyg - Ak = 0.66 x 10° rad/s
(Ak = 0.66 x 10* rad/cm from simulations in chapter 8.3) together with
Eq.[3.23 we calculate the intrinsic Gilbert damping tayg = 0.008 (fres
=7.5 GHz).

It is now instructive to compare these values with sputt€?efieB. In
Fig.[5.1 (d) we show a gray scale plot together with a fit (blashed line)
for 20 nm thick CoFeB using equatibn 2142. Note that the samals not
aligned perfectly in the center of the sample stage and azromin-plane
component of the external field caused a large frequencyedtedhl posi-
tion where the magnetization turns out-of-plane. By fittingtraight line
to the high field data we obtaiies = 1083 kA/m. From the lineplot of
the imaginary part ofAS;; at ugH = 1.6 T (Fig. [51 (e)) we extract a
linewidth A f = 0.3 GHz and a resonance frequencyf@f = 8.6 GHz. In
Fig.[5.3 (f) we show the oscillatory signalS>; and extract a group veloc-
ity of vg = 1.6+ 0.2 km/s. This is in good agreement with the calculated
value from the slope of the dispersion relation (Eq._P.42)ere we get
vg = 1.4 km/s. Considering an extrinsic contribution as beforePy we
calculate an intrinsic Gilbert damping af.; = 0.008 for CoFeB, which is
in very good agreement with values reported in Ref. [Bil07].
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5.2. Films with Perpendicular Magnetic Anisotropy

Another way of extracting the intrinsic Gilbert damping ésplot the
linewidth over the frequency (Fid. 5.2 (a)) [VIa10]. Usinguation3.2B
we extractyn from the slope of the curve. From this we ggt, = 0.0084,
which is in perfect agreement with the value obtained abeeguwyAk
as the extrinsic contribution. Please note that this value;q is even
smaller than the value obtained in chaptet 3.4. The film iyated here
was prepared after optimization of the sputtering process changing
from Argon to Xenon plasma, which led to an improved film giyadind a
smaller linewidth in the experiment. Considering that tren®n ions have
a shorter mean free path, we assume that the reason for theiempent on
the linewidth is connected to less impurities in the Xenonttgwed films.
In order to extract the saturation magnetization for CoFeBhave to con-
sider an out-of-plane anisotropy (c.f. chajiel 2.2). TleeeeCoFeB films
with different thickness, 62.5 nm, 36 nm, and 20 nm have beepagved.
From the field dependent FMR and fitting the effective magaétn we
get M = 1329 KA/m, Mg = 1256 KA/m, andM e = 1083 KA/m respec-
tively. Using Eq[2.3D and plotting/e over1/d (Fig.[5.2 (b)) we extract
the saturation magnetizatiof; = 1440+ 20 kA/m) from the intersect
with they-axis. This value is close to the saturation magentizatfdyutk
CorzFesBig, which is M2 = 1430 kA/m [Bil07]. From the slopet,
we calculate the out-of-plane anisotropy constankto= —A/2 - o Ms
=6.23+ 0.25 mJ/mM. Considering the thickness= 20 nm we obtaink;
=K, /t=3.12-10° J/m?.

Another important quantity to know is the attenuation léngty (c.f.
Eq.[3.23). For Py we obtaif = 2.7 um at fres = 7.5 GHz. For CoFeB
we obtainLg; = 3.6 um at fres = 8.6 GHz for MSFVW. In Ref. [[VIal0]
Lgy of around 2.8:m has been reported for 20 nm thick Py in a MSFVW
experiment. In comparison, the propagation length in a 2Qthiok Py
film with in-plane magnetization, i.e. Damon-Eshbach mouek,; = 7.4
pm at fres= 7.5 GHz due to faster spin-wave propagation.

5.2. Films with Perpendicular Magnetic Anisotropy
The first observation of PMA in [Co/Ni] multilayers was prassd by
Daalderop et al.[[Daa92?] in 1992. Through interface efftleese mul-

tilayer structures favor a perpendicular anisotropy aneeHzeen exten-
sively studied over the past yealrs [Bl692, B€a09, Miz11, Matiael3].
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5. Materials for MSFVW-based Devices
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Figure 5.1.: Comparison of Py (a-c) and CoFeB (d-f) plain film measurements.
Gray scale plots for Py and CoFeB are shown in (a) and (d) resplgctiteere dark
color indicates absorption of the microwave signals. Lineplots at a fixesred
field of 1.3 T (b) and 1.6 T (e) of the reflected sig®b;:. Propagation signals
AS»1 in order to extract the group velocity are shown for Py (c) and CoFeB (f
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5.2. Films with Perpendicular Magnetic Anisotropy
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Figure 5.2.: (a) Linewidth A f plotted over the resonance frequency in order to
extract the intrinsic Gilbert damping. (b) Determination of the saturation mag-
netization of CoFeB by evaluating the effective magnetizafidsx for different
film thicknesses.

The driving force for these studies is to use PMA multilayiarspin-valve
devices and spin-torque oscillators [Madll, Mdh12]. Heve,present
measurements and evaluate the feasibility to use PMA fomog de-
vices with out-of-plane magnetization @ H = 0 T. The exact composi-
tion of the PMA sample under investigation is:

Tab/Cul5/Ta2/Cul0/C00.35/[Ni0.9-C00.35]5/Ta5,

where the numbers behind materials indicate the thickhe$she re-
spective layer in nm. The saturation magnetization for sucitilayers
can be approximated by [BloB2]:

poMsD = 1o MS tco + 10 MY i, (5.1)

whereD is the overall thickness of the multilayer stagk,/$° = 1.79
T (tco) and oMM = 0.61 T ¢ni) is the saturation magnetization (thick-
ness) for Co and Ni respectively. In our case the saturatiagnatization
is thereforeMs = 760 kA/m (Ta and Cu are not considered fdr).

In Fig. [5.3 (a) we show spectra measured in a flip chip geonastry
function of external magnetic field in steps of 20 mT. The neswe at zero
field lies at 11.5 GHz and increases linearly with increagiosgitive field,

i.e. df/dH = const. Going to negative fields we observe a resonance of
the identical slope fi/dH for uoH > -0.02 T. For -0.12 T sug H <-0.02
T, we do not observe a clear resonance, suggesting a mutiaidcstate of
the thin film. ForuoH < -0.12 T, a sharp resonance feature is regained.
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5. Materials for MSFVW-based Devices

Here, the behavior is mirrored comparediad > +0.12 T. The CPW has
an inner conductor width afic = 20 m, which provides a most prominent
excitation at; = 0.096x 10* rad/cm. From the slope of the resonance fre-
quency we obtain g-factor of 2.0. The value fol/e is determined using
Eq.[2.33 to be 426 kA/m. Using EQ. 2130 together with [Eq] 5.loWin
the first order anisotropy constaft; = 5.23-10° J/m?. The linewidth is
found to decrease for increasing frequency (Eigl 5.3 (d))s ®bservation
is opposite to the dependencies obtained for Py and CoFdB fiiiling
suggests different contributions to the linewidth tharhméther ferromag-
netic materials. We evaluate the effective damping paranagt:;, which

is between 0.01 and 0.04 depending on the frequency, as shdwiom [5.3
(d). The values are in good agreement with the ones reportipdac1?2].

A decreasing linewidth with increasing frequency/field @& Bonsistent
with Gilbert damping. Considering this, the intrinsic dangpparamter
aijntr could not be extracted.

In addition, we have conducted measurements using a diff@BW
with an inner conductor width @i = 4 um, which provides a most promi-
nent excitation ak; = 0.31x 10* rad/cm [Fig[5.B (b)]. In order to extract
a group velocity we make use of the fact that we have meashesgbime
sample with two different CPW’s, i.e. two diffferehtvector excitations.
Normalized spectra at an external field of 0.44 T are shownign
(e). The frequency difference is used to calculate the gralqcity via
vg = Aw/Ak = 2nAf/(ky — k). The group velocities obtained at dif-
ferent external fields are shown in Fig._15.3 (f). The meane/dtu the
group velocity amounts to 5461.6 km/s. From this we obtain an attenua-
tion length of Ly = 2.0um at 25.7 GHz.

5.3. Summary and Conclusion

In summary, we have studied three different systems, i.eCBFeB, and
CoNi multilayer. The most important values are summeriretable 5.1.
The most common material in magnonics research is currBgtlgffering
low damping and isotropic magnetic properties. From a dyospoint of
view, CoFeB is more favorable because it supports fasterspive prop-
agation compared to Py. However, higher external fields ecessary to
turn the magnetization into the out-of-plane direction 868FVW-based
devices. Here, materials exhibiting PMA come into play &y txhibit an
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Figure 5.3.: Gray scale plots of one and the same CoNi multilayers placed on
top of two different CPWs, i.e. one having an inner conductor width of:80

(a) and one being #m wide (b). Extracted linewidti\ f and effective damping
parametersver as determined from the measurments using ther20CPW. The
shift in resonance frequency at a fixed field (e) is used to determingrthe
velocity vy (f).
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5. Materials for MSFVW-based Devices

t Meff Vg « Latt K1 X 105
[nm] | [KA/m] | [km/s] [um] [3/m?]
Py 20 820 1.0 Qintr 2.7 0

=0.008 | (7.5GHz)

CoFeB|| 20 1083 1.56 Qintr 3.6 3.12
=0.008 | (8.6 GHz)

Co/Ni || 19.1 326 5.6 Qleff 2.0 5.23
ML ~0.025 | (25.7 GHz)

Table 5.1.: Summary of extracted parameters for three different thin films. For the
CoNi multilayer we could not obtain the intrinsic damping parameter as exgulain
in the text and therefore give the effective damping parameser

out-of-plane magnetization even at zero magnetic fieldclvhakes these
materials very interesting especially for magnonic ciydtvices. Our
study shows that the Co/Ni multilayers show 4-5 times fagteup veloc-
ities for approximately the same thickness if compared taiy CoFeB.
At the same time CoNi multilayers show an increase in effeaiiamping,
which then leads to a short propagation length. The repaltedease of
the linewidth with increasing external field suggests défe contributions
to the linewidth if compared to the other two materials. Thealdening
of the ferromagnetic linewidth towards lower external feetduld suggest
a distribution of magnetization angles around the outlafip direction.
This effect has been qualitatively discussed in Ref. [Bka09

MSFVW-devices of this thesis have been fabricated usingeBodd
Py, as these were deposited in our own cleanroom. CoNi rawytit were
not available for nanostructured devices.
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6. 2-Dimensional Magnonic Crystals

In this chapter we study 2D antidot lattices (ADLS), i.e.ipdic holes in

a ferromagnetic thin film. We use Py and CoFeB and preparesfiola
regular square lattice using FIB (c.f. Chapter Preparatidme hole di-
ameter is held constant ét= 120410 nm andi = 190+10 nm for Py and
CoFeB, respectively. The perigdis changed depending on the specific
experiment. We are presenting measurements using AESWSlbhaswe
micromagnetic simulations using the software tool Micrgus. We will
refer to different simulation parameter sets, which candaed in Ap-
pendix[A3. The first part of this chapter is dedicated to ttemtion of
complete band gaps, i.e. forbidden frequency gaps, onlyeoyngtrical
parameters. Here, complete means that the forbidden gasfopthe
two different in-plane directions and overlap. The secoad povers de-
vices that exploit forbidden frequency gaps, i.e. the uaidjuaracteristics
of the newly created dispersion relations.

