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Short Abstract

Spin-wave (SW) propagation was studied in periodic arrdy$20 nm

large holes, so called antidot lattices (ADLs). They werated by fo-
cused ion beam lithography into 25 nm thin permalléig Fesq films.

GHz SW spectroscopy was performed all electrically by micaad

nanoscale coplanar waveguides. The ADL periodicity rarfgeich 300

to 4000 nm. For 300 nm periodicity, coherent backscattesiag found to
cause magnonic miniband formation in the SW dispersion amglgroup
velocities of 6 km/s. For 800 nm periodicity and long SW wagedths,
the ADL showed signatures of an unstructured plain film wifflective

properties, i.e. metamaterial behavior. These effegtiwehtinuous prop-
erties were also found to describe well SW transmissiontimoADL.

Es wurde Spinwellen (SW)-Propagation in periodischen Anangen
von 120nm grofRen Lochern, so genannten Antidot-GitteDL(A unter-
sucht. Diese wurden mittels fokussierter lonenstraldtiaphie in 25nm
dinnen PermalloWigoFeyy Filmen erzeugt. GHz-SW- Spektroskopie
wurde rein elektrisch mittels mikro- und nanoskaligen koglren Wellen-
leitern durchgefuhrt. Die ADL Periodizitat reichte voO@bis 800nm.
Bei 300nm-Periodizitat wurde koharente RuckstreuulsgUrsache fir
magnonische Miniband-Bildung in der Spinwellen-Dispansund hohe
Gruppengeschwindigkeiten von 6km/s gefunden. Bei 800enm/izitat
und langen SW-Wellenlangen zeigte das ADL Kennzeicheeseim-
strukturierten Films mit effektiven Eigenschaften, d.h. etsimaterial-
Eigenschaften. Auf Basis dieser effektiv kontinuierlioigigenschaften
wurde auch die Transmission von SW in das ADL hinein gut besbhln.






Abstract

Nanomagnetism is a field of research where one aims for matidicand
control of magnetic properties through tailored geometryh® nanoscale.
Nanostructured ferromagnets offer broad functionalitg do manifold
magnetization states they exist in_ [Sta10]. Dynamic phesrarin such
systems in the GHz range have generated increasing saentérest in
recent years. Here spin waves (SWs) or magnons are of dartatirac-
tion. Magnons are the particle-like quantized spin exicitet, whereas
their wave-like counterpart is referred to as spin wavesvahdements in
patterning techniques have recently allowed to preciselgrithese exci-
tations [Neu0OD9].

In this thesis22 to 30 nm thin films of permalloy, i.e NiggFesq, with
saturation magnetizatial/s,; ranging from760 to 830 kA /m are nanos-
tructured by focussed ion beam lithography to create a gierisquare
array of circular holes, i.e. an antidot lattice (ADL). Freample to sam-
ple, the edge-to-edge separation is varied betw@®eand4000 nm. The
hole diameter i86 — 120 nm In this parameter regime, the following phe-
nomena have been observed:

e Quantization and localization of spin waves. For, both, large
edge-to-edge separations and periodicjtie$ the ADL, SW quan-
tization is observed. Different eigenmodes are resolvedmen-
tally, which reside in different parts of the ADL. A propaiyet
mode is found to extend through the lattice in spin-wave ohan-
nels formed in between neighboring holes perpendiculanéoek-
ternal field. The measured propagation characteristicsipithode
show a strong characteristic anisotropy. Group velocitidsetween

2.5 and 3.5 km/s are measured. Furthermore, a localized mode

is found to exist in between neighboring holes parallel & fikld
(vg = 0).

e Effectively continuous material properties. For SW excitations
of wavelength\gw, which are much larger than the periodicity



it is found that ap = 800 nm ADL behaves as being an effec-
tively continuous plain film with a reduced saturation maggadion
M¢g,, = 600 kA/m. The holes have a diameter é¢f= 120 nm.
This is verified in an experiment where long-wavelength S\Ws a
injected into such an ADL. Reflectivity and transmittivityeavell
described by the wave vector mismatch of two (effectivebntn-
uous materials of different magnetic properties. The ADlthigs
found to act as a metamaterial for spin waves.

e Magnonic properties. Movement in a periodic potential is known
to alter the propagation properties of wave-like excitagioThis is
investigated in this thesis for spin waves. Allowed minidsimand
forbidden frequency gaps are provoked by, e.g., coherakisioat-
tering. Results on SWs suggest that, starting from large-¢olg
edge separation (largg, localized modes residing close to holes’
edges become coupled for sufficiently smallBeing similar to a
tight-binding approach, this is in contrast to the mechanimsed
on coherent backscattering from periodic holes and pitelsese-
ported for photonic, plasmonic, and phononic crystals. ada-
geously large group velocitiag, = 5 to 6 km/s are found for the
magnonic mode which is in excess of the plain film value at #mes
magnetic field value.

Experimental methods used to obtain these results inclaltietectrical
spin-wave spectroscopy (AESWS). Highly sensitive andtedetagneti-
cally isolated SW emitters and detectors with micro/naalesextensions
were designed and fabricated using electron-beam naogiiiphy. For
the first time SWs propagating through ferromagnetic nanostres were
observed all electrically using a broadband magnetic petagon. Ex-
periments were modeled using micromagnetic simulationghé course
of this thesis, scientific collaborations were initiatedowding tailored
ferromagnetic nanostructures to experimental groups geRsburg, Ger-
manﬂ, and Perugia, Ita@,spin-wave propagation was studied using the
spatially and time resolved magneto-optical Kerr effect Brillouin light

Linstitut fiir Experimentelle und Angewandte Physik, Unsitit Regensburg, D-93040 Re-
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scattering, respectively. In the theory group of M. Krawciay Poznan,
Poland] the so-called plane wave method was developed further and ap
plied to the antidot lattices investigated here. The teqivs and the the-
oretical approach were applied to gain further microscoysight into the
spin-wave physics at the nanoscale.
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1 Motivation and State of Research

Technological promises

Transistor based logic gates are widely employed. Novekdenircuitry

seeks to overcome problems in scalability of the compleargnhetal-

oxide-semiconductor (CMOS) [Raz01] logic circuits. Skege of CMOS
logic gates is challenging: firstly, power dissipation wgitbw for smaller
transistor dimensions. Second, interconnection betwegic gates be-
comes difficult to establish for higher integration dersitikKhi08a].

One geometry with the potential to provide release fromeluasstric-
tions is the spin-wave (SW) bus. Firstly, SWs of differeetfuency can be
used for parallel logic operations by superposition of vei@€&006, L ee08,
KhiO8h]. Parallel computation promises higher integnatmd faster pro-
cessing speed. Second, a further advantage lies in thetoppgto reduce
the devices to smaller and smaller scales: the wavelengtfaghons is or-
ders of magnitude shorter than that of electromagnetic svgveotons) of
the same frequency. Magnonics thus inherently fostersetieldpment of
nanoscale devices.

Despite this tempting concept for nanoscale devices, fistgering
experiments have demonstrated logic operations only fotopypes of
macroscopic dimensions [Kos(5, Sch08a]. For nanoscatgriatied cir-
cuits, these are the crucial points: First, to overcome é¢fetively small
group velocities), and short relaxation timesof SWs. They cause short
spatial decay lengths. Second, to obtain reliable and tsensiectrical
excitation and detection of SWs with nanoscale emittersdetectors.

Beyond this, further functionality can be obtained from ostnuctured
devices. Ultimate control and functionality of SW basedddg expected
from a so-called magnonic crystal (MC) where an artificiédijored band
structure is formed with allowed minibands and forbiddegtrency gaps
for SWs. This perspective has triggered significant re$esfforts [AW99,
Gul03/Pus03, Kru06, Gubd6, Gub07, Gio07, CHu08. LEe0908auTop1D,
Tacl10c¢| KrulD, Serl0].

However, severe obstacles and drawbacks have existed wénehhin-
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1 Motivation and State of Research

dered potential applications of MCs in microwave electtsniRelevant
issues were the following: First, SW propagation velositigwere much
smaller if compared to unstructured films [Gub06, Gubh07,0ZjdPer0B,
Lee09, Top1D, Tacl0c] suggesting slow signal processintaimostruc-
tures. For largey,, MC unit cells were of micrometer [Chu08] and even
millimeter dimensiong [Chu09a] making miniaturizatiorpassible.

Second, inelastic light scattering, i.e., Brillouin Lightattering (BLS),
was used to probe the SW propagation across the periodicsdEab06,
Gub07/Tacl10c¢, Wanl10]. Here it is an experimental challeageovide
such a large wave vector resolution thatcan be measured closeko= 0
[Kos10] which is found to be important in this work. Still Bugmains
a powerful tool for physical investigation of MC propertieBor device
application, however an all electrical solution is predekrr

Third, for an individual magnetic element of lateral dimiemsp, the
smallest excitable wave vector is on the ordé¢p. This is due to spin-
wave quantization [Jor99]. Far pm > p > 10 nm, theory predicts
that SWs reside in an intermediate regime between dipolairtted and
exchange dominated SW excitations [Kal86] where groupoiéés are
particularly small.

Relevance to the physics community

Several aspects make the understanding of physical phetorakted to
spin waves relevant for the broader physics community:

First, the search for magnonic crystals follows the sudaoéssplemen-
tation of photonic, plasmonic, and phononic crystals inatigic, metal-
lic, and semiconducting materials, respectively. Hereogkes arrays of
nanoholes or nanopitches have led to the functionalizaifahe corre-
sponding materials [Joa08, Ga610, Yul0]. Allowed minilsaadd for-
bidden frequency gaps have been provoked by coherent latkseg of
waves from the holes or pitches. Due the complex anisotrapiclong-
range dipolar interaction, magnonic crystals differ frdmit optical and
acoustic counterparts e.g. by the mechanism of formatiomioftbands
[Kos1d].

Second, based on giant magnetoresistance multileyer8§Bavhere a
spin-polarized current traverses a stack of nanometek thitallic layers
with alternating magnetic and non-magnetic properties,sghin-transfer
torque effect was recently discovered [Tsc00, Kis03]. HefC current
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excites magnetization precession in a GMR nanopillar atoniave fre-
guencies. This is the so-called spin-transfer torque miave nanoscale
oscillator (STNO). Phase locking of several STNOs [Kak0alild en-
able fabrication of nanoscale microwave sources. Phakapcould be-
come possible via spin waves [Bel96, Dem10b]. As long asiefiSW
sources in the form of STNO are not available, inductivetaticin of SWs
is needed to study the related physical phenomena and tbeséeld for
future application in integrated STNO-SW devices.

Propagating spin-waves were investigated in a number ajstaucture
geometries including width modulated wave guides [Leed@b], ar-
rays of closely packed circular dots [Gub06, Gio07, KospaaH wires
[Kos04, Kos08h, Wan09, Wanil10].

A study of SWs propagating through antidot lattices is sanféssing.
However, intriguing physical phenomena are expected. drathtidot lat-
tice, only a part of the material is removed from the plain filRiffer-
ently to the case of isolated nanostructures, it is expeittada funda-
mental mode originating from quantization of the uniforneqession of a
plain film inherently exists [Pec05]. However, similar teetbase of iso-
lated nanostructures, one also expects strongly locatiwetes in potential
wells formed by the demagnetization field close to holes s@ise09].
From a physical perspective, it is intriguing to test theuafice of lattice
periodicity on these two types of modes: For the fundamentade, the
situation resembles the introduction of periodicity intoiaitially undis-
turbed dispersion. This is described by a Bloch wave apprfi2lo29] and
discussed in this thesis in Selcs]8.7] 8.2 [and18.3.3. Fondldes localized
at the individual holes, a tight binding discussion [Slais4ppropriate to
describe the coupling of the modes initially uncoupled &gk hole sepa-
rations. This is discussed in Selcs]8.1] 8.3,[and18.3.3.
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2 Theory

In this chapter a brief theoretical background of ferromatiam is pro-
vided. This chapter is organized as follows.

In Sec[Z.T11 a phenomenological classification of magmetite-
rials is given. This is followed by a thermodynamical madiiwa of
magnetic ordering in Se€._2.1.2; based on this, in §ec. 12the3mi-
croscopic origin of magnetic moments is discussed. Difteemergy
contributions relevant for a system of magnetic momentslis@issed
in Sec[Z.1b.

In Sec[Z.P, dynamic excitations of the ferromagnetic grostate
are discussed. In Sec.2.P.1 the equation of motion of miagmei-
ments is introduced. Based on this, in $ec. 2.2.2 and'Seg, a.8olu-
tion is derived and discussed (Sec.2.2.4) for uniform msioa. Finite
wave length spin waves are subject of $ed. 2.3. Finally, 03.823.2
and[Z.3:38, two numerical methods (plane wave method andmay-
netic simulations) solving the equation of motion in a ca@r@ystem
are presented.

In Sec[ZM aspects of microwave transmission are discusHeid
is done to finally enable derivation of the measured signalngjties,
merging transmission line theory and spin-wave dynamics.

2.1 Ferromagnetism

Ferromagnetic materials are materials that show spontesn®agnetiza-
tion M even with no applied external fieH.

2.1.1 Phenomenology

Classification of magnetic materials can be achieved bingesite influ-
ence of a magnetic fielll on the magnetizatiod of the material. The
magnetizatiorM is defined as the magnetic momegnbf a sample (see
Sec.[2.1.B) per volum@. The magnetic moments are conserved; there-
fore | M(r)| =: Ms.t(r), the saturation magnetization, stays constant.

17



2 Theory

Denotation X Remarks Typical values
Ferromag. >> 0 | Spontaneous magne-see Sed, 2.11.5
tization
Antiferromag.| ~ 0 Two ferromag-| see Sed. 2.115
netic sublattices
no macroscopig
magnetization.
Ferrimag. >>0 | Two ferromag-| see Sed. 2.115

netic sublattices
macroscopic magne

tization.

Paramag. >0 No spontaneous 1073...1076
magnetization

Diamag. <0 No spontaneous —1073... — 1076
magnetization

Table 2.1: Phenomenological classification of magnetic materialsgisuscepti-
bility .

The tensor relatind/I with H is the magnetic susceptibility
M=x-H. (2.1)

Generally bothH andM are position and time dependent. However, in
a simple, static picture, whedd andM are neither time dependent nor
spatially varying, classification of magnetic materialpdssible using the
absolute value and sign qf see Tal. 2]1.

The focus of this thesis is on ferromagnetic materials. BXasiof
ferromagnetic materials are elements iron Fe, cobalt GikehiNi, and
combinations thereof, such as the alloy PermaNay, Feao (Py). For Py,
nominally Msg,; = 860 x 10% A/m.

The magnetic field strengfB is given by

B = pio(M + H) = pio(x + 1)H, (2.2)

18



2.1 Ferromagnetism

whereyy is the permittivity of vacuumyy = 4 - 10*7)(—;. The value

pp =X+ 1, (2.3)

is defined as the permittivity of a material. The unitBfis TeslaT =
Vs/m?.

2.1.2 Magnetization and total energy

In this section, a thermodynamical approach towards feagmatism is
given. The energy of a magnetic momentin a magnetic field described
by the magnetic flux densiti is given by

E = —uB. (2.4)
This motivates the thermodynamical internal energy dififeial U :
dU = TdS — pdV — MdB, (2.5)

whereT is the temperature§ the entropyp the pressure, and the vol-

ume associated with the system. Here the first term on théhiyhd side
of Eq.[Z.5 refers to the heat as known from thermodynamicereds the
last two terms on the right hand side refer to the work thatigggmed
on the system. Due to the fact that in a solid state systemdeatyre and
volume are usually conserved as in the present case, orséanans to the
free energy’, defined as

F=U-T-8S, (2.6)

yielding
dF = —SdT — pdV — MdB. (2.7)

This formula allows to directly extract the magnetizatisan the free
energy:

oF
M = 3B lvr - (2.8)
In a one-dimensional (1D) case, using Eq] 2.1,
1 0%°F
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2 Theory

Usually the magnetizatioNI remains constant and the fieltlis swept.
Then the above formulas apply. If the field is kept constadttae mag-

netization is changed

1 OF
H=———. 2.1
po OM (210)

2.1.3 Magnetic moment

First, the orbital magnetic momentupy, is considered. Classically, the
orbital momentum can be understood by considering a negatiharged
electron performing a circular motion around the positivetharged nu-
cleus. In a quantum mechanical picture, the energy eigesstithe elec-
trons called orbitals are classified by the quantum numbéhefrbital
momentunyy,

L
BL =~ (2.11)

whereup = (eh)/(2m.) = 10~* eV /T and L is the quantum mechani-
cal operator for the orbital momentura denotes the electron charge and
m. the electron massh = /2w, whereh is Planck’s number. Second,
the electron itself has a magnetic momgntvhich cannot be understood
classically taking the electron to be a particle withouteesion. Naive
pictures attribute spin magnetic momentum originatingrfra rotating,
charged sphere.

S
Hs = —0s MB%, (212)

whereg; is the Landee factor anfl is the quantum mechanical operator
for the spin momentunmy, can be interpreted as the difference to the clas-
sically expected case, wheje = 1. For a free electrog; ~ 2. The total
magnetic moment is a combination of both the spin and orhi@inen-
tum. Coupling of spin and orbital moment can be motivatedgitzlly,
when transforming into the rest frame of the electron, whdte to or-
bital movement, the nucleus will create a magnetic field. Sthength of
the spin-orbital coupling scales as the square of the naatbarge, see
Ref. [Eli0Q] for details.
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2.1 Ferromagnetism

Magnetic moments in an insulator

The coupling of orbital momentum and spin is discussed faated and
located magnetic moments. If spin orbital coupling is coraply weak,
the total magnetic moment is yielded by, firstly, summingramdividual

electron spins and individual electron angular momentarsdply. Sec-
ondly, the total spin and the total angular momentum is afidetD5]

J=Y_S+> Li (2.13)

In an external field defining the axis, thez components of., S, and,
i.e. mp, mg, andm; are quantized. Summing of quantum mechanical
operators gives

mj:mL—f—mS:mL:I:l/Q. (2.14)

The possibilities foy are limited to|L — S| < j < L 4+ S. The magnetic
moment is then

gilB ~

with

JG+H)+SS+1)—-L(L+1)
2j(j +1) '
This set of formulas describes macroscopic phenomena:thegevith
Hund’s rules, allowing prediction of the orbital occupatiane can es-
timate the atomic momentum for magnetic insulator.
For simplicity, the gyromagnetic ratipis defined:

v=-g2, (217)

in units of Hz / T. For a free electron, this gyromagneticoatan be
calculated very precisely, ag is known at great accuracy, = 27 -
28.5 GHz/T.

Magnetic moments in a conductor

In this thesis, the material under investigation is perayalPy) NiggFeoq,
an alloy of the magnetic elements nickel Ni and iron Fe. Bdéments
show strong magnetization while being a conductor. E.g.irfor, 4 =

21



2 Theory

2.2up andu = 0.6 for nickel [Sko08]. This non-integer number cannot
be understood in the picture of SEC.211.3, i.e. isolatedmad@gmoments
filling up the atomic orbitals. The band structure of the matend delo-
calized electrons need to be considered. The interactieadf electron
with the surrounding itinerant electrons via exchangeradgon causes
an energy difference between the two spin states (see[S&dl).2This
energy difference in the band structure causes non-intet@rmagnetic
moments per atom. This is referred to as itinerant ferroraigm.

2.1.4 Exchange interaction

Phenomenologically it is found that in a ferromagnet at raéemperature
regions (domains) exist, where all magnetic momentge aligned. The
dipolar interaction of two magnetic dipoles in a lattice amts to a few
hundred microelectron volts. However, thermal energy atwrdéempera-
ture is in the order of millielectron volts. Therefore, digoenergy cannot
be the microscopic origin of occupation of the ferromagnstate where
all magnetic moments are aligned.

Exchange interaction is introduced to explain ferromaigreetiering at
room temperature. It can be understood as a direct consegoéRauli’s
law. Two electrons of the same quantum numbers cannot o¢hemame
guantum mechanical state. Therefore, if neighboring atwews the same
alignment of the magnetic moments, the mean distance ofléutrens
is larger. Coulomb energy is reduced. For localized, irtlisi magnetic
moments, see Sdc. 2.11.3, this is parameterized in the eyeliateraction
Hamiltonian [VV50]

> Jij Si-S;, (2.18)
i>j
whereJ;; is a measure for the strength of the exchange interactioveteet
spins. Summation extends over all pairs of spins.

Exchange interaction for itinerant ferromagnetism

For a treatment of ferromagnetism in conductors whererelestare delo-
calized, the exchange interaction is denoted as interabtween a mag-
netic moment and a surrounding mean field. This is typicatiyedin the
Stoner formalism[[BluO1]. Assuming an energy differendde between
spin up and spin down electrons in a magnetic field one can shatv

22



2.1 Ferromagnetism

ferromagnetic ordering is favored if

poppAsig(er) > 0, (2.19)

whereg(er) is the density of states at the Fermi level aad is an empir-
ical parameter describing the average exchange field. hieiso-called
Stoner criterion giving an understanding of the influendangjors for the
formation of itinerant ferromagnetism. Stil\s;, @ measure for the ex-
change strength, remains unknown within this theory. Hexehe den-
sity of states at the Fermi level for the ferromagnetic titéors elements
iron, cobalt, and nickel is large, therefore providing therpquisite of ful-
filling 2.19.

2.1.5 Energy contributions

Quantum mechanical Hamiltonian of ferromagnetism

For a rigorous treatment of ferromagnetism, a quantum nrecalaap-
proach becomes necessary. The Hamiltorffathat will yield the energy
eigenstates reflects the idea of this microscopic model BfV5

f{ = _Z'ZJijSi'Sj+gMBZSi'B+ (220)
i>j i
+ZDij [Sjsz - 37“;]‘2(1'1'1‘ -Sj)(rij . 87)] R
>

wherer;; is the vector between spirand spinj and D;; is the parameter-
ized dipole-dipole interaction strength. The first sum deathe exchange
interaction. The second sum on the right hand side correlsgorthe Zee-
man energy, i.e. interaction of the spins with the exterrmddi fi The third
sum on the right hand side is the dipole-dipole interaction.

Magnetic moments in a ferromagnet of volufere oriented to mini-
mize the total energy of the system. Via Eq. 2.10, each ermngtyibution
is related to an effective magnetic field.

Effective field

The microscopic Hamiltonian of Eq._2J]20 can be generalipechfcon-
tinuum approach [Hub00]. Then, major energy contributiareswritten
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2 Theory

as

24

e Zeeman energ¥. Energy of the magnetic moments with respect

to the external field?
Ey = —MO/ MH. (2.21)
Q

This energy is minimized for parallel orientation of all nmegic mo-
ments with respect to the external field.

Demagnetization field energyp. The field Hp, is the stray field of
all magnetic moments within the sample.

M2
Py = =52 [ M(x)H () (2.22)

whereHp, (r) is the position dependent demagnetization field. This
energy is therefore connected with the magnetic field geeetay
the magnetic body itself, itself depends on the orientation of the
magnetic moments

H (r) /Q 3e (M(r’)A-:g) - M(r’)’ (2.23)

whereAr = r —r’, e = Ar/Ar. This relation is described by the
demagnetization field tensor via

Hp = NM. (2.24)

N depends on the geometrical shape of the sample. For magnetic
nanostructures, this energy contribution results in aialhainho-
mogeneous magnetization orientation. Stray field minitionare-

sults in magnetic domain formation, see below.

In general, it is possible to calculaté via
N = / dr'G(r',r), (2.25)
Q

where G is the corresponding Green’s functidn [Jac62]. In three



2.1 Ferromagnetism

dimensions, for this particular case, the Green’s fundsaiven by

1
Ar’
The Green’s function has also been calculated for a thin etagn
film [Kal86] and ferromagnetic wires [Gus02]. For more comyl

structures, i.e. periodic arrangement of holes, this habe®n done
so far.

G(',r) =V, V, (2.26)

To motivate Eq[2.25, it is necessary to consider the magtegto
Maxwell’s equations
wV(M+Hp) = 0, (2.27)
VxHp = 0, (2.28)
which are valid in this form for zero current density. Becawa$
Eq.[2.27, itis possible to writHl as the gradient of a scalar poten-
tial
Hp = —Vom. (2.29)

om fulfills Poisson’s equation
A¢m = —Pm;, (230)

wherep,, = —VM. The solution of Eq_2.30 is a standard prob-
lem of classical electrodynamics. The solution is Greemgfion.
Introducing boundary conditions [Ja¢62] finally yields B25.

Exchange energie

A
MSat

Egpx / [(Vm3) + (Vm2) + (Vm2)], (2.31)
Q
whereA is the exchange constant and uniform exchange interaction
is assumed [Ber91]. Eq.2131 can be derived from[EQ.]2.18 via a
Taylor approximation [GieO%a]. In a more general case, wiheth
A andM are position dependent, the exchange filg, is given
by [Kra0€]
Hg, = (VAR V)M, (2.32)
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wherelgy is the exchange length

2A
NEx = 1| ————. (2.33)
B MOMSQat

e Crystal anisotropy. Due to lattice symmetry, certain aidinns of
the magnetization are energetically favored. The micrpiscori-
gin of this is the spin-orbit coupling, see Sdc. 2.1.3. Thtck
symmetry can lift the energetic degeneracy of orbitals wiffering
my. Then the occupation of orbitals with pointing in a defined
spatial direction is energetically favored. The materfahis study,
permalloy, shows negligible crystal anisotropy.

The total energy of the system is then, using Hq. 2.21-2.31,
E =FEy + Ep + Fgy. (234)

An equilibrium magnetization configuration is reachedifis minimal.
Different energy contributions have a different effect ba orientation of
the magnetization.

Domains and hysteresis

For geometrically confined ferromagnets, the demagnétizéeld energy
influences the orientation of magnetic moments considgrablparticu-
lar, domains are formed. Domains are regions where neigidpaonag-
netic moments are orientated parallel to each other. Raiailentation
minimizes the exchange energy of Hg. 2.31. However, to magrthe
demagnetization energy of EQ._2.22, neighboring domaihsbédiffer-
ent magnetization orientation. In between two domains, maio wall
is formed. As a function of the external field, the domain cgunfation
varies. For nanomagnets in the deep-submicron regime, éigaatization
configuration is typically varying on the length scale of pecimen ge-
ometry itself. In particular, to minimize the stray field atiderefore, the
demagnetization energy, spins along a geometrical edgetdeadign par-
allel with the edge. This is illustrated in Fig. 2.1. The otigtion of mag-
netic moments is obtained from micromagnetic simulatisas,Se¢. 2.3.3,
and presented in color-code for a magnetic square and disk.
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2.1 Ferromagnetism
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Figure 2.1: Color coded magnetic ground stdtd(r) of (a) a magnetic square
of 500 nm side length and (b) a magnetic disc of 400 nm diantdtined from
micromagnetic simulations, see SEc. 2.3.3. The black artighlight the local
orientation of the magnetic moments. Parameters as¢f = 0 mT, saturation
magnetizationMs.: = 860 kA/m, film thicknessts = 30 nm. Both square
and disk are in the so-called closed flux state, i.e. the geeranagnetization
parallel to the direction of the previously applied field amts to(AM) = 0. The
demagnetization field of Ef._2.24 is minimized.

Macroscopically, domains cause a complex respongel@f) on the
external fieldH. M(r) depends on the history of the external magnetic
field H, i.e. no simple functio®M (r, H) can be stated. One way to for-
mally treat this, is the concept of a hysteresis loop. Stgrpoint is a
defined magnetic state, where all magnetic moments areasadiuio point
parallel to the external field, i.e. no domain walls existt {&/) denote
the averaged magnetization component parallel to theredtéeld. Then,
(M))/Msa: = 1, whereMs,; is the saturation magnetization. Next, the
external fieldH is decreased. A = 0, the remanent magnetization
Mg = (M))(H = 0) is reached. At a certain field, irreversible reori-
entation of magnetic moments and domains occurs. The field/liich
(M))/Ms.: = 0 is called coercive fieldic. A typical hysteresis curve
obtained for a plain film of Py using the magneto optical Keffe&t, see
Sec[3.2B, is depicted in Fig_B.6. Depending on the dactif field
change, i.e. the sign ek, different values of M/ are resolved. This
behavior is called hysteretic, because the history of tipfieghfield influ-
ences the measured response.

Beyond this dependence on the field strength, a magneticialateg.
a mesoscopic structured magnet, may show an angular depenoigd ¢
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andMp. Thisis called magnetic anisotropy. Anisotropy can haveiitgin
in the lattice structure of the solid (crystal anisotropyiathe geometrical
shape of the ferromagnet (shape anisotropy). Crystal tiajgoin the case
of permalloy is negligible as stated above.

2.2 Ferromagnetic Dynamics

2.2.1 Landau-Lifshitz equation of motion

Consider a magnetic momentin an effective fieldH.g. The equation of
motion reads as [Kit48]
10w
—_-F_ H.4]. 2.
St [0 x Heg] (2.35)
The right hand side of Eq._Z.B5 is the torque actinguoaxerted by the
magnetic field Heg is given by

Heg = H + Hgx + HDa (236)

whereH is the external fieldHg, is the exchange field of Ef. 2132, and
Hp, is the demagnetization field of Hq. 2124.

For simplicity, only within this section, denotation¥¥ = H.s. For a
continuum approach, the magnetic momgns replaced by a magnetiza-
tion M (r).

The same equation of motion can be deduced from a quantumamech
ical Hamiltonian such as 2.20. The relevant time evolutibithe spin
operators; is calculated according to

dS;  2mi [, .
oG H - HSZ} . 2.37
o =L @37
Using the approximation that the wavelength is much largan the sam-
ple, i.e. uniform excitation, this was shown by VanVleck [¥8] and
detailed derivation is out of the scope of the thesis.

Eq. [2.3% represents an idealized case where no damping $eimn i
cluded. In literature, two damping terms are known. Fifsg Gilbert

28



2.2 Ferromagnetic Dynamics

damping term[[Gil55]. The equation of motibn 2,35 becomes

oM

arLe oM

M x —— 2.
AT (2.38)

wherear,q is the Gilbert damping parametetiy i, is a dimensionless
phenomenological parameter. Without discussing in ddtaiLagrangian
deduction of the damping term, it can be motivated twofoldstFdamping
terms in classical mechanics are proportional to the firaptaral deriva-
tive of the generalized coordinate. This is analogous irGhieert damp-
ing term. Second, the length of the magnetizatidnis conserved, i.e.
M - 9M/dt = 0; this is consistent with the physics of ferromagnetism.
M - M /0t = 0 is proved by scalar multiplication of EQ. 2138 wil:

M%—D;I:—WM[MXH]—M{

oLLG oM
M __
Mawr 01

] =0. (2.39)

Also used in literature is another form of Eq. 2.38. It is polesto deduce
the Landau-Lifshitz form from the Gilbert damping form tooshequal-
ity. The equation of motion with the Gilbert damping Hqg. 2i8&ector
multiplied with M. This yields

oM

oM ALLG \p {M x W] . (2.40)

Mx —=—-—Mx (MxH
8t " ( )+MSat

Using the identityfa x b] x ¢ = (ac)b— (bc)a to expand the double cross
product of the last term in Eq._2138 yields:

MX—M = —Mx [M x H] + (2.41)

ot
oM oM
OLLG N p {M X —} —arpaMsat——

MSat

+ ot ot

where the second term on the right hand side is again zera, texeft
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hand side is replaced by the respective term of Eq.] 2.38. yidlids:
oM ~y

ot 1+ao? q
YQLLG

" Msat(1+ ofra)

[M x H] — (2.42)
M x (M x H)].

This is the Landau-Lifshitz form of the equation of motioror Ehe mate-
rials discussed here?; , << 1. arrc amounts tav; ¢ =~ 1072 for
Py NigoFeyg. This is the case of low damping. Then one finds

oM _
ot !

ALL

2
Sat

M x H| —

M x (M x H)J, (2.43)

where
ALL = orna Yo Msat (2.44)

Eq.[2.43 is called the Landau and Lifshitz equation. The dagiparam-
eterAry, is in units of1/s.

2.2.2 Linearized Landau-Lifshitz equation

For small oscillation amplitudes it is possible to linearthe undamped
equation of motion for the magnetization Eq. 2.35. Ingretiigo this
calculation are

e Athin film, infinitely extended in the:y plane. The demagnetization
factors areV, = N, = 0 andN, = 1, see Eq. 2.24.

¢ All anisotropy fields are zero or neglected.

e The static magnetization is aligned with the external fdle- He,.
A small harmonic excitation fieltd of angular frequency is orien-
tated along the axis. The effective field is then

H
H.yg = hyexpiwt | +Hgx + Hp. (2.45)
0

e m is the dynamic component of the magnetization &ngdis the
dynamic component of the demagnetization field. Beclsge,,,
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2.2 Ferromagnetic Dynamics

the static demagnetization field components are zero. Ardima
demagnetization fielthp prevails.

e The dynamic componemh is assumed to be small compared to the
saturation magnetization.

Im| < M, ~ M. (2.46)

e The dynamic componemh depends harmonically on the timand
precession occurs around the@xis. The total magnetization reads

MSat
M= | myexpiwt (2.47)
m, exp iwt

e The dynamic demagnetization fielth has to fulfill the magneto-
static Maxwell's equations Eqk._2]27 and 2.28, i.e., it candb-
scribed by a Green’s function, see Eq.2.26.

