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Abstract

Spin waves (SWs) in arrays of ferromagnetic nanowires, so called one-
dimensional magnonic crystals and atomic layer deposition (ALD)
of metallic ferromagnets have been studied. The arrays of nanowires
were fabricated by electron beam lithography of about 30 nm thick
permalloy Ni80Fe20. By all electrical spectroscopy in the GHz regime
propagating SWs were investigated. SW propagation across several
air gaps was found. In the artificial antiferromagnetic configuration
of the structure reciprocal excitation of Damon-Eshbach like SWs
was discovered. This is attributed to a metamaterial behavior. It
was found that a reprogrammable magnetic defect is a nanoscale
semitransparent mirror for SWs. ALD of Ni and NiFe alloys has
been improved to provide conformal coatings of ferromagnets with
low SW damping.

Es wurden Spinwellen (SW) in einer periodischen Anordnung von
ferromagnetischen Nanodrähten, sogenannten eindimensionalen mag-
nonischen Kristallen, und die Atomlagenabscheidung (ALD) von met-
allischen Ferromagneten untersucht. Die periodische Anordnung von
ferromagnetischen Nanodrähten wurde durch Elektronenstrahllitho-
graphie von ungefähr 30 nm dicken Permalloy Ni80Fe20 hergestellt.
Durch rein elektrische Spektroskopie im GHz Bereich wurden pro-
pagierende SW untersucht. SW-Propagation über viele Luftspalte
wurde nachgewiesen. In der künstlichen, antiferromagnetischen Kon-
figuration der Struktur wurde eine reziproke Anregung von Damon-
Eshbach-artigen SW entdeckt. Dies wird durch dessen Metamaterial-
verhalten erklärt. Es wurde gezeigt, dass ein programmierbarer,
magnetischer Defekt ein nanoskaliger, teildurchlässiger Spiegel für
SW ist. ALD von Ni- und NiFe- Legierungen wurde verbessert
um konforme Abscheidung von Ferromagneten mit niedriger Spin-
wellendämpfung zu liefern.
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1 Motivation and Introduction

In the last decade life has changed significantly by the incredible
progress in information technology, the so called digital revolution.
One of the important contributions is the development of tailored
radio frequency components. The wavelength of radio frequency
electromagnetic waves is in the range of some centimeters, which
determines the typical dimensions of conventional electromagnetic
components. Only the coupling of electromagnetic waves to elemen-
tary excitations of solids has shrunk the wavelength, and simulta-
neously the dimensions of radio frequency components, by orders of
magnitudes. For instance, key components for information process-
ing in wireless local area networks are radio frequency filters. By
using bulk acoustic waves (phonons) the functional area of the fil-
ter component has a size of several micrometers yielding small-sized,
commercially available wireless local area network products.
Restrictions of recent technologies, such as the shortage of external
tuning, can be dealt by collective spin excitations in ferromagnetic
material. These excitations are called magnons, which is the quasi-
particle of wave-like excitations that are known as spin waves.
For spin waves the electromagnetic and the exchange interaction
contribute to the wave-like excitations. Both interactions yield the
versatile spin wave characteristics. The physics of both contribu-
tions are very different: (i) the exchange interaction dominates the
interplay of spins on a length scale of a few nanometers, (ii) while
the long-ranged electromagnetic, dipolar interaction influences on
the spin-spin interaction even up to very long distances. Due to
these strong interactions the wavelength of spin waves shrinks in
contrast to an electromagnetic wave in vacuum similar to the above-
mentioned case. Therefore, nanostructuring of ferromagnetic mate-
rial allows for manipulating the spin wave properties.