After showing that complete band gaps exist in 2D MCs formgd b
square ADLs, we address the question how we can use thesestraod
tures for new MC devices. As mentioned in Réf. [Len11] onénheftiuild-
ing blocks of future devices based on MCs is the guiding ofi spaves.
This is not at all trivial for spin waves because of their atngpic dis-
persion relation and has been the subject of research f goine time
[Bai01,[Cho07| Dem(08, BaoD8, Vod12]. In section] 6.3 we fol® new
approach in that we introduce line defects (LD) in our 2D MGthwper-
pendicular magnetization, i.e. we leave out one row of ADsttdy how
this can be used as a magnonic crystal waveguide (MCWG). liogec
6.3 and sectidn 6.3.2, we propose further devices usiagfproach of
artificially introduced defects such as a bended waveguideaaspin-wave
splitter respectively.

Sectiond 611 and 8.3 have been published in Ref, _[S¢h12bRafid
[Sch13], respectively.
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6. 2-Dimensional Magnonic Crystals

Figure 6.1.: Simulation geometry as used for micromagnetic simulations of regu-
lar antidot lattices (a). The unit cell is indicated by a continuous red linedonal
configuration and for the 45configuration with a red dashed line (b). The unit cell
is subdivided in regular pixels of sieand repeatedV times into thex-direction.

2D periodic boundary conditions are applied. (c) Spin-configuratitimeetiole and

in the continuous film as determined by simulations at 1.2 T. The film thickreess
been subdivided into four layers for the simulations.

6.1. Complete Band Gaps in Antidot Lattices

Itis intuitive to start with micromagnetic simulations ofAs to establish
the necessary geometrical parameters to create tailormedvspe proper-
ties in out-of-plane fields. In Fig._8.1 (a) and (b) we show sheulated
geometry. For the simulations gy H = 1.2 T we use Py and simulation
parameter set A. In (c) we show the magnetization configamagktracted
from simulations considering four layers in thedirection. At 1.2 T the
magnetization is canted at the holes edges as indicatedeblpldick ar-
rows. For higher fields, the magnetization becomes more aoré omi-
form throughout the whole sample.

For comparison, we repeat the dispersion relafioh) for a Py plain
film in Fig. [6.2 (a) (taken from chaptBr 2.6.1). The faintlyght regions
aroundk = 0 are attributed to numerical artefacts coming from the dis
cretization in real space due to the finite-sized simulatielts. Next, we
simulate square ADLs with constant hole diametérs120 nm, whereas
the periodp is varied (800 nm> p > 180 nm). In Fig.[6.P (b) we show
the simulated dispersion relation of an ADL wijth- 800 nm. Here, addi-
tional branches appear. Analyzing their absolute valuefinvdethat they
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6.1. Complete Band Gaps in Antidot Lattices

represent backfolded branches of the thin film dispersioa.digplay the
dispersion relation in the so-called extended zone schemeeak extends
beyond the first Brillouin zone (BZ) boundary located:gt = 7/p (verti-
cal broken line). We do not observe a forbidden frequencyvgtgin our
simulation accuracy of 100 MHz. As we reduce the period ofAld
to p = 240 nm the BZ boundary moves to higher values. Importandy w
observe a clear frequency gap®df = 1.2 GHz between 8.9 GHz and 10.1
GHz at the first BZ (Figl_&]2 (c)). In addition the frequencyraI'-point,
i.e. k=0, increased tg (k = 0) = 8 GHz in comparison tg (k = 0) =
6.1 GHz for the plain film. In the simulations of the ADLs theaedacts
at aroundk = 0 are even more pronounced if compared to the plain film.
This is attributed to the discretization of the ADs edge. Upport this
we repeated the simulation of the ADL with= 240 nm using a differ-
ent amount of pixel, thus, changing the discretization efAlDs edge. In
Fig.[6.2 (e) and (f) we show the simulated spectra at0 using 128 pixel
(red line) and 56 pixel (black line) for discretizing the ucéll. First, we
observe no shift of the main resonance at 7.4 GHz within theulsition
accuracy of 100 MHz. Looking closely at the lower frequenicegFig.
[6.2 (f)) we see that the strength as well as the peak posibithe artefacts
change drastically with the discretization of the unit cBlévertheless, for
the discussion, we will focus on regimes of the wave vektahere arte-
facts do not play a role.

In order to study whether a complete band gap is formed, wieper
a simulation withk being along the diagonal of the ADL, i.e. underr45
to thez andy direction. To make use of 2D-boundary conditions we now
construct a conventional unit cell having an effective p@igdity of pes =
p - V2 along the considered stripe. In the as-simulated dispensita-
tion we find a frequency gap near 9.8 GHz witty = 0.6 GHz (Fig.[6.R
(d)). This band gap overlaps in frequency with the band gaginéd from
the simulation wheré is along a primitive vector. We observe additional
branches ak = 7//2p, which do not create an avoided crossing:at
1V2r/p = m/\/2p. This is due to the fact that we have used a conven-
tional unit cell with 2D-boundary conditions, instead of @ngtive unit
cell. This leads to additional lattice points in reciprosphce and conse-
guently additional branches in our simulation [Huh12].

We now extend this study in that we consider different peviofithe
ADL between 180 nm and 800 nm. The extracted frequenciestieile
the band gaps are summarized in Fig.] 6.3. Two main featurebeax-
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Figure 6.2.: Color coded spin-wave dispersion for (a) plain film, (b) ADL wjith=
800 nm and (c) ADL withp = 240 nm whenk is pointing along a primitive vector,
and (d) 45 deg-rotatekl pointing along the diagonal of an ADL with= 240 nm.
Here dark color means no spin-wave excitation and bright means higiwspe
excitation. In (b), (c) and (d) the first BZ is indicated by the white dashesl lin
Note that due to the discretization of the holes edges being periodic froroaliit
to unit additional spin waves are faintly excited. In a real device we dexyct
to observe such features as the edge roughness over the MC wouleldagar. To
support this we show line plots taken from simulated ADL witk= 240 nm at
k=0in (e) and (f), where we changed the discretization of the unit celgus28
pixel (red line) and 56 pixel (black line).
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6.2. AESWS on Antidot Lattices in Perpendicular Fields

tracted from this. As the lattice period is reduced, the mfigguencies
increase and in addition, the size of the band gap incre&sem this we
conclude that in particular, nanopatterning on the 100 mgtte scale is
key to obtaining significant forbidden frequency gaps in ADL

We followed a phenomenological approach to model the degrarydof
the band gaps as a function of the period we assume an expriiting
function, which reads:

f(p) = A-exp(—p/T) + fo. (6.1)

This is assumed following recent results obtained on oneedsional
MCs suggesting the coherence length or dipolar couplingtkenf spin
waves to be decisive for modeling backfolded branches in Géntita-
tively [Top1Q]. Itis possible that dipolar coupling betwespin excitations
modifies frequency gaps originating from Bragg reflectioa periodic po-
tential. Our simulations generically consider all meckars involved. An
exact analytical function for describing the data in i6.not available.
In the inset of Fig[[68]3, we show frequency gaps for two déferADLs
for the' K direction.

6.2. AESWS on Antidot Lattices in Perpendicular Fields

We now experimentally study ADLSs in out-of-plane fields @slRESWS.
As the group velocity for Py is rather low for a 20 nm thick filmf( chap-
ter[3), for the following experiments we prepared ADLs in @8Hilms
and additionally increased the thickness of the sampled tord. Using
Eq.[Z.42 with the material parameters of CoFeB we obtain amvelocity
for a 41 nm thick film ofug = 3.2 km/s. For the experiments we use a trans-
mission CPW with a prominent excitation fat = 0.6x 10* rad/cm. Note
that the hole diameter in CoFeB is 190 nm, i.e. about 70 nnefahgn the
hole diameter for Py. We start by comparing resonance fregjes of a
plain film with those of ADLs with different lattice period&ig. [6.3 (b)).
We see a clear upshift in frequency as the lattice perioddsaed, which
is consistent with the simulation data. We explain thisdrbyg a change
in the out-of-plane demagnetization factor.

Next we extract the group velocity from the oscillationsArs; (c.f.
chaptefZ3.4). For a lattice period of 800 nm the group vejdsifound to
be slightly below the group velocity of the reference plaimfi Decreas-
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Figure 6.3.. Symbols denote eigenfrequencies extracted at BZ boundaries for
ADLs with different periodp andk pointing alongl'M direction (see inset). The
colored regions indicate the forbidden frequency regions evaluaiadtfre simu-
lations. The white areas denote the widths of the allowed minibands. Thehstraig
lines are guides to the eyes obtained by fitting exponential functions. Ingke in
we show eigenfrequencies at BZ boundaries (symbols) for ADLs wfflrdnt
periodp and k pointing alongI'K direction, i.e., unded5°. Again the colored
regions indicate the forbidden frequency regions evaluated from theadions.
Straight lines are guides to the eyes.

ing the lattice period to 600 nm results in much lower groufoeity of
2.7+0.2 km/s.

6.3. Artificially Introduced Line Defects as Waveguides

The samples for these experiments have a period of 600 nmranof a
CoFeB having the same thickness (41 nm) as the samples of s A
discussed in sectidn 6.2. Now we leave out every 20th row of ibrder
to create line defects (LDs) along thedirection, i.e. perpendicular to the
CPW. SEM pictures of the device are shown in Hig.] 6.5 (a). Jmis-
sion CPWs are prepared on this device to measure propagpimwaves
along the LDs. A sketch of a typical band diagram of such a roagn
crystal is shown in Fid. 615 (b) and will be discussed later.

In the measured spectra we identify four resonance modeshwie
extract from the line plot of the imaginary part 84fS;; [Fig. @)].
We indicate those resonances by black arrows in the linegplah exter-
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Figure 6.4.: (a) Field dependency of the eigenfrequencies for different ADLs with
different periodp extracted from measurements. (b) Group velocities for different
lattice periodg compared to the group velocity of the plain film.

nal field of 1.82 T. Considering the different demagnetatiactors of
ADL and LDs we assume that the lowest frequency mode is theemabd
k1 localized in the LD and the next higher mode belongs to the ATHe
third and fourth mode belong to the respective excitatidiks & 2.5x10*
rad/cm. In the following we will restrict our analysis to thewest two
modes. In Fig.[616 (b) we plot the lowest two modes over therex
field. The inset shows all four resonances over a smaller ffiggjone. We
now turn our attention to the propagation sigda$,, shown in Fig.[6.6
(c) for an external field of 1.88 T. The oscillating signal néa88 GHz in
ASy; reflects propagation in mode (1) of the MCWGs. The extracted ve
locity amounts tov, = 3.0 & 0.2 km/s, which is close to the plain film
value ofv, = 3.3 km/s. The next higher lying resonance frequency in Fig.
(c) is attributed to the ADL excited &t [mode (2)].

In order to confirm the origin of the two different modes wefpaned
micromagnetic simulations &t= 0 at a fixed field of 2.5 T (simulation pa-
rameter set B in the addendum). The spectrum of the simaléishown
in Fig.[6.8 (d), where we indicate the position of the meadfirequencies
of the first two modes by stars. The simulations predict wellftequency
separation between modes (1) and (2). Considering theeliffevave vec-
tors for the simulationi = 0) and the experimenk:(= k1), the one-to-one
correspondence of simulated and measured eigenfreqsehpiaints to-
wards a systematic but small error in the simulation. In Bg@ (e) we
show the spatial spin-wave profiles of the two modes extdafrtam the
simulation. Here white is a high spin-wave amplitude andlbia a low
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6. 2-Dimensional Magnonic Crystals

spin-wave amplitude. The frequencies of those two modexcm® with
the frequencies of mode 1 and mode 2 from the experiment. Aaree
not simulating with the excitation spectra of the CPW, tmewsation does
not predict the two additional modes fbg = 2.5x10* rad/cm. The fact
that the waveguide mode lies below the first band is simil#héso-called
index guided modes in photonic crystal waveguides [Jdef)@03]). But
there is one distinctive difference between the photonjstat waveguide
and the MCWG. If we follow the first band of the MC down#a= O (c.f.
Fig.[6.3 (b)) we find that the frequengdy atk = O is higher than the fre-
quency of the MCWG ak;. In photonic crystals, the frequency/at 0 is
always lower than that of index guided modes.