Inserting all this into EJ. 2.35 and neglecting all termswgguaredVI or
H yields a set of coupled linear differential equations (sge[®¥as96] Eq.
8, [Kra0€8] Egs. 6-8,[Top09] Egs. 2.38, 2.39).

Uniform precession is a particularly simple case, bechyse- —m e,
asN, = 1 and no care has to be taken about fulfiling Maxwell’'s equa-
tions. Furthermore, because no spatial variation of mazatein is al-
lowed, Hg, = 0 as follows from Eq[2.32. The resulting oscillation oc-
curs uniformly in space, i.e. the wavelengify is infinite, and the wave
vector amounts to

k=Agw = 0. (2.48)

The uniform precession is known in literature as ferrom#égmesonance
(FMR) [Kit48]. The coupled set of linearized equations oftiap reads

(wg —iarLgw)my —iwm, = wynhy (2.49)

(wg —iorLgw)m; +iwm, = wyhe,

wherewy = yuo(l + a1 o) Msat, wi = Ypo(1 + of o) H andi is the
imaginary constant.
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2.2.3 Ferromagnetic resonance

Solving Eq[2.4D following Refs| [Coud4, Gie0%a, Bil07aiyes the sus-
ceptibility

wM(wH +wyp — iaLLGw)

_ 2.50
Xyy (@) w? — w? —iorLew 2w +wir)’ ( )

where
w? = (w?{ + wpwi). (2.51)

Forw = w,, xy, takes an extremal value. This is interpreted as resonant
excitation of uniform precession of all spins, i.e., feragmnetic resonance
(FMR). The expressions fav,; andwy can be interpreted as Larmor
frequencied[Blu01]. Eq. Z.51 is the so called Kittel foranul

For a magnetic thin film, one obtains the resonance frequency

folk = 0) = 22 = THO /I HL (2.52)

o 27
Typically Ms,; >> H[ Then, Eq[Z.52 yields

T - (e

Eq.[2Z.53 can be used to experimentally deterndifig; using FMR mea-
surements. Solving EQ. 2162 féf yields

H(fk = 0)) =~ \/(%ff(’“ = ‘”)2 + (M—Sf (2.54)

Msat- (253)

YHo 2

Calculation of real and imaginary part of EEq. 2.50 yields

wy(wr + war) (w2 — w?)
(w2 — w?)? + af w2 (2wl + war)?

R(xyy(w)) = (2.55)

1For permalloy,ig Mga: ~ 1000 mT. This is much larger than available field strengths in
the experimental setup of S€c.13.1, whegg? < 100 mT.
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2.2 Ferromagnetic Dynamics

and

2 2
. _ aLLwaM[w + (wH + wM) ] 256
S0y (@) (w2 —w?)? 4+ af | ow?(Qwr +wr)? (2.58)

It is possible to approximate the imaginary susceptibflity,, (w)) by a
Lorentzian distribution function. The full width at half miaum, i.e. the
linewidth, is given by the frequency distance of the two exta (minimum
and maximum) of the real part, i.e. by

Aw = w, (\/ﬁ - \/1+—c) , (2.57)

where
C— arne 2wy + war)

Wy

Forw, >> Aw, one can use the Taylor approximatidrit z)” ~ 1+ nz
to obtain

Aw = arLaypo(2H + Msa) = aLLayitoMsat- (2.58)

Note thatAw stated in Eq_2.88 relates to an effective damping (or relax-
ation) giving directly the frequency linewidth of the resmcge. Many dif-
ferent contributions can enter this term, such as two oethragnon scat-
tering [Ari99] and inhomogeneous linewidth broadening iG4]. Dif-
ferent contributions depend differently on the frequen&pr so-called
Gilbert like damping one defines the corresponding fieldviidith at half
maximum by

AH = 201G (2.59)

KoY

The linear dependence of the field linewidd¥ on the resonance fre-
guencyw, is referred to as Gilbert-like damping. Contributions nbeg-
ing this scaling law are referred to as extrinsic. In thisthethe linewidth
is stated in connection to intrinsic and extrinsic contiitais and the pa-
rametern only containing intrinsic contributions.
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2.2.4 Relaxation and damping
Frequency linewidth

The field linewidthA H for separated extrinsic and intrinsic contributions,
see Eq2.89, is given by [Hei85, Kal06]

AH = AHy + w (2.60)

In this thesis, the frequency linewidthf is determined rather thah H,
see Sed._3.1.1. Itis possible to convArf into AH in order to obtainy
from Eq[Z2.60[[Kam785, Kua05, Kal06]. For small linewidthg,.iA f <<
fx(k =0), alinear approach

Ofy(k=0,H)
OH ’
can be used. In EQ. 261, (k = 0, H) denotes the Kittel formula EQ. 262

describing the relation between external fiéldand resonance frequency
fr(k = 0). Differentiation yields

Af = AH (2.61)

ofi(k=0,H) ~ypo 2H+M
OH 4 \JH(H + M)

. (2.62)

To eliminateH, the dependencH (f) of Eq.[2.54 is inserted in EQ. 2163,
which yields

Ofc(k=0,H)  ~puo YioMsar \?
oOH T oo (47rf,.(k: = 0)> (2.63)
_. ko _
= LEPA(fik =0)).
Finally, one obtains
Af = (7250 +2af.(k = 0)> Pa(f(k =0)). (2.64)

Eq.[2.64 can be used to obtairfrom the resonance linewidth.

34



2.3 Dipolar Spin Waves

Temporal relaxation

The solution of Ed._2.43 for a step-like field excitation
h = hoO(t —tg), (2.65)

whereO is the Heaviside step functions, is possible in sphericatdio
nates[[SiI99]. One obtains an exponentially damped dynamaignetiza-

tion component

t
My OC My, 0 €XP ——. (2.66)
T

The parameter is the relaxation time and can be directly measured in e.g.

time resolved experiments. It is connected to the Land&shltz damping
vz [Si199], see Eq.2.43, via

ALL = 2/7. (2.67)

Using Eq[Z.44 one can relatg, to the Gilbert dampingy..¢ and via
Eq.[2.58 one finds

Af = AL (2.68)

2
i.e., A\LL (or 7) is a direct measure for the frequency full width at half
maximum of the susceptibility.
Sometimes the reciprocal spatial decay length used rather than the

relaxation time. They relate by

¢ = (vgr) ™", (2.69)
whereu, is the SW group velocity, see Séc. 2]3¢lcorresponds to the

imaginary part of the SW wave vectbr

2.3 Dipolar Spin Waves

2.3.1 Dispersion relation

It is possible to solve a linearized equation of motion gitgnEq.[2.43,
see Sed. 2.2/2. This yields a solution including magneiostaeractions
of spin waves with finite wave vectér. For an extended thin film this has
been done by Kalinikos and Slavin [Kal86] by setting up thprapriate
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Figure 2.2: (a) Spin-wave dispersiotf;(k,uoH = 20 mT) calculated us-
ing Eq.[Z.7B for two different orientations of the wave veckowith respect to
the external fieldHH. Parameters areuod = 20 mT, Msar = 830 kA/m,
ts = 25 nm, vertical quantization parametgr= 0. ¢ = 90° (solid line):
magnetostatic surface wave or Damon-Eshbach mode (MSE\WH.0° (dashed
line): magnetostatic backward volume mode (MSBVW). (b)adkltedf; (k) for
0 < k < 0.03 x 10° rad/cm for ¢ = 90° (full line), ¢ = 20° (dash-dotted line),
andy = 0° (dashed line). This range &fcorresponds to the regime addressed in
the experiment. (c) Calculated group velocity = 27 d f:(k)/dk for ¢ = 90°
(full line) and ¢ = 0° (dashed line). For smak the MSBVM mode ¢ = 0°)
exhibitsv, < 0, i.e. phase and group velocity have opposite sign.
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2.3 Dipolar Spin Waves

Green’s function and boundary conditions. It is possibledtrulate a
spin-wave dispersioffi. (k, H) and susceptibility (k).

Let the thin film be in thery plane. The film thickness ig. Film exten-
sions inz andy direction are sufficiently large to be considered as infinite
The effective internal field and the magnetizatiaNI are oriented in the
zy plane along the axisy . The total wave vectdt consists of an in-plane
componenk, (in the zy plane) and an out-of-plane componémnt(per-
pendicular to thery plane).k. is orientated along the axés. k is given
by

K =k + k. (2.70)
The out-of-plane component of the wave vector is quantiaesl td the
geometrical constrain in the perpendicular direction, i.e

k;p:?,p:o,Lz.... (2.71)

The in-plane component is decomposed in a component parallel to the
magnetic fieldH, k|, and a component perpendicular to the magnetic field,
kL, i.e.,

k2 =K + k. (2.72)

The dispersion of spin waves with frequencigs(p = 0,1, ...) is given
by [Kal86]
w2k, H) |,= (wir + awnk®)wi + war - (ak? + Fyp(ky))], (2.73)

whereF,,(k,) is the dipolar interaction matrix element. The dipolar in-
teraction of spin waves causes, at snkalfectors up tol0° rad/cm, a
deviation from a quadratic dispersion relatidn,, (k,) is given by

Ppp(l - Ppp) sin® 14

2
Fop(kp) =1 — P,,cos” p+wnr P

: (2.74)

wherey is the angle betweesy, andey [ In the case of totally unpinned

1In the experimental setup employed in this thesis, sed E&yifahe transferred SW wave
vector, i.e. the coplanar waveguide, is aligned with thelfegrrectly, one obtaing =
90° — ¢ wheren is the angle of the field with the CPW, see Figl3.3.
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surface spins,

2 3
_ kc 2lcC 1

P - <
w2 TRk T oy

[1— (~1)% exp (—kcts)] (2.75)

In Fig.[2.2, the spin-wave dispersion of a plain film accogdim Eq[Z2.78
is plotted forpgH = 20 mT, Mg, = 830 kA/m, andts = 25 nm
(reflecting standard Py parameters). In [Eig] 2.3, an isafaqgy plot for
the same magnetic parametersfat= 6 GHz is depicted. The strong
anisotropy of the spin-wave dispersion becomes visible.

Eq. [2.78 is denoted for a quantization/gf only. However, in a fur-
ther approach, this equation can be expanded to coverllgteaatization
phenomena. Theh, , k| — ki ., k|, are assumed to be quantized, too.
Rigorous treatment of lateral quantization, however, lves an adapted
Green’s function and appropriate boundary conditionss hias been done
for, e.g., ferromagnetic wires [Gus02].

The group velocity, is defined by

Ow
For smallk (in the dipolar regime), using EQ. 2173, one yields [Mé&l01]
("7//140—]\4'53.‘5)2
— 0 Sat) 2.77
vg t 87Tf ( )

i.e. the group velocity, is inversely dependent on the frequency.
Generally, it is possible to distinguish between propagedind standing
spin waves.

1. Propagating spin waves. Propagating SWs have a finitepgreu
locity, |vg| > 0. Energy and information is transferred in space. The
amplitudemn(r) « exp(ikr) [Bai01].

2. Standing spin waves. Standing SWs have zero group welagcit
0. Neither energy nor information is transferred in spacentedly,
the standing SW can be described by interference of two esunt
propagating SWSs, i.em(r) o« exp(ikr) + exp(—ikr). Standing
SWs are also referred to as localized SWs, as they can ocatialbp
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Figure 2.3: Calculated isofrequency plot fof = 6 GHz using the spin-wave
dispersion EQ. 243 witho H = 20 mT, Msa¢ = 830 kA /m, ts = 25 nm, vertical
guantization parameter = 0. Data corresponds to the dashed horizontal line of

Fig.[Z.2. A strong anisotropy is observed with a maximkifior the magnetostatic
backward volume mode (MSBVW), i.e2a = 0° or 180°.

confined within local potential well$ [Jor@9]. Such potahtiells
can be formed, e.g., by the internal field entering[EqQ.]2.73.

For ¢ = 90°, one finds the so-called magnetostatic surface wave or
Damon-Eshbach mode (MSSW). Based on [EqQ.12.73, the susitigptib
x(k) can be calculated [Har68, Pef08] according to

OF = (—szSat) x AL (2.78)
Koy
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where

A — <B+MSM1—6X7P(—M))X

Jed
kd—1+exp(—kd)> - ( w >27

kd 1107

X<B+MSat 107y
0

and

 poMsa poy

The susceptibilityyP* of Eq.[Z.78 becomes relevant in the analysis
of measured signal obtained by the all-electrical spinenspectroscopy
(AESWS) technique in SeL] 6. The measured signal is catmliiasing
Eq.[2.78 in Figl6K.

2Ak? H Taw

2.3.2 Plane wave method

The plane wave method (PWM) is a standard technique to cdédis-
persion relations for periodic composite systems, e.g.tgtio [Leu93],
phononic, or, in the case of spin waves, magnonic systens9p/&ra08].
The PWM has been adapted by Dr. Maciej Krawczyk and Dr. M.L.
Sokolovskyy in Poznan, Poldhdtimulated by the experimental data ob-
tained in this thesis. See Séc. 811.2.

The PWM relies on the possibility to solve an eigenvalue fmabnu-
merically. For systems with spatial periodicity, this rksun the trans-
formation of the problem into reciprocal space via Founiansformation.
Using the ansatz of plane waves to solve the problem is bas&lozh’s
theorem that the solution of a differential equation withipéic coeffi-
cients can be represented as a product of plane-wave eevielogtions
and a periodic Bloch function [Kra08].

In particular, for magnonic systems, this results in théofeing ingre-
dients:

1. Linearized equation of motion, see Jec. 2.2.2, formdlatehe re-
ciprocal space, including the demagnetization field (msagtatic
potential), and other periodic material properties.

1Surface Physics Division, Faculty of Physics, Adam MickiwUniversity, Umultowska
85, Poznah 61-614, Poland.
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2.3 Dipolar Spin Waves

2. Ansatz of plane waves solving the equation

m(r) = mg(r)exp(ikr) = (2.79)
= ) my(G)exp(i(k + G)r),
G

wherek denotes a reciprocal lattice vector akds defined within
the first Brillouin zone.

3. Usage of a a sufficiently large, but finite number of recaijatdattice
vectorsG that ensures convergence of the problem

The problem can then be formulated in the form
M(G)my = iQmy, (2.80)

whereM is a 2x2 matrix, see Eqgs. 22-44 o6f [Kra08], andthe dynamic
magnetization. The system of equations given by[Eq.] 2.8(easolved
numerically.

In the case of the antidot lattice geometry, which consié@iroholes
in a ferromagnetic surrounding and has been investigatgadof this
thesis, a particularity of the PWM has to be considered. Mog®f non-
magnetic material in PWM-based calculations of magnoreécspa has not
been possible so far. This is due to the formulation of theadgn of mo-
tion Eq.[2.3b for inhomogeneous media. In nonmagnetic mtbdianag-
netization is zero and EQ. 2135 becomes an identity. Howavére PWM
the system dynamic is described by a superposition of a nuofh@ane
waves given by Ed. 2.79, which are continuous functions angagate
throughout the medium. Thus, each plane wave must be deflsedna
the nonmagnetic medium. To do so, one can model the holes éyianr
of strongly reducedV/s,;. Then the set of solutions can be subdivided
into physical and non physical results: physical solutibage close to
zero precession amplitude within the holes representea@dyced) /s,
and vice versa for the non-physical solutions. The relesafahis ap-
proach goes beyond the system of magnonic crystals: sigfi@ienges
are encountered in the application of the PWM to the calmradf the
band structure of phononic crystals consisting of a solaialquid or gas
[Gofo1,[Peniofl

1Similarly to the SWs confined to magnetic material in the MCphononic crystals trans-
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First, the static demagnetizing field in the model systemtmesro-
duce well the demagnetizing and the stray fields in the redl Alhis is
particularly important for edge modes (see Secdl 8.3), whiehformed
in the local minima of the demagnetizing field. A valueldf,; at least
ten times lower than in Py allows to reproduce the shape alue d the
static demagnetizing field with good accuracy (less than &0%r). The
assumption of a specifit/s,; involves a compromise between high accu-
racy of the results obtained (which requires a small,;) and short time
necessary for the calculations (which benefits from a lafge.). As the
number of plane waves to be taken into account in the expasisioob-
tain the same accuracy grows with the magnetization diffegdetween
holes and matrix, a large difference implies long calcalatime. In the
presented calculations, see §ec. 8.1.2, 1681 plane wavesnsed in the
Fourier series.

Secondly, the physical and nonphysical solutions must paraéed. To
do so, one must ensure that nonphysical solutions residdiffeaent fre-
quency regime than physical solutions. In the presentgysfehe antidot
lattice, the effective fieldd.s# forms minima within the ferromagnetic ma-
terial (here the edge mode resides) and maxima within thesi{obodeled
by low Ms,:). This causes the nonphysical solutions localized withan t
holes to shift to higher frequencies, see[Eq.P.73.

2.3.3 Micromagnetic simulations

Micromagnetic simulations allow for the numerical calc¢ida of the fer-
romagnetic ground state, i.e. the equilibrium magnetizationfiguration
M(r) by minimizing the total energy of the system, see Hqsl 2.&, se
Sec[Z2.3B. Furthermore, for a given initial ground stagésponse of the
system to a dynamic field is calculated numerically solving the equation
of motion including damping EqQ. 243 or Hg, 2138, see §ec32.3

verse vibrations do not occur in constituting liquids andega The abrupt vanishing of
these vibrations at the border between the solid and theegas lto non-physical extra
solutions in the PWM. Material parameters are chosen togstpmodel the gas medium
and eliminate the nonphysical solutions from the releveegdency range without affect-
ing the frequencies of the proper (physical) modes.
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2.3 Dipolar Spin Waves

Quasistatic simulations

To find an equilibrium magnetization state, minimizing tb&at energy of
Eq. [2.34 is a task which in general is not possible to be tdeatalyti-
cally. Micromagnetic simulations allow a numerical treatth For this,
a ferromagnetic body is discretized indd simulation cells, indexed by
j = 1...N, of defined volumé?; each with magnetizatio; [l The vec-
torsr;; connect the-th simulation cell with thej-th simulation cell. The
energy terms of Sed.__2.1.5 are formulated in a discretizednera this
is readily done for the Zeeman enefgy 2.21. The exchangeattiien is
of local nature allowing for the gradient representatiofEqf[2.31. Only
contributions over a few neighbors need to be taken intoideration in
a standard codé [Ber93, Heir01]. The need for computatiooakp for
Zeeman and exchange energy contributions is low. This ferdifit for
the long range demagnetization field interaction. The dipmiteraction
between two magnetization vectors of thtéh andj-th cell is given by
the discretized equivalent of Ef._2123. The summation eddor every
simulation cell over allvV — 1 remaining simulation cells, i.e. the need for
computational power scales asO(NQ)E

For minimization of the total energy, different computational iteration
processes are employed; one of these is explained for theassefMicro-
Magus which is employed in the course of this thesis [Ber@gjing Eq.
[2.3 and Eq_2.70, the effective internal field at simulatiett ¢, Heg 5, is
given by the vector derivative

oE

Heff’j = —M

(2.81)

A minimum of energy is reached H.¢ ; andM; are collinear[[Sch&8],

1The simulation cells can be either of cubic shape of fixed [B93]. Cubic shaped
simulation cells translate into square shaped cells fori@dilations.or, using a finite
element approximation, of tetrahedral shape [Her01].

2For simulation cells of fixed size and therefore periodicditization, the demagnetization
field calculation can be accelerated considerably usingtd-faurier transformation (FFT)
approach[[Yua92]. This approach exploits that the intesacbetween two cells only
depends on their relative distance, i.e.ion j. Eq.[Z.2Z% can be formulated accordingly
[Ber98]. For discretization using uniform simulation selthis results in computational
power scalingx O(N).

43



2 Theory

Heﬂ‘d‘ X Mj =0.

The constraintis that the length®f; is conserved, i.eMg,; = const.. In
detail, the iteration proceds [Bei93] calculates fir¥ly; ; using Eq[2.811
for a given magnetization configuratiM‘;ld. Second, the abort condition

[IMS x Heg | <.

is tested where is the defined threshold for convergence. If not fulfilled,
a new magnetization configuratidvl}°¥is calculated using a Landau-
Lifshitz and Gilbert equation 2.43 without a precessiomtgre.

M2 = MO — o [M29 x (MO x Heg )], (2.82)

where the damping parametet is chosen for sufficiently fast, yet accu-
rate convergencen* does not necessarily reflect the specific damping
of the given material, but a value set to fit the needs of aniefficonver-
gence of the iteration. Ef. 2182 changes the lenghIgf" in the second
order of|M§ld — MJV|. Subsequent renormalization Bt} modifies
the results little for smalkk.

Time dependent simulation

For the simulation of magnetization dynamics, the Landédshitz and
Gilbert equation (Eq_2.43 ) is considered. An initial matjration con-
figuration is defined using static micromagnetic simulagieee Sef. 2.3.3.
For small temporal intervals, 0M; ; /0t is replaced byAM, ; /7; and is
numerically calculated for each simulation cgh= 1...N andr; € [0,7].
Then, the effective internal fielfll.g is calculated as described in Sec.
[2.3:3 anew for inputting into the next iteration of solving.2.38.

Application

In the course of this thesis the softWaVécroMaqu has been used to
model static and dynamic properties of nanostructuredfeagnetic sys-
tems. Subject of this thesis is the periodic arrangemerit bbées in a thin

Linnovent Technology Development e.V., Jena, Germany

44



2.3 Dipolar Spin Waves

20 40 60
y (um)

Figure 2.4: Spatio-temporal spin-wave propagation along ghaxis in a plain
thin film obtained from micromagnetic simulations fes H = 20 mT (applied

in z direction), Ms.c = 830 kA/m, ts = 25 nm. Plotted is the out-of-plane
component of the dynamic magnetization, where dark (bright) colors denote a
large positive (negative) amplitude. Simulated is a slamaferial with extensions

in y direction of68 pm andzx direction of0.8 ym with a simulation discretization
unit cell of 16.7 nm, i.e. the number of simulation unit cells amountdo= 48 x
4096 x 2 = 4 x 10°. Simulation unit cell volume i€ = 16.7 x 16.7 x 12.5 nm?®.
Two-dimensional periodic boundary conditions were usddchufation parameter
set A, sed_AB. Magnetization dynamics are excited by a fielsiporientated out
of the plane: rise and fall time &f5 ps att = 0.05 ns andy = 12 — 12.8 um,
field strengthuohs = 0.1 mT. Propagation of the spin wave packet is indicated
by the dashed line which exhibits a group veloaity= dw/dk = 6.5 km/s. The
SW propagates in- and—y direction. The periodic boundary conditions cause the
spin wave packet propagating #y direction to reappear at = 68 ym. Saved
time step intervalA7 = 6 ps. Simulated time period = 10 ns.
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permalloy plain film, i.e. an antidot lattice (ADL) as intnackd in greater
detail in Sec[_3.1]12. The holes in the ADL are arranged witkr@oglicity

of p and the ADL extends in they plane. For the simulated geometries
120 < p < 800 nm. Detailed parameter sets of micromagnetic simulations
employed throughout this thesis are stated in the appeseixSed._Al3.

First, the simulated geometry is chosen. Ui}, define the number
of antidot unit cells of periodicity simulated iny direction andM,, re-
spectively inz direction. Either a single ADL unit cell is simulated, i.e.
M, = M, = 1 or a number of unit cells/, > 1 is simulated iny di-
rection (st|II M, = 1). Latter case is dep|cted schematically in [Fig] 2.5.
The simulated geometry comprisgs (IV,, N.) simulation unit cells in
x (y, z) direction. Each of the simulation unit cells comprises atisp
volume(2. Thex andy coordinate of each simulation unit cell is denoted
by z; andy;, respectively. Then it follows that< NV, andj < N,. Typi-
cally, N, = 2. Periodic boundary conditions are used in ifaeplane, i.e.
two-dimensional (2d) periodic boundary conditions.

The ferromagnetic ground state is calculated as descnib8de[2.313.

In particular, results of such calculations are the spatiabnetization
profile M(z;,y,), see Fig[2l1, and for an antidot lattice with periodic-
ity p = 800 nm Figs.[Z.B[7l4; also obtained is the spatial demagneti-
zation field profileHp (z;, y;) which is depicted for antidot lattices with

p = 800 nm and300 nm in Figs[Z.b and_716.

If the simulated geometry is chosen such th#&; = M, = 1, the
field pulseh,; exciting magnetization dynamics in the radio frequency (rf
regime, i.e. up t&0 GHz, is applied uniformly across the simulated sin-
gle ADL unit cell. Because there is no spatial variatiomegf, the wave
vector transferred by the exciting field pulseQiginfinite wavelength of
hyt). Furthermore, the 2d periodic boundary conditions do tlowafor
a wave vector withk < Zw/pﬂ The spatially resolved spectral response
P(f,x;,y;) is obtained via Fourier transformation (FFT) of the tengbor
evolution of the out-of-plane magnetization, of every simulation unit
cell (z,7), i.e. by

1Typical parameters of such simulations &e= 5 x 5 x 10 nm?3, i.e. simulation cell
side lengths are of the order of the exchange length, see Eq.2.33. Simulation cells
N = 103...105. The field pulse is typically directe¢5° out of thexy plane and has an
amplitude amounting tpoh s = 0.5 — 3 mT.
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Figure 2.5: (a) Schematic illustration of the micromagnetic simulata an anti-
dot lattice (ADL), i.e. a periodic arrangement of circul&iaped air holes (white
areas) in thery plane contained in a thin permalloy film (gray areap. de-
notes the antidot lattice periodicity and for the geomstsinulated in this the-
sis120 < p < 800 nm. For a detailed description of the ADL geometry, see
Sec[3.1P. 2d Periodic boundary conditions are used inghgane. M, and M,,
denote the numbers of ADL unit cells simulateddandy direction, respectively.
The ADL periodicity isp. In z direction, a single ADL unit cell is simulated, i.e.
M, = 1. Inydirection,M, > 1, typically40 < M, < 80. The ADL geometry is
discretized into simulation unit cells indicated by ligiiayg lines. There is a total
of N, N, andN; simulation unit cells inc, y, andz direction. Each simulation
unit cell size corresponds to a spatial volufd@s indicated. (b) and (c) To trigger
magnetization dynamics, a short field pulsg is applied directed5° out of the
zy plane. It has, e.g., an extensionmin y direction as indicated in (b). There is
no dependence on theand z direction. The short field pulse has a rise and fall
time of 6 ps in the time domain as indicated in (c). This is sufficiergxoite mag-
netization dynamics in the radio-frequency regime upAdGHz. The simulated
time T amounts td" = 10 ns, typically.
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whereFFT; denotes the Fourier transformation from time into freqyenc
space. Such spatial spin-wave precession maps are showDfa of
periodicityp = 800, 300 and120 nm in Figs[Z.1H,7.21, and_7J23.

The integrated spectral responBéf) is obtained via Fourier transfor-
mation (FFT) of the temporal evolution of the out-of-planagnetization
m, Of every simulation unit cell and subsequent summation allaimu-
lation unit cells, i.e. by

P(fy= > FFTy(ms(xiy;.t)). (2.84)
1<Nz,j<Ny

The integrated spectral response is shown for antidotéstvf periodicity
p =800, 300 and120 nm in Figs[Z.111._7.20, and_7122.

If spin-wave propagation is simulated, i.e. if the simulbgreometry is
chosen such that/,, = 1 andM, > 1, the excitation fielda, is spatially
localized iny direction to an extent of, e.gu, There is no dependence of
h,¢ on thex coordinate, c.f. FingBThe wave vector transferred by the
excitation field is obtained by the Fourier transform of tleddfiprofile iny
direction, i.e. byFFTh,¢(y;)!4 To obtain the integrated spectral response
with wave vector resolution, i.€2( f, k), a two dimensional Fourier trans-
formation is performed. Only certaipn; are considered for this, defined
by a < i < b[c.f. Fig.[28]3 Only for these given values aof;, the
out-of-plane magnetization component is summed up

mz(yjat”:fL = Z mz(xiayjat)y

To<z;<Tp

ITypical parameters of such simulation @e= 17 x 17 x 12 nm?, i.e. simulation
cell side lengths are larger than the exchange lenagth see E(2.33. Simulation cells
N =~ 32x2056 x2 ~ 1x10°. M, = 40...80. The field pulse is typically directeth°
out of thexy plane, has no dependence ogoordinate, a spatial extent incoordinate
of 300 — 1000 nm, and amplitude ofiph,r = 0.1 — 1 mT. Typically, the stored time
increment of simulation iAT = 7, — 7,1 = 6 ps, S0 that the maximum resolved
frequency corresponds to roughp GHz according to Nyquist theorem. Furthermore,
typically the simulated time i§" = 10 ns, so that the frequency resolution corresponds
to roughly0.1 GHz.

2This is analogous to Selg] 5 where the excitation spectrum@PW is obtained from a
Fourier transformation of the simulated field profile.

3z, andx; are chosen so that eaeh with a < 7 < b has a sufficiently large distance to
the holes. This is done in order to avoid artifacts from thengetrical periodicity induced
by the holes.
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2.4 Microwave Excitation

In Fig.[2.4,m.(y;,t)|s, is depicted for a plain film for = 1 andb = N,.
The simulation parameters are stated in the Figure capt#otwo-step
Fourier transformation yieldB( f, k) so that one yields

P(f, k) =FFT, FFT; (m.(y;,t)|z.) (2.85)

whereFFT, denotes the Fourier transformation from time into wave vec-
tor space. P(f, k) obtained on a plain film is depicted in Fig. 2.6 as a
gray scale plot. Data is compared with the calculated sgwendisper-
sion f, (k) according to Ed. 2.713. Good agreement is found for small wave
vectorsk. The disagreement between simulation and calculatiorrge la
values ofk originates from the large simulation discretization cedbsof

Q= 16.67 x 16.67 x 12.5 nm?.

2.4 Microwave Excitation

2.4.1 Transmission line model

In order to describe the microwave response of a linear elgrites con-
venient to use the transmission line theory. A transmissiementdx

is considered which is small if compared to the wavelength of the
electromagnetic (em) wave, i.8x << Ay iS considered. The transmis-
sion element comprises two conductors which are sepamatspace by
a dielectric. One conductor is denoted as signal line, theratonductor
as ground lin@l Relevant values are voltagé and current/ along the
transmission element, as well as resistaR@nd inductancé of the con-
ductors, conductand@ of the dielectric, and capacitan¢ébetween the
conductors. They are related by the formulas

ov ol

- = —(RHLa). (2.86)
ol ov

o _<GV+CE)'

1A particular form of a transmission element is the coplanaveguide (CPW) which is
formed with two ground lines symmetrically arranged withpect to the signal line. The
CPW is used throughout this thesis, see Eec.13.1.2. Via ppate conformal mapping
techniques[[SimQ1], this geometry can be transferred inéorhore general case of a
single ground line discussed here.
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Figure 2.6: Spin-wave dispersion obtained from micromagnetic sinnutetcon-
sideringuoH = 20 mT, Msaz = 830 kA/m, ts = 25 nm, where dark (bright)
denotes large (small) SW amplitude. Data is obtained from@adimensional
Fourier transform of Figl_2l4. The dashed line indicates dhkeulated spin-
wave dispersion obtained from Hg. 2,73 and depicted in[ER. Zhe disagree-
ment between simulation and calculation at large valugs arfiginates from the
large simulation discretization cell size 6f = 16.67 x 16.67 x 12.5 nm?®.
The slope of the dispersion for smal yields a value of the group velocity
v = 2w df/dk = 6.5 km/s.
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2.4 Microwave Excitation

Assuming a sinusoidal time dependence of angular frequencs.

V(z,t) = é}ea:/(x)exp(jwt)) (2.87)
I(z,t) = R (x)exp(jwi)),

allows to eliminate the time dependence from[Eq.12.86 talyiel

ov s

9% - (R+iwL) 1, (2.88)
oI e

% = — (G + ZWC) V

Further differentiation yields two independent secondeordifferential
equations which can be solved in the form of wave equations

V(z) = V%texp(—yz)+ V™ exp(yz), (2.89)
f(x) = It exp(—vyzx) + I~ exp(yz),
where
v =+/(R + jwL)(G + jwC), (2.90)

andV+,V—, It I~ are integration constants resulting from solving the
two coupled differential equations of second order. Intetipg Eq[Z.8P

as two counter propagating waves for voltdder, t) and currentl (x, t),
each, yields thaRy corresponds to the spatial decay of the voltage (cur-
rent) amplitude along the transmission element. Voltagk@nrent are
related via the impedance

- -
7, = ‘f— = Y— (2.91)
It I-
For low loss lines, where
R << wL (2.92)
G << wC,

ohmic losses in the conductor (dielectric) are small if caneg to induc-
tive (capacitive) losses. For nanoscale coplanar wavegUui@PWs), see
Sec[3.1PR, Eq._2.92 is not always fulfilled. For low loss sraission ele-
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ments the impedance is given by

Z. =1/ =. (2.93)

In this case, the ohmic resistanges not relevant for the high frequency
(rf) impedance.