The investigation of spin dynamics in such nanostructured ferro-
magnets is an emerging field of research. [Kru10, Neu09b, Ser10,
Len11] This field is called Magnonics and is covering the creation,
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control and detection of magnons. Nanostructuring changes the
magnetostatic as well as the magnetodynamic properties significantly
and allows for an additional control parameter of the related ef-
fects. As example, demagnetizing effects influence the spin wave
behavior drastically. This has been intensively investigated since
the 1950’s, where the demagnetizing field is assumed to be constant
across the dimensions of a ferromagnetc body. The structuring on
small length scales (nanometers) yields locally inhomogeneous de-
magnetizing effects. This locally inhomogeneous demagnetizing field
provokes manifold effects. Nowadays, key elements in nanosciences
are magnetic nanowires as they are potentially used in future techni-
cal applications, such as magnetic recording, logic operation devices,
or micromagnetic sensors. [Vin05] In nanowires first approaches were
done with parallel magnetization. [Gus02] This seminal work solved
the dynamical magnetization problem with electromagnetic bound-
ary condition and found a non-zero amplitude at the edge of the
nanowire. This is equivalent with a dynamical electromagnetic stray
field vicinal to the nanowire. Another finding was done when apply-
ing the magnetic field oblique to the nanowire. For this scenario the
inhomogeneous demagnetizing field within the nanowire allows for an
inhomogeneous magnetization, where the central magnetization al-
ready follows the applied magnetic field, whereas the magnetization
of the edge regions remains parallel to the border. [Bai03a, Top08]
In contrast to a saturated magnetization in such nanowires, where
no propagating spin wave is detected, for a zig-zag magnetization a
pronounced spin wave propagation is detected due to a self-cladding
effect. [Due12] The above-mentioned dynamical stray field couples
vicinal nanowires with a low separation (separation ≃ thickness).
[Gub05, Gub07, Top10, Top11b] Such periodically patterned struc-
tures are often called magnonic crystals. There, the creation of
band structures has been described by a Bloch-wave ansatz for spin
waves. This is similar to related fields of research, such as photon-
ics, phononics, and plasmonics, where also the periodical patterning
yields a band structure. [Leu93, Joa97, Joa08] A special case are so
called reprogrammable magnonic crystals. [Top10, Tac10c, Top11b,
Din11b] There, controlled by the magnetic history, distinct magnetic
ground states are accessible. Thus, in one-and-the-same magnetic
nanostructure different magnetic ground states, and in particular
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distinct unit cells of the magnonic crystal, are investigated. An in-
teresting differentiation thereof are the reprogrammable magnonic
crystals that are controlled by a so called reversal or injection pad.
[Top11b] There, the switching of selected nanowires is performed by
injected domain walls. [McG07] We find propagation of spin waves
in one-dimensional magnonic crystals (1D MCs) consisting of an ar-
ray of nanowires. In this thesis we found novel effects, such as the
reciprocal excitation of spin waves in antiferromagnetically ordered
1D MCs. Several attempts have been done to provide logic elements
based on propagating spin waves. An interferometric setup has been
presented on yttrium iron garnet (YIG), where one interferometer
arm is manipulated by the local magnetic field of an electrical cur-
rent vicinal to the YIG. [Kos05, Sch08a] Another, similar setup made
from Py controls the interference of two spin wave beams by differ-
ent types of domain walls. [Her04] In this thesis we found that the
switching of one single nanowire in the propagation path of the spin
wave allows for the control of the spin wave propagation properties,
which can be used as a magnetic logic element.
A very recent trend in nanoscience is the fabrication of nanomateri-
als. One promising and powerful technique is atomic layer deposition
(ALD). It allows to cover templates that exhibit a complex topology.
The rapid progress in nanotechnology and nanoscience research pro-
vides a variety of templates, so called nanomaterials. Nanospheres,
nanowires, and nanoporous membranes have become available. Con-
formal coating by ALD onto such templates creates a second genera-
tion of nanomaterials [Bae11] that are novel and unexplored. Exem-
plarily, ALD of ferromagnetic material into nanoporous membranes
result in an array of ferromagnetic nanotubes that show unprece-
dented reversal behavior of the magnetization. [Bac07, Dau07] A
very recent trend in nanoscience is the fabrication of two [Neu08a,
Neu08b, Neu10, Tac10b, Tac10a, Mad10] and three [Kos12] dimen-
sional (2D and 3D) ferromagnetic, periodically patterned nanomate-
rials, so called 2D and 3D magnonic crystals. ALD is a powerful tool
to create such 2D and 3D magnonic crystals, however the deposition
of the necessary, low damping ferromagnetic material has been in
its beginnings. A dynamical investigation of ferromagnetic material
deposited by ALD is still missing at all. Therefore, the deposition
of low damping ferromagnetic material and its application to nan-
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otemplates has been conducted in this thesis. This might be used
for future fabrication of 3D MCs and ferromagnetic nanomaterials.
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Organization of the thesis