In addition to the simulations &t = 0, we perform simulations with a
localized excitation in order to get time dependent datayation param-
eter set C with a thickness of 41 nm). Note that here we use lopa@mdary
conditions in order to reduce simulation time. To assureé titwa bound-
aries of the simulation cell do not affect the outcome of iheutation, we
have constructed a simulation cell with 15 periods of ARPs 600 nm) to
both sides of the LD. This is consistent with simulations Dfrhagnonic
crystals[[Kim09], where twelve periods are suggested fousations. We
use a continuous wave excitation with a frequencyfof 24.1 GHz as
extracted from the experiment agH = 2.5 TH. From the simulation we
obtain time dependent spin-wave amplitudes. In Eigl 6.6v@¥show the
spin-wave amplitudes at different times, where one canlse@topaga-
tion within the LD. Please note that we show just the center glathe
simulation cell (original simulation plots can be found ipgendixZA.2.

It is now instructive to compare the measured group velazitgbout
3 km/s with values), of an individual CoFeB stripe acting as a magnonic
wave guide. Taking the geometrical width of the MCWG (= 1020),hm
which is the edge-to-edge separation of holes (see whiteedalines in
Fig. [6.8 (c)). For this we perform micromagnetic simulagam a de-
vice shown in Fig[ 6]7. Here simulation parameter set D isl @& 2D
periodic boundary conditions are applied. The magneticenadttakes

LAt the excitation frequency of 24.1 GHz we find only the linde¢ mode to be excitated.
Changing the excitation frequency o= 25 GHz excites again the line defect mode
(with different wavelength) but also the ADL. Going to lowexcitation frequencyf{ =
15 GHz) we observe no excitation of either mode.

2We show snapshots of the time dependent spin-wave amplitudigsiter a settling time
of t > 2 ns because of transient response of the system.
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CPW1 CPW2

_mesa with MCWG

Figure 6.5.: (a) Scanning electron microscopy images of a magnonic crystal wave
guide device. The hole diameter (period) is 190 nm (600 nm). The whileedia
line indicates the geometrical width of the MCWG of 1020 nm. (b) Sketch of the
band structure for MSFVWs in a square-lattice magnonic crystal. We itediba
frequency of a MCWG.

up half of the simulation width«(.), illustrated by the dark gray color.
From the simulated dispersion relation we extract the gneelpcity in
the limit of small wave vectors using a linear fit. Fep = 1020 nm
andpoH = 1.9 T, we obtainv, = 1.9 + 0.2 km/s. The stripe thus sup-
ports substantially slower spin waves compared to the MCW@Bvés by
about 30 %). To check the outcome of the simulation, we alssidered
we = w1, i.€., we modelled the plain film. Here, we extracted a groeyp v
locity of vy = 3.3 & 0.2 km/s. This value was in good agreement with the
calculated group velocity of, = 3.3 km/s, substantiating the reliability
of the micromagnetic approach.
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Figure 6.6.: (a) Multiple resonances (arrows) of an ADL with MCGWs at 1.82 T.
(b) Field dependencies of the two most pronounced modes [modedade (2)]
and all four resonances at sméll (inset). Filled and open symbols defined in (a)
stand for excitations dt; andksz, respectively. (c) Transmission signal measured
for mode (1) and (2) of the ADL with MCWGs at 1.88 T. (d) Simulated $peo

of the ADL with MCWGs at 2.5 T compared to the measured eigenfredgegnc
(open stars). (e) Spin-precessional amplitudes as simulated for (hpoede (2)
seen in the spectrum of (a). The color code for amplitudes is shown oigtiie(f)
Snapshots of the time dependent spin-precessional amplitudes in a MGING

a continuous wave excitation with a frequencyfof 24.1 GHz at2.5T.
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6.3. Artificially Introduced Line Defects as Waveguides

Figure 6.7.: Simulation geometry of a ferromagnetic stripe o5 # w; and a
plain film for we = wy. The group velocity is then obatined from the slope of the
dispersion relation.

If we now take a closer look at the spin-wave profiles in @) we
can see that the spin-wave excitation is not only localiziédimthe LD. It
extends into the ADL. This suggests that we have to consideffactive
width for the MCWG. The concept of an effective width for segpwas
introduced by Guslienko et al._[Gus02]. In order to expldia tjuantized
modes found in stripes they introduced an effective "pighiparameter
d:

2
@) = ST 2in(i/a)]

with a being the aspect ratio of the stripe=£ thickness/width). This can
also be written as an effective width.:

(6.2)

wer = w[d/(d - 2)]. (6.3)

Calculating the effective width of a stripe with= 1.02um we getwes =
1.13um. Repeating the simulation of the stripe using this efiectiidth
we obtain a group velocity of;, = 2+0.2 km/s, still lower than the mea-
sured group velocity of the MCWG. Now we approximate the difec
width by taking the width of the spin-wave profile from FigB&c), which
is roughlywes = 1.8 um. The group velocity extracted from a simulation
using this effective width gives us, = 2.6+0.2 km/s, which comes close
to the measured group velocity of the MCWG. We summarize allgr
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Figure 6.8.: Simulated and measured of a plain film (squares), MCWG (circle),
and three stripes of different widths, i.e. 1.06h (diamond), 1.13:m (triangle),

and 1.8Qum (star). The dashed line is the reference group velocity calculated from
the dispersion relation of the unpatterned film.

velocities in Fig[6.B (b). Our analysis suggests a MCWG aggnel here
supports a group velocityy, which would be present in a conventional
stripe-like wave guide of much larger geometrical width.

6.3.1. Guiding Spin Waves around a Corner

In the previous section we showed that spin waves are guiffieteetly
using a straight MCWG. In the following we address the chajéeto
guide spin waves in arbitrary in-plane directions. Thisligmge has been
the subject of recent studies [Clall, Vog12], all of whickdigerromag-
nets subject to an in-plane magnetic field, where the digperslation is
anisotropic. In the framework of this thesis we make use oFM®, for
which the dispersion is isotropic. Still it is unexploredMSFVWs are
guided around a corner. This, however, is essential if omdshof inte-
grated and interconnected magnonic devices.

We have fabricated an ADL device from 41 nm thick CoFeB in tas
manner as before with integrated CPWSs for transmission mea&nts
[Fig. (a)]. The period has been set to 500 nm and everyrbstthas
been modified as shown in F{g. 6.9 (a). The missing row anether the

78



6.3. Artificially Introduced Line Defects as Waveguides

path for the spin-wave is indicated by the white dashed live.will call
this device a wave guide bend (WGB) in the following. In Fid@ @) we
show a spectrum\ Sy, at 1o H=1.82 T. We observe two main resonances
indicated by the black arrows. Following our earlier analys/e identify
the lowest mode as the mode localized within the WGB and thelhigixer
mode as the one stemming from the surrounding ADL.

It is now intruiging to analyze the group velocity of spin veafollow-
ing the WGB. In Fig.[6.B (c) we have plotted the group velositi dif-
ferent external fields as extracted frawb;,. Note that spin waves which
follow the WGB have to travel a longer path in order to reachobiecting
CPW (path length through wave guide = 13i6). For calculating the
group velocity we have considered the additional path of.d6 We find
that the group velocity is smaller than the group velocita@iain film of
CoFeB of the same thickness. Finally, we perform micromtagséenula-
tions. We use material parameters of CoFeB and simulaticanpeter set
C. The simulation cell is constructed of an ADL with p = 500 nnda
thickness of 41 nm. We apply continuous wave excitation witequency
of f =22.7 GHz, which is the resonance frequency of the first mo@esa
T taken from the experiment. In Fi§g._6.9 (d) we display snapshkafter
different time periods of 2 ns, 4 ns, and 6 ns after the ingialitation. One
clearly sees a spin-wave "packet” following the WGB. Thisutesupports
and illustrates our experimental findings.

Apart from the group velocity, we can use the whole set of Gupaters
and with Eq.[3.25, compare the attenuation lenfith of a plain film, a
straight wave guide, and a WGB device. In F[g._6.10 we glgt for
the plain film, a regular ADL, and the other two devices atet#ht fields
(symbols) together with the respective mean values (ddshes). The at-
tenuation length of the plain film i5,;; = 16.9um, whereas for the ADL,
the line defect, and the WGB we extrdct; =5.3um, L, =5.2um, and
L. = 6.3 um respectively. The comparison reveals that introducing AD
reduces the attenuation length by a factor of 3 if compare¢ddattenua-
tion length of a plain film. Note that the group velocity onlyanges by a
factor of 1.2 comparing a plain film with an ADL. Introducinggaght or
bended line defects does not affect the attenuation lerigkie ®pin waves
propagating through such wave guides compared to the onesagmating
through an ADL.
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Figure 6.9.: (a) Scanning electron microscopy images of a wave guide bend de-
vice. The white dashed line indicates the path where we left out holes. ¢b) M
sured spectrum at 1.82 T indicating two prominent resonances bwsarr¢c)
Group velocity of the WGB mode (squares) evaluated for differentreatdield
values and compared to the group velocity of a plain film (dashed lineSr(dp-
shots of the time dependent spin-precessional amplitudes in a WGB usomg a
tinuous wave excitation with a frequency pft 22.7 GHz at 2.5 T.
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Figure 6.10.: Comparison of the attenuation length.: at different fields (sym-

bols) and the mean values (dashed lines) for a plain film (squares)|_4c\les),
a MCWG (rectangles), and a WGB (diamonds).

6.3.2. Splitting of Spin Waves in a Two-Path Device

We have designed a MC splitter (MCS), which splits a spinesiato two
paths before uniting it again after a short distance. SEMgasaof our
sample are shown in Fi§. 6]11 (a). The sample is made from S5thiwuk
CoFeB with a period of the ADL of 500 nm. The path of the arté#filyi
introduced defect state is marked by the white dashed lihe. structure
is repeated after every 15th row of ADs. In Hig. 6.11 (b), wat ghe field
dependency of the first two modes observed in our measuremeite
in the other structures, we identify the lowest mode as thdenwahich is
localized within the regions where we left out holes.

An evaluation of the group velocity for the lowest mode giuesa sim-
ilar result as for all the devices based on missing rows of Al@s the
group velocity of the MCS is slightly below the group velgaitf the plain
film (Fig. (c)). We employ micromagnetic simulationgiwinaterial
parameters of CoFeB and simulation parameters C. The diowlzell is
constructed of an ADL with p = 500 nm and a thickness of 53 nm. We
use a continuous wave excitation with a frequency ef22.8 GHz, which
was evaluated to correspond to the resonance frequence éifshmode
at 2.5 T from the experiment. In Fig._6]11 (d) we show snapshiier
different time periods. We see how the spin wave is split into paths {
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= 2.5 ns), travels within the two arms=£ 4.5 ns), and finally is combined
at the end of the device € 6 ns). Apart from the splitting of spin waves
we have additionally shown that one can also combine spiresvagain.