2.4.2 Scattering Parameters

Consider a transmission element of Sec. 2.4.1 and definerhesites
of the element as ports= 1 and port2. One defines the complex and
normalized waves

Vi+ Zeil;
2V Zei
Vi — Zoil;

2V Zei

wherei = 1,2. Inserting the solutions of voltage and current waves
Eqs[2.8P into E4. 2.94, one obtains

(2.94)

a;

b =

V+
a; = Z; exp —yx (2.95)
b, = Vi expyx
LT 7 pyx.

Eq.[2.95 can be used to interpret and b; as incoming and outgoing
voltage waves at poit Based on this, the scattering parametggs(S-
Parameters) are defined for two ports according to

b1 S11 Sz ay
= 2.96
<bz> (5'21 522)<a2> ( )
In the following two particular examples for scattering graeters are
stated [[Bil07a]. First, for the simple case of a transmisstement of

lengthl,
S11 = S22 =0,
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i.e. no back reflection, and
512 = 521 = exp —"/l.

Second, for a lumped impedangg on a transmission line of impedance
Zo,
Zy
S11 = So = 7o+ 2o
and
S12 = So1 = 2511.

2.4.3 Voltage induction and measured quantities

This section deals with the theoretic foundations of thetation and de-
tection mechanism of SWs employed in the all electrical spéve spec-
troscopy (AESWS) technique, see Jec. 3.2.2.

A precessing magnetizatidvl induces a voltage in the signal line of a
coplanar waveguide (CPW). The CPW extends alongrth&is. In gen-
eral, the magnetization precession can be excited by ardutreough a
first CPW 1 and a voltage can be induced in a second CPW 2. The mag
netic flux within CPW 2,®-, can be directly derived from reciprocity ar-
guments[[Gie05a] and is given by the magnetizalidrand the dynamic
magnetic fielchf by

hrf
By = 11 / —Z . Mdv, (2.97)
v, I

s

whereVj is the sample volume and

hy = hy,o(y)Haey. (2.98)

I
= hyo,Q(y)w_QKey~

The magnetic fielchl! is orientated along thg axis only. This is a sim-
plification of the real case, whei€/ also has a finite: component, see
Sec[b.K is a proportionality constant, the current, ands the CPW in-
ner conductor width, see Séc. 31172, multiplied by the proportionality
constanti, respectively, give the absolute field value. The spatipkde
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dence is included i, » which is defined so thaf dyh,, > = 1. For
simplicity, it is instructive to first consider a case whdre tateral extents
of the magnetic material are identical to the lateral exgefthe inner con-
ductor. Here thg dependence dfl,, »(y) is small and E4.2.97 simplifies
to

By = oM, (1)Ll (2.99)

where! is the length of the inner conductor andthe thickness of the
magnetic material. For a more general case,

tlsin 0 K
by = PEROR [y (b sV, (1) (2.100)

whered is the angle between the magnetizatihand they axis. This
angle corresponds to the angjeised for the all electrical measurements
and defined in Fig._313 via = 90° — §. The induced voltage is given by

4o
S 2.101
dt (2.101)

potsl cosn / dM,(y,t)
= _HTERT qyh — o -
W y 9072(y) dt

B _xmt(w’)uotslcosn/ dnif, (y,1t)
= wa yhyo72(y) dt .

‘/2:

Here x:o1(w’) is the total susceptibility of the material given by all con-
tributing wave vectorg that are excited [Cou04, SchH04, Per08].

Xtot (W) = /dkx(w',k)p(k) exp(—iks), (2.102)

wherex(w’, k) is the spin wave susceptibility (see e.g. Eq. P.78))
is the excitation efficiency for a given wave vectgrsee Sed.]5, andis
the distance between the two CPWs [P&r08, VIal10]. The mamien is
driven by the time dependent field of CPW 1, i.e.

I
hlif = hyml(y)w_llKeXp (iwt)ey' (2103)

Following an approach by Giesen [GieD5a], the Fourier fansation of
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Eq.[2.101 eliminates the time dependence and yields

27 potslxtot (W' )0 (w — w') cosn "
wi1wWg

/ Ay (hyo 2 (1) hyo 1 (1))

From Eqs[ 2.104 arild 2.702 it is clear that the maximum maxisigmal is
not necessarily obtained for the resonance frequency tdumprecession
denotedf,(k = 0) in Eq.[2.56. The frequency shift can be calculated
straightforwardly, see Eq. 18 in Ref. [Cou04].

The spatial convolution between detector and emitter fieddl e de-
noted as sensitivity

Vo = ilhw- (2.104)

3(y) = hyo2(y)hyo,1(y)- (2.105)

In the case of a single CPW,dyX(y) = 1. For two different copla-
nar waveguides) < [dyX(y) < 1. This results in a suppressed signal
contribution from non-local excitation and detection. §hignal is to be
regarded as parasitic in the case of all electrical spin vepestroscopy,
where one aims at measuring propagating spin waves haéngl¢d be-
tween emitter and detector. Comparing [Eqg. 21104 witi E@ &®ws that
the ferromagnet response can be treated as a change in the'syisduc-
tion L because both the system’s inductance, as well as the indigreal
are proportional taw/;. The change in induction is then given by

AL & XyywXtot (W)- (2.106)

This change in the system’s inductance changes the impedanuia

Eq.[2.98 and of the scattering parameters, see[Sec| 2.4elmé&hsured

signal corresponding tg;.: is denoted as spin-wave spectrum.
Eq.[2.104# highlights the important dependencies of the oredssignal.

e The signal strength depends linearlycon

e The signal depends on the angle between the rf-figjdand the
magnetizatioM via cos 7.

e The signal depends on the spatial convolution of excitagioth de-
tection fieldX.
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e The signal is directly proportional to the susceptibility (w).

For further details on derivation of the susceptibilityrfrahe measured
signal see[[Kua0%, Kal06, Bil070, Vlalﬁ].lt is out of the scope of this
thesis to provide full quantitative description of In the following, x is
stated in arbitrary units. From Ref._[Kal06] it follows thiis does not
affect the determination of e.g. the damping significantly.

2.4.4 Electromagnetic field simulation

The measured signal given by [Eq. 2.1104 is strongly influebgate mag-
netic field strength and spatial profile of the microwave an&e, i.e., in
the present case of the coplanar waveguides (CPWSs). Differays ex-
ist in literature to obtain the spatial field profile of a CPWtluding full

scale analytical calculation using Maxwell’s equatidn$&M] or via the
field produced by a current strip [Sil99, Sch04, Gi€05b]. Withe first
analysis is very involved, the second approach negleastsfbf the insu-
lator or the complex geometry of CPWSs used for experimergsritged in
Sec[3.2P.

A further method involves electromagnetic field simulatidrthree di-
mensional object is discretized into simulation cells. €ach simulation
cell the electric and magnetic fields given by Maxwell’'s eiipraare cal-
culated obeying the continuity conditions at the simulatiell boundaries.
Within this thesis the softwarelicrowave Studidis used to simulate the
magnetic fieldh(r) produced by a CPW. For further details see [Wei08].

1Different techniques have been proposed to obtain the ydulhntitative description sus-
ceptibility. They range from measuring the scattering peaters only[[KuaO5], via a
numeric compensation of the intermixing between real andgimary part of the S-
parameters [Kal06], to a full deembedding of the coplanavegaide contributions to
the signal[[Bil07b]. While the last method requires a datasained for the raw copla-
nar waveguide, which is not possible for integrated samfiiesintermixing between real
and imaginary parts of the susceptibility can be taken chr@&fus is done by an appro-
priate rotation of the signal phase.

To obtain a reliable measure for tabsolutevalue of the susceptibility proves to be
very difficult. Numerous signal contributions from diffetefield orientations, non-local
spin-wave excitation, and, most importantly, the absolalee of the exciting magnetic
field h.s have to be considered. In literature, even a full scale &ion of the elec-
tromagnetic fields obtained from Maxwell’'s equations, cormatl with the magnetization
dynamics described by Landau-Lifshitz and Gilbert equdBat3 requires an empirical
scaling factor to obtain results in agreement with expeninfi¢la10].

2CST Corp., Darmstadt, Germany
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In this Chapter the experimental methods and techniquesndre-
duced. The chapter is organized as follows:

In Sec[3. 11 the broadband microwave probe station is dhiced
which is used to measure samples described in[Sec] 3.1.2.

The measurement techniques are described ifSéc. 3.2 tinyar
all electrical spin-wave spectroscopy (AESWS) in GecZ3.2.

3.1 Measurement Apparatus and Sample Design

3.1.1 Broadband microwave probe station

Spin wave excitations in ferromagnetic material typicalver the GHz
frequency (0° Hz) regime. To study spin-wave resonances all electri-
cally, a broadband microwave measurement setup, i.e. &3talion, is
required. Two identical probe stations were employed TUaé, Big[3.1.
The probe station comprises the following elements:

1. A sample as described in SEC. 3] 1.2 with integrated caplaaveg-
uides (CPWs).

2. Microwave source and detector in the form of a vector ndtven-
alyzer (VNA). The VNA has two microwave ports, see Jec. 2.4.2
The VNA creates and outputs a sinusoidal microwave defingddoy
voltage wavea of frequencyf, see Eq.2.95. It detects the returning
wavesb at both ports. Both phase and amplitude are measured. For
measurements presented hereaftePNaA-X[] VNA is employed.

The rf microwave output power is typicallymW.

3. Microwave cables, tips, and a positioning / retainingeys Mi-
crowave contact is established between both ports of the WitiA

1Agilent Corp., Santa Clara, CA, USA
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vector network analyzer

automated + RF cables
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Figure 3.1: Schematic illustration of the broadband probe stationmsesed in this
thesis. A vector network analyzer (VNA) outputs a sinusbigétage of frequency
f < 26 GHz. Using microwave cables orientated by a retaining systee mi-
crowave is fed into RF tips. These tips establish microwamection between
the microwave cables and a coplanar waveguide (CPW). Thplsaspositioned
within a magnetic field of variable magnitude and orientation in the plane.
The magnetic field is controlled by an automated controlesystbipolar power
sources, Hall sensors, and lock-in amplifiers (see text)e dltomated control
system also controls the VNA.
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the CPW. This is done in a fashion to minimize impedance misma
between the VNA and the CPW, see Jec. 2.4.2. Microwave cables
and tips are impedance matched. They are positioned ané-subs
quently retained in a fixed position to contact the CPW angsegs
movement in a magnetic field gradient during measurements. M
crowave tips provide impedance matched RF contact to gaithco
pads of a coplanar waveguide. For measurements presemrted he
after, FPC-GS@ RF tips andUFA-210Asemi-rigid cableéd were
employed.

4. Two pairs of current coils and two ferromagnetic pole shoe the
generation of a magnetic fieH. A static magnetic field, with
uoH < 100 mT is generated. The pairs of magnetic field coils are
connected via a single pole shoe each and orientated pecp&ard
with respect to each other. By this a magnetic field of arbjther-
izontal anglen with respect to thery coordinates is generated via
the superposition of fields generated by a single pair of fielts.

5. System for automated control and data acquisition. A adersoft-
ware programm designed to control the VNA and the magnetdt fie
Data acquisition is fully automated and synchronized witgmetic
field control.

6. A magnetic field control system comprising the two pairsnafg-
netic field coils, two bipolar power sources, three Hall segsand
two lock in amplifiers. The bipolar power sourcBOM provide
a control interface which is connected to the system forraated
control and data acquisition. A set voltage is input into hipolar
power sources. The voltage output of the bipolar power ssuIx
altered and by this the current flow through the magnetic Gelts.
Three Hall sensors, orientated to be sensitive in the thteegonal
spatial directions, output a voltage proportional to thgnwic field.
Lock-in amplifiers amplify the modulated Hall sensor sigawadi the
generated voltage is used as a reference input to the bipoleer
sources. Reference and set input are leveled. This systemsal
for continuous field sweeps through zero field, an activelpitzed

1cascade Corp., Beaverton, OR, USA
2Rosenberger Corp., Tittmoning, Germany
3Kepco Corp., Flushing, NY, USA
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3 Experimental Setup and Techniques

magnetic field generation, and a compensation for hystegéfécts
of the magnetic pole shoes used.

7. Setup for shielding off environmental noise; comprisinghock ab-
sorbing table to suppress any vibrations and a laminar flovwnbth
soft-PVC curtains to suppress dust and air draft.

3.1.2 Sample design

A sample consists of a substrate, a coplanar waveguide (J&WD1], a
permalloy (Py) mesa which can be structured to comprise etagmanos-
tructures, in particular antidot lattices (ADLS), and asuifator electrically
insulating the Py mesa from the CPW. Typical materials awrdf thick-
nesses are: substratd0 um GaAs (semi insulating), coplanar waveg-
uide consisting of thin layers of chromium.§ nm), silver 80 nm), gold
(25 nm), insulator Si@ (10 — 30 nm) orFOX-14 spin-on glassi(— 2um).
For fabrication techniques see Jéc. 4. The vertical ordedirection [c.f.
Fig.[3.3] is typically (from bottom to top): substrate, peitoy mesa, insu-
lator SiG,, CPW. In another embodiment the arrangementdiirection is
(from bottom to top): substrate, CPW, insulakddX-12 permalloy mesa.
In this embodiment, all parts of the permalloy mesa is opijicecessible
from the top. This is relevant for Brillouin light scatteginechnique, see
Sec[3.Z1.

Coplanar waveguide design

A CPW comprises three electrical connection lines extaputiparallel to
each other along direction, see Fid._3l3 [Sim01]. In particular, a CPW
with finite width ground lines is used in this thesis [Pon9@n®8]. The
electrical connection lines are denoted outer conductdd@, ( ground
line), inner conductor (IC, signal line), and outer condu@t(OG,, ground
line). The CPW is symmetric with respect to the inner condulie. The
lines are typically made of silver and capped with gold. Thdtlvof OC
and OG and IC iny direction isw,. andw;., respectively. The thickness
of the lines inz direction istc,w. Sicoc denotes the distance between the
center conductor edge and the outer conductor edge. A CPWisten
of two pad regions, i.e. pad 1 and pad 2 region, two taper nsgioe.

1Dow Corning, Midland, USA
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3.1 Measurement Apparatus and Sample Design

Figure 3.2: Optical micrograph of a CPW. (a) The thin-film coplanar wavidg
(CPW) comprises a metallic signal line with two ground limeseither side. The
CPW consists of two pad regions, two taper regions, and arr&sion region.
The pad regions are designed to connect to rf microwave tigstee taper regions
are designed to connect the transmission region with theggidn. Underneath
the transmission region, a Py mesa is visible. (b) In thealegiembodiment, the
transmission region is formed to electrically isolate twB\WZs connected to one
transmission region, respectively. The two CPWs are refiis as SW emitter and
detector. SW emitter and detector are both shorted at onefehe transmission
region. Using the SW-transmission CPW, it is possible to suea propagating
spin waves using the AESWS technique, see[Sec]3.2.2.
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3 Experimental Setup and Techniques

NigoFe20

Figure 3.3: Schematic of the transmission region of a SW-transmissPWCTwo
coplanar waveguides consist each of two outer conducto®) @d one inner
conductor (IC) in parallel (inner conductor widih., outer conductor widthw,.)
and extend along direction. They are placed in a distancwith respect to each
other and are shorted at one end of the transmission regionantidot lattice
(ADL) with square unit cell is structured in parts of the petloy mesa (dark
gray) of thicknesgs in z direction underneath (on top) of the CPWs. The ADL
extends from one end of the permalloy mesa. Only a ¢aft the transmission
distances is structured into an ADL. The ADL hole diameterdsand periodicity

p. An external magnetic fiel@# is applied in thery plane under angle with
respect to the CPW and axis. If the CPW is aligned correctly with the external
field direction, the transferred wave vecfois orientated along thg axis. Then
the anglen corresponds to the angledefined for the SW dispersion Hg. 2173 via
n =90° — . The magnetic field is limited tpo H < 100 mT.
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3.1 Measurement Apparatus and Sample Design

taper 1 and taper 2 region, and a transmission region, se@.Bigin the
transmission region, the inner conductor width is much smaller than in
the pad region. Typically, in the transmission regien, = 4 pm ... w;. =
0.34 um and in the pad regiom;. = 80 um. Further details of the lateral
CPW geometry are discussed in 9dc. 5. The taper region csrtheqgad
regions with the transmission region and hagsadependent om position.
The pad regions are formed to connect to RF tips of the micrewsatup,
see Sed,_3.7].1. In the following, the inner conductor widthsare stated
only for the transmission region.

Different embodiments of CPWs are employed in this thesis.

e In one embodiment, the transmission region is designedeicirel
cally connectthe taper region 1 and 2 in the form of a stanGand.
This embodiment is referred to as standard CPW.

e Inasecond embodiment, the transmission region is desigredec-
trically isolate taper regions 1 and 2 in the form of two CPWscpd
in parallel to each other in a distanee see Fig[313. The two
CPWs are denoted as SW emitter and detector because thesedre u
for all-electrical spin-wave spectroscopy measuremergsapagat-
ing SWs as discussed in detail in Sec._3.2.2. This embodiwfent
the CPW is referred to as SW-transmission CPW. A standard SW-
transmission CPW used in this thesis has the following patara
in the transmission regionw;. = wo. = 2 um. Center to center
distance of the two inner conductors= 12 um. Distance between
outer and inner conductosg.,. = 1.6 um. The ends of SW emitter
and detector are electrically shorted.

Underneath the transmission region, a permalioy, Feoo (Py) mesa is
located which is designed to extend fully underneath andheayhe elec-
trical connections. The thickness of the permalloy is dedtyt Typically,

ts = 22...30 nm. The CPW further comprises alignment markers and fine
alignment markers positioned with respect to the CPW taaditignment
with the permalloy mesa or a subsequent lithography stepasifocussed
ion beam lithography, see below.

Antidot lattice design

In one sample embodiment, a part of the permalloy mesa istated e.g.
by focussed ion beam lithography, see $ed. 4.3 to form a equuariodic
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3 Experimental Setup and Techniques

array of holes, i.e. an antidot lattice (ADL). The area stiued into an
ADL extends for a distancé from one lower edge of the Py mesa [c.f.
Fig.[3.3]. The hole diameter is given kyand the periodicity ig. There
is a slight misalignment between the orientation of the i unit cell
vectors of the ADL and the axis defined by the CPW, i.ej,¢¢ which
typically amounts toy.;s = 1 — 2°. This misalignment originates from,
e.g., an unintentional rotation of the ion beam coordindtesto inaccurate
alignment and drifts after alignment.

3.2 Measurement Techniques

3.2.1 VNA ferromagnetic resonance technique

The vector network analyzer ferromagnetic resonance (\ANAR) tech-
nique was established for the excitation of spin waves withc(ose to)
k = 0 [Gie05b, Neu06l, Bil07h, Bil07a]. This techniques emplaysan-
dard CPW with a comparably large inner conductor width. By this,
the spin-wave excitation spectrupik) has only small contributions for
k > 0 [Cou04]. Similar techniques were also employed in the tiroe d
main [Sil99/Nib03]. To obtain FMR data, either the reflecsgghal (a2
or S11) or the transmitted signab{, or S,1) is measured.

In order to extract the SW signal, anda;2 from background signal,
a reference technique is employefi; andS,, are recorded at the mea-
surement fielgio H and angle). From this datasel§;; andS;» obtained
for upH = 100 mT andn = 90° are subtracted, respectively. The signal
due to the in-plane component of the exciting fild = 5, oe, is zero
for n = 90°, see quﬂ:O@.Only a small signal contribution is present
for a non-vanishing out-of-plane component of*f. The resulting ef-
fective signal is denoted ag; anda;2. The signal phase is denoted as
¢(a11) and the magnitude or amplitude [asz|. For VNA-FMR, the data
obtained froma,; anda;» is complementary [Bil07a] and a measure of
the susceptibilityy;o; of the material, see Sdc. 24.3 and Eq. 2.102. The
samples are symmetric with respect to the two pad regionseoCPW,
therefore data obtained from; andass (a12 andas) is complementary.

1For a non-ellipsoidal magnet there might be edge regionshwie still excited. These are
not addressed here.
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3.2 Measurement Techniques

3.2.2 All electrical spin-wave spectroscopy

The all electrical spin-wave spectroscopy (AESWS) techaitglies on
the excitation of spin waves of different wave vectéts For this one
makes use of a micro- or nanostructured CPW providing a fapite-wave
distribution Ak. This technique is also known in literature as propagat-
ing spin-wave spectroscopy [Mel(01, Bai0l, Bai03, BaoO&mikar tech-
nigues were also employed in the time domain [Cov02, LiuGK18].
This measurement technique comprises two microwave aaéespatially
separated by the known distance/hich are in close proximity of a ferro-
magnetic material, in the case of this thesis permalloy Py TPW em-
bodiment used for AESWS measurements is the SW-transmiS=rwy,
see Sed._3.7].2. The magnetic stray field of the CPW [c.f.[ER]. $ows
a y dependence and thus excites SWs of different wave véctorthe
Py. The excitation spectrum is given lpyk) and the signal is propor-
tional to the susceptibility via Eq.2.102. Using a SW-tmaission CPW
of Sec[3. 1.2, two measurements are possible: the signettedl by one
CPW (S11) and the signal transmitted between CPW 1 and3) The
reference technique as described in §ec. B.2.1 is appligdere as well
is a measure of the susceptibility,; of the material, see Sec. 2.4.3 and
Eq.[2.10P. The transmission signak contains additional contributions
of the phase accumulated by the propagating SW. This is Beche SW
phasep at the detector site (i.e. the phase of the signal at the seCBRV
site of a SW-transmission CPW) depends on the wave vecttiedb¥Vi
via

¢ = ks, (3.1)

wheres is the propagation distance, see $ec. 8.1.2. Using the VINA, t
change of phasé¢ is recorded for a change in the frequenky. Via
variation the frequency and thus oft within p(k), it is possible to ex-
tract the group velocity, of the SWs. For this the change of the signal
phaseA¢ is measured for changing frequenyf using a vector network
analyzer (VNA).v, is given by

-1
Vg = g—: =27s <2—?> . (3.2)
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3 Experimental Setup and Techniques

The signal amplitudelgioo| and|aq2| relate to each other via

nd = slaa(Nler (L) @

flam(Dlesn (~ 57 )

wherer is the SW relaxation time of E[. 267 apgdH) is a phenomeno-
logical factor describing the excitation efficiency. Thegaeters reflects
the non-reciprocity. To justify the exponential decay of B@®, compare
with Eq[2.66.a11 (0r ass) represents the excitation (or detection) strength.
They contain complimentary information for homogeneousdas, i.e.
samples which are uniformly structured into an ADL or noustured at
all.

The non-reciprocity paramet@(H) depends on the orientation of the
dynamic magnetic field created by the CPW with respect to thgnati-
zation orientation and is known to result in an non-recipt@ignal, i.e.
a1z # a1 [Dem09] Sek10]. In this thesis, positive valuedhfi.e. signals
a12 OF ag1, are defined such tha(H > 0) = 1 and0 < S(H < 0) < 1.

In particular,3 = 1 is not explicitly stated and the valye given in
Sec[6.P refers t@(H < 0). Furthermore, when compensating for the
non-reciprocity of excitatiors, the signalsz;12 andaz; are found to be
symmetric with respect té/. Keeping this in mindg,- is discussed in the
following.

Via a variation off, it is possible to obtain different values af from
Eq.[2.7T. By measuring, as2, andv,, one can obtain from Eq.[3.3.
Via Eq.[2.67, the damping parametess, anday,g are evaluated.

3.2.3 Magneto optical Kerr effect technique

Magneto optical Kerr effect

Measurements on samples prepared as part of this thesi®wgngpthe
magneto optical Kerr effect (MOKE) have been conducted leycibilab-
orators at the Institut fur Experimentelle und Angewariehgsik, Univer-
sitat Regensbullghy Hans Bauer, Prof. Dr. Christian Back, and Dr. Georg

Linstitut fiir Experimentelle und Angewandte Physik, Unsitat Regensburg, D-93040 Re-
gensburg, Germany
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Figure 3.4: Schematic illustration of (a) the polar and (b) longitudinsgneto
optical Kerr effect (MOKE). Incident light is linearly paliaed as indicated by the
electrical fieldE. Due to Lorentzian motiomrorent- Of the charge carriers in the
sample, the orientation of the polarization is slightlyf&d. The polar MOKE
is stronger than the longitudinal, which relies on a tilt bé tincident light with
respect to the plane of incidence.

A

\

Woltersdorf and at the CNISM, Dipartimento di Fisica, Unsiea di Pe-
rugidl by Dr. Gianluca Gubbiotti, Dr. Marco Madami, Dr. Silvia Tatc
Experiments were carried out by the respective group inectmdlabora-
tion with the author.

The MOKE effect is well established in literature and a moetaded
discussion can be found in textbooks, e.g. Ref. [Hub0O]e&ity polar-
ized light from a laser is focussed on the sample surface polaization
angle is changed due to the interaction with electrons.

The change of the angle of polarization in the reflected ighteasured.
The dielectric permittivity is weakly dependent on the magnetization ori-
entation. A change in the magnetization results in a chahtfeemptical
constants altering the reflectiﬁgn.

Depending on the relative orientation Bf with respect toE and the
sample plane, different effects are distinguished. Thengkst effect is
the polar MOKE, wheréM is orientated out-of-plane and perpendicular to

1via A. Pascoli, I-06123 Perugia, Italy

2In a classical microscopic picture, the electrical fieldha incident electromagnetic wave
will cause electrons in the material to move. This movemsrdubject to the Lorentz
force, which induces a secondary movement proportionalitQent, = —M X E,
wherekE is the electrical field. This leads to an alteration of theagahtion angle.
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3 Experimental Setup and Techniques

the polarization direction dE, see Figl 34 (a). Also employed as part of
this thesis is the longitudinal MOKE, wheM is orientated in the plane
and along polarization direction &. E needs to be tilted with respect to
the sample surface, see Hig.13.4 (b).

Application

Two embodiments of measurement setups employing the MOdetef
have been used in the course of this theses. In the first emieotiat Uni-
versita di Perugia, the longitudinal MOKE setup is emplayiidht from

a laser is shone through a polarizer and thus linearly pmdrifocussed
onto the sample surface under a given angle with respect teuttiace nor-
mal, i.e. z direction, see Fid. 3l4. The laser spot diameter on the sampl
surface, i.exy plane, is on the order d00 ym. An external fielduo H is
appliedin thery plane. Using a polarization analyzer of known orientation
with respect to the polarizer, the amplitude of the lightdrees a measure
for the change of polarization, i.e. the MOKE signal. The MP&ignal

is measured as a function of the magnitude of the externdl g . It is
possible to map out the hysteresis curves of the remagtietizaocess of
films or for individual nanoelements including antidotile¢s. Because of
the large size of the laser spot if compared to the typicatlescalep of a
magnetic nanostructure, the average magnetization pbi@the external
field (M), see Sed. 2.11.5, is measured. In Eigl 3.6 a hysteresis loop fo
a plain film of Permalloy prepared as part of this thesis isicted, see
Sec[4. Hergig Hc =~ 2 mT. This experimental method is well established
and has been applied to a wide range of magnetic nanosteséhoiuding
antidot lattices [Gue00, Yu0D, Wan(06, Hey06, Tti10].

In a second embodiment, spatial resolution intlelane and temporal
resolution is provided. Such measurements were conduttbd &niver-
sitat Regensburg [NeuO6a, Bau@l]& Ti:sapphire laser system provides
optical pulses of 50 fs temporal duration at a wavelength&#f0 nm and
80 MHz repetition rate. This wavelength is doubled via secoauhionic
generation to increase the spatial resolution which ictliyeelated to the
wavelength of the probing light. The laser system trigger®kectrical
pulse generator. Temporal resolution is provided by stsobpic mea-
surements of the magnetization dynamics. The frequenchldduaser

Linstitut fiir Experimentelle und Angewandte Physik, Unsitat Regensburg, D-93040 Re-
gensburg, Germany

68



3.2 Measurement Techniques

10 20 30 40
y (um)

Figure 3.5: (a) MOKE signalm . obtained from pulsed excitation a&t= 1.05 ns
measured in & = 28 nm thin Py film on top of a CPW [Baull]. Parameters
are: poH = 20 mT.n = 0°. The CPW is prepared underneath the Py mesa.
(b) Respective gray-scale coded spatio-temporal map.ofDark and bright cor-
responds to largém.|. The horizontal line indicates = 1.05 ns of (a). SWs
propagate away from the CPW (solid line resembligg= 6 km/s. The film ends
aty = 0 um and backreflection of SWs takes place there.
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Figure 3.6: Hysteresis curve quantifying magnetization reversal fptaan film
of permalloy (SN089-1). The film is prepared as part of thesth as described in
Sec[4 and has been measured by the Perugia group. The edelthamounts to
uoHc =~ 2 mT and the remanent magnetizationMt; /Mga: = 0.8.

beam passes an optical delay path and a polarizer. The leftfle de-
lay path translates into a delay of the arrival of the lasethatsample.
Magnetization dynamics is launched electrically by thespigenerator at
a known time prior to the arrival of the probe laser beam. Hsel beam
is focussed onto the sample surface with a spot diame®of 300 nm.
Using the polar MOKE, see Fif._3.4, the out-of-plane compooé the
precessing magnetization is measured by a fast photodiBgenoving
the sample underneath the probing laser spot, laterala$pasiolution is
achieved. Subsequent measurements with different detgyssed to the
probe laser pulse yield temporal resolution. Spatio-terapoaps of the
magnetization precession are achieved; such a measuré&rndspicted
in Fig.[3.8 (b) for a25 nm thick plain film prepared on top of a copla-
nar waveguide (CPW). In Fig._3.5 (a), the spatial excitapoofile of the
CPW is plotted for a fixed timé = 1.02 ns. The experimentally obtained
result depicted in Fig. 3.5 (b) can be compared directly solts obtained
from micromagnetic simulations, see Hig.]2.4. From a Fotraamsform of
the obtained temporal evolution for a given position, tHéedént spectral
components of the oscillation can be extracted. It is péssitreconstruct
a frequency resolved spatial spin-wave amplitude profoenfsuch data
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analysis|[[Bue04, PerD8]. Such information can also be pbtafrom a
continuous wave (cw) excitation of given frequentiNeu06b]. By syn-
chronizing the probing laser pulse to two given phases ofthexcitation,
amplitude and phase information is obtained from such nreasents.

3.2.4 Brillouin light scattering spectroscopy

Brillouin light scattering (BLS) describes an experimétgahnique which
allows direct measurement of the spin-wave spectrum witrewactork
resolution. The principle of BLS is interaction of photonghngiven mo-
mentum and energy with magnons of given momentum and enieegy,
the elementary quanta of spin waves. For room temperatueemglly
exited magnons annihilate when scattering with incidemtphs. In the
inverse process, a magnon is created. By conservation ofeaad mo-
mentum, measurement of the change of the photon energy dhd sblid
angle which the photon is observed in, allows direct conchsson the en-
ergy and momentum of the annihilated or created magnon.ilDefahe
physical processes are explained in great detail in lileegDemO01]. Itis
possible to calculate the scattering cross section withnmoiagin periodic
potentials([Kos10].

The experimental apparatus used in this thesis is locat€&NéSM,
Dipartimento di Fisica, Universita di PeruEiand operated by this group.
The measurements were performed as a joint project. Expat;were
carried out by the respective group in close collaboratidh thhe author.

Light of a laser with a given frequencfy and wavelength\;, 532 nm
at 220 mW power is focussed on the sample using a camera objective
having f-number 2 and 50 mm focal distance. The laser spohetier
is about30 um. The light scattered from the sample is collected and
sent through 43 + 3) tandem Fabry-Prot interferometer. Only light of a
certain frequencyf; is allowed to pass through the interferometer. This
frequency selected light is subsequently detected by aophdtiplier.
The frequency differencg; — f, relates to the energy of the scattered
magnon. A magnetic fiel# is applied in the film plane and perpendic-
ular to the plane of the incident and reflected light beam. Aigme-
ter implemented in the sample stage allows to vary the imtidegle
of the light. The in-plane component of the spin wave waveorek is

lvia A. Pascoli, 1-06123 Perugia, Italy
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linked to the incidence angle of ligiftvia k = 47/, sinf. By sweep-
ing the incident angle of light one can measure the SW digper$re-
quency vs wave vector). Spectroscopy on magnons using BE®éen
performed extensively since the late 1990s [Er€97, JorB@]since then
in a great number of systems [Gub02, Jori02, Wan02, Dem04d)Fpa
including antidot lattices [Tse09, Tac10b, Tac10a]. Rdgemicrofocus-
ing of the BLS laser spot has allowed for spatial sensitigtythe cost
of k resolution. Embodiments of this technique are micro-feedsBLS
[Dem044. Per05, Sch08c, Dem08, Mad10], phase resolved+ficussed
BLS [Vog09] and nano-BLS [Jerl0]. To enhance the signal sitgrof
magnons is increased by electrical excitation with a RF@®inequency
synchronized to the optical interferometer.
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4 Preparation

Optical and electron beam fabrication techniques of coptawave
guides are presented. Focussed ion beam preparation tgelrf an-
tidot lattices is discussed.