In Chapter 2 the theoretical background of the relevant fields in ferro-
magnetism and spin waves is presented, including the used numerical
methods. In Chapters 3 and 4 we report on the used experimental
measurement techniques and the preparation process of the studied
samples. In Chapter 5 we show measured data on permalloy plain
films. In Chapters 6 and 7 spin waves in a one-dimensional magnonic
crystal in two different magnetic configurations are shown. The spin
wave propagation through a reprogrammable magnectic defect is
analyzed in Chapter 8. In Chapter 9 the atomic layer deposition
technique of ferromagnetic material is presented and investigated by
ferromagnetic resonance measurements. In Chapter 10 we close with
a summary and outlook.
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2 Theory

In this chapter basics of ferromagnetism are introduced to provide
the necessary background for the experiments presented in this the-
sis. We discuss the different energy contributions which describe the
static (Sec. 2.2) and dynamic (Sec. 2.4) behavior of the magneti-
zation. We derive the high frequency susceptibility (Sec. 2.4.1) and
address the different spin wave geometries in thin films (Sec. 2.4.4).
Finally, we introduce two numerical methods for simulation of dis-
persion relations for spin waves in complex ferromagnetic systems
(Secs. 2.5 and 2.6). For this chapter we follow substantial reviews
on ferromagnetism [WD39, Kit68, Boz68, Chi97, Blu01] and on spin
wave physics. [Gur96, Hil02, Sta09]

2.1 Ferromagnetism

Materials in an external magnetic field H exhibit a magnetization,
which is described by

M = χ̂H. (2.1)

χ̂ is the complex valued susceptibility tensor and describes in general
an anisotropic magnetic response on a field H. In the isotropic case
χ̂ = χ. The susceptibility classifies solids in diamagnets (χ < 0),
paramagnets (χ > 0), ferromagnets and ferrimagnets (χ ≫ 0), and
antiferromagnets (χ ≃ 0). For the last three types the magnetic
moments are spontaneously ordered (i.e. without external field) for
temperature T < Tc and Tc is a critical temperature (e.g. for ferro-
magnets Tc = TC with TC is the Curie temperature).
In this thesis we focus on ferromagnetic materials. There are three
chemical elements that are ferromagnetic: Fe, Co, and Ni. Also al-
loys thereof are often ferromagnets, e.g. permalloy Ni80Fe20 (Py)
which is used throughout this thesis. The magnetic flux density B
is given by

B = µ0(M+H) = (χ̂+ 1)H, (2.2)
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where µ0 is the vacuum permeability, and χ̂ + 1 is defined as the
permeability µ̂.

2.2 Static Magnetization and Total Energy

The magnetic ground stateM(r) in ferromagnets results from the in-
terplay of multiple interactions. These interactions can be described
as an energy landscape that is essential in order to describe the mag-
netization dynamics. The major energy contributions are written in
a continuum model, where the magnetization M is given by the total
of the magnetic moments divided by the enclosing volume.

Zeeman Energy

The energy contribution due to the interaction of the magnetization
M with an external magnetic field Hext is described by

ϵzee = −
µ0

V

∫
M ·H dV. (2.3)

This energy is minimized for the magnetization having a parallel
orientation with the external field.