6.4. Summary and Discussion

In this chapter we discussed magnonic crystals that extdloitplete band
gaps by considering periodic antidot lattices in perpendicfields. The
existance of band gaps has been observed using micromagiratila-
tions. In addition, simulations predict an increase in neswe frequency
for decreasing lattice periods. This has been confirmed b$\WE exper-
iments. Furthermore, a reduction of the group velocity bingeo smaller
periods has been obeserved in our measurements. The reasbis be-
haviour can be found in the modified dispersion relation,minéroducing
a regular ADL. In simulations of such ADLs, we observe thestadice of
forbidden frequency gaps accompanied with a gradual chahgiepe of
the dispersion relation, i.e. at the 1. BZ boundary the siepero. As
we observe a decreasing group velocity for decreasing ADloge we
conclude that the slope of the dispersion changés af the CPW in such
a manner that the measured group velocity decreases fdesia#tice pe-
riods.

Making use of the forbidden frequency regions created byADke, we
have explored wave guides by removing rows of AD’s. We shothed
spin waves are located within this line defect and are gutdesligh the
ADL. Even more intruiging, we showed that the group veloaityguch a
device is very close to the group velocity of the plain film &igher when
compared to a simple magnetic stripe of the same geometvidét. We
assume that this is due to a relatively large effective wiltlthe wave
guide caused by leaking of the spin wave into the ADL. We alsm&d
the difference of a MCWG compared to its photonic crystal ¢expart in
that the excitation frequency lies below the frequency at 0 of the low-
est band. This implies that the MCWG mode cannot scatter imbdhar
branch of the dispersion relation.

Furthermore, we have shown that artificially introducee litefects can
be used in guiding spin waves around corners in complextsies such
as a spin-wave splitter. Here, we showed that spin waves ealivitled
into two different paths and even be united again. The dewesed on ar-

82



6.4. Summary and Discussion

mesa with MCS

(b) (d)

8 1st d

« 1st mode -

7
~'[e2ndmode , . L ¥ 2 * ﬂ
T 6 ° =
0} e =m o .
h 5 [ ] [ ] -

4 [

180 185 190 25ns 45ns 6ns

HoH (T) >

Figure 6.11.: (a) Scanning electron microscopy images of a magnonic crystal
splitter device. The white dashed line indicates regions where we left ¢es.ho
(b) Field dependency of the first two modes extracted from the maasute (c)
Group velocities at different field values evaluated for the MCS modeafes)
and compared to the group velocity of the plain film (dashed line). (d) Swap

of the time dependent spin-precessional amplitudes in a MCS using algmumin
wave excitation with a frequency ¢gf=22.8 GHzat 2.5 T.
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tificially introduced imperfections in generall supporstfapin wave prop-
agation almost as high as in a plain film. The attenuationtfeigsuch
devices is found to be comparable to the attenuation lenigéhregular
ADL. We will give a more visionary discussion on how to utdisuch a
spin-wave device in the final outlook section of this thesis.
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7. Protein Based 3-Dimensional Magnonic
Crystals

After the discussion of 2D MCs in the previous chapter we noesent
our results on 3D MCs. 1D and 2D MCs have been the subject efiset
research over the last years. Still, there is lack of expemial work on 3D
MCs as periodic nanopatterning of ferromagnets in thretaghrections
is a great challenge. Only very recently, Kostylev et al. enpvesented
first FMR measurements on 3D magnetic inverse opal strig{#ies12]
forming a possible candidate for a 3D MC. Recent advancesriarthe
field of bioengineering make it possible to create largeyard magnetic
nanoparticles (NPs), called magnetoferritin, orderedhied dimensions.
Diluted magnetoferritin NPs have been studied in the paisigusavity
ferromagnetic resonance technique at a fixed frequency48f @Hz (X-
band) and temperatures ranging from room temperature down2t K
[Gus07]. Using electron magnetic resonance (EMR) at 9.2 Gtzand)
at liquid helium temperature Li et al. studied anisotropiesuch diluted
systems of nanoparticles [LiD9]. Furthermore, theorétiedculations us-
ing the plane wave method showed large tailored spin wave sianctures
with allowed and forbidden frequency gaps by filling the a@pg between
ordered arrays of magnetoferritin with a second ferromagmeaterial
[Kra08a, Kra08h, Mam12]. Here we study the dynamic propsrtf or-
dered magnetoferritin NPs in view of 3D MC properties expenmtally.
The crystals studied here have been prepared by the groupf\W.
Schwarzacher at the University of Bristol. The NPs condisiee of -

Fe;O4 (Mmaghemite) or FgO, (magnetite). These magnetic NPs are en-

closed by a protein cavity called apoferritin, hence the emamagnetofer-
ritin (Fig.[Z.1 (a)). Under appropriate conditions, thetpins crystalize in
aregular fcc-lattice (Fig._711 (b)). For details of the fahtion process we
refer the interested reader to Réf. [Kas08] and referendbgw

The first part of this chapter is dedicated to develop an wtdeding of
the dynamic properties, i.e. resonance frequencies angidgrof the NP
arrays. We distinguish the properties above and below theklrig tem-
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(@) Magnetoferritin (b) oo
Fe;O, <« Apoferritin G0
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Figure 7.1.: Sketch of a single apoferritin cage with magnetites(®€) nanopar-
ticle enclosed in its cavity (a). The whole is then called magnetoferritin. Under
appropriate conditions these Proteins can form a regular array in atfice laia

self organization (b).

peraturely of the NPs, i.e., in the superparamagnetic and ferromagneti
state, respectively. In the second part we study colledtefeaviour, i.e.
the interaction of the NPs. In the last part we study the jbd#giof dop-

ing magnetoferritin crystals with cobalt in order to incseahe blocking
temperature of the NPs.

7.1. Dynamic Properties of Magnetoferritin
Nanoparticles between 5 and 290 K

In Fig.[Z.2 (a), we show a sketch of the experimental setupfoadband
spectroscopy. In order to study the dynamic response of etafgritin

crystals we place them on top of a CPW fixed with dried CdS@lution.

The field direction is in the out-of-plane direction, i.e.iqtong perpen-
dicular to the plane of the CPW. We study four different saaphA to D
in this chapter. Sample A consists of 50 crystals of magleepidced on
top of a CPW (Fig.[.Z]2 (b)). Sample B and C contains four cigsté
magnetite and just one crystal of magnetite, respectiviély. (7.2 (c-d)).
For sample D, we employed the FIB technique to cut out a cuBi@aay
from a regular crystal of magnetite [Oku13] and placed itamaf a CPW
(Fig.[7.3).

86



7.1. Dynamic Properties of Magnetoferritin Nanopartidiesveen 5 and
290 K

Figure 7.2.: (a) Sketch of the experimental setup for AESWS measurements. The
specimen is placed on top of the CPW and fixed with dried CdSglution. The
applied magnetic field is oriented in the out-of-plane direction as indicatedeby th
white arrow. (b) Optical microscope image of sample A. In (c) and (d)atical

and scanning electron microscopy image, respectively, of samplel©uss

7.1.1. Resonance Frequencies

First, we compare resonance frequencies detected on thelifferent
samples. In Fig[_714 we show typical line plots of the meassignal
AS12 at 290 K and at 5 K at an external magnetic field of 0.5 T. Here
the resonance frequencies match between all samples. griad strength
decreases as the amount of magnetic material is reducedp&@im the
signals at 290 K and 5 K, we obeserve a shift to higher fregesras well
as a line broadening for all four samples.

The extracted resonance frequencies at 290 K for differefd fialues
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Figure 7.3.: Sketch of the FIB process to prepare a cubic sample of magentoferritin
(a-c). The sample is cut by FIB in different directions before lifted ng placed
on top of a CPW. (d) SEM image of sample D placed on top of the CPW.

are summerized in Fi._4.5 (a). At 290 K we resolve a resonfoiaeag-
netic fields larger than 200 mT. The frequencies agree welllifeamples
and from the slope we extragt2r = 28.6 GHz/T. This value corresponds
to a Lanet factor of 2.04. In Fig[7]5 (b) we show the field dependent
resonance frequencies measured at 5 K. Here, we observeranes at
zero field. At low fields, i.e. below 0.4 T, the resonance featgies are
found to vary slightly from sample to sample, whereas atdidields, the
resonance frequencies are very close and follow the sarearligepen-
dency as for 290 K. The different field dependencies obseire2B0 and

5 K are taken above and below the blocking temperafgre 18 K ex-
tracted from magnetization curves [Okli12]. The NP arragstlaerefore
in the superparagmagnetic and ferromagnetic states,atdsge In the
superparamagnetic state, we need a minimum field of 200 milgio the
moments and restore a resonance. In the ferromagneti¢ ttateponta-
neous magnetic order allows us to observe a resonance alsé/at O T.
The resonance neap H = 0 T will be investigated further in the following.

We use Eq[2.48 derived from chapfer]2.4 to model the expatiahe
results. The black line in Figi_4.5 (b) is a best fit to the measents
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Figure 7.4.: Typical data ofAS;2 as detected by the VNA (a-d). Room temper-
ature data are shown in (a) and (b) for maghemite and magnetite samgpes+
tively. Spectra at T =5 K are shown in (c) and (d) for maghemite andnetitg
respectively.

obtained by Eq_2.48. To obtain this curve, the followinggmaeters have
been used. The magnetic moment of a single NP in the cryseleai
mated to be 600@; (ug is the Bohr magneton). The NP radius is set to
R = 4 nm [Kas08]. Thus, the saturation magnetization of the NRllisue
lated to beMs = 6000ug/V = 0.208 x 10 A/m. The effective anisotropy
field Heft ani = |Hani| + | Hsul, i-€., the anisotropy field which includes vol-
ume and surface contributions, can be estimated from tlokiplg temper-
ature7g = 18 £ 1 K measured with SQUIL [Oku12] and following Ref.
[FarO5]:

Ms v ’

wherekg is the Boltzmann constant ardd. is the effective magnetocrys-
talline anisotropy constant. From this we get a magnetisaropy field
of 0.236 T. We assume the La@diactor to be the value of the free elec-
tron (g = 2.0), which is close to the experimental value fobace and in
Ref. [Bic50]. The surface anisotropy constant and the abgteeen hard
axis direction and the direction of the external magnetid fiege used as

MOHeff,ani = (7-1)
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Figure 7.5.: The field dependent resonance frequencies at room temperafure (a
and at T =5 K (b). The black line is a fit to the data using the theoretical model
described in the text. The inset of (b) shows the shift of the resonaegeedncies
when changing the temperature for sampe B.

fitting parameters. Good agreement of calculated and meddield de-
pendency is found fofig Hani = —0.09 T, poHsyr = 0.144 T. The angle

of the external magnetic field with respect to the anisotraxig was set

to Oy = 23°. We get almost perfect agreement between the calculated
black line and the experimental values. Note should als@bent of the
excellent agreement of the effective anisotropy field 088.2 (sum of

the absolute values of the volume and surface anisotrop) figth the
experimental value of 0.236 T.

7.1.2. Linewidth and Damping

It is now instructive to study the damping of the differentngdes. First
we extract the linewidth\ f from the spectra by fitting a Lorentzian curve
to the measured data. From this we obtain the linewidth ofthgnitude,
which can be translated into the linewidth of the imaginaayt py taking
Af/+/3 [Sta09]. These values are summarized in[Eig.7.6 (a) foroait f
samples.