In Fig.[4.13, a scanning electron micrograph (SEM) image ofpécal,
fully prepared sample is depicted. The substrate is Galhusenide 001
(GaAs). Thicknessi850 pm. A SW-transmission CPW withy;, = 2 ym
is visible on top of a permalloy mesa. The CPW is electricadulated
from the permalloy by Si@ The CPW and the permalloy mesa are pre-
pared by optical lithography, see below. In another embedinthe CPW
is prepared by electron beam lithography, see Bet. 4.2. &hmghloy
mesa is structured by focussed ion beam (FIB) lithograpsy,Sed. 413,
to form an antidot lattice, i.e. a periodic arrangement déko

4.1 Optical Lithography Preparation

Optical lithography is employed to prepare parts of the dasgescribed
in Sec[3.1.R, including the permalloy mesa and the CPW.
Steps of preparation:

1. Masks for optical lithography are prepared using a laseskmwriter
at the Walter Schottky Institut, Garching, Germany. For sk
layout, the commercial softwaleayout Editofl and Elphy Quan-
tunfl are used.

2. Cleaning of GaAs substrate with acetone and isopropara®rnul-
trasonic agitation.

3. Application of resist system. A commercially availabiayer resist
system is used. Bilayer resist systems create undercst stgiic-

LJuspector Corp., Unterhaching, Germany
2Raith Corp., Dortmund, Germany
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Figure 4.1: SEM image of a fully prepared sample. Visible is (a) the CPWhwi
inner conductor widthui. = 2 um, (b) the permalloy Py mesa, and (c) the struc-
tured antidot lattice with periodicity = 300 nm and hole diametet = 120 nm.
The depicted sample is SN89-1-LO.
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4.2 Electron Beam Lithography Preparation

4.2

tures enabling easy lift off. FirstOR-3Aresidl is deposited by spin
coating on the cleaned and dried GaAs substrate and sulvgque
baked. Prebake: min, at temperatur200°C, spin speed4.5 krpm,
postbake60 s at temperaturé60 — 180°C depending on the under-
cut value of the LOR resist to be achieved. Sec@tB13esidf is
deposited on the LOR-3A layer. Spin speédi krpm, postbake at
temperatur®0 s at temperaturél5°C.

. Ultraviolet light exposure. For exposure, an optical knakgner

MJIB-3H is used. Exposure times varied betw@en 6 s, depending
on the minimum feature size.

. Development. Development of the structures is done Udir@D-

26 developeﬁ. Development durations vary betwe¢h— 60 s, de-
pending on the undercut of the LOR to be achieved.

. Electron gun deposition. For material deposition, bothermal

coating plant, as well as a high vacuum electron beam coptarg
are used. Typical thicknesses of material deposition ferGRPWs
are: chromium Ce5 nm, silver Ag800 nm, and gold Aw22 nm.
Cr establishes adhesion between the conduction materiahdghe
substrate GaAs. Au is used to prevent oxidization. Presgiugng
deposition vary in the range- 10~7 mbar to 1 - 10~ mbar.

. Material lift off. Lift off is achieved by using a comerdlipavailable

remover productylicroposit Remover 116% Two bath system with
lift-off times in the range oft0 min — 90 min at temperaturé5°C.
No ultrasonic agitation for lift-off assistance.

Electron Beam Lithography Preparation

For coplanar waveguide preparation, electron beam litdqogy is em-
ployed ifw;. < 1 pm.

IMicroChem Corp., Newton, MA, USA.
2Shipley Corp., Marlborough, MA, USA.
3Karl Suss Corp., Waterbury Center, VA, USA.
4Shipley Corp., Marlborough, MA, USA.
5Shipley Corp., Marlborough, MA, USA.
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Figure 4.2: Atomic force microscopy height data of a coplanar waveg(@RWw)
with propagation distance= 6.5 yum, wic = wo. = 340 nm, c.f. Fig[3.B.

1. Cleaning of GaAs substrate with acetone and isoproparu®nul-
trasonic agitation.

2. Application of resist system. A commercially availaliéayer re-
sist system is used. Two layers AR-P 649.08 are spin coated
subsequently. Spin speéd krpm, duration60 s, post bakeé min
at160° C. Following to this, a single layer &R-P 671.02is spin
coated. Spin speedl5 krpm, duration60 s, post bakes min at
160° C.

3. Electron beam exposure. The sample is exposed to eledtram
E-Line Scanning-Electron Microscope (SEﬁAh a two step expo-
sure. First, the transmission region of the CPW, see [Sed &1
exposed. Area exposure mode. Acceleration volgage/, aperture
20 um, dosel60 pC/cm?. Second, the pad and the taper regions
are exposed. Acceleration voltage kV, aperture120 ym, dose
200 C/cm?. Write field size isl mm in both steps.

1Allresist Corp, Strausberg, Germany
2Allresist Corp, Strausberg, Germany
3Raith Corp., Dortmund, Germany
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4.3 Focussed lon Beam Lithography Preparation

4. Development. Development of structures is done uAmgSOO-SE.
Duration60 s. Followed by a isopropanol bath. Duratigihs. Fol-
lowed by a water bath, duratid® s.

5. Electron gun deposition. See Jecl 4.1.
6. Material lift off. See Se¢._411.

4.3 Focussed lon Beam Lithography Preparation

Antidot lattices (ADL) are prepared into permalloy mesasr focussed
ion beam (FIB) lithography, a dual beam system comprisingaamising
electron microscope (SEM) and a FIB microscd)pésion-4 are used.

1. Alignment: For alignment with the permalloy mesa, ogtelgn-
ment markers are used, see [Fig] 3.2.

2. Exposure. Dot exposure mode of the FIB is used. Write fide s
is 330 um. For holes of~ 120 nm diameter, the current amounts
to 15 nA. Exposure time id5 ms. The current and exposure time
are set to ensure complete material etching through the R wie
thickness,. For smaller holes, the currentisA.

In Fig.[4.3, an atomic force microscopy (AFM) imade [Bin86]an
antidot lattice prepared by FIB lithography is shown. Thedaae rough-
ness of the permalloy is resolved. It can be seen that thes’hadpth is
roughly 40-50 nm, which is larger than the film thicknesgofs 25 nm.

In Fig.[4.4, a scanning electron micrograph (SEM) image dcdratidot lat-
tice of periodicityp = 120 nm is shown. The hole diameter is evaluated to
be86 nm from this image.

LAllresist Corp, Strausberg, Germany
2Carl Zeiss NTS Corp., Oberkochen, Germany
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Figure 4.3: Gray-scale coded atomic force microscopy data opaa 800 nm
antidot lattice prepared by focussed ion beam etching ietmplloy Py of thicknes
s = 25 nm. Dark (bright) colors correspond to low (high) elevatlerel. Hole
diameter isi = 120 nm. Visible is the polycrystalline structure of the perrogl|
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4.3 Focussed lon Beam Lithography Preparation

Figure 4.4: SEM micrograph of @ = 120 nm ADL. Sample is SN61-3-3. The
hole diameter is evaluated to B& nm.
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5 Electromagnetic Properties of a CPW

Experimental data characterizing the electromagneticperties of
SW-transmission CPWs is presented. The spatial field mafike an-
alyzed to obtain the wave vector excitation spectrum. Eletignetic
crosstalk is evaluated and found to describe well the madeibf mag-
netic signal contributions originating from non-local éwtion and de-
tection.

The CPW design, see Séc. 3]1.2, is an essential part of takeeattical
spin-wave spectroscopy technique (AESWS). Electroméagsietulations
are used to model the AESWS data. Before discussing AESW& itat
is important to investigate in detail the electromagnetimperties of the
CPWs. The following issues need to be considered:

The detected signal depends on the excitation specirikn via
Eq.[2.102. Depending on the inner conductor width, either a
broad or small wave vector distributiakk is excited [Cou04].

Electromagnetic crosstalk between the two CPWs is influgihge
the CPW geometry and the isolating material (dielectri@adu<Di-
rect crosstalk is minimized in order to avoid parasitic sigrbesides
the propagating SW signal.

The lateral CPW design determines the rf susceptibilityi§Zh
Standard parameters ares, = wo. = 2 pum. Center to center
distance of the two CPWs in the transmission region4s 12 pm.
Distance between outer and inner conductors;is. = 1.6 um.
This design corresponds to an impedance of roughk according
to Fig. 8 (a) of Ref.[[Ghi8[7].

Low ohmic losses ensure operation in the low loss region as de

scribed in Eq2.93. The CPW materials gold and silver areseho
accordingly.
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5 Electromagnetic Properties of a CPW

In particular, for a SW-transmission CPW, see $ec. B.1.2,stgnal
a12 has two contributions: Firstly, the signal originatingrfrpropagat-
ing SWs. Secondly, the signal originating from non-locaditation and
detection. This signal is of parasitic nature, because ésdwt contain
information about the SW propagation properties. In théofahg, this
parasitic signal is denoted magnetic crosstalk. To mirgnaizd separate
the magnetic crosstalk signal from the AESWS signal is onth@fmain
challenges of the AESWS experimental technique (Set. 5.4).

5.1 Measured Scattering Parameters

The CPW is electrically characterized by the S-parameteomnsider the
CPW as a transmission element as defined in[Sec] 2.4.2. fixcitecurs
atport 1, i.e. port 1 is the emitter. Then = 0 andb, = So1a; as follows
from Eq[2.96. The magnitude 6f in dB is a measure of signal fraction
detected at the detector site (port 2) Via [Hie07]

So1(dB) = 20 log (S21) = 201log <Z—2) : (5.1)
1

Analogous forSy,. S12 and Se; are found to be symmetric in the case
of the CPWs used in this thesis. In the following,, is denoted only.
In Fig.[5.3, theS;» parameters of three different SW-transmission CPWs
consisting of two parallel waveguides. The qualitative debr of the
S-parameters remains the same over a large number of saagplissed
in[AJl In particular, for smalles the value ofS;5 is increasing. This
can be seen from curves i-iii whesds decreasing from = 19.5 um to
5 =6.5pum.

5.2 Modeled Scattering Parameters

To model the S-parameters, a full scale electromagnetétgiatulation is
employed, see Sdc. 2.4.4. For this the mask layout used ot @epara-
tion by optical lithography, see Ség. 4, is used for the satioh geometry.
Simulation parameters are listedin A.4. The S-parameterde assumed
to be a fingerprint of the simulated geometry: good agreernetween
measured and simulated signal is an indication for sucales&fdeling of
the device.
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5.2 Modeled Scattering Parameters

5 10 15 20
f (GHz)

Figure 5.1: Raw data of the magnitude ¢f;> measured with a vector network
analyzer (VNA) on three different coplanar waveguides i@ tlansmission em-
bodiment, see Sec. 3.1.2. (i) CPW with= 19.5 ym andwi. = 4 pum (sample
SN75-4-4). (ii) CPW withs = 12 um andw;i. = 2 um and a different thickness of
the isolator compared to SN75-4-4 in the rai@e- 30 nm (sample SN089-4). (iii)
CPW withw;. = 340 nm ands = 6.5 um (sample SN88-1-A-M, c.f. Fig.4.2).

Electromagnetic field simulations are performed for a S&tgmission
CPW withw;. = 2 um and propagation path (distance between the centers
of the two center conductors)= 12 um. For such a geometry, the accu-
racy of electromagnetic simulations is fundamentally fédiby the large
differences in the relevant length scales. The CPW meddiltin 0f0.2 pm
is much thinner than the substrate size3df xm. The isolator thickness
of 0.01 — 0.03 um and Py film thickness are much thinner than the CPW
metallization of0.2 pm. This requires long simulation times.

Characteristic minima and maxima in frequency, as well astisolute
values ofS; - are well reproduced by the simulation. This good qualigativ
agreement allows to proceed to simulations of the magnaticedectric
field profile. Remaining discrepancies are attributed tol#nge differ-
ences in relevant length scales making it difficult to geteeam optimum
mesh for the simulations.
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5 Electromagnetic Properties of a CPW

S12 (dB)

S12 (dB)

5 10 15
f (GHz)

Figure 5.2: Raw data of the magnitude ¢f,2 obtained from electrical charac-
terization using a VNA (full lines) and electromagnetic diimulations (dotted
lines) of SW-transmission CPWs with;. = 2 um ands = 12 um. No magnetic
field applied. (a) Sample SN082-2-LU. Simulated isolat@rkhesst;s, = 15 nm.
(b) Sample SN89-4-D. Simulated isolator thickness = 35 nm. For thicker
isolator layers, a general shift towards largge, i.e. larger electric crosstalk, is
evidenced. The isolator thickness varied in the experirardtis not measured for
every sample.
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5.3 Modeling of the spatial Field Profile
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Figure 5.3: Dynamic magnetic fielch,s obtained from micromagnetic simula-
tions. (a) Vector field plot of the field orientation and magde in logarithmic
scale for the emitter CPW. (b) Field plot of the spatial dejerce of the in-plane

rf magnetic fieldh, o (y) as defined in Eq._2.103 and obtained from electromagnetic
field simulations (see text for simulation details). Duedchtnical reasons, the am-
plitude obtained from simulation did not reflect the expenital value. Only the
spatial distribution is considered to be significant. Dataeglevant for the trans-

mission region, c.f. Fid_3l3 within the permalloy layer.dicated are the CPW
metallic signal and ground linesas. = 2 pm is assumed.

5.3 Modeling of the spatial Field Profile

In Fig.[5.3 (a) the dynamic magnetic fielg (y) is depicted in thez plane
[c.f. Fig.[3:3]. The characteristic asymmetric CPW madden®h/ Sim01l]
is observed. In Fid. 513 (b), the component of the dynamic magnetic
field h,(y) is depicted as evaluated in the Py laygr£ 25 nm). h, has
the largest value if compared fo, and h, and therefore predominantly
determines the interaction with the magnetization dynamic

A discrete fast Fourier transformation bf (y) is depicted in Figl_5]4
(b). This corresponds to the excitation spectp(i). A maximum ofp(k)
is observed fok = kcpw = 0.6 x 10% rad/cm = 0.6 rad/um. kcpw is
the wave vector for which SWs are most prominently excitethieyCPW.
The first minimum is located @t = kyj., = 1.7 x 10% rad/cm. This is
associated with a wave vector distributiark. In a first approximation the
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5 Electromagnetic Properties of a CPW

f (GHz)

p(k)/max(p(k))

k (104 rad/cm)

Figure 5.4: (a) SW dispersion fouoH = 20 mT,n = 0°, t« = 25 nm, and
Msa: = 830 kA/m, c.f. Fig.[2Z2. This dispersion is obtained from Eq.2.73 and
used for the transformation(k) — p(f(k)). (b) Normalized excitation spectrum
p(k) of a CPWwi. = 2 um obtained from a Fourier transformation bf (y)

as obtained from em field simulations (for details, see tese Fig[5B. The
prominently excited wave vector distributiahk is indicated. The wave vector
for which p(k) is maximum is labele¢tcpw = 0.6 x 10* rad/cm and the first
minimum of p(k) is labeledkyvax = 1.7 x 10* rad/cm. Visible is a second
maximum fork = 2.4 x 10*rad/cm.
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5.4 Electromagnetic Crosstalk

SW excitation spectrurp(k) translates into frequency space by the SW
dispersionf (k) of Eq.[Z7B. This is depicted in Fig. 5.4 (a) fopH =
20 mT,n = 0°, ts = 25 nm, andMg,; = 830 kA/m. A small nonlinear
behavior is observed for the relevant wave vector regimerited byAk.

It is possible to compare the simulated valueskfar,. with values ob-
tained from literature. In Refi_[CouD4] it is stated that

kMax = 7T/U),

which yields a value ofyax = 1.5 x 10% rad /cm in good agreement with
the simulation result ofypa, = 1.7 x 10* rad/cm.
In Ref. [KenQT] it is stated that

21

kyax = ————
w + 28icoc

which yieldskyra, = 1.2 x 10% rad/cm.

The data obtained fdr, (y) allows to calculate the spatial sensitiviy
entering the measured voltage signal in[Eq. 2.104. Thispicted for the
same SW-transmission CPW in Fig.15.5 (a) for a reflection nwemsent
(corresponding t@ss), i.€. hy, 2 = hy, 1 in Eq.[Z.105. Note that the scale
is divided by a factor 100 in order to compare witHor the transmission
measurement (correspondingde,) in (b). From Fig[5.b (a) it follows
that for the reflection measurements30% of the signal is obtained right
underneath the inner conductor and respectivé$y underneath the outer
conductors (see right scale). This is different in the tnaission measure-
ment. Only~ 30% of the signal amplitude is acquired underneath each
of the two inner conductors. The remainit@’ of the signal amplitude
originate from spatial regions underneath the four outedoators. This
finding motivates labeling of the magnetic crosstalk siggmalnon-local
signal contributions as this signal originates from marffedent areas of
the sample.

5.4 Electromagnetic Crosstalk
The non-local signal strength (magnetic crosstalk) is tjfiad as a func-

tion of the S12 value for various samples. The samples used for this analy-
sis are SN88-1-A-M, SN75-4-4, SN83-1-LO, SN89-4-4 [se¢ Bdcause
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5 Electromagnetic Properties of a CPW
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Figure 5.5: (a) Spatial sensitivity> of a SW-transmission CPW used for reflec-
tion measurements, i.e;; measurement, see Eq. 2,105 (dark spectrum, left axis).
Indicated are the CPW metallic signal and ground lines with= 2 pm. Eval-
uated is thehy (y) of Fig.[53. The light gray line (right axis) indicatgsX. The
sensitivity mainly & 80%) arises from underneath the inner conductor. (b) Spatial
sensitivity Y of the same CPW but used for transmission measurement, b és
considered (dark spectrum, left axis). Sensitivity ismsgig reduced if compared

to the reflection measurement. The light gray line (righspitdicates| =. 50%

of the sensitivity is spatially located underneath the taticin (detection) CPW.
Note that the absolute values of the sensitivity do not refigperimental values
due to technical reasons.

88



5.4 Electromagnetic Crosstalk
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Figure 5.6: Non-local signal contributionfzi2|/|a22| related to electromagnetic
coupling Sy for different values ofS;,. Data is obtained for various samples for
modes whichare known not to propagate.e. v, = 0. Therefore, signal from
propagating SWs is excluded. The measured signal corrdspmrly to magnetic
crosstalk. Different CPWs are used andaried betweer6 and 20 um. Data

is evaluated for differeny, where the various CPWs showed differéht, see
Fig.[5:3. Within error margins, non-local signal contribas and electromagnetic
crosstalk are of the same value.

of the different CPWs usedb 6 pum < s < 19.5 um), these samples
show a variation of5;5 between—50 dB and —30 dB, i.e. the electro-
magnetic crosstalk varies over roughly one order of mageitThe signal
|a12| is measured for modes thate known not to propagat& he normal-
ized measured sign@tia|/|az22] is related to the measuref], (in linear
scale, see E.8.1). This fraction is, with errors, closenityusee Figl. 516.
Therefore, the design goal for optimized AESWS SW antennast be to
minimize electromagnetic crosstalk and, by this, minimba-local SW
excitation and detection, i.e. the magnetic crosstalk.

The average value dfa12|/|a22|) /S12 is slightly above 1. This can be
motivated as follows: The electrical crosstalk is givenloy tield strength
atthe detector site. Care has to be taken, because, bo#isytmenetric and
symmetric mode are excited. The symmetric mode (slot-lioeeh does
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5 Electromagnetic Properties of a CPW

not match the potential levels of the connected circuitmgréfore is not
detected, and is regarded parasitic [Pon97]. For the ncai-bxcitation,
the convolution betweeh,, » andh,, ; needs to be considered: magneti-
zation dynamics, which is non-locally excited by the firstRs picked
up by the second CPW. In other words, the non-local crossafiediated
over the whole length of by the magnetic material and is therefore larger
than the electromagnetic crosstalk which relies on diretictive pickup.
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6 Plain Film Measurements

All electrical spin wave spectroscopy (AESWS) is employedag, =

25 nm thick Py film which is deposited on top of the Gallium Arsémi
semi-insulating substrate using optical lithography, See[4.]l. On top
of the permalloy silicon dioxide is sputtefedThe CPW parameters are
wie = 2 pm, outer conductor widths,. = w;. and center to center
distances = 12 um. The CPW is prepared using optical lithography. The
considered sample is SN89-4-D.

6.1 Phenomenology

The signalsiss andaq, see Se¢.3.2.2, are depicted in Fig] 6.1:fet 0°
[c.f. Fig.[3:3] andup H = 20 mT. n = 0° corresponds tet(k, H) = 90°.
In Fig.[6.1 (a),a2: is depicted. The solid line marks the amplituyde,|,
while dotted (dashed) lines mark imaginaky., (real partRas2) of the
signal. Two resonances are observedffor 4.9 GHz and f, = 6.7 GHz
and are marked by vertical arrows. In 9ec. 8.2.1 it is showhttiese res-
onances originate from the excitation spectrufh) excited by the CPW,
see Eq[2.102. Fig. 8.1 (b) depicsis, for n = 70°. Different to the
case ofy) = 0°, only a single resonance is resolved which is of Lorentzian
shape. Fid. 611 (c) depicfss2| (thick black line) andRa;2 (Sa12) as thin
black (grey) lines. As expected from E@s. 2.102 3.1,ardlimagi-
nary part oscillate due to the accumulated phase of projagstin waves.
Plotting the phasé(a;) in Fig.[6.1 (d) reveals the phase chang/A f
of Eq.[3. for frequencies well within the resonance lingtidf ass, i.e.
for4 < f <7 GHz.

Next, the dependence @$; anda;5 on the magnetic field strengthy H
and the orientation of the external field with respect to tf\Cis mea-
sured. Fig[6R (a) depicts the magnityde| (Ja12|) taken over all fre-
quenciesf as a thick (light) line|a22| shows a response almost perfectly
symmetric with respect té/, i.e. |a(+uoH)| = |as2(—poH)|. Fur-

150 W sputter power 0% Oz and90% Ara atmosphere
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6 Plain Film Measurements

az2

a12, a22

d(@12)

6
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Figure 6.1: (a) Normalized signaks2 measured in reflection fop = 0° and
uoH = 20 mT. Data is obtained for a plain film (sample SN89-4-[ah,| (full
thick line). Saq2 (dashed line)Ra22 (dotted line). Vertical arrows mark resonance
positions. (b)Sage for n = 70° andpuoH = 20 MT. (C) |a22| (full thick line).
Sai2 (full thin line). Raq12 (full thin light gray line). Allatn = 0°, uo H = 20 mT.
(d) Phaseb(ai2). n = 0°, uoH = 20 mT.
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6.1 Phenomenology

|al/max(|al)

4.4x104
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Figure 6.2: Data is obtained for a plain film aj = 0° (sample SN89-4-D).
(a) Normalized amplitudeRi22|/max|az2| (thick line) and|a12|/max]|a12| (thin
line). Horizontal arrows mark regimes wherg or a2 deviate from the standard
behavior, see text. (b) Gray-scale plot J&i,2. Contrast is enhanced to show high
frequency excitations. Thin red dashed lines mark caledlaésonance frequen-
cies fr (o H) for k = 0.6 x 10, k = 2.3 x 10*, andk = 4.4 x 10* rad/cm
using Eq[2.78.
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6 Plain Film Measurements
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Figure 6.3: Data is obtained for a plain film ato H# = 20 mT (sample SN89-
4-D). (a) Normalized amplitudela2|/max|a12| (thin line) and|a12|/max|a12|
(thick line). The dashed line is eos 7 fit, see EqQ[2.104. (b) Gray-scale plot
for Ra12. Contrast is enhanced to show high frequency excitationisin Ted
dashed lines mark calculatefd(uuo H) for k = 0.6 x 10*, k = 2.3 x 10*, and

k = 4.4 x 10" rad/cm using Eq[Z.7B.

94



6.2 Interpretation and Analysis

thermore |aqz| increases monotonically with thi, i.e. |age (+poH)| <
|aga(+uo(H+5H))| with 6H > 0. In contrast, fopg|H| > 10 mT, |a;2|
shows a very different response, being asymmetric withagtsp the ex-
ternal field, i.e|ai12(+uoH)| > |a12(—poH)|. Furthermore, the signal is
monotonically decreasing, i.¢u12(+poH)| = |ai2(+po(H + 6H))|. In
Fig.[6.2 (b),S (a12) is depicted for various field strengths H (gray-scale
plot). The contrast is enhanced in order to show weak feafiorelarger
frequencied. Four resonances are resolved. They are marked by horizon-
tal yellow arrows forug H = 20 mT. The resonances #t = 4.9 GHz and
fr = 6.7 GHz are identical to those observed in Hig.]6.1 (a). Due to the
increased contrast, two further resonances are resolvgd-at7.9 GHz
and f, = 8.6 GHz. For all resonances, a monotonic increase in the reso-
nance frequency with increasing field is observed. A quatité analysis
is presented in Sec. 6.2.

Last, the dependence a$, andai, ony is discussed. In Fid. 8.3 (a)
the thick (thin) solid line denotes the maximymyz| (Ja12|) taken over
all frequenciesf. Both values decrease for larger valuessgf They are
symmetric with respect t@, i.e. age(+n) = az(—n) andai2(+n) =
a12(—n). Forlai2| a stronger decrease as a functiorvydé observed if
compared tdasz|. In Fig.[6.3 (b),Ra;2 is depicted for varioug. The
contrast is enhanced in order to show weak features forifirgguencies
f- A monotonic decrease in the resonance frequency for isitrgé#|
is observed. Four resonances are observed yyits 4.9, 6.7, 7.9, and
8.6 GHz forn = 0°. They correspond to the resonances observed in the
field dependent data depicted in Hig.]16.2. A quantitativdya of the
angular dependent magnitude is presented in the followdoti®16.2.

6.2 Interpretation and Analysis

6.2.1 Susceptibility and inhomogeneous broadening

In order to interpret the data obtained o, anda;, as presented in the
previous section SeE. 6.1, it is instructive to first calteilde expected
signal response. This response is proportional to the ttsteptibil-
ity xtot Via Eq.[2.I0P. The contributions to the measured suscéptibi
x of different wave vectors excited by the non-homogeneold (iistri-
bution, i.e. the excitation spectruptk), need to be summed up. Here
p(k) is obtained via full scale simulations of the electromagniélds
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6 Plain Film Measurements

Figure 6.4: (a) Full lines are measured quantiti®as, andJas22 replotted from
Fig.[6.1. Data is obtained on a plain film (sample SN89-4-Daslied-dotted
and dashed lines are calculat&dizo and Raqo signals, respectively, using a
simulated field distributiorh, (y), see Sed.5 ang:.: given by Eq[2.I02 for
Msat = 830 kA/m, ts = 25 nm, o = 0.005, ands = 0 pm. All data is
normalized to its maximum value. (b) Full lines are measupaahtitieska,2 and
Saie, c.f. Fig[6.1. Dashed-dotted and dashed lines are cadziifat;» andSa;2
signals using a simulated field distributidn (y), see Sed]5 ang:.: given by
Eq.[2.102. All data is normalized to its maximum value.
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6.2 Interpretation and Analysis

in the investigated systems, see Higl 5.4 (b) and Sec. 5.nFer 0°,
the relevant susceptibility is stated in Eq_Z.18. The obtained values
for ass andai, are plotted in Fig_6l4 as dashed and dashed-dotted lines.
Each curve is normalized to its maximum value. The calcdla¢ésponse
models all features of the measured data. Best agreemetaimed for
Ms.e = 830 kA/m, ¢, = 25 nm. Some differences remain in the signal
amplitudes fort GHz < f < 4.6 GHz and for5.4 GHz < f < 6 GHz
due to uncertainties ip(k) obtained from electromagnetic field simu-
lations. In particular, two major resonances observed rixgatally in
Figs.[6.1 (a) and 614 (a) are remodeled and marked by veaiioals. To
clarify the origin of the multipeak structure of the speatrut is instruc-
tive to study the agreement between andp(f(k)), where wave vectors

k are related to frequencigbvia the spin-wave dispersion Hqg. 2173 for
Ms.s = 830 kA/m, ts = 25 nm, and standard permalloy parameters.
From Fig[6.b one can see good agreement in the position agditnde

of the excitation spectrum with;>. Three of the four peaks observed in
Fig.[6.2 are remodeled and marked by the vertical arrows.

It is possible to conclude that the complex excitation spmetconsist-
ing of multiple peaks originates from the excitation spewctrp(k) [c.f.
Fig.[5.4] of the spatially non-uniform magnetic field (y) [c.f. Fig.[5.3]
of the CPW. Frequency positions of the resonances are gieethe dis-
persion relationf (k), see EqLZ143. The measured respanseandass
is a direct measure for the susceptibility,., as given by Eq.2.102. The
contributions to the resonance linewidty due top(k) are known in lit-
erature as inhomogeneous broadening [Sch04, CouOA]s not a direct
measure for the SW relaxation timevia Eq.[2.64.

The dependence dfio;| on the field H and the angle; as depicted
in Figs.[6.2 (a) and 613 (a), respectively, is analyzed neguatiof 2.104
predicts a linear dependence of the signal amplituglg on the resonance
frequencyyf,, as well as aos(n) dependence dfio2| on the alignment of
the external field with respect to the CPW (wave vector). Bt this,
one extracts the resonance frequericwhereSass exhibits a maximum
value, f; for various values ofioH from Fig.[6.2 (b). This is done in
Fig.[66. Forf, < 7 GHz a linear dependence &ds2| is observed in
agreement with Eq. 2.1D4. This is illustrated by the dashey ne. For
7 GHz < f, < 9 GHz, |az:2| remains almost constant. These values of
fr relate to50 < poH < 100 mT. In this field regime, a superposition
of the reference dataset with the measured data is obse¢hestesonance
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6 Plain Film Measurements
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Figure 6.5: Normalized excitation spectrum( f(k)) (thick line) obtained from
electromagnetic field simulations, see Sec. 2.4.4, cordptyemeasured data
|a12]. The in-plane magnetic field,(y) is evaluated within the permalloy
layer. A subsequent Fourier transformation yietdsé) —oh,, (y) which is then
mapped into frequency space using the spin-wave dispefgionof Eq.[2.73 for
Msat = 830 kA/m, ts = 25 nm anduoH = 20 mT. The thin gray line cor-
responds tdai2|/max|ai12| obtained from the plain film sample SN89-4-D for
woH = 20 mT. In p(k) three maxima are resolved and marked by the vertical ar-
rows indicating that the multiple resonances observed{eoriginate fromp(k)

via Eq.[2Z.10P.

frequency of the reference data sets is degenerate witlefomance fre-
quency at the measurement field. By substraction of thearfer data,
the measured signal comprises a superposition of bothaeses and the
value of|aq2| is thereby reduced.

EquationZ.104 predicts @s(n) dependence ofioz| evaluated atf, .
Such a dependence is plotted as a dashed green line i Bi@)6 Good
agreement between measured data and the sinusoidal depensl@eri-
fied. Forn =~ 90°, a smalllasz| > 0 is observed. This is due to a finite
out-of-plane component di,;. |ai2| Shows a stronger dependencespn
than|aqz|. The discussion of this is postponed to later in this Section
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6.2 Interpretation and Analysis
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Figure 6.6: Normalized|a22|/max|a22|. Data is evaluated af., i.e. at the
frequency of maximum amplitude for various values@fHf atn = 0°. For

f < 8 GHz, a linear dependence (indicated by the dashed line)sierabd as ex-
pected from Ed._2.104. Fgf > 8 GHz, a superposition of the reference data with
the measured data causes deviation from the expected dammen(see text).

6.2.2 Wavevector selective analysis

In Sec[&.1L it is found that the absorptiGa,, resembles a Lorentzian for
n = 70° [c.f. Fig.[613]. In the following it is shown that this oricites
from negligible inhomogeneous broadening for this angoihpared to

n = 0°. For this the slope of the spin-wave dispersjit) is considered
for the excited wave vector distributiahk. The slope of the SW disper-
sionv, = 2ndf(k)/dk, see Eqd.2.718, 3.2 flattens for small wave vectors
0 < k < 10* rad/cm for increasing). vg(n = 70°) ~ 0.1vg(n = 0°).
This is illustrated in Figl_2]2 (b) fop = 20°, i.e. n = 90° — ¢ = 70°

for parallel alignment of the CPW with the axis. » = 70° marks a
trade off between low, (small inhomogeneous broadening) and signal
strength, c.f. Fig_ 613 (a). It is possible to estimate thetdbutions from
inhomogeneous broadening as done in the following. For eewae-
tor distributionAk ~ 1.2 x 10* rad/cm, these inhomogeneously broad-
ened linewidths compare as followA'f (Ak = 1.2 x 10% rad/cm, vy =
7.5km/s) = 1.4 GHz atn = 0° andA f(Ak = 1.2 x 10* rad/cm, vy =
0.75km/s) = 0.14 GHz atn = 70°. Fitting a Lorentzian curve according
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6 Plain Film Measurements

to Eq.[2.56 to the dat&@y.; depicted in Figl_ 611 (b) yields a linewidth of
Af = 310 MHz. The measured linewidth by relaxation is a factor 2 larger
than the contribution expected from the excitation prodessthe inhomo-
geneous broadening. The measured linewilthis therefore dominated
by SW relaxation for) = 70°. Following this evaluationg,, measured at

n = 70° is considered to reflect the characteristics of a spectrkamtat
k=0, i.e., the FMR data.