Exchange Energy

The exchange energy, responsible for the spontaneous magnetiza-
tion, is based on the Coulomb interaction in combination with the
quantum mechanical Pauli exclusion principle. Two atoms with the
spins Si and Sj minimize its energy by parallel alignment of their
spins. For localized spins the corresponding energy contribution is
written as

Eex = −
N∑
i,j

Jij(Si · Sj) = −2
N∑
i<j

Jij(Si · Sj), (2.4)

where Jij is the exchange integral. The summation is sometimes lim-
ited to nearest neighbors only, as this interaction decreases rapidly
with increasing distance due to the overlap of electronic orbitals. In
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spite of this limited range, the exchange interaction causes the spon-
taneous long range ordering in ferromagnets due to its magnitude.
In the Stoner model [Blu01] ferromagnetism of itinerant ferromag-
nets is discussed. For a high enough density of states at the Fermi
energy D(EF) the reduction of Coulomb energy by a ferromagnetic
ordering overcompensates the increase of kinetic energy. It can be
shown that this is valid for

µ0µ
2
BλStD(EF) ≥ 1, (2.5)

where µB is the Bohr magneton, the magnetic moment of an electron,
and λSt is an empirical parameter describing the average exchange
field.
On a macroscopic level we make the transition to a continuum rep-
resentation including the magnetization M. The exchange energy
density is written as

ϵex =
Aex

V

∫
(∇M)2 dV, (2.6)

where Aex is a measure of the exchange stiffness.

Demagnetizing Field Energy

The demagnetizing field is a dipolar field contribution which is based
on the Maxwell’s equation

∇ ·B = µ0∇ · (Hdem +M) = 0

⇒ ∇ ·Hdem = −∇ ·M

and
∇×Hdem = 0, (2.7)

which is valid for zero current density. Then, we can define a scalar
potential Φdem with

Hdem = −∇Φdem, (2.8)

which fullfils the Poisson equation

∆Φdem = ρM . (2.9)
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ρM = −∇M is a magnetic charge density. This standard problem
in electrodynamics can be solved by a Green’s function approach.
[Kal86, Gus02] Generally speaking the field Hdem is generated by
the divergence of the magnetization, i.e. the presence of magnetic
charges. The calculation of Hdem is complicated in the general case.
For a uniformly magnetized ellipsoid the following relation is valid

Hdem = −N̂M, (2.10)

with the location-independent demagnetizing tensor N̂. When ori-
enting the coordinate system along the principal axes of the ellipsoid,
N̂ is diagonal and expressed as

N̂ =

Nx 0 0
0 Ny 0
0 0 Nz

 . (2.11)

N̂ is analytically solved for a few geometric forms. For an infinitely
extended thin film one obtains Nx = Ny = 0, and Nz = 1. For thin,
infinitely extended stripes with thickness t and width w there is an
analytical solution. [Aha98] For the case of M parallel to the stripe
axis (t ≪ w) the demagnetizing values for the center of a wire are
evaluated to be Nx = 0, Ny = 2t

πw , and Nz = 1− 2t
πw . [Dem01]

The dipolar interaction between the stray field Hdem and the mag-
netic field of a magnetic moment is long ranged. It gives rise to
a non-local energy contribution, as every magnetic moment inter-
acts with the dipolar field of every other magnetic moment. In a
continuum model the demagnetizing field energy is described by

ϵdem = − µ0

2V

∫
M ·Hdem dV. (2.12)

Anisotropy Energy

A further energy contribution depends on the direction of the mag-
netization M. An uniaxial anisotropy is often observed. Its energy
density is described by

ϵuni = −Kuni(M · ex)2, (2.13)
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where Kuni is the uniaxial anisotropy constant. Uniaxial anisotropy
is attributed to the sample shape and to the spin-orbit interaction.
For Kuni > 0 the x-axis becomes a so-called easy axis, i.e. the energy
is minimal when the magnetization is collinear. For Kuni < 0 the x-
axis is a hard axis and the magnetization tends to align perpendicular
to it.