We see that the linewidths of samples A and B are higher cosdpar
samples C and D. Usinger = Aw/2w = 27Af/2w at f =~ 15.6
GHz, we obtain an effective damping parametgf of 0.155 for samples
A and B and 0.135 for samples C and D [Fig.17.6 (b)]. We assumke th
the linewidth consists of an intrinsic contributioAginy = 2ainrw] and
an extrinsic contributiod\wey and that these two contributions add in the
same manner as in chapler]3.4. Fitting a linear curve to the glints
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Figure 7.6.: (a) Experimental values of the frequency dependent linewdsifh
(symbols) and the respective linear fits (lines). (b) Effective dampargmeter
aeff at f &~ 15.6 GHz. (c) Intrinsic damping parameter, as determined from
the slope of the frequency dependent linewidth.

in Fig. [Z.8 (a), we extract the intrinsic damping tearg; from the slope
[Fig.[Z.8 (c)]. Note that we restrict our evaluation to theusated regime.
From this we obtain values faf;,; of about 0.05 for sample A and 0.03
for samples B, C, and D.

7.1.3. Collective Behaviour and Propagating Spin Waves

As mentioned above, the resonance frequencies have bawhtfoghift to
higher values at low temperatures when compared to reserfeaquen-
cies at 290 K. In the inset of Fif._1.5 (b) we have plotted tlsenance fre-
guencies for 290 K and 5 K in the saturated state. The frequsmitt has
been observed earlier on disordered arrays of NPs and iatetbas dy-
namic coupling of the individual NP via dipole-dipole iraetion [GusO0/].
In addition, in Ref.[[Kas08] the hysteric behaviour of oreltand disored-
ered magnetoferritin NPs has been studied. It has beenudettlithat
interparticle interaction leads to a change in the hystegitaviour in or-
dered magnetoferritin NPs.

Itis therefore instructive to exploit the hysteretic belbain the 50 crys-
tals sample using AESWS. In Fig_7.7 (a), we have sketched tertaegis
curve, which we divide into four segments (I-1V). For a matimbaystere-
sis present in the sample, the resonance frequency is expecrtepend
on the field history. To test this we take difference data showFig.[7.7
(b) for one field value of 60 mT. To obatin the curves in Hig.] by we
first saturated the sample at +1.5 T and then took a spectréthraf, i.e.
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Figure 7.7.: (a) Sketch of the hysteresis curve for magnetoferritin subdivided in
four segments. (b) Spectra 6fi; at the same external field of 60 mT but on
different branches of the hysteresis curve, i.e. coming from negfiéld (I) and
coming from positive field (Il), as well as the resulting difference eutsS;2(l) -
ASi2(I).

being on branch Il of the hysteresis curve. Then, we satlithie sample
at-1.5 T and took a second spectrum at 60 mT (branch | of thietesss
curve). Substracting both spectra, we obtain a differeigreas(magenta
curve in Fig[ 7.V (b)). We executed this procedure for défeffield values
and obtained difference curves shown in Hig.] 7.8 (a). We lsaeas we
increase the field value the difference signal starts to apaearound 20
mT and as we approach 80 mT the signal starts to vanish ageindér to
test if this difference signal is not caused by any drift ia theasurement
setup we obtain difference signals by substracting measemts at oppos-
ing fields, i.e. branch IV and branch Il. The obtained differe signals
show no variation[{7]8 (b)). This suggests a hysteresisecutith point
symmetry.

It is now intriguing to study spin wave propagation in magifietitin
3D MC. For this we make use of a different CPW exciting a déferk-
vector 2). By this we explore the dispersion relation and therefoee t
group velocityvy = dw/dk ~ Aw/Ak = Aw/ (ks —k1). In Fig[7.9
(a) we plot the resonance frequencies of one and the samldfiysg-
netite) placed on top of two different CPW'’s. The resonaneguencies
differ between CPW14;) and CPW2 k). Assuming a linear dependency
of the dispersion relation in the small wavevector regime calculate the
group velocity using Ed.3.20 withk = ks-k; = 0.504x 10* rad/cm and
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Figure 7.8.: Difference signals obtained from substracting spectra taken at dif-
ferent branches of the hysteresis indicated by the roman numbefa) Wwe sub-
stracted the spectra from branch | from Il. A difference signal ispunced be-
tween about 20 mT and 80 mT. In (b) we substracted the spectra franctivI
from 1l taken at the same field. No difference signal is resolved.
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7. Protein Based 3-Dimensional Magnonic Crystals

Aw = w(ky)-w(k2). In FiglZ9 (b) we have plotted the group velocities at
different field values. The group velocity varies betwedénkm/s and 12.5
km/s. Using the damping parameter obtained above we olhtaiattenua-
tion lengthL,y, i.e. the length over which the precession amplitude decays
asl/e (c.f. chapte[314). Using Eq._3 4 together with= 1/(inyw) we
obtainLys = 2.25um at f = 15 GHz.

7.2. Co-doped Magnetoferritin

So far we have discussed data at temperatures as low as 5 Kenaty
stayed below the blocking temperature. It would be desirédblincrease
the blocking temperatures of such NP arrays. In order to deoesoves-
tigated samples prepared following [Okili12] et al. For t@ig,was added
to increase the blocking temperature of magnetoferritysteds. Here, we
report dynamic properties of such Co-doped magnetoferriti

In Fig[Z.10 (a), we show spectra taken at 290 K on a crystdl @i
Co, a crystal with % Co, and a crystal with 2% Cdl. We observe an
increase in the linewidth as the Co content increases. Adulire percent
of Co leads to a linewidth broadened by a factor of 3 compaoethé
linewidth of the undoped sample, i.e. a linewidth of 6 GHzreasing the
Co content further increases the linewidth to values abo®H&. Note
that the resonance frequencies themselves do not vary muntrast to
the linewidths. The extracted linewidths for the three slas@are plot-
ted in Fig.Z.ID (b). The linewidth was found to increase efgther for
decreasing temperature such that we were not able to resobgonance
below the blocking temperature.

7.3. Discussion

The fact that the resonance frequencies of all NP arraysage# is a re-
markable result. Not so much because we have studied twereliff ma-
terials, i.e. magnetite and maghemite, as these materalell known
to behave very similar. More fascinating is the fact thatnetrough the
geometry, i.e. the external shape, of the samples was chods very

1We use the notation% Co to refer to apoferritin containing magnetite nanopasticyn-
thesized withz% molar ratio of Co.
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Figure 7.9.: (a) Resonance frequencies measured on one and the same sample
using two different CPWSs resulting in two differehtvector values. The filled
squares are obtained using a CPW with a maximum excitation strength=at
0.096x 10* rad/cm, whereas open squares are obtained with a CPW having maxi-
mum excitation strength @t = 0.6 x 10" rad/cm. (b) Calculated group velocities

as determined by the frequency difference of the two datasets.
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Figure 7.10.: (a) Typical lineplots ofS;2 of Co-doped magnetoferritin crystals at
T =290 K. (b) The linewidthA f as a function of Co-content in magnetoferrtin.

different, the eigenfrequencies do not change considgrablferromag-
netic resonance experiments shape anisotropy caused kagdetization
fields have a strong influence on the resonance frequenc@%$(@&ub07,
Kos08b]. In our measurements we find the resonance freqeetaivary
a bit in the low field regime, i.e. the unsaturated regime Wwelo4 T,
but at higher fields the frequencies of the different sampltpee well.
Note that any effect from demagnetization fields, i.e. shapsotropy,
would change the resonance frequencies over the whole &alger We
also want to mention that the measurements are repeatedidavnes and
with different crystals (not shown) and we always find the saesonance
frequencies, which is clear evidence of a very stable angiataple prepa-
ration process.

In our calculations to model the field dependency of the rasoe fre-
guencies, we have used an effective anisotropy t&ig Since mag-
netic anisotropy of individual NP has been reported in mauylipations
it can safely be assumed to be present in the magnetofemmytitals stud-
ied here. Especially the contribution of surface anisotiogs been shown
to be quite significant in spherical NPs, but depends on #eedfithe NPs.
Here, three types of surface anisotropies have been repogeNéel type,
Aharoni type, and spin-glass shell [Gar03, Gaz98, Rér0B0¥aYan07y].
We point out that we have neglected any dynamic coupling &etwin-
dividual NPs as the theoratical curve is obtained for igsaldiPs. The
dynamic coupling might however modify the magnetic pararek .
and Ms such as in a metamaterial [Neullc].

Another interesting question is the alignment of the urg@banisotropy
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7.3. Discussion

of individual NPs with respect to the fcc crystallographiusture. We
assume that this mainly depends on the conditions duringdtion of

the crystals and that even if there is some alignment it wdnddwith

some distribution. We point out that independenlty on thergation of

the anisotropy axis, the anisotropy field of a given NP dodsniluence

the resonance of another particle, i.e. it is a local prgpefteach NP.
The extracted ferromagnetic linewidth (around 4.5 GHzawthe com-
mon behavior for ferromagnetic materials, but is about ateoof mag-
nitude larger if compared to other common materials like Ry @oFeB
(around 400 MHz). Considering that the extrinsic linewidtmtribution

of the CPW used here amounts to approximately 200 MHz we é&x@akc
ditional contributions to the linewidth to be present. Tédsild be coming
from slightly different resonance frequencies of diffarsis, which can
be caused by size variations of NPs or a spread of misaligharegies
of anisotropy axes with respect to the external field dicectiNeverthe-
less, we could argue that spin wave propagation is posgibsaich 3D
MCs even over several micrometer, which is comparable tptbpaga-
tion length of other common ferromagnetic materials.

In summary we have studied dynamic excitations in 3D arrdiy$Rs
formed by crystalization of magnetoferritin. The excibaticharacteristics
are repeatable even for different external geometrieseoMB. By using
FIB processing a crystal was shaped as a cube without modityie dy-
namic response significantly. This offers the possibilitytdilor crystals
in any way required by experiments or applications. We hpmied a
theoretical model developed by M. Krawczyk in order to diggecthe field
dependencies of such crystals using an effective anisobmdividual
NPs. Furthermore, we showed that these crystals supparirspie propa-
gation over a few micrometers, which is key for magnonic @lydevice as
it offers the possibility to transmit information. Stillehattenuation length
needs to be improved.

97






8. Skyrmion Crystals

In this chapter we report on helimagnon and skyrmion exoitatin metal-
lic, semiconducting and insulating chiral magnets. Here,study bulk
samples of MnSi, Fe ,Co,Si and CyOSeQ across the magnetic phase
diagram. In the first part of this chapter we present measemésrusing
AESWS. We evaluate the field dependent resonance frequaexiesl|
as the linewidth, thereby addressing the damping of the m@cessional
motion. In the second part, we compare our results with #teaml pre-
dictions for the excitation frequencies elaborated by theug of Prof.
A. Rosch as outlined in chapter P.5. Taking into account #repde ge-
ometry, i.e. the appropriate demagnetization fields, wainhtery good
guantitative agreement between measured frequencieshangredicted
excitation frequencies for all samples studied. The siogstal samples
of Fe,_,Co,Si and MnSi studied here were grown by optical float zoning
under UHV compatible conditions in the group of Prof. ChaistPflei-
derer at TUM [[Neulla]. For our study, the samples were cunh ftioe
ingot with a wire saw. High quality single crystals of £SeQ were
grown by the standard chemical vapor phase method and jeitig H.
Berger of EPFL Lausanne in Switzerland. More details aboaitcrystal
growth can be found in Ref._[Bell0].