Equation[2.51 describef (H) for & = 0, i.e. uniform precession.
Forn = 70°, indeed the measured eigenfrequencies come close to the
k = 0 case. ltis therefore possible to use Kittel's equation[E§I 2or
fitting to field dependent data obtained fpr= 70°. Doing so yields
Mg,y = 830 kA/m. Such an approach is consistent with the VNA-
FMR technique which inherently relies on SWs excited clasé t= 0
[Cou04, GieO5b, Bil07b]. The value obtained for the saioratmagne-
tization obtained from this method is in agreement to itig,, obtained
from fitting p(k) andyot, see Figd. 614 arild 8.5.

To obtain f.(k > 0,7n) one has to consider the spin-wave dispersion
Eq.[Z78. Fork = 0.6 x 10 rad/cm, k = 2.3 x 10* rad/cm, and
k = 4.4 x 10* rad/cm, p(k) takes a local maximum. The corresponding
frequenciesf (k) are plotted for varioud? atn = 0° in Fig.[6.2 and for
variousn at uoH = 20 mT in Fig.[63 as thin red dashed lines. The
calculated dependencies follow the measured data very well

6.2.3 Propagation velocity

It is possible to obtain the group velocity from AESWS measurements
of a12. This can be done by considering the oscillation period efith,
or Say2 signal which is given via thexp(—iks) term in Eq[2.102. The os-
cillation period corresponds to2ar shift of the SW phase, which transfers
into a wave vector change given by [EQ.13.1. In practice it pdofeasible
to obtainv, by considering the frequency differencef of two maxima
of eitherRa12 or a2 corresponding tgf; and f>. This implies approx-
imation of a linear dispersion (constantfor f; < f < f5). Moreover,
data forv, is not necessarily obtained féepw, i.e. not necessarily for
the wave vector for which(k) exhibits a maximum.

Values foru, for different fields;.oH are plotted in Fig[ 6]7. Data is
evaluated for the largest maximum ®f.,5 (Sa12) located atf; and the
neighboring maximum at higher frequengy. The frequency difference
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6.2 Interpretation and Analysis

A f corresponds to 2 phase shift. With increasing, the group velocity
v decreases as expected from Eq.R2.77. For sinall5 x 10 rad/cm,
the dependence af, on k is very strong, i.e.dv,/dk is large. This is
illustrated in Fig[2.P (c) fo = 0° as the solid line. In order to compare
the predicted dependencew@fon H by Eq[Z2.78, it is therefore necessary
to consider the finité: at whichwv, is obtained. In Fig. 617 the solid lines
mark v, calculated from Ed.2.73 fok = 0.6 x 10* rad/cm andk =
1.0 x 10* rad/cm. The obtained results describe the measured data very
well. From this it is found that the wave vectomwhich is effectively used
to obtain values fov, corresponds to approximatel 10 rad /cm. This
value ofk is well within the excited wave vector distributidki given by
the excitation spectrum[c.f. Fig.[5.4 (b)].

Similarly to the decrease in, for increasinguoH, a decrease in, is
expected for increasing angje This relates to the transition from Damon-
Eshbach (MSSW) modes to backward volume modes (MSBVW) & ill
trated in Fig[2Z.R (b). MSSW modes have the larggsif compared to
modes with a reduced angle betwdeandH [Kal86]. Quantitative eval-
uation (data not shown) again yields good agreement bettheeny and
experiment. Exemplarilyy,(n) obtained on a plain film (KT-003-5) is
depicted as open triangles in Hig.18.5 (a).

Using the values obtained fey, it is possible to motivate the behav-
ior of |ai2| which is very different fromjasz|, see Figd. 612 ar{d 8.3. The
relation between the amplitude measured in transmigsighand the am-
plitude measured in reflectidn,, | is given by EqL.3.8. Using values of
as obtained from the analysis described above and as dépidtég.[6.7,
it is possible to test Eq._3.3. This is depicted in FFig] 6.9f¢a)ny = 0°
andn = 45°. Only data points are considered wherg| is not corrupted
by the reference field as discussed above. Furthermore,Figri6.2 (a)
it is visible that for small absolute values |pfy H| < 20 mT, a2 is very
small. This regime is attributed to the switching of the metgration and
is not considered for the analysis. The solid curves arefitise data with
the exponential dependence of Eq.]3.3. As can be seen thésdatl
described by the exponential decay. The relaxatiof Eq.[3.3 is used as
a fitting parameter. The values obtainedfdy this method are discussed
in detail in the following Sed. 6.2.4.

Next, analysis relates the;2| data andas;| data. In particular, the
asymmetrylaiz|(+H) > |a12|(—H) is addressed. In Fi§. 8.8, the non-
reciprocity8 = |a12|(—H)/|a12|(+H) is plotted as a function d (com-
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6 Plain Film Measurements
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Figure 6.7: Group velocityv, obtained for25 mT < poH < 100 mT from
AESWS measurements (full circles)mat= 0°. Data is obtained by Ef._3.2 con-
sidering &7 phase shift which is evaluated frofaf between to local maxima or
minima of eitherRa12 or Sa12, see text. Errors im, are abou.2 km/s which

is about the diameter of the data points. Full lines are tatledv, (H ) obtained
from Eq[2Z.78 fork = 0.6 x 10* rad/cm andk = 1.0 x 10* rad/cm, as well as
Msa: = 830 kA /m andés = 25 nm. Measured and calculated data agree well and
reflect the inverse dependencevgfon f as predicted from EQ._2.V6 fdr= 0.

pare with EqC3.B). FotigH > 30 mT, 8 remains constant @ =~ 0.45. In
particular,s is not dependent on, (H) [c.f. Fig.[6.7], i.e. the propagation
durations/v,. Itis therefore not an effect of propagation, but is due to ex
citation. This finding and the absolute value of non-reaifiyoagree well
with literature [Dem09, Sek10]. Non-reciprocity of extitan is caused
by an asymmetric excitation process underneath the CPWOERGh The
orientation of the: component of the dynamic external figlgt is asym-
metric with respect to the CPW. Therefore, the internal fadtermining
m, is different resulting in different excitation strengths e two sides
of the CPW.

6.2.4 Relaxation and damping

To extract the frequency linewidth f without contributions from inho-
mogeneous broadening due to the finite excitation spectidmn of the
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Figure 6.8: Non-reciprocity3 = |a12|(—poH)/|a12|(+wo H) for different values
of uoH atn = 0°. B is constant foruo H > 30 mT as indicated by the dashed
horizontal line.

CPW, it is possible to us&as, data obtained fon = 70°. As described
above, fitting a Lorentzian yield& f. This is done for various fielgo H .
Data of A f as a function off (H ) is depicted in Fig._619 (b) as full circles.
Using this method, it is not useful to extrakyf for n < 70°, because inho-
mogeneous broadening duedk) distorts the line shape and dominates
Af.

However, it is possible to extrack f from a12. In Fig.[6.9 (a), the
exponential dependence|afi2|/|a22| as described by EQ. 3.3 is depicted.
Fitting an exponential decay, wherds used as a fitting parameter, yields
7 =0.94 4+ 0.16 ns andT = 0.60 & 0.22 ns (45°). Via Eqs[2.6V and
[2.68, this corresponds to frequency linewidthsof = 338 + 60 MHz
andAf = 530 £ 191 MHz. These values, together with data obtained
directly from Sy for n = 70° are depicted in Fig._6.10. Within errors, no
siginifcant dependence @t f on 7 is resolved as expected for the plain
film. Moreover, this value agrees well with data measureiténdture, see
Tab.[6.1. Af ~ 310 MHz translates into an apparent damping,, =
0.01 via Eq[Z.58.

Contributions from extrinsic factors as discussed in §eZ.42are in-
cluded ina,pp. Thea relevant for, e.g., solving the Landau-Lifshitz and
Gilbert equation numerically using micromagnetic simiolas, i.e.ar.q,
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6 Plain Film Measurements
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Figure 6.9: (a) Measured transmission amplitude normalized on refle@mpli-
tude|ai2|/|a22| for n = 0° (full circles) andn = 45° (full squares) for different
values ofs/vg(H) = 12 pm/vg(H). Data is obtained by variation of the exter-
nal field uo H as indicated. Full lines are fits to the data using[Ed. 3.2 @/ies
relaxation timer is used as a fit parameter.(n = 0°) = 0.94 + 0.16 ns and
7(n = 45°) = 0.60 + 0.22 ns. (b) Resonance linewidth f for n = 70° for dif-
ferent resonance frequencigg H ). Data is obtained from Lorentzian fits 822
data. Such data is depicted in Hig.]6.%. is varied by variation of the external
field uo H. The full line is a fit to the data using Eq. 2]164. Fit parameteere
oA Hy =8 mT and Gilbert damping: = 0.0045.
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Figure 6.10: A f for different angles; of the external fieldI with respect to the
wave vectoik. Data is obtained via Ef. 3.2 from transmission measuresr(furt
circles,n = 0°,45°) and reflection measurements (open squayes, 70°). The
dashed horizontal line indicatésf ~ 330 MHz.

Reference ts (nm) Af (MHZz) or aapp
[VIaiQ] 20 Qapp = 0.011
[Kalog] 50 Af =240

[Sil99] 50 Af =300
[Cou04] 50 Af =150—-250
[Cov02] 27 Af =400

[Liu07] 10 Af =227
[San99] 50 Qapp = 0.013

Table 6.1: Measured linewidtha\ f or apparent damping.pp in literature. They
are related via Eq._2.58. Data compares well with own dataA $f= 310 MHz
(Qtapp = 0.01).
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6 Plain Film Measurements

see Sed. 2.3.3, can differ considerably frem,, and cannot be deduced
straightforwardIyi

One way to obtain an approximate valuenoéxcluding extrinsic contri-
butions is via Eq_2.84. This relies on values/®f obtained for different
resonance frequencig‘s@ Typically a respective method is employed for
out-of-plane measurements where a large range of resofraggencies
fr is addressed. Moreover, in FMR measurements, one canlyinees-
sure the field-swept linewidth H. Here the slope oA f or A H versus the
resonance frequengy is analyzed. This allows for very precise determi-
nation ofa [Pat75%]. For in-plane data obtained fram.| atn = 70°, itis
possible to fit EJ._2.64. The solid curve in Hig.16.9 (a) is théofi Mg,; =
830 kA /m, upAHy = 8 mT, anda = 0.004540.003. This value forx is
in good agreement with literature where valaes: 0.005 — 0.006 are re-
ported for thin films for in-plane orientation of the extelrnsgnetic field
H [Pat75/ Wol09]. The comparably large uncertainty in thissweement
arises from the small range of resonance frequencigsf, < 8.5 GHz
that are addressed for the in-plane measurements. To obta@gprecise
values ofq, it is advisable to use out-of-plane measurements. Thisatis o
of the scope of this thesis.

1This is illustrated by the fact that in literature, both, Rgov02] and [[Liu07] usex in
simulations as a fitting parameter to obtain good agreenentden micromagnetic sim-
ulation data and experimental data obtained in the templorakin.

°Note that the technique introduced above, based on theatieiuof |a;2|, neglects the
small dependence @k f on f, and is therefore not suitable to yield the mebnly con-
taining intrinsic contributions, see SEc. 2]2.4.
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7 Antidot Lattices: Static and Dynamic
Characterization

This chapter is organized as follows: First, in SEC] 7.1, egnetic
ground state for ADLs is studied by experiment and microratign
simulation. Second, in Sec. 7.2, the phenomenologicalriexge-

tal findings by AESWS and MOKE are presented. Based on this, in
Sec[7.B, data is analyzed in various forms. Because of #etrsin of
different physical phenomena discussed, abstracts aendior every
section in this chapter.

In this thesis, nanostructured square arrays of holes, ltedcantidot
lattices (ADLSs) are studied. From sample to sample the ADiliggkcity
p is changed from 0.12 to 4 0m while the hole diameter i€ = 120 nm
for all samples withp > 200 nm (d = 86 nm forp = 120 nm). A
characteristic describing each sample is the permallaydifraction

2
Foi - T2 (7.1)
p

In Fig.[Z13, all ADL geometries used for measurements thinougthis
thesis are depicted. The filling fractioh varies betwee®.6 and1. A
number of different samples is used for measurements of ifferant
ADL geometries. IMAL, a listing of all samples which aredi$er mea-
surements discussed in this thesis is provided._In A.3 tmeesponding
micromagnetic simulation parameter sets are listed.

7.1 Static Magnetization

The hysteresis curves and magnetization profiles of ADLiasugsed.
A dependence of the coercive field on the ADL periodicig/found. A
field of uo H = 40 mT is found to be sufficient to saturate ADLs with
p > 200 nm.
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Figure 7.1: Overview on the studied ADL samples in this thesis. The pérma
loy filling fraction is calculated according to Hg. ¥.1. Fer> 200 nm the hole
diameter isl 20 nm.

The magnetic ground staM (r) is known to significantly influence the
spin-wave eigenmodes. The magnetic ground state can lvedlteoth,
by the magnetic field [Pod06] or via variations in the geom{@ie07].
Therefore, it is necessary to discuss the dependeri®® of on field o H
and periodicityp.

7.1.1 Magnetization Reversal

First, the magnetization reversal is measured using MOKE& Sed_3.2]3.
The hysteresis curve, see SEc. 2.1.5, fgr & 800 nm antidot lattice
(ADL) (data not shown) does not deviate significantly frora fain film
hysteresis curve depicted in Fig. 8.6. The hole diamétamounts to
roughly 120 nm, so that onlyF = 1.7% of the magnetic material is re-
moved, see E@.7.1. The very small coercive fielgi@fl < 1 mT, close
to the plain film value, results from this.

For larger values of* realized via smallep, this changes as indicated
in Fig.[Z2. Larger values ofi obtained amounting tpg Hc ~ 5 mT
(p = 400 nm) andpgHc =~ 15 mT (p = 200 nm) forp = 0°. The
respective values foy = 45° are all larger. The value gf\/||) is reduced
for larger values ofuo H| as indicated by the vertical arrows. In particular,
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7.1 Static Magnetization

for uoH > 40 mT, < M|| > /Mg, ~ 1 for all discusseg.

7.1.2 Micromagnetic Ground State

In order to explain the microscopic origin of the hysteresives depicted
in Fig.[Z.2, it is instructive to perform micromagnetic silaipns of the
ferromagnetic ground stabel(r), see Sed. 2.3.3. The obtained hysteresis
curve is exemplarily shown fgr = 300 nm in Fig.[7.2 (b) as open circles
for n = 0° and open squares for = 45°. The simulation resembles
measured data very well.

Based on the good agreement between simulated and meagstecth
sis curves, it is instructive to analyze the micromagnetonigd state, i.e.
the spatial dependence on the orientation of the magnietizl (r) ob-
tained from micromagnetic simulations. This is depictedrig. [7.3 for
n = 0° and in Fig[Z.4 fom = 45°.

The results can be summarized for three field regimes, A, 8 Gras
indicated in FigL”ZR (c). References are made to regimasindicated in
Fig.[73 (b).

e Regime A, saturated magnetization. For fiejdsd > 40 mT,
the magnetic ground state does not change significantlys iBhi
illustrated in Figs[ 713714 (g)oH = 100 mT and (b)uoH =
40 mT, where the orientation d¥1(r) is not changed significantly
for the two values ofupH. In particular, M || H for all regions
away from the immediate edges of the holes. This corresptnds
<MH>/MSat ~1lin Flgm

e Regime B, unsaturated magnetization. ko= 0° and0 mT <
uoH < 40 mT, the magnetizatioMI(r) begins to rotate away from
the external field direction [c.f. Fi§._4.3 (c)]. This corpesmds to
(M) /Msat < 1inFig.[Z.2. This is marked by the vertical arrows.

e For the remanent staigyH = 0 mT, the magnetization encloses
a 45° angle with the direction of the swept field @irection) for
regionoy, c.f. Fig.[Z3 (b). Only for regioms the magnetization
is aligned with they direction. In particulaM (r,n7 = 0°) =
M(r,n = 45°). The remanent magnetic ground state of the anti-
dot lattice system is not found to be dependent on the magjinelti
history.
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Figure 7.2: Hysteresis curves obtained for antidot lattices of varjpersodicity p.
All from sample SN089-1. (g) = 400 nm. (b)p = 300 nm. (c)p = 200 nm. Full
symbols indicate MOKE data obtained from measurementsraigReUniversity.
Open symbols in (b) indicate micromagnetic simulation dgateording to set B,
sedAB. Circles correspondso= 0° and squares tg = 45°. Generally,Hc(n =
45°) > Hc(n = 0°) and Mg (n = 45°) > Mg(n = 0°). n = 0° corresponds
to an easy axis. Fop = 400 nm, poHc ~ 5 mT, while for p

woHc =~ 15 mT forn = 0°.
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7.1 Static Magnetization

Figure 7.3: Magnetization configuratiobVI(r) (magnetic ground state) obtained
from micromagnetic simulations for@= 300 nm antidot lattice for = 1° and
poH = (a) 100 mT, (b)40 mT, (c) 20 mT, (d)0 mT, (e)—6 mT, (f) —20 mT. The
color code illustrates the magnetization orientationdatiéd by the black arrows.
The regions and lines labeledin (b) correspond to regions discussed in the text.
Holes are depicted as white area in the centet. 120 nm. Simulations according
to set B, seE'Al3.
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7 Antidot Lattices: Static and Dynamic Characterization

e Regime C, remagnetization. Feg H < 0 mT, the rotation ofMI(r)
continues until eventually the magnetization aligns agsith the
external field. This remagnetization process is compley{{déand
not discussed within this thesis.

As part of this thesis, only the saturated magnetizatioregfme A is
addressed. The remagnetization [Hey06] or hystereticpggpmmable
groundstates [Topl0] are, in particular, not addressed.

It is possible to extract the values of the demagnetizated fil, from
micromagnetic simulations. For the= 300 nm ADL with d = 120 nm,
this is done in Fig_7]5. Regions of positi¥#, are localized in between
holes neighboring in the direction perpendicular to theexl field. Re-
gions of negativeéd extend through the lattice perpendicular to the exter-
nal field in between holes which are neighboring parallehtofteld.

For data analysis further below, it is instructive to extragHp along
the y axis for a path perpendicular to the external field directiod cen-
tered in between two neighboring holes edges (patbf Fig.[7.3 (b)) for
p = 800 nm and orientated at the hole’s edge (pattof Fig.[7.3 (b) and
dashed line in Fid_715 (a)) fgr = 300 nm as done fop g H = 40 mT.
Results are depicted in Fig.¥.6. Analyziffy, alongos for p = 300 nm
yields a strong peak-to-peak variatippA Hp ~ 100 mT [c.f. light line
in Fig.[Z.8]. The amplitude of this variation is found to dadelmost only
on the hole shape and not on the ADL perjodn contrast, the peak-to-
peak variation for @ = 800 nm ADL along lines; is much weaker and
amounts only tg:pAHp =~ 0.1 mT. This is because ling; is much fur-
ther away from the hole’s edges where uncompensated magetiges
generate a larg&p.
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Figure 7.4: Magnetization configuratio®I(r) (magnetic ground state) obtained
from static micromagnetic simulations fopa= 300 nm andtidot lattice for =
45° and poH =(a) 100 mT, (b) 40 mT, (c) 20 mT, (d) 0 mT, (e) —6 mT, (f)
—20 mT. The color code illustrates the magnetization orieataindicated by the
black arrows. Holes are depicted as white area in the ceBitaulations according

to set B, seE’AlS.
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7 Antidot Lattices: Static and Dynamic Characterization

Figure 7.5: Simulated demagnetization fielp parallel to the external fieldl
(color code) for (a)y = 0° and (b)n = 20°. uoH = 40 mT. Colors indicate
the magnitudeuo Hp for —100...100 mT, arrows indicate the direction dp.
Plotted are contour lines 20 mT spacing to visualize the data further. Simulations
according to set B, s¢e A.3.

7.2 Phenomenology of Magnetization Dynamics

VNA-FMR and AESWS measurements reveal that the spin-wage sp
trum changes significantly fgg = 400 nm. Forp > 400 nm, only
two modes with opposed dependence of the resonance frggfiemt
alignment with the external fielgl are observed. Fop < 400 nm, an
additional low frequency mode is resolved.

In this Section, measurements of spin-wave modes for antidtices
of various periodicity are presented. ADLs have been pexpas pre-
sented in chaptéd 4. In particular, the resolved SW eigemsace classi-
fied based on the phenomenological findings such as

e Absolute value of the eigenfrequenfy
e Dependence of the mode amplitudg (f,) andai2(f;) onuoH.

e Dependence of, on the orientation of the external field
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Figure 7.6: Simulated demagnetization field profilép(y) for ap = 800 nm
(black curve, left scale) anda= 300 nm antidot lattice (gray curve, right scale).
noH = 40 mT.n = 0°. The demagnetization field is evaluated perpendicular to
the external field for paths; centered in the middle between two holes (respec-
tively for thep = 800 nm ADL) ando- at the hole border (for the = 300 nm
ADL) of Fig.[Z3 (b). Simulation parameters are as in [Eigl 7Smulations ac-
cording to set B (set C) fgs = 300 nm (p = 800 nm), se¢ A.B.

7.2.1 VNA-FMR study

Itis instructive to begin the discussion with spectra atedifor a standard
CPW with a wide inner conductar,. = 20 um by VNA-FMR technique,
see Se¢.3.2.1. The excited spin waves are cloke-i@. Data is obtained
onp = 800 nm andp = 400 nm ADLSs.

In Fig.[Z1, |a12]| is depicted forp = 800 nm (a) andp = 400 nm (b)
as a gray scale plot aty H = 40 mT and varying). Dark colors corre-
spond to SW excitation. Foy < 25°, two types of modes are resolved.
Firstly, modes for whichlf, /dn > 0, i.e. increasing resonance frequency
f: for increasing angle. Second, modes for which the opposite behavior
applies, i.e.df;/dn < 0. While for p = 800 nm, only one mode (la-
beled ii in FigCZY (a)) is observed with increasifigfor increasing;, two
such modes are observed foe= 400 nm (labeled i and ii in Fig7]7 (b)).
The amplitude of these two modes corresponding to the grag scvery
different with mode i showing much stronger signal than miade
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Figure 7.7: VNA-FMR data of|a:2| obtained for a (ap = 800 nm and (b)p =
400 nm sample for av;c = 20 pum standard CPW.oH = 40 mT, —50° < n <
50°. Samples are SN80-7-A and SN80-7-C, respectively. Darrsalorrespond
to SW excitation.

To illustrate this further, in Fig—718 (a)q12| is depicted for ther =
400 nm sample for different values of the external figlgif atn = 0°.
The amplitude of mode i is found to decrease with increagijfd , while
the opposite dependence is observed for mode ii. (lg@¢f ~ 60 mT, an
avoided mode crossing is observed between those modesitiediby a
vertical arrow in FigL’Z8 (a).

Fig.[Z.8 (b) depictsa;,| obtained for they = 400 nm ADL at uoH =
100 mT for variousyn. The resonance frequencigsare shifted towards
higher values as expected from Eg. 2.52. The low frequendaeris only
very weakly resolved. Besides this mode, one mode Wiflydn > 0
(labeled mode ii) and one mode witty,/dn < 0 at largestf, (labeled
mode iii) are resolved. In Fi§._1.%;12| data obtained fopg H = 100 mT
on thep = 800 nm ADL sample SN80-7-Aw;. = 20 um) is depicted for
completeness. Again, two modes are resolved: one modelyittln > 0
(labeled mode ii) and one mode witty,/dn < 0 at largestf, (labeled
mode iii). However, discrepancies between the two speetrain in that
for thep = 800 nm ADL only a single mode witkl f, /dn > 0 is observed
(labeled mode ii), whereas fgr= 400 nm two such modes are observed
(labeled mode i and ii).
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7.2 Phenomenology of Magnetization Dynamics

To understand these differences betwgena 800 nm andp = 400 nm
SW spectra in greater detail, in the following it is instivetto first study
SW spectra by AESWS for large lattice constants 400 nm in Sed_7.2)2,
followed by Sec[_7.2]13 where small lattice constants 400 nm are dis-
cussed.

7.2.2 AESWS for large periodicities > 400 nm)

In Fig.[Z.10, AESWS data is depicted. Two different SW-traission
CPWs were used: in (a) and (b), the inner conductor widilis= 2 ym
and the propagation path is= 12 ym. This corresponds técpw =
0.6 x 10* rad/cm. Differently, in (c) and (d)w;. = 340 nm ands =
6.5 pm. This corresponds thcpw = 2 x 10% rad/cm. The left column,
i.e. (a) and (c), depicts reflection dakas,, while the right column, i.e.
(b) and (d) depicts transmission dasa;,. It is instructive to start the
discussion with data obtained fromug. = 2 um CPW, i.e. (a) and (b).
This CPW exhibits an excitation spectryitk) as depicted in Fid. 5.4 (b)
with a maximum excitation strength Atpw = 0.6 x 10* rad/cm. While
ago data contains signals from both propagating and standing, 3éé
Sec[2.311, the signal, only contains signal from propagating SWs (and
parasitic signal due to magnetic crosstalk, see[Sec. 5).

Agreement between data obtained from VNA-FMR and AESWS ex-
ists: compare Figé._ 7.7 and_7110. In particular, two modesesolved
which show the same dependencefpbnn for AESWS and VNA-FMR
measurements. Whiléf, /dn < 0 for the high frequency mode mode iii
(dn > 0), the low frequency mode ii only shows a weak change in reso-
nance frequency of opposite sign, i.€f,/dn > 0. The low frequency
excitation labeled ii is resolved far;» andass and is therefore a prop-
agating mode. Differently, mode iii is clearly resolved pfdr a», and
not resolved fora1o and is therefore identified with a standing SW, see
Sec[Z.311. Furthermore, mode ii shows a black-white-btackrast oscil-
lation in Fig [7.10 (b) corresponding to phase accumulaifdhe SW due
to propagation.

Data obtained for the second CPW with. = 340 nm ands = 6.5 um
in Figs[7.10 (c) and (d) show characteristic changes if Gmeghtow;. =
2 um data. In order to facilitate data analysis later on, thrgémes forn
are discussed. These regimesmare 0° + 5° (regime A),n = 25° + 5°
(regime B), and) = 40° £ 5° (regime C). They are highlighted by circles
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n (deg.)

Figure 7.8: VNA-FMR data of|a:2| obtained for @ = 400 nm ADL (SN80-7-C)
for (a) various field strength® < poH < 100 mT (n = 0°) and (b) for various
orientations of the external field50° < n < 50° (uoH = 100 mT). Dark colors
correspond to SW excitation.
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Figure 7.9: VNA-FMR data of|a,2| obtained for @ = 800 nm ADL (SN80-7-A)
for various orientations of the external field50° < n < 50° (uoH = 100 mT).
Dark colors correspond to SW excitation.

in Fig.[Z.10 (d). Fom = 25° (regime B), two modes are resolved, where
the higher frequency mode shows black-white-black cohtrasillations.
This is differentto (b) {;. = 2 um) where the low frequency mode shows
the contrast oscillations. Differently, for regimes A andtlere are no
significant differences resolved in the mode behaviorstertivo CPW
types. For bothw;. = 2 um andw;. = 0.34 um, the low frequency mode
is found to propagate.

It is interesting to extract the maximum amplitude, i.e. #@meplitude
at f;, for the propagating mode labeled ii from, bofdn,»| and|a22| data.
This is depicted in Fig_7.11. The data is normalized to the&imam
value. Both|ag2|(f;) and|ai2|(f:) are largest for;, = 0° and, overall,
decrease for increasing |a12|(f;) shows a comparably stronger depen-
dence om. In Sec[8.P itis shown that this originates from the dedneps
group velocityv, for increasing;. Furthermore, from such data the relax-
ation timer is extracted in Se€.4.3.

The dependence @¥as; and Saio on puoH is depicted in FiglT7.12
(a) and (b), respectively. Data is obtained with the = 340 nm, s =
6.5 pm CPW of Fig[’Z.1D (c) and (d) (sample SN88-1-A-M). No sigrifit
dependence of the number of modes on the field valfé is observed
for ugH > 5 mT. In particular, no avoided crossing of SWs is observed,
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Figure 7.10: AESWS data obtained for twp = 800 nm samples (SN83-1-LO
and SN88-1-A-M ) withw;. = 2 pm andw;. = 340 nm SW-transmission CPWs.
poH =40 mT. =50° < n < 50°. (@) azz. wic = 2 pm. (b) Sa12. wic = 2 pm.

s =12 pm. (c)Sazz. wic = 340 nm. (d) Sa12. wic = 340 nm. s = 6.5 um. For
the reflection data in (a) and (c), dark contrast corresptmtisge SW amplitude.
For the transmission data in (b) and (d), the black whitelbtamtrast originates
from the accumulated phase shift of propagating SWs aauptdiEq[31L. Circles
in (d) indicate regimes, for which the propagation paramsetee evaluated (see
text).

120



7.2 Phenomenology of Magnetization Dynamics

\' )

o8} -
E 5

< 06F J
©

E L

T 04}

0.2} a2 —»
0 25 50

n (deg.)

Figure 7.11: Maximum normalized amplituddsi2|( f:) (dark line) andaz2|(f+)
(light line) for poH = 20 mT and0° < n < 50° [NeulO]. These are AESWS
data of thep = 800 nm ADL (SN88-1-A-M). Data is evaluated fgf. of mode ii
(extended mode) from Fifg._Z110.

which is different to thes = 400 nm case as discussed in J9ec. 71.2.1. The
resolved modes are labeled according to [Fig.]7.1Qu§éf = 40 mT. The

low frequency mode is mode ii, while the higher frequency mizdmode

i.

In Fig.[Z.13,]as:2| andSa;2 are depicted for @ = 400 nm ADL with
awi = 2 pm, s = 12 um SW-transmission CPW, respectively. Data
is shown for, bothygH = 20 mT (a) and (b), as well as fqupH =
40 mT (c) and (d). Three modes are resolved fordhge data, analogous
to Fig.[ZJ. For mode i and iilf,/dn > 0 for dn > 0. Differently, for
mode iii,d f,/dn < 0. The resonance frequencigsof mode i and ii are
almost degenerate, i.e. for modg,i = 3.7 GHz and for mode iif, =
4.3 GHz atpupH = 20 mT. Mode i and mode ii are not clearly separated
in frequency anymore. This is due to the different SW exicitaspectra
p(k), see Fig[5H4, if compared to Fig. ¥.7. In particular, thelllzion
of the amplitude inSa,2 is not well resolved anymore. This makes the
determination ofv, from the phase oscillations difficult and results in a
large uncertainty ob,. Beyond this, mode ii and iii behave similarly to
thep = 800 nm case.
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Figure 7.12: AESWS data obtained for the = 800 nm sample (SN88-1-A-M)
for aw;c = 340 nm SW-transmission CPW for various values;afH (n = 0°,
kopw = 2 x 10% rad/cm). (a)Jazz. (b) Sai2.

7.2.3 AESWS for small periodicities f < 400 nm)

AESWS data is depicted fgr = 300 nm in Fig.[ZI%#. Aw;. = 2 pm,

s = 12 pm SW-transmission CPW is used (SN89-4-4), ilezpw =
0.6 x 10* rad/cm. As can be seen from tlg, data of Fig[Z.14 (a), three
modes are resolved for= 0°. The modes are labeled i-iii for increasing
f. Only mode i is resolved im, data of Fig[ 7Z.1I¢4 (b) and is therefore
associated with a propagating mode. Mode i shows a strongndiemce
on f,(n) for small values ofy, i.e. df,/dn >> 0 (dn > 0). A weaker
dependence, i.elf./dn 2 0 is found for mode ii, which is similar to the
behavior of mode ii in the = 800 nm ADL as depicted in Fig.7.10. For
mode iii, d f;/dn < 0, which again is in agreement with the mode iii of
p = 800 nm.

For even smaller lattice periogs the Py filling fractionF is reduced.
This reduces the magnetic signal. Furthermore, long expdsues limit
the area which can be structured by focussed ion beam liipbgr Be-
cause of this, transmission datg is not available fop < 300 nm. In
Fig.[7.15 (a) Sas. data of g = 200 nm ADL is depicted. Aw;. = 2 um,

s = 12 um SW-transmission CPW is used (SN89-4-2). In Eig.17.15 (b),
Sagy data is depicted for @ = 120 nm ADL. The sample is SN61-
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Figure 7.13: AESWS data obtained form= 400 nm sample (SN66-A-1-1) with
wic = 2 pm SW-transmission CPW. (g H = 20 mT. |agz|. (b) poH = 20 mT.
Sais. (C) ,uoH =40 mT. |a22|. (d) /LoH =40 mT. Saiz.

3-3 where aw;. = 2 pum standard CPW is used. A SEM micrograph
of thep = 120 nm ADL is depicted in Fig[4]4. Data is evaluated for
1oH = 100 mT to ensure excitation in the saturated regime and to maxi-
mize AESWS signal.