Surface Anisotropy

Additionally to volume anisotropies, in thin films surface anisotropies
become important. This effect is attributed to the reduced symmetry
of the atomic environment of surface atoms. It is described using a
phenomenological uniaxial perpendicular anisotropy parameter K⊥
as

ϵsur = −
K⊥

d
(M · ez)2, (2.14)

where d is the film thickness.
Summing up the different contributions, we can now calculate the
total energy density as

ϵtot = ϵex + ϵzee + ϵdem + ϵuni + ϵsur. (2.15)

We emphasize that finding the minima in Eq. 2.15 permits to de-
termine the magnetic ground state of the magnetization. The total
energy density allows us to introduce the total effective magnetic field
Heff . It is defined as the functional derivative of ϵtot with respect to
the magnetization M as

Heff = − 1

µ0
∇Mϵtot (2.16)

For equilibrium, M is collinear with Heff . For M being not parallel
to Heff , Heff represents the precessional axis of the magnetization.

2.3 Domains and Domain Walls

In previous sections, we have supposed that the ground state of a
ferromagnetic body is the uniform magnetization. However, such
a state is an equilibrium state only in sufficiently high magnetic
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fields, or for small enough samples, with lateral dimensions less than
≃ 1 µm for permalloy (for thin structures). [Chi97] For lower field
values, in particular, in zero field, large enough samples split into
magnetic domains. This is caused by the magnetic stray field when
the sample is split into domains, and therefore the total energy is
minimized. The magnetization inside the domains are approximately
uniform but vary from one domain to another, so that only at the
coercive field the magnetization averaged over a volume containing
many domains equals to zero. The transition from the magnetization
direction in a domain to a neighbouring domain occurs gradually via
tilted spins, so called domain walls.

2.4 Magnetization Dynamics

As introduced in the last section the effective magnetic field Heff

determines the static equilibrium orientation of the magnetization.
The dynamical model for the magnetization M was proposed by
Landau and Lifshitz [Lan35]:

∂M

∂t
= −γµ0M×Heff + λM× (M×Heff). (2.17)

Here, γ = g|e|/(2me) is the gyromagnetic ratio (γ = 184.7·109 rad/(sT)),
that couples the angular momentum L and the magnetic dipole mo-
ment m̃ = γL. e and me are the charge and the mass of an electron,
respectively, and λ is a phenomenological damping parameter. Equa-
tion 2.17 is a torque equation of motion, resulting in a precessional
motion. The most often employed equation of motion is the so-called
Landau-Lifshitz-Gilbert (LLG) equation [Gil55]

∂M

∂t
= −γµ0M×Heff +

α

Ms
(M× ∂M

∂t
), (2.18)

where α is the phenomenological dimensionless Gilbert damping pa-
rameter with

λ = αγµ0Ms.

This is valid for a low magnetic damping, e.g. α ≃ 10−2 for permal-
loy. The damping term imitates a ’viscous’ damping. An important
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feature of the LL equation is that it ensures the conservation of the
length of M. Indeed, scalar multiplication of both sides by M yields
∂
∂tM

2 = 0.

2.4.1 Dynamic Susceptibility

An analytical solution of Eqn. 2.18 is not feasible in a general form.
Therefore, we solve it for a special case with the following assump-
tions: [Bil08]

• Our sample is a thin film extended in the x-y plane, with Nx =
Ny = 0 and Nz = 1.

• A homogeneous magnetic field H = H ex is applied along the
x-axis yielding a uniform magnetization in the same direction.

• A small uniform excitation field h = h(ey + ez) with h ≪ H
is applied.

• For the dynamic component m, |m| ≪ |M| is assumed.

• Anisotropy fields are neglected.