8.1. GHz Excitations in Chiral Helimagnets

The magnetism and excitations in the helimagnetic B20 camgs are
characterized by a well understood hierarchy of energyescdlhe strongest
energy scale is the magnetic exchanb#hat aligns the spins ferromag-
netically on short distances. A weak spin-orbit DzyaloskinMoriya
exchangeD however, twists the magnetization on longer length scales
giving rise to modulated chiral magnetic textures with egbimomenta

Q ~ D/J. Finally, these textures are aligned along crystallogi@pigh
symmetry directions by cubic anisotropies that constitneeweakest en-
ergy scale as it is proportional to higher-orders of spipitaroupling. This
hierarchy of energy scales is at the origin of the univetsali magnetic
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8. Skyrmion Crystals

properties shared by the B20 materials, and in particuEmmijis a com-
mon account of their spin excitations. This clear sepanaifscales is also
reflected in the magnetic phase diagram, which we introdircetiapter

2.3 (c.f. Fig.[2.b) as observed in bulk samples of all knowimegnetic

B20 compounds.

First, we study dynamic excitations of three bulk samplesviofSi,
Fe _,Cao,Siand CyOSeQq in a flip-chip geometry, i.e. the samples are
placed directly on top of the CPWs. The three samples anddkeinetry
as well as the respective demagnetization factors are stizedan Table
[B1. For the width of the inner conductor 26 xm used in our study the
main excitation arises &tpw = 0.094 - 10* rad/cm. The corresponding
wavelength §cpw = 10.6um) is therefore much larger as compared to
the intrinsic scales of the helimagnetic state (typicadgging from sev-
eral 10 to 1000 Angstroms for different systems). In thediwihg, we
assume to operate in the long-wavelength-limit closk £ 0.

We start our investigation with a MnSi sample cut out (thiess of 1
mm) from a MnSi single crystal putting the flat sidg @) plane) on top
of the CPW. In Fig[[811 (a) we show the magnitude’s§,; measured on
MnSi at 5 K in a gray-scale plot. The dark color means absonpi the
microwave signal, i.e., magnetic resonance. For incrgalinthe reso-
nance frequency first decreases starting from slightly at&8:5 GHz at
H = 0. At uyoH = 0.7 T, the resonance frequengyexhibits a minimum
with f ~ 17 GHz (white dashed line). Following the phase diagram of
MnSi [Baul2] the minimum at 0.7 T is attributed to the phasadition,
where the crystal changes from the conical to the ferronmagplease. Be-
yond 0.7 T, the resonance frequency increases almostlingih H. At
27.5 K [Fig.[8.1 (b)], the branch starts at a smaller resoadremjuencyf
of 18 GHz atH = 0 and exhibits a negative slope for the conical phase up
to the phase transition field of nowy H = 0.5 T. For largerH, the fre-
guency increases in a similar way as observed in[Eig. 8.1ef@rd 0.7 T.
The almost linear slope is again attributed to the ferroratigior so-called
field-polarized phase. A detailed inspection of [Eig] 8.1h@)ever reveals
a further resonance of weak intensity at about 10 GHz and Qr2arked
by an arrow). At the same field, the intensity of the upper bhais re-
duced. The measurements performed with finer field stepseeehd.1
and 0.3 T [Fig[ 8L (c)] prove the excitation at small frequenAt 0.2 T,
there is a coexistence of two excitations, but at 0.22 T aRd T.the for-
merly pronounced upper branch has vanished completely.t¥ilauge the
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Figure 8.1.: AS>; measured on MnSi at (a) 5 and (b) 27.5 K with a field step
size of 0.1 T. Dark color indicates resonant absorption, i.e. spin ¢xcitan (a)
the white dashed line marks the field position of the phase transition fromatonic
to ferromagnetic phase. In (b) the arrow highlights an additional lowfraqy
excitation at about 10 GHz observed Br= 27.5 K. The step-like variation of
atuoH > 0.5 T is due to the discrete field steps. (&F: taken at 27.5 K with a
field-step size of 0.02 T, i.e., a detailed investigation of the field regimeatetidy
the broken lines in (b). The low frequency excitation is attributed to the skyrm
phase following the phase diagram of MnSi. (d) Spectiy. taken at (d) 26.5,
(e) 27.0 and (f) 28.5 K illustrating the temperature and field dependeofithe
A-phase as observed with GHz spectroscopy.

low frequency excitation to the skyrmion phase (A-phasenfx in this
field regime. The field dependency of this skyrmion excitai®opposite
to that of the conical phase as the frequency is found to @serevith field.
At 0.26 T, two branches co-exist again. For larggrthe upper branch of
the conical phase is present, still exhibiting the negatiope as a function
of increasingH.

Excitations in the skyrmion phase are depicted for furtbergeratures
T in Fig. [8.1 (d) to (f). The experiments show that at only ab26e5 K,
the intermediate skyrmion phase appears [Eigl 8.1 (e) lin(B specific
field regime. The width of the regime dependsianAt 28.5 K, it extends
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Figure 8.2.: (a) Field-dependence of the magnetic susceptibifigf MnSi (top)
compared to eigenfrequencies of prominent modes (bottom) extriactedpectra
at 28 K. Excitations measured in the skyrmion phase are shown as oéescir
(c) Field dependency of eigenfrequencies at small for three differentl” that
demonstrate the helical-conical phase transition.

already over more than 0.1 T. The temperature dependentibesacon-
sistent with the field and temperature regimes covered bythhase in
the phase diagram. As an example, we show susceptibilitpunements
for MnSi for the respective field and temperature regime m E.2 (a),
where we compare the field dependence of the magnetic siskgpty
measured in a separate experiment with the variation of}tbitagion fre-
quencyf between 0 and 0.35 T at 28 K. Discontinuities appearing in
and f take place at the same field positions, i.e., at 0.185 and™.26e
datay (7, H) was taken by A. Bauer at TUM.

In Fig.[8.2 (b), we show resonance frequendi€d ) measured at small
H and normalized tg'(0) at different temperatures = 10, 20, and 25 K.
We observe thaf(H)/ f(0) stays nearly constant at sméiland then de-
creases with increasing field. For= 10 K, the nearly constant behavior
is found over a broad field regime ranging from zero to abolf 0. We
attribute the characteristic change in slopg @) / f (0) to the phase tran-
sition from the helical to the conical phase.

Now we extend our investigation to Fe,Co,Si and CyOSeQ. The
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8.1. GHz Excitations in Chiral Helimagnets

samples are placed on top of the same CPW. In[Eig. 8.3 (a-Ihowe &/pi-
cal frequency dependenciesbs; in MnSi, Fg _,Co,Siand CyOSeQ
at a fixed temperature for each magnetic phase. Data wenelegtfor the
field along the hard magnetic axis to minimize the influencanigotropies
on the excitation spectra, where field values stated in eanklpefer to
the applied magnetic field. The colored lines serve as a doidee eye
(the raw data including noise is shown in gray). For all matsythe data
AS5; recorded within the magnetically ordered phases is doméhby a
broad minimum as marked by an arrow. A close inspection oMh&i
spectra at 0.18 T and 0.19 T shows that slightly above thaitian field
of 0.185 T, in fact, two resonances exist (F[g.18.3 (b)). Thenpnent
low-frequency mode at 9.8 GHz that was prominent in the giGaje plots
of Fig.[81 contains a pronounced shoulder on the high-feqy side.
This shoulder indicates a further resonance at about 19 Qlite that
this resonance frequency is at a slightly larger frequemeypared tof,
which would be expected for the conical phase if it was toteati®.19 T.
The increased frequency suggests that beyond 0.185 T thefri@iguency
mode (shoulder) is of a different microscopic origin conguhto the al-
ready discussed excitations. This second excitation iblgishroughout
the field regime where skyrmion excitations take place aag store or
less constant as a function of field. For MnSi in the skyrmibage, two
separate modes have already been predicted and observeddbyziki
et al. [Moc12] and Onose et al. [Ond12], so that we can safdume to
observe this second mode as well.

Summarized in Fig.[[813 (m), (n) and (0) are the excitatiomtien-
cies as a function of applied magnetic field for MnSi,; EgCo, Si and
Cu,0Seq, respectively. For each material field-sweep data is shawn f
at least two temperatures, one well below the respedfivend the other
close toT, crossing the skyrmion lattice phase. Perhaps most remiarkab
is the wide frequency range over which the excitations asented when
comparing the different materials, extending over neanlp@aler of mag-
nitude. Nevertheless, for all three materials, the fieldedelencies of the
excitation frequencies are qualitatively similar desfiite vastly different
guantitative values. Distinct changes of frequency cdi@evith the phase
boundaries as determined for the same samples in measusawhdre AC
susceptibility.
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Figure 8.3.: (a-l) Spectra ofAS,; of MnSi, Fe _,Co,Si and CyOSeQ at vari-
ous magnetic fields. An averaged curve has been added as a guideye tHée
plots are subdivided into the different magnetic phases found in chetah&g-
nets, i.e. helical, conical, skyrmion, and ferromagnetic phase. Asfightere the
respective phase transition is better observed by plotting consecutasgineenents
we show two lineplots. Characteristic resonance frequencies are driaylan ar-
row. (m-0) Summary of excitations for all three materials at differemiteratures.
Note the differences in the frequency scale.
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8.2. Linewidth and Damping

Next, we evaluate the linewidth. As in the previous chapier,extract
the linewidth from the magnitude chS;> and calculate from this the
linewidth of the imaginary part. We will focus here on the ailit MnSi
sample and the isolating @0SeQ sample. First, we study the linewidth
in the field-polarized phase, as we are able to compare ttagesvwith
values found in common ferromagnetic materials.

We start by plotting the linewidth of MnSi and @0SeQ over the fre-
quency for different temperatures(Fig._18.4 (a-b)), wherabserve an
increase in linewidth with increasing frequency. This iagistent with the
behaviour observed in common ferromagnets, as demortstimtether
chapters of this work (c.f. chapter 8[4,15.1, 7.1). Theperature de-
pendency of the linewidth for MnSi and @0SeQ is shown in Fig[ 8}
(c-d). For MnSi, the linewidth decreases for increasinggerature before
leveling off at around 25 K. For G@DSeQ, the linewidth stays nearly
constant at low temperatures and starts to decrease frormamately 30
K. In Fig. B4 (c-d) (righty-axis) we also shower = Aw/(2w), which
basically follows the same dependency as the linewidtls. Warth noting
that the linewidth of MnSi is about four times larger when gared to
Cu,0SeQ, whereasye is comparable for both materials at around 0.06
to 0.1. In Fig.[8.4 (e-f) we show the values@fy versus temperature as
extracted from the slope of the linewidth versus frequeRoy.Cu,0SeQ
we find ajny = 0.011 and for MnSi we findvin to vary between 0.082
and 0.032.