Only two modes are resolved. For the low frequency mofi¢dn > 0
which motivates labeling this mode as i/ii in accordancéwlta obtained
for p = 800 nm andp = 300 nm above. The high frequency mode shows
decreasing eigenfrequencigsfor increasingy, i.e. df,/dn < 0, i.e. is
labeled mode iii.
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Figure 7.14: AESWS data obtained for a = 300 nm sample (SN89-4-4) for a
wic = 2 pm (s = 12 pm) SW-transmission CPW.o H = 40 mT. (a) Sasz. (b)

%alg.
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Figure 7.15: (a) AESWS dat& a2, obtained for @ = 200 nm ADL (SN89-4-2)
atuoH = 100 mT. A wic = 2 pum, s = 12 um SW-transmission CPW is used.
Circles highlight SW resonances fgr> 0°. (b) AESWS data for @ = 120 nm
ADL (SN61-3-3). Aw;; = 2 pum standard CPW is used.
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7.3 Quantization and Localization of Spin Waves

7.2.4 Comparison of AESWS data for differentp

It is instructive to compare AESWS data for different peidities p ob-
tained in reflection measurements, i.8as2, directly. This is done in
Fig.[Z.16 foruoH = 100 mT.

From this figure, the various findings of the preceeding eastare con-
firmed: First, only forp = 300 nm, i.e. Fig[7.16 (e), three modes are re-
solved, i.e. modesi, ii, iii. Fop = 300 nm andp = 120 nm, i.e. Fig[ Z.1b
(e) and (f), the low frequency mode shows a pronounced depexedof
fronn, ie. df./dnp >> 0. This is different for the larger periodicities
p > 400 nm in (b)-(d), wherelf,/dn = 0. Third, the frequency differ-
ence between the largest and smallest obsefyvedntinuously decreases
for increasingp. This frequency spread is indicated in Figs.7.16 (b)-(f)
by vertical bars. Intuitively, this is motivated by the irassing permal-
loy filling fraction F for increasingp, see Fig[’711: fotF — 1, the ob-
served spectra more and more resemble the plain film spectepmted
in Fig.[Z.16 (a) where the frequency spread is zero. For emadlues of
the periodicityp, effects of mode quantization and demagnetization field,
see Sed. 713, gain in significance and shift resonance fretpsy, apart
from each other.

Forp > 400 nm, the number of resonances and the qualitative behavior
is found to be constant, while for smaller periodicitiesore resonances
and different behavior of, onn is observed. Ap = 400 nm, a transition
occurs, which is consistent with VNA-FMR data as discusee®tc[ 7.2]1.
To discuss the origin of this finding is subject of the follogiSec[ 7.3.

7.3 Quantization and Localization of Spin Waves

Three fundamentally different types of modes are foundist iExan
antidot lattice: an edge mode close to the holes, a fundashembde
extending through the lattice perpendicular to the fieldd anlocal-
ized mode in between neighboring holes parallel to the fiefdr
p > 400 nm, the edge mode is not resolved. koK 200 nm, the
fundamental mode and the edge mode hybridize.

To understand the qualitatively different behaviorpof- 400 nm and
p < 400 nm as discussed in the previous sections, it is instructiveste p
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Figure 7.16: AESWS dat&3az2 obtained forue H = 100 mT and various period-
icitiesp. (a) Plain film, i.e.p — co. Sample is SN89-4-D. (k) = 1000 nm. Sam-
ple is SN101-1-F-MR. (cp = 800 nm. Sample is SN83-1-LO. (¢) = 400 nm.
Sample is SN66-A-1-1. (g) = 300 nm. Sample is SN89-4-4. () = 120 nm.
Sample is SN61-3-3. For all samples,. = 2 um. Vertical bars indicate the fre-
guency spread between lowest resolye@mode i or mode ii) and largest resolved
f= (mode iii). Only thep = 120 nm sample has a hole diameterdf= 87 nm, all
other samples are fabricated such #hat 120 nm.
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Figure 7.17: Comparison between AESWS measurements and micromagnetic
simulations of ap = 800 nm antidot lattice for varioug and uo H = 20 mT.
Simulation parameters are according to set C. Dark (brigini}rast corresponds

to large (small) SW signal. (a) AESWS d&ta2-2. (b) Micromagnetic simulations.

form micromagnetic simulations. By this it is possible taaib spatial
SW profiles allowing insights into the microscopic origirfsacspin-wave
resonance and based on this, further interpretation ofdtee d

7.3.1 p = 800 nm ADL: localized and extended modes

Micromagnetic simulations are performed foe= 0. A single unit cell of
the antidot lattice with two-dimensional periodic boundaonditions is
simulated, see Sec. 2.B.3. A spatially homogeneous fiekbmiB mT is
used to excite spin precession. Parameters are accordsey @ seg Al3.
The angle of the external field with respect to the ADL unit eedis is
varied. This angle correspondsii@f the AESWS measurements.

From the temporal evolution of the averaged magnetizatidin(7));,
a Fourier transformation yields the integrated spectrshoase as intro-
duced in Sed.Z.3.3. This data, corresponding to AESWS tieflemea-
surements, is depicted in Fig. 7117 (b). There is a one-toemnrespon-
dence between simulated and measured data, except fomtlieelfuency
mode labeled i, which is not resolved in experiment.

Based on this good agreement, it is reasonable to obtairakppin-
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precession maps of the resonances. This is along Ref. [Jécdyright
2010, American Physical Society). In Fig. 7118 local spieggssion am-
plitudes are displayed which are obtained from the micram#g simu-
lations. Data is depicted fqio H = 20 mT, however mode profiles do
not change significantly for increasing H. This is due to the constant
magnetization profile for the saturated regime of Eigl 7.2.

e (Row 1) Mode i, edge mode (a), (b), (c). This mode is not reswlv
in the experiment. However, it is instructive to analyzefihdings
from simulation, nonetheless. This mode resides closeatetiyes
of the holes constituting the antidot lattice. Fpr= 0° andn =
45°, a symmetric behavior is found. The mode resides localized
at each hole at the poles formed by the demagnetizationHegjd
[c.f. Fig.[Z8]. Forn = 22° coupling between nearest neighbors is
observed.

e (Row 2) Mode ii, extended mode (d), (e), (f). Fer= 0° (d) and
n = 45° (f), stripe-like regions of large spin-precession ampléu
are observed which extend through the lattice. Their effeetidth
is determined to be about.g = 600 nm andw.g = 600 nm/+/2,
respectively. The stripes are oriented perpendicular ecaibplied
field H. Forn = 22° (e), the profile of the propagating mode is
found to be complex and significantly different from (d) afjd The
mode shows an extended charactey idirection but localization
between next-nearest neighboring holes.

¢ (Row 3) Mode iii, localized mode (g), (h), (i). This mode ix&-
ized in spin-wave channels formed parallel to the exteredd fin
between two nearest = 0° (g) second-next nearegt= 22° (h)
and next nearest = 45° (i) neighbors.

To further substantiate the excellent agreement betweasuned data
and simulation data found in Fig._7]17, spatio-temporablkesi MOKE
technique, see Sdc. 3.2.3, is employed. For this a samalbriséted with
ap = 800 nm antidot lattice on top of the CPW, see Jec. 3.1.2. Sample
SN67-1-3. Only the extended mode (mode ii) is considerethisrstudy.
MOKE data is obtained forg H > 20 mT in order to increase the signal-
to-noise ratio. Despite this, a good one-to-one correspooelbetween the
tr-MOKE data and simulated profiles is found in Hig. 1.19 farda ii. It
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7.3 Quantization and Localization of Spin Waves

is found that forug H > 15 mT these profiles do not change significantly
with increasingH.

7.3.2 p = 300 nm ADL: edge mode

As in the previous section for a = 800 nm ADL, it is instructive to
first compare the simulated integrated spectral respoesé&et.2.313 with
measurement data. Exemplarily AESWS meastlued (1.0 H,n = 0°) is
shown and compared with micromagnetic simulation dataraggpk = 0
in Fig.[Z.20 (a) and (b), respectively. Simulation paramstee according
parameter set B. A one-to-one correspondence is found. @wance
frequencyf, of the lowest frequency mode takes a minimunugtl =
30 mT. This is the anisotropy field beyond which the magnetirabf
the ADL starts to align with the applied fieH, i.e. (M)/Ms.; ~ 1,
see Sed. 7.11.2. This is in agreement with measured hystenasies, see
Fig.[72.

Based on this good agreement, it is reasonable to discuial sgan-
precession maps of the resonances, se€ Fig. #.211C). Data is depicted
for ugH = 40 mT, however spatial mode profiles do not change signifi-
cantly for increasing:o H. The three mode types found correspond to the
modes discussed for the = 800 nm ADL above, i.e. edge mode, ex-
tended mode, and localized mode. The main discrepancy islffar the
edge mode, see mode i in Fig._4.21. Firstly, the edge modesved
experimentally forp = 300 nm, while forp = 800 nm the mode is not
resolved. Compare Figs. 7120 dnd 7.17. Secondly, the spptiawave
profile of the edge mode (mode i) in the casepof 300 nm indicates
that interconnected regions of non-zero spin-precessiglitude extend
through the lattice, see Fig._7121. This is differentgos 800 nm.

From e.g. Fig[CZ17 it is found that the edge mode (mode i) shaw
much stronger dependence fyfon n than the extended mode (mode ii).
p = 400 nm is interpreted as a transition periodicity: for- 400 nm, the
edge mode is not resolved.

7.3.3 p = 120 ADL: mode hybridization

For even smaller lattice period, i.e» = 200 nm andp = 120 nm [c.f.
Fig.[7.I5], two relevant modes are resolved=¢ 0°). To classify these
modes, micromagnetic simulations are performed fpa120 nm ADL.
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QEA

Figure 7.18: Micromagnetic simulation of spatial spin-wave profiles op a=
800 nm antidot lattice foruo H = 20 mT. Simulation parameters are according
set C. Red (blue) corresponds to large (small) spin-wavdiamdes. (a)y = 0°,

f = 1.5 GHz. Edge mode. Individual resonances are localized atdteshedges
and are uncoupled. (b) = 22°, f = 3.5 GHz. (c)n = 45°, f = 2.2 GHz.
(d)n = 0°, f = 3.7 GHz. Extended or fundamental mode extending through the
lattice in SW channels formed perpendicular to the exterfgd. Higher order
fundamental modes, which are transversally quantizedjepieted in Fig_818 (b)
and (c). (e = 22°, f = 4.0 GHz. Fundamental mode showing quantization
paralleland perpendicular to the external field. @)= 45°, f = 3.6 GHz. This
mode is the counterpart of the = 0° fundamental mode and is also quantized
perpendicular to the external field. (g)= 0°, f = 5.3 GHz. Localized mode
residing in SW channels formed parallel to the external fi¢hg n = 22°, f =
4.7 GHz. (iyn = 45°, f = 5.0 GHz.
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Figure 7.19: Comparison of spatial spin-wave profiles obtained from MOKE
[Baull] and micromagnetic simulations (simulation par@reare according set
C) of the extended mode for@ = 800 nm ADL [NeulO]. Sample SN67-1-
3. Red (blue) corresponds to large (small) spin-wave aog#g. (a); = 0°,

f = 8 GHz, uoH = 68 mT. (b)) = 25°, f = 5.2 GHz, uoH = 20 mT.
(c)n = 30°, f = 8 GHz, uoH = 75 mT. (d)n = 0°, f = 3.8 GHz,
woH = 20 mT. (e)n = 22° f = 4.3 GHz, poH = 20 mT. (f) n = 45°,

f = 3.9 GHz, uoH = 20 mT. MOKE data is obtained forocH > 20 mT to
maximize the signal to noise ratio. Mode profiles are not ébt;mchange signif-
icantly for uo H > 20 mT. Good agreement between MOKE and micromagnetic
simulations is obtained.
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Figure 7.20: Comparison between AESWS measurements and micromagnetic
simulations of @ = 300 nm antidot lattice fom = 1° and variouszH. Simula-

tion parameters are according set B. (a) AESWS measurenuamisted iJaszz|.

Red lines depict eigenfrequencigs obtained from the plane wave method, see
Sec[8.1P. (b) Micromagnetic simulations. Labeling ebirresponds to Fif. 7.21

(@)-(c)-

Figure 7.21: Micromagnetic simulation of spatial spin-wave profiles op a=
300 nm ADL for uo H = 40 mT andn = 1°. Simulation parameters are according
to set B, se€Al3. (af = 2.8 GHz. Edge mode (mode i). Bj = 5.0 GHz.
Extended mode (mode ii). (¢) = 10.8 GHz. Localized mode (mode iii). (a)-(c)
correspond to modes i-iii of Fig_Z.P0.
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Figure 7.22: Comparison between (a) AESWS détaz| and (b) micromagnetic
simulations of @ = 120 nm antidot lattice (hole diametér= 86 nm, see Fid. 414)
for poH = 60 mT and variousy. Simulation parameters according to set E.
Sample is SN61-3-3uf;,c = 2 um standard CPW). (a) AESWS measurements,
depicted igaz2|. (b) Micromagnetic simulations.

Analyzing SEM images [c.f. Fid._4.4], the hole diameter isleated as
d = 86 nm. AESWS data is depicted in Fig. 7122 (a) and the correspgnd
micromagnetic simulations are depicted in [Fig. 7.22 (b).il&/bome dif-
ferencesin the resolved frequencies remain, there is agnaten that only
two major modes are observed in simulation. Foe 0°, the respective
spatial mode profiles are depicted in Fig. 7.23. The loweyfemcy mode
shows characteristics of, both, the extended and edge nwodbszrved
for larger lattice periods, see Fidgs. 4.18 and 7.21. Modeitigation is
known in literature[[Gri04] and recently has been obsenatd/ben center
and edge modes [Dem10a]. Mode hybridization can occur whedes
overlap spatially and / or in frequency domain.

The higher frequency mode of the= 300 nm ADL is identified as the
localized mode, see Fig.7123 (b).

To conclude this section, over a wide regime of periodisjtfer 300 <
p < 800 nm, the same modes are found to to be relevant in the ADL:
Lowest in frequency is the edge mode (labeled i). The extgodéunda-
mental mode (labeled ii) exhibits resonance frequencisedo the plain
film resonance. Highest in frequency is the localized modes(ed iii).
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Figure 7.23: Spatial SW profiles of @ = 120 nm ADL obtained from micromag-
netic simulations fon = 0° atuoH = 60 mT. Simulation parameters according
to set E. (a)f = 2.7 GHz. Hybridized edge / extended mode. (b} 15.4 GHz.
Localized mode.

Forp = 120 — 200 nm, edge and extended mode are found to hybridize.

7.4 Mode Behavior

The internal field evaluated for the spatial regions of tHéedént mode
types, i.e. edge, extended, and localized mode, is fourestwile well
the general tendencies of the mode eigenfrequencies. Raton of
the extended and localized mode due to the antidot lattioengéy
is discussed by means of the BLS technique and a Wentzekkram
Brillouin argument in experimental and theoretical termespectively.

7.4.1 Internal field analysis

The value off, and its dependence oncan be motivated by analyzing
the demagnetization field for the spatial regions where the respective
modes exist in. It is found that the spatial mode profiles siayost un-
changed fol0° < n < 20° in the form as depicted in e.g. Fig. 7118 (a),
(d), (g) forp = 800 nm. Only for larger angleg > 20°, transitions oc-
cur. Therefore, to discuss the dependencg dbr small angles) < 20°,

in Fig.[Z.3, the demagnetization fieldp is evaluated fom = 0°, and

n = 20° [McPO8].
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7.4 Mode Behavior

e Mode i, edge mode. The edge mode is localized close to the pole
of the holes formed by the demagnetization fiHlgd, see Figd. 7.18
(a)-(c) and Fig[8.1 (a). In these regignsHp is large and nega-
tive, see Figl_7]5. From EQ. 2]73 it is known that smaller galaf
the effective fieldH.g, i.e. of Hp, causef; to shift to lower values.
This motivates the small value fgt.

e Mode ii, extended mode. This modes extends through thedatti
away from the holes in the channels formed perpendiculahéo t
field. The mode is quantized in between holes neighboringpén t
direction parallel to the external field. From Hig.]7.5 (alsifound
that for these regiongg Hp has a small negative valuédp < 0.
This motivates that the resonance frequefiayf the extended mode
is close to the plain film value, e.¢f, (uoH = 40 mT) = 6 GHz,
c.f. Fig.[Z7.

In Sec[ 7.2 it is found that for this mode the angular anigntior
smalln < 20° is small and positive, i.edf,/dn = 0 (dn > 0).
Again, this can be motivated by studying the dependencHpf

on ) for the spatial region where the extended mode resides. From
Fig.[Z.3 one finds that the changefify, is small and positive, i.e. for
increasing, the valueuo Hp increases. From EQ. 2]73 it is known
that larger values of the effective field, i.e. @f Hp, causef; to

shift to higher frequencieg. This is consistent with the observed
angular behavior.

e Mode iii, localized mode. This mode resides between holgghre
boring perpendicular to the field direction (fgr= 0°), compare
with Figs.[Z.18 (g)-(i) and Fid.8.11 (c) [Pec(5, NeuO8a].orRr
Fig.[Z3 (a) it is found that for these regionsHp has a large posi-
tive valuepo Hp =~ 20 — 30 mT. This motivates why the resonance
frequencyf, of the extended mode is higher if compared to plain
film value, e.g. f,(uoH = 40 mT) = 8 GHz, c.f. Fig[Zy. Ad-
ditionally, quantization of this mode, see below, contré@susignifi-
cantly to the exact value ¢f,.

In Sec[ 7.2 it is found that for this mode the angular anigotrior
smallp < 20° is large and negative, i.edf./dn << 0 (dnp >
0). Again, this can be motivated by studying the dependentieeof
demagnetization field onfor the spatial region where the localized
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7 Antidot Lattices: Static and Dynamic Characterization

mode resides. From Fig. 7.5 one finds that the changg,its large
and negative, e.g. fay = 20°, the value ofHp has decreased to
10 — 20 mT. This is consistent with the observed angular behavior
of reducedf; for increased.

7.4.2 Analysis of BLS data

The modes as described in the previous section are charactéry their
gquantization and extended character. Based on these f@)dirgpossible
to analyze the mode quantization further using Brilloughti scattering
[Tse09/Tacldh, TaclDa]. This is along Ref. [Ngul0]. Fos,tBLS is
employed in three different scattering configurations. [dtfsets in Fig.
[7.24(a) to (c)]. In particulark andH are always perpendicular to each
another.

e In Fig.[7.24 (a) § = 0°) one finds two nearly dispersionless modes
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(open circles) at high frequencies and one branch with ipeddis-
persion (full circles) which starts at 4 GHz/at= 0 (low frequency
mode). The blue squares mafkof AESWSa-, data obtained from
Fig.[7.10 for the different CPWs withcpw = 0.6 x 10* rad/cm
and2.0 x 10* rad/cm. The resolved low frequency mode with
positive dispersion thus is identified with the extended eyaxke
Fig.[7Z.18 (d), and the higher frequency modes are localizedas,
see Fig’Z.18 ().

The slope of the dispersion of the extended mode allows t@aeixt
a group velocity ofv, = 4.0 km/s in the direction extending per-
pendicular to the field. According to the simulated and measured
spatial mode profile, it is possible to assume a transvgrgathn-
tized SW by considering the wave vector paralleHoi.e. k|, to be
quantized to a value dfy = 7 /w.s = 7/600 nm. The quantization
reflects the effective stripe width as determined from Eig87d).
The dispersion as a function &f_is calculated using E@. 2.I73 and
found to be in good agreement with the measured data.

In Fig.[Z.18 (f) ¢ = 45°) again the low frequency mode exhibits
vg > 0. This mode is the extended mode as found from comparison
with AESWS data. If compared tp = 0°, the stripes formed by
the extended mode have a smaller widthugf = 600 nm/\/i [c.f.



7.4 Mode Behavior

Fig.[Z.18 (f)]. A dispersion calculated witty = /(600 nm/+/2)
(full line in Fig.[7Z.24 (c)) models BLS data well. One extrsict =
2.7 km/s from the BLS data.

e Forn = 25° the mode profile of the extended mode is more com-
plex. In particular, different toy = 0° andn = 45°, the low fre-
guency mode does not show a dispersioni,e= 0, and the higher
frequency mode shows, = 2.7 km/s. This is verified by AESWS
measurements, see Hig. 4.10 (d).

e The high frequency mode, i.e. the localized mode, is prefent
n = 0°,25°, and45° and in all cases shows no dispersive character.
Therefore, BLS confirmed the standing SW behavior of this enod
localized in between nearest & 0°) and next-nearest)(= 45°)
neighboring holes, c.f. Fig. 7118 (g) and (h) [Neu08a].

It is possible to conclude, that fgr= 0° andn = 45° a high symmetry
case is present where SWs travel in channels formed peméadio the
field (extended mode). Fer= 25° a more complex situation is observed.

Next, it is instructive to compare BLS data to micromagnstioula-
tions. For this a simulation with local excitation is perfoed using simula-
tion set A (with Mg,; = 780 kA /m) for ug H = 20 mT andn = 1°. SWs
up to~ 50 GHz are excited by a short field pulse f&.0 < y < 12.8 pym.
The field pulse amplitude &1 mT. Data is only analyzed in regions where
the extended mode exists, i#.,(y;, t)|z, of Sec[2.3B is evaluated only
for x; away from the holes’ edges. The spatio temporal evolutiothef
dynamic out-of-plane magnetization component(y;,t)|z, is plotted in
Fig.[7.2% (a). The SW propagating away from the excitationsible and
standing SWs foy ~ 12 ym. A 2d FFT of Fig[7.2b (a) yields the SW
dispersion depicted as a gray-scale plot in Eig.]7.25 (bpi®ed as open
circles is further the respective BLS data [c.f. Fig. T7.2%}.(&imulation
data and BLS data are in good agreement.

7.4.3 WKB method for the localized mode

To verify the standing SW character of the localized modés fiossible
to employ a semi-analytical Wentzel-Kramer-Brillouin (MBKargument.
For a standing SW, the resonance condition is that the adat@aduphase
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k (104 rad / cm)
Figure 7.24: Spin-wave dispersioyi(k) for uo H = 20 mT of ap = 800 nm ADL
(circles) [NeulD]. (a); = 0°. (b)n = 25°. (c)n = 45°. Full circles indicate a
mode with dispersive character, i.¢f/dk > 0. Open circles indicate localized
modes withd f /dk = 0. Full squares indicate AESWS data obtained for two dif-
ferent samples, i.e. SN83-1-LO with. = 2 ym andkcpw = 0.6 x 10* rad/cm,
as well as SN88-1-A-M withwic = 2 um andkcpw = 2x10* rad/cm. Full lines
in (a) and (c) are calculated dispersions obtained from a mindel with transver-
sal quantization considering an effective width, see téxt. BLS measurements,
alwaysk 1 H.
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Figure 7.25: (a) Micromagnetic simulation of spatio-temporal SW pregdaan in

y direction in ap = 800 nm ADL. Simulation parameters are according to set A.
poH = 20 mT,n = 1°. Field pulse amplitude i8.1 mT. The field pulse has no
x dependence and is localized& < y < 12.8 um. (b) Spin-wave dispersion
obtained from micromagnetic simulations (gray-scale)@ot BLS measurements
(open circles). The simulated dispersion is obtained vidBdurier transformation
of (a).
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7 Antidot Lattices: Static and Dynamic Characterization

is an integer multiple of, i.e. [Gie07| NeuO8b]

B
Sk :/A ki (fos Host(1))ds = (p + 1), (7.2)

wherepwis is the phase acquired by the standing spin wave between
turning pointsA and B along a high symmetry axis. This high sym-
metry axis allows for decomposition of the wave vector in axponent
perpendicular (parallel) to the external field, ike. |. p is the order of the
mode in the direction of the high symmetry axis wijth= 0, 1,2, ... Eq.
[7.2 must be fulfilled to form a standing spin wave. Turningyp®are de-
fined by either an imaginary wave vector [Guis03], by a vaniglmternal
field [Jor02], or by geometrical edges of the holes [Yu04].

k is chosen along the dashed line in Eig. 7.21 (c) for the laedlimode
with f = 10.8 GHz. The quantization transversexsanust be anticipated
from the spatial mode profile plot, as is done for the disciissse a%) =
27 /150 nm. This corresponds to a quantization slightly larger thalf
the hole diameter (which i = 120 nm). From quasistatic simulations,
one obtainsHp () (and via thisH.g(x)), see Fig.Z.26. For each point
alongk, the corresponding wave vectbr , which fulfills the dispersion
relation Eq[2.7B, is calculated; this is depicted in Ei@674b). Analyzing
Eq.[Z.2 yieldspwkg = 0.957. Therefore, it is motivated that the localized
mode corresponds to a standing SW in the resonator formeshivelen to
neighboring holes iy direction.
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Figure 7.26: WKB analysis according to EQ. 7.2 fopa= 300 nm ADL atuo H =
40 mT,n = 1° for the localized mode gt = f, = 10.8 GHz. (a) Demagnetization
field Hp along the high symmetry axis of the localized mode iy direction, see
dashed line A-B in Fid. 7.21 (c). Data is obtained from micagmetic simulations
according to set B. The hole extends &rnm < x < 200 nm as indicated. (b)
Wavevector perpendicular to the external fiejdl{rection)k for the assumption
of a longitudinal quantization of; = 27 /150 nm as evaluated from EQ.2]73 for
values of Hp obtained from (a). Evaluation of the WKB equation Eq.l 7.2Ha t
magnetic material yields an accumulated phasgwak = 0.967.
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8 Antidot Lattices: Propagating Spin-Wave
Properties

This chapter is organized as follows: First, in Secl 8.1, ghmpagation
properties for antidot lattices of various periodicitieseanvestigated
experimentally and by the plane wave method. In $eds. 8 B@nthe
different propagation mechanisms of the edge and fundaherdde
are discussed separately at small and large periodicitiespectively.
Finally, in Sec[ 84, transmission of SWs int@ & 800 nm ADL is
studied.

Via AESWS it is possible to measure the group veloeity For this
the oscillations inRa;-2 are analyzed. ExemplarilRai2(n = 0°, uoH =
40 mT) is depicted in Fid. 811 fop = 300 nm and300 nm. Based on such
data, the oscillation period dRa,, and Saq-2 labeledAf is associated
with a 27 phase shift. From this, is determined via E{.3.2.

8.1 Propagation Properties for various Periodicities

Propagation is analyzed for various periodicitigs For p < 400 nm
only the edge mode is found to propagate, whilegfas 400 nm only
the extended mode is found to propagate. The mechanismpagae
tion of the edge mode is strong dipolar coupling of the SWatkans
localized at the holes’ edges.

The dependence of the group velocityis studied for the propagating
modes in antidot lattices of different periodicity In Fig.[8.2,v, taken
on the different ADLs fom = 1 to 2° are depicted as full circles. These
anglesn are chosen to compare with simulations later on and to avoid
numerical artifacts originating from the high symmetryedition. They do
not necessarily reflect the maximum achievallesee below. The plain
film value (vy = 4.8 km/s at 40 mT) is shown as a horizontal dashed line.
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Figure 8.1: AESWS data obtained for g = 300 nm sample (SN89-4-4) (black
curve) and @ = 800 nm sample (SN83-1-LO) (gray curve), both withuig =

2 pm SW-transmission CPW.o H = 40 mT. n = 1°. The frequency difference

A f corresponds to ar phase shift of the propagating SW at the detector CPW
and is used to evaluate, see Se¢. 3.2.2.

8.1.1 From localized to coupled dynamics

From Fig.[8.1 it is seen that fgr = 300 nm a prominent propagation
signal occurs forf, ~ 3.1 GHz. This is a frequency much smaller if
compared tp = 800 nm, wheref, =~ 6.1 GHz: from the difference in
fr itis found that forp = 300 nm the edge mode propagates, whereas for
p = 800 nm the propagating mode is the extended mode. I Fig. 8.29alu
ve are summarized which are extracted from data such as thsskayied
in Fig.[8.1. They have been obtained on ADLs with differertqudicity p.
From Fig[8.2, the following statements can be made abouig¢havior
of v, onp. First, values of, in ADLs are close to the plain film values for
small periodicitiep = 0.3 pm and large periodicities ~ 4 ym. A min-
imum v, is observed fop = 0.8 ym. Second, to model BLS dispersion
data in Fig[Z.24, a nanowire model has been introduced tuledé the
corresponding SW dispersion, see $ed. 7.3. Convincinglgtaup veloc-
ities measured gt = 0.8 and1.0 uzm lie on the curve in Fid_8l2 which
reflects the nanowire model (full lines) for film thickngss= 25...28 nm.
For smallp this nanowire model is found not to be valid anymore. Third,
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8.1 Propagation Properties for various Periodicities

for smallp = 300 — 400 nm, the SW group velocities recover to a value
close to and even in excess of the plain film value. Fot 0.4 um, a
transition is observed: both extended as well as edge madfoand to
propagate, see Fig.7]13.

To understand why the edge mode is found to propagate only for
400 nm with a large group velocity, , it is instructive to recapitulate the
demagnetization field profile obtained from micromagnetioations as
depicted in Fig[_ZJ6. Analyzing the demagnetization figlg along the
axis of propagation of the edge moderat 1°, i.e. lineo in Fig.[Z3,
yields a strong peak-to-peak variatidnHp, ~ 100 mT [light line in
Fig.[Z.8]. The amplitude of this variation is found to depetmiost only
on the hole shape and not on the ADL perjodJsing the SW dispersion
relation Eq[2.713 for a quantization parallel to the field eespnt in a nar-
row wire [Kal8€], one can identify regions ifip (x, y) where spins can
precess resonantly #t = 3.1 GHz. This occurs for

47TX(Hdafr7MSat) > _17 (81)

wherey is the susceptibility [Gurd6, Kos06]. Using the valugs (z, y)
obtained by micromagnetic simulations, one finds teabnantspin pre-
cession occurs only in the minima éf, very close to the edges of the
holes. In the intermediate regions, the non-zero amplgudéectnon-
resonangexcitation. Considering this information one can attrébtite ex-
perimental finding of large, of the edge mode fgr = 300 nm to the fact
that SWs tunnel between the neighboring resonant osc#lddcalized at
the holes’ edges [Dem04b, Kos06]. The strength of dipolanéling de-
pends on the tunneling distance, the film thickrigsand the susceptibility
of the material through which the SW tunnéls [Dem4b, Ko&30b10].

A large susceptibilityy of the material amplifies the dipolar stray field
and thus increases the dipolar coupling strength, i.enetlimg probabil-
ity [Gub10, Kos10]. In the ADL geometry, SWs in edge modesgin
through ferromagnetic material of large This feature isuniqueto the
ADL geometry and different from magnetic elements sepdrhtean air
gap. It motivates the large, observed fop = 300 nm.

Forp = 0.8 um, the large distances between individual holes forbids
SW tunneling and coherence between edge excitations isndocéd.
SW precession is only predicted close to the hole’s edgegtantbcal
SW wells are not coupled, see Fig. 4.18 (a). In experiment&bhs
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8 Antidot Lattices: Propagating Spin-Wave Properties

with p > 0.6 pm, the edge mode is not resolved experimentally, see e.g.
Fig.[Z17. This is attributed to edge roughness and vanatio the hole
diameters further decreasing the coherefce [NeuO8a]. ®wartations

in the demagnetization field at different holes and the mgsioherent
coupling for largep, the individual resonances differ and the experimental
linewidth broadens inhomogeneously.

Based on the observations, Tab.18.1 provides an overvieephe-
nomenological findings corresponding to the three basicengpes, i.e.
edge, extended, and localized mode. In particular the edgkerand the
extended mode show a very different behavior dependingelattice pe-
riod p. Different physical phenomena dictate the propagatiopries
of the respective modes. It is therefore instructive to yeathe propa-
gation characteristics of the extended modepgfor 400 nm and the edge
mode forp < 400 nm separately in further detail in Se€s.]8.2 8.3,
respectively.

8.1.2 Plane wave method

The PWM has been adapted by Dr. Maciej Krawczyk and Dr. M.L.
Sokolovskyy in Poznan, Poldfdtimulated by the experimental data ob-
tained in this thesis.

The PWM method, see Sdc. 213.2, has been elaborated fustiteeb
Poznan group to calculate the eigenmodes of ADLs of diffgpeniodic-
ity p. This is done to verify the findings obtained from experinseartd
micromagnetic simulations. First, it is instructive to sater the modes
with zero precession amplitude within the holes, i.e. ptsissolutions,
for p = 300 nm and various external field strengths in Fig._7.20 (a) as
solid red lines. Note that only symmetric modes are plottedrider to
compare with AESWS [Gie05b]. The PWM results and the expenim
tal data are in good agreement. For largerwhen the magnetic ground
state in the ADL is more and more uniformly magnetized, themgjitative
agreement is further improving. Spatial mode profiles dated by PWM
for modes i-ii [c.f. Fig[8.B] agree well with micromagnesitnulations,
see Figd. 7.21 (a) and (b), respectively.