The harmonic excitation field sustains a harmonic precession of M.
|m| ≪ |M| allows us to decompose the magnetization into a static
and a dynamic part M ≃Msex +myey +mzez. Inserting this into
Eqn. 2.18 yields a set of coupled linear differential equations. The
coupled set of linearized equations of motion reads

(ωH + iαω)my − iωmz = ωMhy

(ωH + iαω + ωM)mz + iωmy = 0, (2.19)

where ωM = γµ0Ms, ωH = γµ0H. Rewriting Eqn. 2.19 in a matrix
we obtain(

ωH + iαω −iω
iω ωH + ωM + iαω

)(
my

mz

)
=

(
hy
hz

)
. (2.20)

The complex valued high frequency or Polder susceptibility is de-
fined as

m = χ̂h = (χ̂′ − iχ̂′′)h, (2.21)
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Figure 2.1: (a) Real (black) and imaginary (gray) part of the sus-
ceptibility χyy (see Eqn. 2.24) for α = 0.01 (line)
and α = 0.02 (dotted) and the resonance frequency is
fres = 10.0 GHz.

with χ̂′ and χ̂′′ are the real and imaginary part of χ̂. Therefore,
inverting the matrix in Eqn. 2.20 yields the susceptibility

χ̂ =
ωM

ωH(ωM + ωH)− ω2 + iωα(ωM + 2ωH)
·

·
(
ωH + ωM + iαω iω

−iω ωH + iαω

)
. (2.22)

Equation 2.22 exhibits an extremal value if the denominator equals
zero. This is interpreted as a resonance of the uniform precessing
magnetization. Thus, we obtain the field dependent resonance fre-
quency by

ω2
res = ωH(ωM + ωH) = γ2µ2

0H · (H +Ms) (2.23)

The manual evaluation of the single tensor components is cumber-
some, however possible to solve by the programm Mathematica.
The complex components χ′

yy − iχ′′
yy are

χ′
yy =

ωM (ωH+ωM)(ω2
res−ω2)

(ω2
res−ω2)2+α2ω2(2ωH+ωM)2

χ′′
yy = αωωM [ω2+(ωM+ωH)2]

(ω2
res−ω2)2+α2ω2(2ωH+ωM)2 . (2.24)
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Correspondingly, the other components are listed:

χ′
yz = −χ′

zy = αωωM (ωM+2ωH)2

(ω2
res−ω2)2+α2ω2(2ωH+ωM)2

χ′′
yz = −χ′′

zy =
ωωM (ω2

res−ω2)
(ω2

res−ω2)2+α2ω2(2ωH+ωM)2 . (2.25)

χ′
zz =

ωMωH(ω2
res−ω2)

(ω2
res−ω2)2+α2ω2(2ωH+ωM)2

χ′′
zz =

αωωM (ω2+ω2
H)

(ω2
res−ω2)2+α2ω2(2ωH+ωM)2 . (2.26)

This allows to examine the ellipticity of the forced precession for
h = hey. We compare the maxima of my and mz which corresponds
to

max[my(t)]

max[mz(t)]
=

max[Re(mye
iωt)]

max[Re(mzeiωt)]
=
|my|
|mz|

=
|χyy|
|χzy|

≃ ωH + ωM

ω
.

(2.27)
In resonance the out-of-plane component is much smaller than the
in-plane component.
The resonant behavior in Eqn. 2.24 of the magnetization M is called
ferromagnetic resonance (FMR) and described by a resonance fre-
quency ωres and a linewidth ∆ω. The line shape is approximated
by a Lorentzian function. For ω ≃ ωres we approximate ω2

res − ω2 =
(ωres + ω)(ωres − ω) ≃ 2ω0(ωres − ω). We define ∆ω = αωM . The
linewidth ∆ω = 2π∆f is equal to the full width at half maximum.
Therefore, the susceptibility χ′′

yy can be written as

χ′′
yy ≃ K

∆ω

4 · (ωres − ω)2 +∆ω2
, (2.28)

where K is a constant value. This approximation is valid if ∆ω ≪
ωres.