Next, we evaluate the linewidth for the other phases fourdnsi and
Cuw,0Se@. The signal strength and the signal-to-noise ratio allog/s u
to explore all phases in MnSi, whereas we are not able to ataline
skyrmion phase in GDSeQ. Starting with MnSi, we show the field de-
pendency of the resonance frequency in the helical-, theeabpand the
skyrmion phase in Fig[_8.5 (a) for all temperatures evatliskereafter.
The field dependent linewidth f and effective damping. are plotted
in Fig.[8.8 (b) and (c) respectively. At low fields, the linelth stays nearly
constant before at around 100 mT, where it starts to eitteeease (20 -
28 K) or decrease (15 K) slightly. For 28 K we observe an abinptase
in linewidth at an external field of 190 mT. From 190 mT to 260, e
linewidth decreases before reaching the same level as falt fetds. The
field regime from 190 mT to 260 mT coincides with the skyrmitvage. It

105



8. Skyrmion Crystals

(a) MnSi b) x
4.0 . - 10K .
0.8
. TPy |- 15K . 10K
§35 - 20K . 15K
) . 25K /06 . 20K
£3.0 / > K% - 30K
o5h T 28 K| 04 . 40K
22 24 26 . 57K
f (GHz)
(c) PR 0.10 (d) 15 o
= . Z = Z
40 } 0.08 . 0.12
35 glop= e
g — 006 55 0.08
O30} = SOggl= "t ¥ 5 5
(e) 0.02 (f) 0.0 0.00
0.09 i 0.02 [
soorf 331 1 |
£ ] Loo1}7¥11 {
0.03 T
10 15 20 25 30 000 =250 %0
T (K) T (K)

Figure 8.4.: Field-polarized phase: frequency dependent linewithobtained
from (a) MnSi and (b) CeOSeQ. Temperature dependenciesdf and the ef-
fective damping parametetess for (c) MnSi and (d) CuOSeQ. The intrinsic
damping parameteti,r as evaluated from the slope in (a) and (b) are shown for
(e) MnSi and (f) CgOSeQ.

is interesting to inspect the temperature dependency atsiart field (in-
set of Fig[8.b (b)). From 15 K to 20 K, the linewidth decredsefore the
linewidth increases for 27 and 28 K. This can also be seereifréiquency
dependent linewidth plot in the helical/conical phase ig. E.5 (d). Note
that at T = 27 and 28 K, the skyrmion phase is present. Furthexnm the
inset of Fig.[8.b (d) we show the dependency at T = 20 K. Heitally
the linewidth stays nearly around the same value of 2.05 GH®n as
the frequency slowly starts to decrease, the linewidth désweases until
the linewidth starts to increase. This beahvior is obegkforall temper-
atures except for T = 15 K, where the linewidth does not shoerg slear
increase towards lower frequencies. The strong frequendyliaewidth
change can be assigned to the conical phase. I Fip. 8.5 (alsoweshow
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8.3. Universal Theory of Collective Spin Excitations in €thi
Helimagnets

the frequency dependency afi. The frequency dependency Aff and
aeft in the skyrmion phase is shown in Fig._1B.5 (d) and (e) on the lef
side of the graphs. Besides the increase in absolute vahetnewidth

as well as the damping parameter strongly decrease foasiogfrequen-
cies. Note that the field dependency of the resonance fregugnpposite

in the skyrmion phase and the helical/conical phase.

For C,,OSeQ, we start by evaluating the linewidth f and the ef-
fective dampingnes at different temperatures and fields. In Hig.18.6 (a),
we first show the field dependent resonance frequencies\fensemper-
atures ranging from 5 K to 57 K. In Fig._8.6 (b) and (c), we shbe t
field dependencies of the linewidth in the helical/conidahge. Looking
at A f at zero field (see also inset of Flg. 8.6 (b)) we observe a deerim
linewidth for increasing temperature. Only at T = 57 K theslindth in-
creases and even exceeds the value at the lowest temperfatsrig. Note
that T = 57 K is the temperature where the skyrmion phase &epte

Further, we observe that the linewidth increases with esire field for
all temperatures. Note that the valuesdgy shown in Fig[8.b (c) are just
slightly below the values found for MnSi. The frequency degency of
A f andaes is shown in Fig[8J6 (d) and (e), respectively. For all tenaper
tures we observe a decrease in linewidth for increasingi&ecy.

We want to mention that for both materials we are not able toaek
aintr N the helical-, the conical-, and the skyrmion phase beztus fre-
guency dependent linewidth is opposite to the one in the-fieldrized
phase.

8.3. Universal Theory of Collective Spin Excitations in
Chiral Helimagnets

All three studied materials differ in the critical tempena 7, and the
pitch Q, see Tabl& 8]1. Nevertheless, the common character of the ma
netism together with the underlying hierarchy of energyesatrinsic to
each material allows to describe their microwave excitetio a universal
manner. For the quantitative interpretation of our dat# important to

go beyond previous work [Kat8[7, Moc12] and to include dipdtderac-
tions and the demagnetization factdv¥s with i = x,y, z. As introduced

in chaptef 2.5 in the field-polarized phale> H.,, one obtains the stan-
dard ferromagnetic resonance condition as described Wjittet formula.
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Figure 8.5.: Helical-, conical-, and skyrmion phase: field dependency of the mea-
sured resonance frequencies (a). Field dependent linewidtiip) and effective
damping parametetes () for MnSi. The inset in (b) shows the temperature de-
pendent linewidth at a constant field o§ 7 = 140 mT.Af (d) andaer (€) as a
function of frequency. Black arrows indicate the field direction for tanistem-

perature.

At intermediate fieldd.; < H < H., where cubic anisotropies are neg-
ligible, we find that the magnitude of the excitation freqcien is deter-
mined by the temperature dependent critical figlg, (7).
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Figure 8.6.: Helical- and conical phase: field dependency of the resonance fre-
quencies (a). Field dependent linewidity (a) and effective damping parameter
aett (b) for Cui,OSeQ at various temperatures. The inset in (b) shows the temper-
ature dependency of the linewidth at zero fieldf (d) andaer (€) as a function of
frequency in the helical and conical phase. Black arrow indicates tdedfrection

for constant temperature.

magnetic field-dependence and the frequency splitting @two modes
however depends on the demagnetization factors of the saraplwell as
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8. Skyrmion Crystals

Material T. | HS |27/Q | x™ | N, | N, | N,
(T=0)

MnSi 29K | 06T | 180A | 0.34 | 0.18] 0.18| 0.64
Fe _,Co,Si || 58K | 0.13T| 340A | 0.65 | 0.08| 0.46 | 0.46
Cuw,0SeQ 27K | 01T [ 600A| 1.76 | 0.39| 0.27| 0.34

Table 8.1.: Parameters of the chiral magnets investigated: critical temperature at
zero fieldTe, critical internal field in the low-temperature limit, the pit¢hand

the internal magnetic susceptibility within the conical phg&, = 0M /O Hiy,
whereH;,: is the internal field, and the-factor. The demagnetization factors of the
specific shapes of the samples are given in the last three columnstafibdisld

H was always applied along the principahxis so thatyoo, = (x25)™' + N,

holds withxcon = OM/0H.

on a single material parameter, i.e., the constant mageesiceptibility
Xeon = OM/OH within the conical phase. An analytical expression for
the excitation frequencies within the conical phase ismimechaptef 2.15.
For the benefit of the reader, we replot the results found apteh( 2.5
for a sphere in Fig_817 (a). For the quantitative comparigerrenormal-
ized the observed frequencies, shown as triangles in[Eig(bg(d), by
the respectivd-dependent critical field energyuous Heo (T) whereg is
the g-factor of the materials. Following this normalization pedure, the
eigenfrequencies taken at different temperatures andffiereint phases
follow the universal behavior as a function Hf/ H¢, that is predicted by
the theory. The theoretical expected position and weighhofles are
shown as circles for which the demagnetization factors aednaterial
parametery ™t of the materials were taken into account, see Tablk 8.1.
The static magnetic field was aligned along the principakis and the AC
field pointed along the principal-axis of the sample. The sample shapes
correspond to an approximate disc, bar and cuboid for Mr&i, fCo, Si
and Cy0SeQ, respectively. Within the conical phase we were not able
to detect two distinct modes with our measurement setupresisen the
skyrmion phase of MnSi, both gyration modes are resolve@in fFCo, Si
and CyOSeQ only the one with the larger weight is detected.
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Helimagnets
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Figure 8.7.: (a) Excitations predicted by the theoretical model of a spherical spec-
imen. The color shaded regions illustrate the field regime, where thectaspe
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retical (circles) data for (b) MnSi, (c) e Co, Si, and (d) CyOSeQ for various
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8. Skyrmion Crystals

8.4. Discussion

We have studied excitation frequencies in three helimagnet metallic
MnSi, semiconducting Re ,Co,Si, and insulating C40SeQ, through
their whole phase diagrams. We find different absolute wataethe ex-
citation frequencies in the three systems ranging from 3 @pizo 26
GHz. Intruigingly, if normalized to their specifi¢-dependent critical
fields and accounting for the geometry of the sample, the f@dtanto
universal curves. We find excellent quantitative agreerbetween exper-
iment and theory. Apart from the demagnetization factorthefsample
shapes, the excitation frequencies and their weights degrdmed by a
single material parameter, the susceptibiit, within the conical phase.
It quantifies the strength of the dipolar interaction in eatdterial, and it
is determined by the ratio of magnetic and Dzyaloshinskiil#oenergy,
Xt = uou?/(JQ?), wherepy is the magnetic constant apds the mag-
netization density. Due to the hierarchy of energy scalashér correc-
tions attributed to the cubic anisotropies are negligibleff > H.;. Such
corrections become only important for a detailed quaitgadescription
of the resonances within the helical phase at smaller fieldsH < H.;.
With this we could proof the universal character of the tlyemrtlined in
chaptef 2.b.

Furthermore, we have studied the linewidth, i.e. the daggmMnSi
and Cy0SeQ. In the field polarized phase, we find the same frequency
dependency of the linewidth for both MnSi and 85eQ as in ferro-
magnetic materials. Therefore, we are able to extract thims&ic damp-
ing parametekyin;. We find iy to be larger in MnSi if compared to
Cu,0SeQ. Although the absolute values of the linewidth were found to
differ by a factor of 3, the values of the effective dampingptev., which
scales with frequency, is of the same order for both materigte temper-
ature dependency of the linewidths are found to be diffefi@ntinSi and
Cwp,0SeQ. For the metallic MnSi sample, we find that the temperature
dependency of the damping compares to the situation in hoeltd] Fe,
and Co systems, where the competition between interbanéhémathband
contributions lead to the following dependenty [Gil10]: latv temper-
atures, the intraband contribution is dominant leadingrtdrerease in
damping towards lower temperatures. At higher temperafuhe inter-
band contribution takes over leading to an increase in dagnfmwards
higher temperatures. For the insulatingO$eQ, the observed tempera-
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8.4. Discussion

ture dependency of the linewidth is comparable to the teatpesx depen-
dency of insulating YIG (Yttrium-lron-Garnet), where th#R linewidth
AH[ scales withl /M [Vit85]. This relationship leads to only small vari-
ations of the linewidth at low temperatures.

For the helical-, the conical-, and the skyrmion phase, veduated the
linewidth dependencies for both materials. In generaly theewidth de-
pendencies on the field and on the frequency were companaleléound
that in both materials, the linewidth decreases with ingireatemperature
when the skyrmion phase is not present. When the skyrmiorepbas-
lowed to form at a specific temperature the linewidth of thiech&conical
phase exhibits a significantly increased value.

IAH « Af[Kal0g]
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9. Summary and Outlook

In this thesis we have studied 2D and 3D magnonic crystalsGithz ex-
citations in chiral helimagnets using all-electrical spiave spectroscopy
and micromagnetic simulations. In the following, we giveumsnary of
the key results obtained within the framework of this workthe end, we
share our thoughts on how to carry on with the results obthivithin this
thesis.

Summary

In chaptef’b we examined different materials for their atwges and dis-
advantages for MSFVW experiments. We compared Py to CoFeB an
found CoFeB to exhibit a faster spin wave group velocity,chhis desir-
able for propagation measurements. On the other hand sidfesBCneeds
higher out-of-plane fields in order to turn the magnetizatiothe out-of-
plane direction. Besides Py and CoFeB, we presented firstuneraents
of perpendicular magnetic anisotropy samples (PMA), hi iinultilayers
of Co and Ni, which showed very good dynamic properties. AsARiva-
terials exhibit an out-of-plane magnetization even at zeagnetic field,
these materials could be interesting for real MC deviceiegpbns in zero
or small external fields. The group velocity of PMA was fouondbe 3
times as high as in CoFeB and 6 times higher than in Py. On thieary,
PMA showed an increased damping if compared to the other tatenn
als.