Furthermore, the PWM is employed to elucidate the deperelefic
propagation characteristics gn In Fig.[8.4, the frequency, of the rele-

1Surface Physics Division, Faculty of Physics, Adam MickiwUniversity, Umultowska
85, Poznah 61-614, Poland.
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Figure 8.2: Group velocities, obtained for antidot lattices with various period-
icity p andd = 120 nm. puoH = 40 mT. All ADLs are in a saturated state;
is chosen so that the field is alignéd— 2° off the high symmetry direction in
order to avoid artifacts in the micromagnetic simulatiofife plain film value is
indicated as a horizontal dashed line. Full symbols mar& daaluated for the ex-
tended mode, see F[g. 7118 (d) and open symbols mark dataeslifor the edge
mode, see Fid._7.21 (b). At = 400 nm a transition occurs where both modes
are found to propagate. Circles depict data obtained frorB\WE. See Seds. 8.2
and8.3. Samples with SW-transmission CPWs with= 2 ym ands = 12 um,
i.e. kecpw = 0.6 x 10* rad/cm are used. Triangles depict data obtained from
the plane wave method fér = 1.0 x 10* rad/cm, see Sed.8.1.2. Squares mark
data obtained from micromagnetic simulationsfor 1.0 x 10* rad/cm. Local
excitation of SWs is simulated and a subsequent 2d Foudasformation yields
the SW dispersion, see F[g. 8112. From its slopés evaluated. Full lines depict
calculatedvy assuming quantization parallel to the field correspondirayteffec-
tive quantization width ofves = 600 Nm; Mgsae = 760 kA /m, andés = 25 nm
(28 nm). This corresponds to the nanowire model depicted ifER# (a) and (c)
as solid lines. Data fop > 800 nm is well described by this model. The transi-
tions forp = 400 nm is due to onset dipolar coupling of the edge mode for smalle
p. The largevg for p = 300 nm are explained by the strong coupling through
ferromagnetic material of large.
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p = 120 nm,d = 87 nm;
p =200nm,d =120 nm

300 nm < p <400 nm,d =
120 nm

p > 400 nm,d = 120 nm

Edge mode

e Hybridized with extended
mode.e No propagation ex-
periment performed.

e Strong signal, coheren
dipolar coupling (SW tun-
neling). e Large v, >
5 km/s resolved.

te Not resolved in experi
ment. Inhomogeneous lin
broadening assumed:; =
0. e Present in simulation.

[}

Extended mode

e Hybridized with edge|
mode. e No propagation
experiment performed.

¢ Weak signalp, ~ 0.

e Clearly resolved.e Prop-
agating mode,y, = 2 —
4 km/s . e Described
well by transversal quan
tized wire model.

Localized Mode

¢ Resolved, no propagatio
experiment performed.

ne Resolved, not propagating
vg = 0.

J.e Resolved, not propagating
vg = 0.

.

Main investigated
samples / tech

nigues

SN61-3-3 (AESWS)

SN89-4-4 (AESWS, BLS)

SN88-1-A-M, SN83-1-LO
(AESWS, BLS, MOKE)

Table 8.1: Overview over spin-wave mode behavior for antidot latticBdifferent periodicitiep. Described is the behavior
of the edge mode, the extended (fundamental) mode, anddhkzied mode.
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Figure 8.3: Spatial mode profiles for a= 300 nm ADL obtained by plane wave
method (PWM). Hole diameter20 nm, uoH = 40 mT, Mgaz = 860 kA /m,
exchange constamt = 1.3 x 107! J/m. (@) f = 4.8 GHz. Edge mode. (b)
f = 6.3 GHz. Extended mode.
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Figure 8.4: Resonance frequencigs for variousp as obtained from the plane
wave method (PWM) fon = 0°. uoH = 40 mT. The thick continuous lines mark
the modes with largest;. At p = 370 nm a transition occurs. Fgr < 370 nm,
the edge mode is found to propagate fastest, sed Fig. 8.8(g); > 370 nm,
the extended mode is found to propagate fastest, seE Fi¢h)8.Gircles indicate
periodicitiesp for which mode hybridization with transversally quantiZ8Ws is
predicted.v, obtained from this data is evaluated for= 300, 400, 600, 800 nm
and depicted as triangles in Fig.18.2.
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vant modes on the ADL periodicity is plotted as obtained by the PWM.
The thick solid lines marks the mode with highest Forp < 0.35 pm,
the edge mode (mode i) is found to propagate pAt 0.35 um, a tran-
sition occurs and for larger, mode ii (extended mode) is found to prop-
agate. This transition is in agreement with AESWS experisiemhere
the similar transition is observed fpr= 0.4 um, see FigC8R. The ex-
tended mode hybridizes with transversally quantized méaesertainp
highlighted by open circles in Fig_8.4. This is not easilgetved in exper-
iment and out of the scope of this report. Therefetgeis extracted from
PWM data only for certain values pfaway from these points of hybridiza-
tion. From the dispersion relation obtained from the PWpMs calculated
for k = 1 x 10* rad/cm for p = 0.3, p = 0.6, andp = 0.8 ym. Results
are depicted as triangles in Fig.18.2 and are in good quaétagreement
with the simulation and the experimental data. Howevegudated veloc-
ities have slightly larger values then experimental oneis Tiscrepancy

is mainly due to the angle, assumed to be zero in the PWM calculations
but ranging froml° to 2° in the experiments depicted in Flg. B.2. Note
the good agreement between the= 5.8 km/s obtained from PWM and
maximumvu, obtained from AESWS as depicted in FHig. 8.10 (b) where
vg &~ 6km/s.

8.2 Propagating Fundamental Mode

The extended mode shows propagationr< n < 50°. Both,
vg and 7 exhibit an angular anisotropy which is stronger than in the
plain film. Quantization of the extended mode parallel tofibl is
discussed.

Forp > 400 nm the fundamental or extended mode is found to propa-
gate through the antidot lattice. This mode originates ftbenplain film
mode and is influenced by the antidot lattice via quantiragiarallel to
the field (transverse to the propagation direction). Thislenis found to
propagate in a broad regime of parameters of the externdldteéngth
and alignment. The propagation characteristics are iigasd.
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Figure 8.5: Propagation characteristics obtained fgra 800 nm ADL atuoH =

20 mT using AESWS measuremerits [Nel10]. Sample is SN88-1-AitM . =

2 ym ands = 6.5 ym. Data is evaluated fop = 0°,25°, and45°, according

to regimes A-C (see text) and mode profiles depicted in [E&8 1d), (e), and

(f), respectively. (a) Group velocity,. AESWS (BLS) data is depicted by full
circles (open squares). Open triangles mark values olat&me plain film sample
(sample is KT003-5) obtained from AESWS measurements. @dRtion time

7. For then = 45° AESWS data point, the propagation distance is assumed as
V/2s, see text. The horizontal dashed line is the plain film relaraime , see
Sec[6.2.
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8.2.1 Propagation anisotropy

The dependence of the SW group velocityon n is discussed for the
extended mode ang = 800 nm. This is along Ref.[[Neul0] (copyright
2010, American Physical Society). It is instructive to gaal, only for
three the angular regimes marked by circles in[Fig.]7.10.@l)y = 0° +
5° (regime A),n = 25° £+ 5° (regime B), andy = 40° + 5° (regime C). It
is interesting that in angular regimes A and C SW propagasiobserved
between 4 and 5 GHz whereas in regime B this occurs at highguéncies
of about 6 to 7 GHz. One findg; = 3.6 km/s in regime A andvg =
2.5km/sinregimes B and C. When calculatingfor n = 45° via Eq[3.2,

it is considered that the SW propagation path between emaitigt detector
has increased by factay2, because the propagating mode is found to
extend diagonally through the lattice (perpendicular ®dkternal field),
see Fig[7.18 (f). The values obtained fgr from AESWS agree well
with values obtained from BLS measurements [c.f. Fig.]7.24] data
from AESWS (BLS) is plotted as full circles (open square<Jim[8.5 (a).
For small angles, the group velocities in the antidot lattice considerably
smaller than the values obtained on a plain film. For compaiiis Fig [8.5
values obtained on a plain film (KT-003-5) are depicted asdpangles.
The angular dependent change of the propagation velogities thep =
800 nm ADL is more pronounced than in the plain film. Itis, furtimare,
larger than expected from the corresponding dispersiatioels taking
into account the frequency differences between modes AnB,@ via
Eq.[2.77. Remarkably, negr= 45°, SWs experience the same velocity
of aboutvg = 2.5 km/s in, both, the antidot lattice and film.

Next, the relaxation of SWs in an ADL is determined according to
Sec[3.2.R. Figure 8.6 exemplarily shows fitted curvesddoies) where
7 of Eq[3.3 is used as the free parameter to extract the r@acttaracter-
istics of two different AESWS data sets at regimes A and B.ihstructive
to recapitulate that for the unpatterned plain film one olstai relaxation
time of 7 = 0.94 + 0.16 ns which, in particular, does not depend mn
[see Sed_6l1 and Fig. 6]10]. For the antidot lattice onergbsangle-
dependentelaxation characteristics [full circles in F[g. 8.5(b3t n = 0°
(regime A) the effective relaxation time @s75 £+ 0.2 ns, i.e., comparable
with the plain film. A minimum relaxation time = 0.37+0.1 ns is found
atn = 22° (regime B). If compared to regime A, the effective relaxatio
increases by a factor of almost two in regime B. A larger raten time
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Figure 8.6: Transmission amplitudézi2| normalized on excitation amplitude
|a22| obtained fom = 0° (regime A, full circles, full line) and; = 25° (regime B,
open symbols, dashed line) opa 800 nm ADL [Neul0]. Sample SN88-1-A-M
with wic = 340 nm ands = 6.5 um. The lines are fits to the data using Eq.3.3,
i.e. exponential signal decay over time. Data points araipét for various field
pwoH > 15 mT.

7 =0.4940.2 ns is regained in regime C, but still the value is smaller than
7 atn = 0° and of the unpatterned film. The relaxation times vary with th
characteristic mode profiles illustrated in Hig. .18 (@)1 regime B the
propagating mode has a higher oscillation amplitude neaetlyes of the
holes if compared to regimes A and C. Near the hole edgesntamal
field can vary due to edge roughness and reduced saturatgmetieation
through Gallium implantation by focussed ion beam etchifig.magnon-
magnon scattering such irregularities can open furthexetion channels.
This might explain the anisotropy effound in the angular dependent ex-
periments. However a theory linking mode profiles and edggmoess
with spin-wave relaxation is missing.

8.2.2 Effectively continuous dispersion and quantization

The transversal quantization in between neighboring hodeallel to the
field is discussed for the extended mode. Content of thisosebas been
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8 Antidot Lattices: Propagating Spin-Wave Properties

obtained in a collaboration between the Regensburg @r(Rm:f. Chris-
tian Back, Hans Bauer, Dr. Georg Woltersdorf) and the aufBaull].
In Fig.[8.7 the dispersion relation offa= 800 nm ADL is depicted for
woH = 20 mT andn = 1°. The transferred wave vectéris orientated
perpendicular to the field, i.ek = k,. Data is obtained from MOKE
measurements (full red squares), BLS measurements (&rfi@hds), and
micromagnetic simulations (gray scale, where dark cooedp to large
SW amplitude; simulation set A). The scale has been adaptgtbtv fea-
tures for small values of the wave vector, ile< k < 2 x 10% rad/cm.
Fork > 1 x 10* rad/cm it is found that the extended mode propa-
gating through the = 800 nm ADL is well described by a transversally
quantized mode (extended mode ii), i.e. by

kH = ’rlﬂ'/weff, (82)

where the effective width of the wire.g = 0.6 um. Forn = 1, see full
line in Fig [Z.24 ( = 4 GHz for k = 0). Fork < 1.5 x 10* rad/cm, how-
ever this wire mode does not agree well with the measured(NHKE),
depicted as full red squares in Hig.18.7, and data obtaimmad fnicromag-
netic simulations (grayscale). Insteaghlain film dispersion with reduced
Mg, = 600 kA /m describes the data well (full red line).

Frequencieg = 4.1,4.4,4.9 GHz are the values of the intersection of
the modes = nm/w.s Withn = 1...3, depicted in Fig. 817 as black lines
with the plain film dispersion o/g,, = 600 kA /m. Studying the spatial
SW profiles obtained from micromagnetic simulations yieldd for these
frequencies the mode profiles change. The different mod@gsaelate
to higher transversal mode quantization, i.e. differehiesofn. See e.g.
the transition forn = 2 (f = 4.2 GHz) ton = 3 (f = 4.4 GHz) as
depicted in Figl_818 (b) and (c).

It is interesting to test the influence of these mode tramsdtion the
propagation properties. For this, 2| spectra, obtained om = 800 nm
antidot lattices fopo H = 20 mT atn = 0°, are depicted in Fi§. 8.9. Note
the logarithmic scale. Samples are SN75-1-1 (thick dam) [[rSN083-3
(thin light line), and SN88-1-A-M (thin dark line). Also dmgped is data
for sample SN75-4-4 (thick light line) where only a par& 12.5 ym of
the propagation distanceis structured to form @ = 800 nm ADL. The

Linstitut fiir Experimentelle und Angewandte Physik, Unsitat Regensburg, D-93040 Re-
gensburg, Germany
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1 2 3
k (104 rad/cm)

Figure 8.7: Spin-wave dispersiorf (k) obtained forp = 800 nm ADLs (full
symbols, black and red lines, gray scale) and a referenae fijla (open circles,
full blue line) atuoH = 20 mT andn = 1°. Here the focus is on the regime
of small £ if compared to FiglZ.24. Full red squares indicate dataiobthby
frequency and spatially resolved MOKE experimehts [BauFLjl diamonds in-
dicate data obtained from BLS measurements. The gray séatiéspobtained
from micromagnetic simulation. Simulation parametersaging to set A, where
Msas = 760 kA/m. Dark (light) colors correspond to large (small) SW ampli-
tudes. The full red line corresponds to a plain film dispersiging an effective
saturation magnetization df/g,, = 600 kA/m. The full (dashed) black lines
correspond to a calculated SW dispersion using a wire modetransverse quan-
tization according to Eq._8.2, with effective width etz = 600 nm andn = 1
(2, 3, 4). Reference plain film: Open circles denote MOKE measurésastained
on a reference plain film_[Baull1]. The full blue line corresgs to a plain film
dispersion withMs,; = 770 kA /m, t; = 25 nm calculated according to Hg. 2]73.
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ili!l Iilliil“ (IC)

Figure 8.8: Simulation parameters according to parameter set C. Unifarsed
excitation. uoH = 20 mT.n = 1°. Depicted is the extended mode which is
quantized parallel t# by n7/wes. (@) f = 3.7 GHz. n = 1. (b) f = 4.0 GHz.
n = 2. (¢) f = 4.5 GHz. n = 3. The number of nodes is increasing in the
direction transverse to the extended axis (parallel to #id)fi See alsd [Baull].

laq2l/max(|la12])

f (GHz)

Figure 8.9: Normalized|a:2| data obtained fop = 800 nhm ADLs using differ-
ent CPWs.uoH = 20 mT.n = 0°. Samples are SN75-1-1 with;. = 4 um
(thick dark line), SN75-4-4 withui. = 4 um (thick light line), SN083-3-LO with
wic = 2 pm (thin light line), and SN88-1-A-Muic = 0.34 um (thin dark line).
Vertical dashed lines indicate the transition of mode orHerizontal arrows indi-
cate the observed minima in the transmission for the vagansples. Suppressed
propagation is associated with a change in the transveusaitgm numbern, see

Figs[8.T an@8I8.
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integrated CPW is different from sample to sample, nameh:19.5 um,

wie = 4 pm (SN75-1-1,SN75-4-4% = 12 pm, wi. = 2 pm (SNO83-

3), ands = 6.5 um, w;. = 340 nm (SN88-1-A-M). This results in a
different excitation spectrum(k) and thus in a different measured signal,
see Sed._2.413. For decreasing, the frequency of maximunu;s| f;
shifts towards highef. Nonetheless, for at least three of the four samples,
a significant transmission suppression is resolvedffer 4.0 + 0.1 GHz,
f=454+0.1GHz, andf = 4.9+ 0.1 GHz, as marked by the arrows and
vertical dashed lines in Fig.8.9.

These values of coincide well with the values for which increasing
transversal quantization is found from micromagnetic $ations and cal-
culations as depicted in Fig._8.7. For the transition poiimsreased SW
decay is found. In a simple picture the different eigenmathesv avoided
crossings for the discussed frequencies. Then the dispefiattens and
vy = 0. This can explain the decreased signal measured in tragsismis
for |CL12|.

8.3 Propagating Edge Mode

The edge mode is found to propagate only for precise alighofehe
external field with the ADL primitive unit cell vectors, i.e:10° <

n < 10°. Dipolar coupling of the edge mode is interpreted as tight
binding of the localized excitations. The strong angulaisatropy is
explained by reduced dipolar coupling for misalignmenthd field.
Magnonic band formation is verified using Brillouin lightagtering
measurements and the plane wave method.

Forp < 400 nm the edge mode is experimentally resolved and found
to propagate with a large group velocity. This behavior is unexpected
from the dispersion Eq. 2.3 for a strongly confined mode. ¢0.§.3
dipolar coupling was identified to dominate the propagatibaracteris-
tics. Details are discussed in the following.

8.3.1 Propagation anisotropy

The dependence of the propagating edge mode on the arfglep =
0.3 pm is reported, see Fif. 8110 (a). Symbols mark the resonasee fr

157
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quencyf; for differentr. A minimum of f, = 2.9 GHz is found at) = 1°,
i.e.,n # 0. It marks the direction wher# is collinear with the ADL unit
cell edgen = 1° is thus attributed to the misalignment angle of the ADL
with respect to ther axis, i.e. Maice = 1°, c.f. Fig.[3.3. Note that
fx varies significantly ify is changed by only0°. In particulardf,/dn

is much larger for the edge mode if compared to the extendeterad

p > 400 nm, c.f. Figs[Z.1d, 7.13.

The full circles in Fig[8.10 (b) are for, of the edge mode fop =
300 nm. The largest, for p = 0.3 um is observed af = 1° coincident
with the minimum resonance frequengy = 2.9 GHz. It amounts to
vg = 6.0 km/s. The value strongly decreases when moving away from
n = 1°, i.e., if H becomes misaligned with the ADL unit cell edge.

ForugH = 40 mT, the plain film propagation velocity is measured (cal-
culated) tav, = 4.8 km/s (v; = 4.4km/s) atafrequency of = 6.4 GHz
andk = 1 x 10* rad/cm. Therefore, for precise alignment of external
field, wave vector, and antidot lattice unit cell axis, thegagation veloc-
ity in the antidot lattice can be higher than in the plain fiflncémpared
for a givenfield. To compare at givefrequencyone has to keep in mind
that atk = 1 x 10* rad/cm the minimum frequency fopgH = 0 mT
amounts tof = 2.87 GHz. Herev, = 8.9 km/ns. This is due to the in-
verse dependence of the plain film propagation velocity erfriiaquency,
see Eq_2.17.

The strong angular anisotropy of the group veloeityobserved for
p = 0.3 um in Fig.[8.10 (b) is consistent with the dipolar coupling ofjed
modes as discussed above. Micromagnetic simulations afermed at
a constant fieldugH = 40 mT for variousn. Results are depicted in
Fig.[B.I1. One finds that foy ~ 10°, the regions of large precession am-
plitude at neighboring holes do not overlap fully [Fig. 8.(B}] with de-
creasing overlap for increasimgFig.[8.11 (b) forn = 15°, and Fig[8.111
(c) for n = 20°]. Dipolar coupling is significantly reduced and the edge
modes do not support a propagating SW any longer.gs zero. This
explains the strong anisotropy of depicted in Figl-8.110 (b). The angular
anisotropy ofv, is much less pronounced in the plain film or for the ADL
with p = 0.8 um, see Fig[[8J5. The tunability from very largg to zero
v, IS thus a unique feature of nanostructured ADLs originatiog the
coherent magnonic coupling of edge modes.
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Figure 8.10: Properties of the edge mode ima= 300 nm ADL for —10° < n <

10° obtained from AESWS measurementgi@f! = 40 mT. Sample is SN89-1-
LO, wic = 2 um ands = 12 um. (a) Resonance frequengy. A pronounced
minimum of f, is observed fom = 1° as marked by the vertical arrow. This
angle is associated with the misalignment between CPW ardpgkinitive lattice
vectors, i.e.muastice = 1°, see FigC3B. (b) Group velocities. A maximumug

is obtained fom = 1°, i.e. whenH and ADL primitive lattice vectors enclose a
90° angle. d f;/dn anddvg /dn are much larger than for the extended mode at a
p = 800 nm ADL, c.f. Fig.[85.
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Figure 8.11: Micromagnetic simulation of spatial spin-wave profiles op a=
300 nm antidot lattice foruo H = 40 mT and various;. Simulation parameters:
set B. (&)p = 10°, f = 4.0 GHz. (b)n = 15°, f = 4.4 GHz. (c)n = 20°,

f = 4.6 GHz. For increasing) from (a) to (c), the coupling between the edge
modes is reduced. This motivates the strong dependengearfn as observed in

Fig.[8.10 (b).

8.3.2 Magnonic band formation

The coupling of the edge mode for< 0.4 um, as described in Sdc. 8.1 in
detail, is consistent with a tight binding model[SIa54]r farge periodici-
ties (large hole-to-hole separations) the edge modesigéiedlynuncoupled
and localized in the potential wells formed at the edges eftbles. For

p < 400 nm, the edge modes are found to couple dynamically through th
ferromagnetic material. However, resonant SW precessiamly found
close to the holes’ edges.

For such an approach, periodicity of the SW dispersioh) with re-
spect to the Brillouin zone boundaries is expected. To tast tn Fig.
(a), both, wave vector resolved SW detection via BLSfogym-
bols) and micromagnetic simulations (gray scale plot) aeduo explore
the dispersiorf (k) for p = 0.3 um by experimental and theoretical means,
respectively. Data is taken at H = 60 mT, where the wave vector re-
solved spectra exhibit a good signal-to-noise (SNR) ralibree differ-
ent SW modes are resolved. They correspond to modes i-iérebd in
Fig.[Z20 in ascending order for increasifig Minimum frequency has
mode i, the edge mode [c.f. Fig_7]21 (a)], mode ii is the ed¢éehmode
[c.f. Fig.[Z.2]1 (b)], and mode iii corresponds to the modalzed in be-
tween neighboring holes [c.f. Fig. 7121 (c)]. The resondneguencyf.
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Figure 8.12: Spin-wave dispersiorf(k) for ap = 300 nm ADL. In (a) circles
correspond to data obtained from BLS measurements and-{n)(dhe gray scale
plot corresponds to micromagnetic simulation (dark cotmrespond to large SW
amplitudes). (a) Data obtained fop H = 60 mT. Simulation is performed for
n = 1°, BLS nominally aligned with the ADL high symmetry axis. Silation
parameters are according simulation parameter set A. SWs 3(p GHz are ex-
cited by a short field pulse. (b) and (c) are micromagneticukition results for
poH = 40 mT andny = 0° (b), » = 1° (c). The dashed lines indicate group veloc-
ities extracted for smak from the simulation data, i.es; = 6.2 km/s (n = 0°)
andvg = 4.2km/s (n = 1°).
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of the lowest-frequency branch (mode i, edge mode) variasacteristi-
cally as a function of; with a frequency maximum &t~ 1 x 10° rad/cm.
Interestingly the Brillouin zone boundary of the ADL as defirbykpz =

7/p = 1.05 x 10° rad/cm amounts to almost the same value. Beyond the
Brillouin zone boundary, the frequency decreases agairis i§lconsis-
tent with a miniband. The slight difference of the simulaBedlouin zone
(BZ) boundary ot~ 5 % is not understood and most likely has its origin in
the simulation unit cell discretization 6f75 nm. The miniband bandwith

is 0.6 GHz. Strikingly, in the BLS data, the higher-frequency brarstie
not exhibit such a behavior. In their case the measured émeyueither
grows continuously acrogsz; (extended mode ii) or remains constant
beyondkgz (localized mode iii). The simulations displayed as a gray-
scale plot in Figl_8.12 (a) remodel the observed minibandisérdpancy
remains in the absolute values of the resonance frequenthés might

be caused by two effects: firsthj;dependent BLS data taken fat= 0
showed that it is not possible to exactly find= 1° due to the small SNR
ratio. Secondly, mode i resides close to the hole edges amfiLisnced by
their roughness which is not modeléd [Neu08a].

It is possible to extract, from the data obtained from micromagnetic
simulations. To compare with the other ADLs, see FEigl 8.1 ithdone
for noH = 40 mT. For smallk, df/dk becomes very large. Therefore,
to obtainv, from the simulations at = kcpw (uoH = 40 mT), itis
necessary to plot the data at a different scale. This is dong = 0°
andn = 1° (upH = 40 mT) in Fig.[8.12 (b) and (c), respectively. This
particular sharp increase of close tok = 0 is known to be a result of
miniband formation in magnonic systems, see Fig. 2 in Redsfl)]; it can
thus be taken by itself as an indication for the observatfanagnonic ef-
fects when relying on AESWS measurements with sinalhly. One finds
vg = 4.4km/s (vg = 6.4 km/s) for n = 1° (n = 0°). The experimental
values ofv, = 4.8 km/s (v; = 6.1 km/s) measured af = 2° (1°) is in
good agreement [c.f. Fif. 8.110].

Group velocities obtained in such a manner from micromagsetu-
lations are summarized in F[g. 8.2 as squares which are tthkes 1° for
p ranging between 0.3 and Oy8n. The experimentally observed values
follow the simulated trend.

In Fig.[8.12 (a), experiments do show a MC band formationHeradge
mode (mode i of Fid. 7.20 (b)), and only show a weak MC band &diom
for the extended mode (mode ii of F[g. 7120 (b)). This is cetesit with
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the BLS measurements performed op & 0.8 um lattice, see Fid. 7.24,
where no band formation is observed for the extended moderelstingly,
one can identify the coupling of edge modes with a tight bigdipproach
[SIa54], while the extended mode originates from the undigd plain
film mode and experiences some periodic modulation of trezriad field
[Blo29]. The weak periodicity of the dispersion of the exded mode
compared to the edge mode is treated as an artefact due tofithieely
high signal to noise level in the simulations. Furtherm@&ie$S data and
AESWS data (data not shown) show some interaction betweerdpe
mode and the extended mode. Such interaction is a pringigathwn
effect [Dem10a] and is out of the scope of this thesis to beudised in
detail.

In experiments the extended mode shows no periodic modualatithe
BZ boundary and only weak modulation in micromagnetic satiahs.
Differently, the edge mode shows periodic modulation. Tdamtand the
different behavior is the goal of the following Séc. 8]3.3.

8.3.3 Magnonic crystal classification

Figures of merit are introduced describing the prereqasitof
magnonic band formation, i.e., sufficiently strong perdoaiiodulation
of the internal field, as well as sufficiently long coherereaggth of the
propagating SW. It is found that fundamental mode (edge jrsfurvs
weak (strong) modulation and short (long) relative coherefength,
motivating the observed magnonic behavior.

The prerequisite for miniband formation is periodic patteg, i.e., pe-
riodic modulation of the magnetic properties. For the twode® prop-
agating through the periodically patterned antidot laftice. edge mode
and extended mode, the patterning is found to have a differmence on
the dispersion: magnonic band formation is observed foettyee mode at
p = 300 nm, c.f. Fig[8.IP. For the fundamental modeat 800 nm, no
magnonic band formation is observed, c.f. Fig. ¥.24.

To understand this finding, to classify the studied ADLs, tmcbmpare
them with previous work on MCs, the magnetic contraahd the relative
coherence length are used as figures of merit.
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Figure 8.13: Relative coherence length = v,7/p as obtained from AESWS
measurements foj = 1° for various ADL periodicitieg at uo H = 40 mT. For
p = 300 nm the edge mode is evaluated, for 400 nm the extended mode.

Coherence length

First, it has been argued that a miniband of large bandwséstablished
only if the spin precession in a large number of neighboring oells
couples coherently. This number is quantified by the redatioherence
length [Kos10]

le = vgT/p. (8.3)

The relaxation time is measured by AESWS as described in §ec.B.2.2.
Using Eq.[8.8, the parametkris calculated for the different ADLs. The
results are shown in Fig. 8113 as a functionpofForp = 0.3 pm and
vg(kcpw ), one findd, = 24 + 13 (f = 3.1 GHz, edge mode). Fas >
0.3 pum, the extended modef (= 6 GHz) propagates antl significantly
reduces for increasing. At p = 0.8 pm it amounts td, = 4 + 2. See
Tab[8.2.

Next, these results are compared to former work on 1D MCssiden
ing arrays of stray-field coupled nanowires from Ref. [Kdsa@oherence
lengthl. ~ 10is needed to form minibands (see Fig. 3 of Ref. [Kas10]). In
Ref. [Kos08bJi. = 2 and in Ref.[[Top10]. = 6. From this it appears rea-
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sonable that the edge mode is found to show magnonic banafiam To
understand why this is not the case for the extended mogle-a800 nm,
one has to consider the magnetic contgast

Magnetic contrast

Second, it has been argued that a large bandwidth (and tlugew} =
270 f/0k) is obtained if the peak-to-peak amplitude of the periodazim
ulation is large. The magnetic contrasshall be defined by the amplitude
of magnetic parameter variation normalized on the refereatue.

In literature, different cases are present. For isolategnatc elements
[Kos04,[GubQl7], the magnetic parameters saturation megtien Mg,
and exchange stiffness vary between extreme values, i.e. for permalloy
elementsMg,:1 = 0 in air and Mgae,1 ~ 800 kA/m in the magnetic
material. Therefore

_ MSat,l - MSat,Q

=1.
MSat,l

Differently, in Refs. [KruO6| Kra08, Wan09] an alternatisgquence of
two different magnetic materials has been considered iseciacinity.
Here

In Ref. [Kra08], a strong band formation is observedfés,; 1 /Mgat,2 =
8,1.e. 0 = 0.9. In Ref. [Wan09], an alternating array of stripes made from
Py and Co is used. The values of saturation magnetizatioMage, =
1.15 x 10° kA /m and Mg, 2 = 0.658 x 10° kA/m , i.e. o = 0.43.

In the present case, the magnetic contgaistquantified via the ampli-
tude of the demagnetization fielNH, normalized to the effective field,
i.e. by

AHp
e= poH + Hp'

The magnitude of modulation is found to WeHp = 0.1 mT for
p = 0.8 um (extended mode ii) [c.f. Fi§. 7.6 (d), dark line] and thredeams
of magnitude stronger fgr = 0.3 um (edge mode i), i.eAHp = 80 mT
[c.f. Fig.[Z.8 (d), light line]. This originates from a mucheaker modula-
tion of the internal field in regions away from the holes’ esigghere the

(8.4)
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periodp 0.3 pm 0.6 pm 0.8 um
Edge mode Extended mode Extended mode
fi (GHz) | 3.1 6.0 6.0
7 (ns) 1.54+0.6 1.0+04 1.0+04
vg (Km/s) | 4.8 3.5 3.2
le 24+ 13 6+3 4+2
ole 6.6 1x1072 <1x1072

Table 8.2: Parameters of different ADLs.f, denotes the resonance frequency
(noH = 40 mT) of the propagating mode for which the relaxation timemag-
netic contrasp and coherence length are evaluated.

extended mode [c.f. Fi@._7.118 (d)] resides. AtH = 40 mT, one obtains
for the extended mode (= 0.8 um) ¢ = 0.1 mT /40 mT = 2.5 x 1073,
For the edge mode at = 0.3 um, one obtains a value for the magnetic
contrast amounting tp = 40 mT/ (80 mT + 40 mT) = 0.3.

The producbl., which measures the combined effect of the two param-
eters, varies by two orders of magnitude, see [ab. 8.2. Thdlenthis
value, the less likely is the formation of a coherent magoeiffiect such
as a miniband. This weak modulation of the internal field mioas away
from the edges explains why the magnonic band formationtisingerved
atp = 0.3 um using BLS for the extended mode ii, see Fig. 8.12 (a).

Chumaket al. have used a periodic modulation of the internal field
along a longitudinally magnetized magnetic wire with magneontrast
0=1mT/160 mT =~ 6 x 10~3 [Chu094a]. They observe the formation of
a forbidden frequency gap. In the yttrium-iron-garngequals26 km/s.
Using T = 500 ns, one calculateg. = 43 andol. = 0.26.

For arrays of stripes with alternating material [Wah09, W\Gin one
finds that group velocities were up 4ckm/s at uoH = 0 mT (extracted
from Fig. 2 (a) of Ref.[[Wan10] at ~ 1.2 x 10° rad/cm). With o = 0.4
(see above); = 500 nm, andr =~ 1.0 ns, one obtaingl, = 3.2.

For thep = 0.3 um ADL studied here, the parametérs= 24 + 14 and
ol. = 6.6 are even larger. The observation of a miniband thus seenes to b
consistent with these earlier works on 1D MCs. The param#étenight
prove to be helpful for MC classification as a figure of merit.
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8.4 SW Injection into an Antidot Lattice: Metamaterial
Limit

Spin-wave injection into an antidot lattice from a plain fiisnstudied.
It is found that for large periods and small wave vectorsngaission
across the boundary is well described by the wave vector at@ncal-
culated for two continuous materials. The ADL acts as a matarial
for SWs. Content of this section has been obtained in a coitdion
between the Regensburg Grﬂt(;ﬁ’rof. Christian Back, Hans Bauer,
Dr. Georg Woltersdorf) and the authdr [Baul1].

For electromagnetic waves it is known that a structure mowddler than
the incident wave length changes the propagation progeéffective and
continuous properties can describe the effect of this #eedcmetamaterial
(MM) [She01]. In particular, it is interesting to study thamsmission of
electromagnetic waves across the boundary from a convexttito a MM
[Pen00]. In the following sections, it is shown that effeety continuous
properties describe well the transmission into an ADL.

8.4.1 Calculation for effectively continuous films

The dispersion relation for SWs with wave vectog 1.5 x 10% rad/cm
propagating through @ = 800 nm ADL is well described by a dis-
persion assuming a reduced, effective saturation magtieinz)/g,, =
600 kA /m, see Sed. 812 and Fig._8.7 red line. As the wave length is
much larger than the ADL perigd this regime is labeled long wavelength
limit (LWL). Stimulated by this phenomenological finding,i$ instruc-
tive to make a gedankenexperiment. Imagine one calcula¢esansmis-
siony of SWs of frequency from one continuous medid{sat1, k1 (f))
into another continuous mediafg..2, k2( f)) via the well known formula
[Nol05] o
2
v = ki + kQ’

For thep = 800 nm ADL, the coefficient) is predicted to depend on
f as shown in in Figl_8.14 by the solid line. Here it is assumeat th

(8.5)

Linstitut fiir Experimentelle und Angewandte Physik, Unsitat Regensburg, D-93040 Re-
gensburg, Germany
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f (GHz)

Figure 8.14: Transmission) obtained ajuoH = 20 mT,n = 0° for4 < f <
5 GHz from MOKE experiments (full circles) [Baull1] and micragnetic simu-
lations (full squares) for SW propagation from a plain filntoimp = 800 hm
ADL. Data is obtained by analyzing the SW interference betwiaitial and back
reflected SW, see text. Vertical arrows mark data points gitex 0, which is
a result of the data evaluation. The full line marks the daled based on two
plain film dispersions {sat1 = 770 kA /m, Msat2 = 600 kA /m) and Eq[8.b.

Mgat1 = 770 kA/m and Mga2 = Mg,, = 600 kA/m for the film
and ADL, respectively. This corresponds to the full blue aed lines
in Fig.[8.7.

Next, transmission is studied experimentally. As propagation param-
eters, i.e. group velocities, and relaxation times, are considerably
different in the plain film and the ADL, see S&c.18.2, traniois cannot
be obtained from experiments by previously published neth&ch10].
Based on all-electrical spin-wave spectroscopy (AESW&),Sed_3.2]2,
and time and spatially resolved magneto-optical Kerr ¢ffeiOKE) tech-
niques, see SeL, 3.2.3, two new methods are presented tofgiiams-
mission and reflection in this thesis.

8.4.2 MOKE transmission experiments

It is possible to measure the transmissioria MOKE. For this a sample
is prepared, where only part of the plain film away from unedeth the
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standard CPW, see Séc. 3]1.2, is structured into an ADL. fitericon-
ductor width isw;. = 4 um. This value ensures excitation of SWs in the
LWL. Sample is SN87-4. SWs, which are transmitted from théttem
need to enter the ADL from the plain film. A fractionof the SW ampli-
tude is back reflected at the boundary into the plain film. lo@iauously
driven (cw) experiment of fixed, this reflected SW interferes with the in-
cident SW. Maxima and minima are formed in between the CPWaed
ADL boundary. Using MOKE, such amplitude oscillations agsalved.

A spatio-frequency plot of the MOKE experiments is depidtedlig.[8.1%
(a). Black and white corresponds to a large valué¥f.|. From two
measurements with0° phase shift between the driving microwave and
the measured signal, the amplitude. | is derived. |m| is depicted for

f = 4.48 GHz in Fig.[8.15 (b) (dark full line).

The incident and reflected spin waves interfere. This islasas an
interference pattern ipm..|. In the following, an expression fom., | is de-
rived which will allow to determine the reflectionfrom the experimental
data. The out-of-plane precession of the initial wave ixdbsd by

m! = ai, exp(—iky) exp(iwt). (8.6)
The out-of-plane precession of the reflected wave is desat iy
mi = Gous exp(ik(y — yo)) exp(i(wt + ")), 8.7)

whereT” is a phase shift angl is the position of the boundary.;,, and
aouy Mark the incident and reflected SW amplitudes at the emiteeaad
at the boundary site, respectively. The reflectida given by the relative
strengths of amplitudes at the interfaggi.e.

Gout
p=—cu 8.8
ain €xp(—CYo) (88)

where( = Sk, i.e. { = (aim IS the spatial decay constant of the plain film.
The transmissionp
Yp=1-r. (8.9)

The total amplitudém| is given by a superposition of the incident and
reflected wave, i.e. by _ )
Im2| = [m +mZ]. (8.10)
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One can calculatpn.| via substitution ofi,.¢ by r anda;y,. Itis then pos-
sible to neglect a ternx 2 and to use the Taylor approximatigfi + x ~
1+ /2. Then|m,| is given by

|mz| = Qjp €XpP (_Cﬁlmy) + Qout exXp (gﬁhn(y - yO)) X (811)
x cos (k(2y —yo) +T").

The cosine term describes the interference of both SWd_Ed.i8 fitted
to the MOKE data, as exemplarily shown in Hig. 8.15 (b) as iipet lfull
line. One obtaings,, = 0.1 um~! in good agreement with Selc. 6.2.
Values obtained fop at differentf by this method are plotted in Fig. 8114
as full circles. With the exception of thg = 4.15 and4.55 GHz data
points (marked by vertical arrows), they compare very wdthwhe solid
curve obtained for the transmission of SWs betweendatinuoudilms
with Mg, = 600 kA/m andMs,; = 770 kA/m obtained via Eq._8]5.
The exceptionally low values af for f = 4.15 and4.55 GHz can be
associated with the frequencies where the transversatigation of the
SW modes in the ADL changes, see $ecl 8.2. Here, both, propags
well as transmission characteristics are altered.

8.4.3 AESWS transmission experiments

AESWS measurements are performed on a sample partialttisted into
ap = 800 nm ADL. A w;. = 4 pum SW-transmission CPW, see Sec, 3.1.2,
is used. This is done to ensure excitation of SWs in the LWLe Buthe
large extents of the CPW, the propagation distanbetween SW emitter
and detector is = 19.5 um. This design offers a optimum performance
considering two opposing trends: larger CPWs decreasextiitee wave
vector range (and address the LWL), however the propagptims is
increased until ultimately no signal can be detected. Orparaé of the
propagation distancesis structured into an ADL, namely = 10.7 pum,
see Figl3.B. The sample is SN75-4-4, see[Fig.]8.16.

The AESWS signal is depicted in F[g. 8117. Here resembles the sig-
nal obtained on @ = 800 nm ADL, while a2, is a plain film signal. For
comparison see Figs. 7110 (a) and Eig] 6.3 (b). As expectedl fine cal-
culated sensitivity, see Elq. 2.105 and [Fig] 5.5, the refiactignals prac-
tically only contain signal contributions obtained fronetregions under-
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Figure 8.15: Spatio-frequency map of SW transmission from a plain filno i
ADL obtained from MOKE experiments ato H = 20 mT andn = 0° [Baull].
Sample is SN087-4. Depicted $&m.., where dark (bright) colors correspond to
large (small) values. The ADL - film boundary is locatedsat 25 um as marked
by the vertical dashed line and the standard CPW4gat y < 58 pum. For25 <

y < 42 pm, interference between incident and backreflected SWs isredd.
Horizontal arrows mark the regime for which in (b) the sigaatplitude|m.|
(MOKE data depicted as dark curve) is analyzed furtlfe=(4.5 GHz). The light
gray line is a fit to the data using Hq. 8l11. From this a trassion ofy) = 0.68

is evaluated as plotted in Fig.8]14.
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Figure 8.16: (a) Optical micrograph of a sample (SN75-4-4) for transinissea-
surements from a plain film intoja= 800 nm ADL. The Py mesa underneath the
CPW is partly structured by focussed ion beam lithographiptm an ADL. The
structured distance &= 10.7 um, measured from the centerk;, see Figl 313.
The ADL is slightly visible as a checkerboard pattern. (bMSiEhage of the anti-
dot lattice. Hole diameter i520 nm. Visible are the grains of the Py.
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Figure 8.17: AESWS data obtained for a sample partially structured into-a
800 nm antidot lattice for various anglegat o H = 20 mT. Sample SN75-4-4.
Dark colors correspond to large SW amplitude. The CPW is at@Wsmission
CPW withw;c = 4 yum ands = 19.5 um. The transmission path = 19.5 um

is structured only for a distange = 10.7 pm to form an ADL, extending from
CPW 1 [c.f. Fig[81b]. Signal amplitudes (@)1]. (b) |aiz2|. (€)|az1| (d) |a22].
The spectrai11 andazz correspond to reflection data obtained in the ADL and
plain film, respectively.a12 (a21) corresponds to transmission from the film into

the ADL (vice versa).
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|aq2|/max(|a12])

[ A

-25 0 25
n (deg.)

Figure 8.18: Normalized transmission amplitudis 2|/ max (a12) obtained from
AESWS measurements on various samplegfdi = 20 mT. Full line: signal ob-
tained fora12 on sample SN75-4-4 only partially structured to form & 800 nm
ADL (¢ = 10.7 um). Signal corresponds to SW injection from the film into the
ADL. Dashed line: Signal obtained orpa= 800 nm ADL a12. Sample SN83-1-
LO. Light dotted line: Signal obtained on a plain fitms. Sample SN89-4-D. The
ADL sample and the plain film sample both show maximum amgita2| for
n = 0°. Differently, the partially structured sample shows maximamplitude
la12| for 10° < n < 20°.

neath the respective inner conductors which only comprisé Ar plain
film.

In Fig.[8.18, the normalizeld | evaluated af, is depicted as a function
of n for SWs propagating from the film into the ADL (solid line). dm
this data one finds that2|( f;) exhibits a maximum value fdr0° < n <
20°. This is an intriguing finding, because the two constituesftthis
hybrid sample, namely a plain film and a sample fully strustiuinto a
p = 800 nm ADL, both show maximuna,z|(f;) for n = 0°. This is
depicted as the light dotted and full line, respectivelyediore, the trans-
mission SW signal shows properties which cannot simply Ipdegxed by
a superposition of the two constituent materials. In ordeurtderstand
this finding, AESWS experiments are performed that allowetednine
the transmissio as a function of the angle

First, to obtain reference values for SWs propagating omtgugh a
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p = 800 nm antidot lattice (plain film), a sample which only comprise
an ADL (plain film) is investigated. In particular, sampleghwidentical
CPW layout are chosen, i.av;. = 4 pm ands = 19 um to leave the
excitation spectrump(k) unaltered. The spin-wave excitation (detection)
strength is given byiso, the signal amplitude measured in reflectian;
denotes the signal amplitude in transmission. Usind EdaBBEq[ 2.6,
they relate by

ai;lém/agém = €Xp (_S X gﬁlm) 5 (812)
and accordingly for the ADL sample (Witf).tico instead). Eq-8.12 is
used to determing;), andlastice, respectivelyugH = 20 mT andn =
0°. Samples are GD106-1-1 for the plain film and SN75-1-1 forAb&
(both: wic = 4 pm, s = 19.5 um). Data is not shown. Foy = 0°,
one find(g1m = 0.12 & 0.02 pum~—! in good agreement with MOKE data,
and(astice = 0.15 £ 0.02 um~'. This compares well with AESWS data
of 7 = 0.9 ns [c.f.Fig[6.9] andv, ~ 7 km/s for poH = 20 mT [c.f.
Fig.[6:7], and via Eq- 2661, = 0.16 pm ™.

The amplitude:,, in the hybrid sample is

ara/azz = Y exp (—(s — &)Chiim) exp (—& attice) (8.13)

By evaluating Eqd._8.12 arild 8113 to obtain the transmisgipone at-
tributes for different spatial SW decay length# the antidot lattice and
the plain film; this goes beyond, e.g., Ref. _[Sch10]. Howguetthis
method, measurements on three different samples enter. addweacy
is limited and applicability is found to be restricted to tt@se of large
amplitude throughout the samples; this is only the casehf®frequency
of maximum amplitude in the ADL measurements, ife.corresponding
to maximumasy, i.e. maximum amplitude in the ADL marked by full
squares in Fig. 8.19 (a). Fgr= 0° andf = 4.4 GHz, one obtains a value
of ¢ = 0.5 £ 0.1 in good agreement with MOKE results.

AESWS data obtained fap for variousr is depicted in Figl_8.19 (b)
as full circles. This dependence of the transmissioon the angle; is
discussed. This is in particular interesting in the lightted unexpected
behavior of the maximum amplitude »(f;) found from AESWS mea-
surements in Fid._8.18 showing a maximum valueyat 25°. Due to
lower group velocities, for n > 0°, f resolved determination af is not
possible using MOKE. The study is restricted to AESWS data.
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While for n < 10° ¢ remains constant at ~ 0.6, there is a sudden
increase ta) ~ 0.9 aroundn = 10°. A motivation can be found from
studying the dependence @f for the ADL and the plain film on). For
10° < n < 30°, frequencied; in the antidot lattice and in the plain film
are almost degenerate [c.f. Hig. 8.19 (a), full circles aridsfjuares]; even
without exact knowledge of SW dispersion in this regimesipossible
conclude thak, ~ k, in Eq.[85 and the expectetl ~ 1. The increase
in ¢ measured for; > 10° is accompanied by a strong increase of the
transmission signal amplitude- |, see full line in Fig[8.19 (b).

The unexpected dependence|af;| on n therefore is found to have
its origin in the angular dependence of the transmisgiorBecause for
n = 25°, the eigenfrequencies of the SW modes in the ADL and in the
plain film are degenerate, the wave vector mismatch detémgifis min-
imized. A large value of) is accompanied by a large value|afs|.

8.4.4 Micromagnetic simulations of transmission

To further validate data obtained from MOKE and AESWS for titaes-
missiony and to provide a microscopic insight, it is instructive tafpem
spatially resolved micromagnetic simulations. Simulagiare performed,
both, temporally resolved or frequency resolved, see[S83.2

For micromagnetic simulations, simulation set A is usedis dorre-
sponds td x 85 ADL unit cells. Field pulse amplitude &2 mT and the
pulse extend® pm in y direction. In temporally resolved simulations, a
short field pulse excites SWs up 56 GHz. In frequency resolved simu-
lations, cw excitation of a single frequency is employede Tobustness
of results obtained from micromagnetic simulations isgeédty varying
760 < Mgat < 860 kA/m, the film thickness betweefy = 22 nm and
ts = 28 nm, and the hole diametet = 120 — 220 nm. No significant
changes in the transmission and / or mode profiles is obsaneddespec-
tive sensitivity is included the: 5% variation in the error bars of Fig._8114.

Time resolved micromagnetic simulations

It is instructive to begin analysis with micromagnetic slations employ-
ing a short field pulse. The spatio-temporal plot correspantd this sim-
ulation is plotted in Fig_8.20 (a). Plotted is the dynamic¢-oftplane pre-
cession amplituden ., where dark (bright) corresponds to large positive
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Figure 8.19: (a) Frequencieg, of maximum signal amplitude as obtained from
AESWS measurements. Sample is SN75-4-4. Full circles spored toas, re-
flection measurements on the CPW positioned above the plain Fiull squares
correspond taq1 reflection measurements on the CPW positioned above the ADL.
a12 corresponds to transmission measurements for spin waviéeein the plain

film and traveling into the ADL. For; = 25° the frequencies of maximum ampli-
tude are degenerated for all signals. (b) Data points (&$) @orrespond to trans-
missiony obtained from AESWS measurements (full circles) and micrgnetic
simulation (open triangles). The full line (right axis) cesponds the maximum
amplitudea,2 of transmitted SWs.
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Figure 8.20: Micromagnetic simulation of spin-wave transmission frorplain
film into an antidot lattice forupH = 20 mT andn = 1°. Simulation pa-
rameters are set A. SWs up & GHz are excited by a short field pulse at
26.0 < y < 28 um att = 0.1 ns. (a) Spatio-temporal evolution of the dy-
namic out-of-plane precession amplitude, where dark (bright) corresponds to
large positive (negative) values. The film - ADL boundaryoiedted ayy = 33 yum

as indicated by the dashed vertical line. Propagation of 8Wards this bound-
ary and partial reflection is visible (horizontal arrow).) (daximum values of
m taken over all timeg (thick black line). This corresponds to the primary wave
packets with highest amplitude. The light gray lines areoemtial fits to the data.
The offset marked\ at the film - ADL boundary corresponds to backreflection.
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(negative) values. The field pulse is centered argurd27 m, the plain
film is located aty < y, = 33 um, and the the ADL lattice aj > 33 um.
Propagation of SWs towards the film - ADL and partial reflecti® vis-
ible (marked by the horizontal arrow). This data is furthealgzed by
plotting the amplitudém | (taken over all simulation timeg as plotted
in Fig.[8.20 (b) as dark line. One finds that fpk 27 ym the maximum
signal amplitude decreases exponentially away from thiagian source.
This is due to SW damping with increasing time and propagatistance.

The same decay is found f@7 ym < y < 32 um. The continu-
ous light lines in Fig[-8.20 (b) mark exponential fits to thealg accord-
ing t0 agim(y) = ao + Agexp(—(y — yo)/Cam). One obtaings, =
0.10 ygm~!. The value of(g1,, depends on the values af chosen for
simulation. Fory > 34 um, the respective fit, see Fig._8]20 (b), yields
Sastice = 0.17 pm~1. At the boundary = y;, = 33 um, locally the sim-
ulated maximum SW amplitudes deviate from the exponengiedgl. This
is due to interface effects. Here the signal amplitudes effitted decay
curves are evaluated to obtain the transmission

alattice(y - yb)

Yv=1—-r=1- .
agim (Y = Yp)

(8.14)
Using Eq.[8.14, one finds for = 1° ¢ = 0.7 £ 0.1, in very good agree-
ment with the data obtained by MOKE fgr> 4.5 GHz.

Frequency resolved micromagnetic simulations

Itis also possible to obtain data forfrom simulations where only a single
frequency is excited, i.e. using cw excitation. The sinmalaresembles
the MOKE experiments explained in this section above. Tispeetive
spatio-temporal plot, corresponding to Hig. 8.20 for tirasalved experi-
ments, is plotted in Fig. 8.21 (a). SWs are excited by a siidasdriving
field, e.g. as depicted fof = 4.7 GHz, which is spatially localized at
18.0 < y < 188 um. Fort > 4 ns a steady state is reached. Min-
ima and maxima ofm.| are observed between the excitation source and
the film-ADL boundary resulting from interference of theiohent and re-
flected SWs. Extracting the maximum vallze,| from the steady state
oscillations ¢ > 4 ns) yields the dark full line of Fig. 8.21 (b). This data is
fitted with Eq[8.11L (only adapted for the position of exditatsignal and
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film - ADL boundary being different in micromagnetic simudat than in
the MOKE experiments) fo20 ym < y < 30 pm, i.e. in the plain film
between SW emitter and reflection boundary. The fitted cuedepicted
as the light gray curve. From this, a transmissipr= 0.7 is obtained.
This value is depicted along with results for differehin Fig.[8.14 as
full squares. The simulated data resembles the data obtaima MOKE
well.

From the comparison of measured data)ofMOKE, full circles) and
data fory obtained from micromagnetic simulation (full squares) be t
one hand, with calculated data assuming an effecdtiyg, = 600 kA /m,
one finds that the transmissiahis well described by the assumption of
an effectively continuous material for the ADL, i.e. reddcsaturation
magnetization. This is consistent with the finding that tiepersionf (k)
of SW propagating only through the= 800 nm ADL is well described
by the effectively continuous/g,, = 600 kA/m as well.

Microscopically this finding is interpreted via strong di@ocoupling
between SWs residing in neighboring stripes formed by thd. ABWs
separated by a row of holes oscillate in a coherent mannervelser,
SW profiles are affected by the periodic internal field motataintro-
duced by the holes. Considering, e.g., the limit of verydahgles with
very small hole to hole distances (smaliggFey filling fraction F, see
Eq.[71), it is expected that a large fraction of the incid&Wts is backre-
flected at the holes edges. Different to the case of smalklesid SWs in
the LWL regime as discussed here: while microscopicallyaaremgement
of the spin precession amplitude occurs when entering ttidatattice,
astonishingly good agreement is found for transmissionrasgopically
deduced from the assumption of a continuous material. hesetfore pos-
sible to consider this ADL as a MM for spin waves described bgchuced
Mé(at'
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Figure 8.21: Micromagnetic simulation of spin-wave transmission fromlain
film into an antidot lattice foug H = 20 mT andn = 1° for f = 4.7 GHz.
Simulation parameters are set A. SWs are excited by a suheisdiiving field of
f = 4.7 GHz spatially localized at8.0 < y < 18.8 um. (@) Spatio-temporal evo-
lution of the dynamic out-of-plane precession amplitudg, where dark (bright)
corresponds to large positive (negative) values. The fillBL Aoundary is located
aty = 34.5 um as indicated by the dashed vertical line. For 4 ns a steady state
is reached with an interference pattern of the primary afidated wave visible for
20 pm < y < 30 pm. (b) Maximum values ofn. taken for6 ns < ¢t < 8 ns
(thick black line). The light gray line is a fit to the data ugikq.[8.11 adapted
to the simulated geometry f@0 ym < y < 30 um. From this a transmission
1 = 0.7 is evaluated.
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9 Summary and Outlook

In this thesis dynamic phenomena of spin waves (SWs) in anitidtices
(ADL) fabricated inta22 — 30 nm thin films ofNigy Fey (permalloy) were
investigated (saturation magnetization was experimgndgitermined as
Mg, = 760 — 830 kA /m). Samples were fabricated using focussed ion
beam etching. The hole diameter was= 120 nm. Primary focus was
put on properties of propagating spin waves. Several measant tech-
nigues were used to observe propagation characteristiggrticular the
all-electrical spin-wave spectroscopy (AESWS) technigas developed
further. Further measurement techniques employed as padientific
collaboration were spatially resolved and time resolvedjmeto optical
Kerr effect (MOKE) and Brillouin light scattering (BLS) thoique for
wave vectork resolution.

From the measurements a strong influence of, both, the ADbgtieity
p and the SW wave vectdr on the SW propagation properties was ob-
served. Three different regimes, characterized by théivelenagnitudes
of p andk, were addressed.

e Large p, large k: Anisotropic propagation. A sample withk ~
2 rad/pum andp = 0.8 um was experimentally studied by AESWS
and MOKE. The nanoscale SW emitter and detector allowedne co
firm SW propagation for a broad regime of field magnitudes and
alignments of the field with the wave vectok. Group velocity
v and relaxation time- were found to be strongly dependent on
the orientation of the field with the wave vector. For the ADheo
finds, e.g.pg = 3.5 um/ns (7 = 0.75 ns) for< (k, H) = 90° and
ve = 2.5 pm/ns (t = 0.4 ns) for45° < < (k,H) < 65°. The
anisotropy is more pronounced if compared to an unpattefiimed
Anisotropic propagation characteristics are attributethe strong
dependence of the spin wave’s spatial profile on the extdieldl
orientation.

e Large p, small k: Metamaterial limit. An ADL sample with
k ~ 0.3 rad/um andp = 0.8 um was experimentally studied by
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AESWS and MOKE. SWs propagating through this sample behave
as if the material is effectively continuous even thougdis of the
material was removed and spin waves are quantized by the.Hole
particular, a reduced saturation magnetizatidg,, = 600 kA/m
was found to describe the propagation characteristics. wEHis
value amounts tG9% of the plain film value. Moreover, this effec-
tively continuous behavior also described well SW injectimom a
plain film into the ADL. The known wave vector mismatch betwee
the two (effectively) continuous materials determinestthasmis-
sion. Depending on the orientation of the external fHldvith the
wave vectork, the transmission was found to vary betwe@¥;
(< (k,H) = 90°) and100% (< (k,H) = 65°). The microscopic
rearrangement of the spatial SW amplitude due to the hotsept
in the ADL was, in particular, found not to inhibit the tranission.

e Small p, small k: Magnonic limit. A sample withk ~ 0.6 —
1.0 rad/um andp = 0.3 um was studied by the AESWS and BLS
techniques. SW modes, which are strongly localized at thesho
edges, were found to dynamically couple for a narrow regifivery
defined alignment between wave vector and field, «€k, H) =
90° + 5°. Itis a specific advantage of the ADL geometry that this
dipolar coupling occurs through ferromagnetic materiadl émus
is comparably strong. The measured large SW velocities=
5 — 6 um/ns close to the center of the Brillouin zone are a fin-
gerprint of the strong dipolar magnonic coupling. The plamve
method allowed modeling of the devices, analysis of the lnaind
formation, and reproduced the experimental findings.

e Small p, large k: Outlook. Technological application of SWs be-
comes attractive for nanoscale devices. They will allowléwge
integration densities as well as for compensation of low Sélg
velocities. In order to harvest the rich functionality ofnestruc-
tured materials, this requires, both, nanoscale SW emiff@mgek),
as well as small nanostructures (small

Inductive excitation and detection of SWs becomes chailtenfpr
smaller and smaller antenna dimensions. This is becaussipiar
ohmic losses, as well as electromagnetic coupling for Kigttie-
grated electromagnetic circuitry begin to gain signifieank poten-
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tial release to the excitation / detection problem mightderhploy
spin-transfer torque nano-oscillators as the source dbWis.

To base future devices on the antidot lattice geometry waisddo

be promising: the large spin-wave velocities create noeespec-
tives in the field of nanoscale magnonic devices. Strongénigies
allow to tune propagation parameters over a wide range byadl sm
field change. Furthermore, it is generically easier to pkcaly
remove material from a plain film, as done by focussed ion beam
preparation in the course of this thesis, than to arrangeithdl
magnetic elements in close vicinity. A promising next stefitune

the excitation spectrum of the SW antenna/ receiver sysienatch
directly the band gap of a nanoscale magnonic material.
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A Appendix

A.1l List of Samples

Sample tag Nanostructure Details and CPW
SN89-4-D Plain film Wie = 2 pm, s = 12 pm
SN75-4-4 Partially structured,| wic =4 pm, s = 19.5 pm

p = 0.8 um ADL
SN88-1-A-M p = 0.8 pum ADL Wie = 340 NM, s = 6.5 pm
SN80-7-A p = 0.8 pum ADL w;e = 20 pm standard CPW
SN80-7-C p = 0.4 um ADL w;e = 20 pm standard CPW
SN89-4-4 p = 0.3 pm ADL Wic = 2 pm, s = 12 pm
SN83-1-LO p = 0.8 pm ADL Wic = 2 pm, s = 12 pm
SN87-5 p = 0.8 um ADL Wic = 2 pm, s = 12 pym
SN87-4 Partially structured,| wi. =4 pm

p = 0.8 pm ADL
SN89-1-LO p = 0.3 pum ADL no CPW, optical only
SN89-1-RO p = 0.4 pm ADL no CPW, optical only
SN89-1-LU p = 0.16 um ADL no CPW, optical only
SN89-1-RU p = 0.2 pum ADL no CPW, optical only
SN66-A-1-1 p=0.4 pm ADL Wic = 2 pm, s = 12 pm
SN89-4-2 p=0.2 pum ADL Wic = 2 pm, s = 12 pm
SN61-3-3 p = 0.12 um ADL, | w;. = 2 pum standard CPW

d = 86 nm.
KT003-5 Plain film Wie =2 pm, s = 12 um
GD106-1-1 Plain film Wie = 24 pm, s = 19.5 pm
SN75-1-1 p = 0.8 pm ADL Wic = 24 pm, s = 19.5 pm
SN67-1-3 p = 0.8 um ADL Wic = 2 pm, s = 12 pym un-

derneath Py
SN67-2-3 Plain film Wie = 2 pm, s = 12 pm un-
derneath Py

SN101-1-F-MR | p = 1.0 pm ADL Wic = 2 pm, s = 12 ym

187



A Appendix

A.2 List of Abbreviation

Abbreviation | Explicit Details
DUT Device under test [Hie07]
VNA Vector Network Analyzer [Hie07]
AESWS All electrical spin-wave spectroscopy [NeulO]
PSWS Propagating spin-wave spectroscopy [Bai01]
sSwW Spin wave [Kal86]
FIB Focussed ion beam

ADL Antidot lattice [Neu08b]
MSSW Magnetostatic surface spin wave [Kal86]
MSBVW Magneto static backward volume wave [Kal86]
DE Damon-Eshbach [Kal86]
MOKE Magneto optical Kerr effect [Per08]
BLS Brillouin light scattering [Gub10]
Py Permalloy

PWM Plane wave method [Kra08]
1d one dimensional

2d two dimensional

3d three dimensional

AFM Atomic force microscopy [Bin86]
FMR Ferromagnetic resonance [Kit48]
em Electromagnetic

rf Radio frequency [Hie07]
S-Parameter | Scattering Parameter [Hie07]
LWL Long wavelength limit

SEM Scanning electron micrograph

cw continuous wave

GaAs Gallium Arsenide

CMOS complementary metal-oxide-semiconductor | [Raz01]
STNO Spin-transfer torque nanoscale oscillator [Kak05]
Bz Brillouin zone

MM Metamaterial

VNA-FMR Vector network analyzer FMR [Gie05b]
WKB Wentzel-Kramer-Brillouin [Neu08b]
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A.3 Micromagnetic Simulation Parameter

A3

Micromagnetic Simulation Parameter

Throughout this thesis, results of micromagnetic simatatire presented. The de-
tailed simulation parameters are listed hereafter. Whestated explicitly below,
the excitation of SWs is stated in the text.

Parameters which do not change are:

Dampinga = 0.005.

Exchange constand = 1.6 x 10° J/m.
Saved simulation timestefyr = 6 ps.
No crystal anisotropies.

Simulation parameter set A

Spatio-temporal resolved simulation fopa= 800 nm ADL.

Saturation magnetizatioh/s.. = 760 kA /m.
Film thicknessts = 25 nm.

Simulation cellsV = 48 x 4096 x 2.

Simulation cell sizeé) = 16.7 x 16.7 x 12.5 nm?.
Simulation duration?” = 10 ns.

No out-of-plane anisotropy.

Spin waves are excited either by a short and spatially Ipedlfield pulse or by
a spatially localized sinusoidal driving field of given fremcy.

Simulation parameter set B

Temporal resolved simulation. This set of simulation pagtars is used to simulate
p = 300 nm ADL with uniform excitation.

Saturation magnetizatioh/s., = 760 kA /m.

Film thicknessts = 22 — 25 nm.

Simulation cellsN = 96 x 96 x 2.

Simulation cell size = 3.125 x 3.125 x 11 nm?.
Simulation duration?” = 8 ns.

No out-of-plane anisotropy.

Spin waves are excited by a spatially uniform, short fielgeul
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A Appendix

Simulation parameter set C

Temporal resolved simulation. This set of simulation paetars is used to simulate
p = 800 nm ADL with uniform excitation.

Saturation magnetizatioh/s.. = 780 kA /m.
Film thicknessts = 20.8 nm.

Simulation cellsN = 64 x 64 x 4.

Simulation cell size&) = 12.5 x 12.5 x 5.2 nm?.
Simulation durationT = 8 ns.

Out-of-plane anisotropy.57 erg/cm.

Spin waves are excited by a spatially uniform, short fielgpul

Simulation parameter set D

Spatio-temporal resolved simulation fopa= 300 nm ADL.

Saturation magnetizatioh/s., = 760 kA /m.

Film thicknessts = 22 nm.

Simulation cellsN = 32 x 4096 x 4.

Simulation cell sizé2 = 9.375 x 9.375 x 5.5 nm?>.
Simulation durationT = 10 ns.

No out-of-plane anisotropy.

Spin waves are excited either by a short and spatially lpedlfield pulse or by a
spatially localized sinusoidal driving field of given frezpcy.

Simulation parameter set E

Spatio-temporal resolved simulation fopa= 120 nm ADL.

Saturation magnetizatioh/s., = 800 kA /m.
Film thicknessis = 22 nm.

Simulation cellsV = 32 x 32 x 4.

Simulation cell sizé) = 3.75 x 3.75 x 5.5 nm?.
Simulation duration?” = 10 ns.

No out-of-plane anisotropy.

Spin waves are excited by a spatially uniform, short fiel&seul
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A.4 Electromagnetic Simulation Parameter

ports simulation
\ — only

¥ -

Figure A.1: Model of the CPW used for electromagnetic field simulatidfisible
are the ports and the geometry used for mimicking the eiaitahrough rf tips
from above the CPW plane.

A.4 Electromagnetic Simulation Parameter

A great number of parameters enters the electromagneticf@bmeter simula-
tion. Not all of these parameters are known. Parametersefireed with respect to
the softwareMicrowave Stud{d

Material and geometry parameters:

e |solator thickness;s, = 15 — 35 nm.

e [solator permittivity is varied betweefs, = 5 — 12. Best agreement is
obtained fore;so = 8.

e The Py permeability is modeled according to a rf suscefiihilith param-
etersMsa; = 800 kA /m, f, = 6 GHz, saturated along axis.

e Py thicknesgs = 30 nm and CPW thicknesz00 nm.

e Boundary conditions: beneath substrate: no transversetrig field. Oth-
erwise: no transversal magnetic field.

Simulation parameters:

e Frequency domain solver, -40 dB accuracy.

e Hexahedral mesh, with 28-33 meshcells.

e Ports are modeled &) €2 discrete ports. A particular geometry is used to
model the rf tip excitation in the experiment, see Eig.]A.1.

1CST Corp., Darmstadt, Germany
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