In 2D systems of regular ADLs in chapfer 6 we demonstrategtise
sibility to create complete band gaps, i.e. forbidden fesmy gaps, in
the dispersion relation of spin waves. We have introduced tlefects
in a magnonic crystal to create wave guide devices. We cddd shat
this is a very efficient way of transmitting spin waves thro@gMC with
higher group velocities than a simple magnetic stripe ofséume width.
We demonstrated that it is possible to guide spin waves drcomers.
Our approach does not need additional currents and thegatipa length
is not altered by introducing a corner if compared to a regf@L. With
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9. Summary and Outlook

the studies on guiding of spin waves through line defectsian MCs we
are one step closer towards an all magnonic device, whecgeffguiding

in arbitary directions is a necessity. Furthermore, weistlid spin-wave
splitter device, that has the potential to be used as arfénteneter. All

2D devices have been prepared by optical- and focused ian b#eg-

raphy within the framework of this thesis. The experimengaults using
AESWS are compared to and confirmed by micromagnetic sinonlgti

In chaptef ¥ we explored 3D magnonic crystals formed by aebigi-
neered method of self assembled magnetoferritin nanofestiWWe mod-
eled the field dependent resonance frequencies by takingutfe@ce and
bulk anisotropy of the single nanopatrticles into accountruigingly we
showed that spin wave propagation throughout the crystabssible as
the nanoparticles are coupling dynamically. This is keyafioy magnonic
crystal device as it offers the possibility to transmit imf@tion. In addi-
tion to the as-prepared magnetoferritin crystals, we stlithie possibility
to cut out a cubic sample using focused ion beam. We foundthieat
additional process step does not alter the dynamic pregeofi the NPs.
Moreover, we studied the possibility of introducing Co te thagnetite so-
lution, resulting in a higher blocking temperature, butrfdwan increased
damping. The reason for this cannot be determined by ourunements,
but might be due to size variations of the NPs or the anisgtaogs distri-
bution among the different NPs.

In the last part of this thesis (chaplér 8), we studied GH#tatians in
chiral helimagnets for three different materials, i.e. atietMnSi, semi-
conducting Fe_,Co,Si, and insulating C40SeQ. Although the abso-
lute values of the resonance frequencies differ by almost@er of magni-
tude between different systems, we found a general dependEhis was
explained by a universal theory for chiral helimagneticenials. In addi-
tion, we studied linewidth and damping of MnSi and-©$eQ. In the
field polarized phase we found the frequency dependencyedirtewidth
to compare to ferromagnetic materials. This allowed us toaekthe in-
trinsic damping parametes for both materials. The temperature depen-
dency of the linewidth in the field polarized phase in metdinSi and in-
sulating Cy0SeQ is found to reproduce the temperature dependency of
ferromagnetic metals and that of insulating YIG respedbtivin the non-
trivial phases, i.e. the helical-, the conical-, and therskgn phase, we
found the dependencies of the linewidth and the dampingpeter to be
different for each phase. Comparing both materials we fahadinewidth
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of MnSi to be 3 times larger compared to {Q5eQq in all phases. Con-
sidering the different absolute values of the excitati@yérencies in both
materials we found the effective damping parametgrto be comparable
among the two materials.

Outlook

Next, we want to give an outlook for the four experimentatiggs of this
thesis. Starting with PMA materials, we believe that the dydgnamic
properties found in this work are in general promising faufe magnonic
devices especially where out-of-plane magnetization &reld. As the
linewidth and the group velocity are known to be influencediloy qual-

ity and thickness in ferromagnetic materials a completdystf different

multilayer thickness is necessary to find the best dynamarpters. Af-
ter optimization, nanostructuring of such multilayer isrgpto show how
the additional preparational steps influence the dynandpgties of the
material.

As mentioned above, we believe that the studied spin waviesias
the potential to be used as an interferometer device. Fsr dinie has to
find a way to influence the phase of the spin wave within one ®two
arms of the device in order to get constructive or destradtiterference
at the output. One way of realizing such a scenario is to userrert
carrying wire on top of one of the arms of our device to createcal
field and therefore changing the phase of the spin wave asrigmted
by Demidov et al. [[Dem(9]. Here the additional in-plane fieddn the
order of 10 mT, which is small compared to the fields appliedutrof-
plane measurements. Nevertheless, working close to tlsetampy field
of the device could lead to a drastic change in resonancedray even
for such small in-plane fields. For a Py plain film of 22 nm thieks at
an out-of-plane field of 1fran additional in-plane field of 10 mT leads to
a change in resonance frequency of about 400 MHz, which iserséame
order of magnitude as in Ref. [Deni09]. Another possibilitytie integra-
tion of a f-MRFM (ferromagnetic resonance force microsQcgeup with
a magnetic tip/[Pig12], which can also create an additiooedll field in
the order of 15 mT. For the same arguments as before, one earko
close to the anisotropy field of the device in order to creaseaificant

1The anisotropy field is around 0.93 T.
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frequency shift and therefore a phase shift.

Furthermore, in the future, one might also make use not ditlyedforbid-
den frequency gaps created by the MC, but also the specifiiesbfathe
dispersion relation. Here, photonic crystals have beewstio exhibit re-
markable effects on interfaces, like negative refracti@sed on the newly
created dispersion relation [Joa08].

The combination of bio-assisted methods to create 3D streston the
length scale of the magnetic exchange interaction opengletely new
possibilities for the field of magnonics. For future deviiteis necessary
to increase the blocking temperature of magnetoferritysteds. Future
experiments on magnetoferritin crystals might also ineltdinsmission
measurements with two CPWs to detect the transmitted signal.

For the chiral helimagnetic systems it would be desirabtmtapare the
linewidth dependencies to theoretical predictions on tm@ging mecha-
nisms present in such systems. According to our knowledg@engprehen-
sive theory has not been presented up to now. As our measuiteiree/e
been obtained using a CPW with an excitation arokng 0, it would
be intruiging to address excitations at differéni.e. using another CPW.
With this, one is able to probe the dispersion relation.

Recent results on MnSi thin films show that the skyrmion pluasebe
stable up to room temperature as observed by Lorentz trasgmielec-
tron microscopy([Karll, Karl2]. To study dynamic excitagan such
thin films could pave the way for skyrmion devices at room terafure.
Here, one could make use of our integrated CPW design toesfflgicou-
ple electromagnetic waves to the spin system and study gatipg spin
waves through the skyrmion lattice. One might also think ahipulating
the spin system by a very low spin polarized current as detraipd in
Ref. [Jon10] and study the dynamic response. Future expatdymight
also include in-plane fields in order to address other modes.
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A. Appendix

A.1. List of Abbreviations

Abbreviation

Explicit

AESWS
VNA
PMA

Py
CPW
AD

ADL
MSFVW
MC

BZ

SEM

LD
MCWG
MCB
MCS
FMR
FIB

SW

1D

2D

3D

rf
S-Parameter
f-MRFM

All-electrical spin-wave spectroscopy
Vector Network Analyzer
Perpendicular Magnetic Anisotropy
Permalloy (N0Fe;0)

Coplanar waveguide

Antidot

Antidot lattice

Magnetostatic forward volume wave
Magnonic crystal

Brillouin zone

Scanning electron microscopy

Line defect

Magnonic crystal waveguide
Magnonic crystal bend

Magnonic crystal split
Ferromagnetic resonance

Focuse ion beam

Spin wave

one dimensional

two dimensional

three dimensional

radio frequency

Scattering parameter

ferromagnetic resonance force microscq

py
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A.2. Electromagnetic Simulation Parameter

A great number of parameters enters the electromagnetic field parssimetda-
tion. Not all of these parameters are known. Parameters are defitiectspect to
the software Microwave Studio.

Material and geometry parameters:
e |solator thickness;s, = 10 nm
e Isolator permittivity is set t@;s, = 8

e The Py permeability is modeled according te & susceptibility with pa-
rametersV/; = 800 kA/m, f,, = 6 GHz, saturated alongaxis.

e Py thicknesg, = 25 nm and CPW thickness 200 nm

e Boundary conditions: beneath substrate: no transversal electric @¢hd.
erwise: no transversal magnetic field.

Simulation parameters:
e Frequency domain solver, -40 dB accuracy
o Hexahedral mesh, with 28-33 meshcells.

e Ports are modeled as 5Ddiscrete ports
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A.3. Micromagnetic Simulation Parameter

A.3.

Micromagnetic Simulation Parameter

Throughout this thesis, results of micromagnetic simulation are presertedie-
tailed simulation parameters are listed hereafter. When not stated expliddaly, be
the excitation of SWs is stated in the text.

Parameters which do not change are:

Dampinga = 0.005
Saved simulation timestefyr = 6 ps
No crystal anisotropies

Simulation Parameter Set A

Spatio-temporal resolved simulation for a plain film (here the simulation cell
was set to be p/N = 12.5 nm) and ADLs (p = 180-800 nm). Hole diameters h
been always keps constant at d = 120 nm.

Saturation magnetizatiol/; = 780 KA/m
Exchange constant: A =1.8 10° J/m
Film thickness s = 22 nm

Simulation cells N = 64x 4096 x 1
Simulation cell size = p/N« p/N x 22 nne.
Simulation duration: T =10 ns.

Spin waves are excited by a short and spatially localized field pulse.

Simulation Parameter Set B

Temporal resolved simulation. This set of simulation parameters is usatto
ulate an MCWG structure with uniform excitation.

Saturation magnetizatioh/, = 1330 kKA/m (M, has been adjusted with an
additional surface anisotropy)

Exchange constant: A =2.7510° J/m
Film thicknesgs =41 nm

Simulation cells N = 1006« 1000x 1
Simulation cell size = 1 12 x 41 nn?
Simulation duration: T =8 ns.
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Spin waves are excited by a spatially uniform, short field pulse.

Simulation Parameter Set C

Spatio-temporal resolved simulation for MCWG, MCB, and MCS with open
boundary conditions. The size of the simulation cell igd%x 15um x thickness
(given in the respective chapter).

e Saturation magnetizatiol/; = 1330 kA/m
e Exchange constant: A=2.7510° J/m

e Film thicknesgs =41 nm

e Simulation cells N =768 768 x 1

e Simulation cell size = 19.5 19.5x 41 nn?.
e Simulation duration: T =10 ns.

Spin waves are excited by a spatially localized sinusoidal driving field \afngi
frequency.

Simulation Parameter Set D
Spatio-temporal resolved simulation for a stripe simulations.
e Saturation magnetizatiol/; = 1330 kA/m
e Exchange constant: A =2.76 10° J/m
e Film thickness; =41 nm
e Simulation cells N = 128« 4096 x 1
e Simulation cell size = 2040 nm 65.28um x 41 nn¥.
e Simulation duration: T = 10 ns.

Spin waves are excited by a short and spatially localized field pulse.
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A.4. Micromagnetic Simulation Plots
Here we show the complete simulation cells for the time dependent simulations

used in chaptérl6.
Simulation Plots for MCWG

t=2ns t=3ns

Figure A.1.: MCWG time dependent simulations.
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Simulation Plots for MCB

t=2ns t=4ns

Figure A.2.: MCB time dependent simulations.
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Simulation Plots for MCS

t=25ns t=45ns

t=6ns

A

Figure A.3.: MCS time dependent simulations.
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