2.4.2 Kittel equation

For the general case the demagnetizing field of ferromagnetic body
is described by Eqn. 2.10. Introducing this into the susceptibility χ̂
Eqn. 2.23 transforms to

fres =
1

2π
γµ0

√
[H + (Ny −Nx)Ms][H + (Nz −Nx)Ms] (2.29)
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This equation is called Kittel formula and describes the field de-
pendence of the resonance frequency of an arbitrary ferromagnetic
body. [Kit48] In this form homogeneously magnetized ferromagnetic
structures are described.

2.4.3 Eigenoscillations

In section 2.4 Eqn. 2.18 was solved with a harmonic excitation field.
We now use a step function as excitation field h = h0Θ(t−t0) where
Θ(t−t0) is the Heaviside step function. We defineMy =MsΦ̃(t). At
t = t0 the field step shifts the magnetization from the equilibrium
position to Φ̃0. To analyze the response we rewrite the Landau-
Lifshitz equation to [Sil99]

d2Φ̃

dt2
+ λ

dΦ̃

dt
+ µ0γ

2 ∂ϵtot

∂Φ̃
= 0. (2.30)

By a Taylor expansion the last term is transformed to

∂ϵtot

∂Φ̃
→ ∂2ϵtot

∂Φ̃2
[Φ̃− Φ̃0Θ(t− t0)].

The solution is a damped, harmonic oscillation of the magnetization

My ∝ β0e−t/τ0 sin (ω0t+ Φ̃0), (2.31)

with an eigenfrequency ω0 and the intrinsic relaxation time τ0. The
resonance frequency ωres obtained for a forced oscillation is related
to the eigenfrequency by

ω2
res = ω2

0 − (λ/2)2. (2.32)

The intrinsic relaxation time τ0 is connected to the forced oscillation
by [Sil99]

τ0 =
2

λ
=

2

∆ω
. (2.33)

2.4.4 Spin Waves in Thin Films

In the preceding sections we discussed uniform magnetization mo-
tion, i.e. the excitation field is uniform and all magnetic moments
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are in phase. This can be described as a uniform precession with
infinite wavelength. In the following we provide the general formal-
ism for spin waves in a thin film of thickness d. The calculation has
been done by Kalinikos and Slavin. [Kal86] Let the wave vector k
consist of an in plane component kζ and an out-of-plane component
kp. The in plane component is decomposed in a component parallel
to the magnetic field, i.e. k||, and a perpendicular component k⊥ by

kζ
2 = k2|| + k2⊥. k is given by k2 = k2ζ + k2p, and

kp =
pπ

d
, p = 0, 1, 2...

The dispersion relation of spin waves without damping is given by

ω2
res(k,H)|p = (ωH +AexωMk

2)[ωH +ωM (Aexk
2+Fpp(kp))], (2.34)

where Fpp(kp) is the dipolar matrix element. In the case of exchange
spin waves the exchange term Aexk

2 becomes large when compared
to unity. In contrast, when Aexk

2 ≪ 1, the excitations are called
dipolar spin waves or magnetostatic waves. The dipolar interaction
causes a deviation from a quadratic dispersion relation. Fpp(kp) is
given by

Fpp(kp) = 1− Pppcosϑ
2 + ωM

Ppp(1− Ppp) sinϑ
2

ωH +AexωMk2
, (2.35)

where ϑ is the angle between propagating spin wave and the magne-
tization M . Then

Ppp =
kζ

2

k2p
+

2kζ
3

dk4p

1

1 + δ0p
[1− (−1)p exp(−kζd)]. (2.36)

In the following we discuss Eqn. 2.34 for special geometries. [Sta09]
For the case of magnetostatic waves the exchange interaction can

be neglected. In the Damon-Eshbach geometry [Dam61] (M⊥k) the
spin wave dispersion is given by

ω2
DE = ωH(ωH + ωM) +

ω2
M

4
(1− e−k⊥d). (2.37)

The phase velocity (ω/k) and group velocity (see Eqn. 2.41) have
the same sign. Thus, this so called Damon-Eshbach wave (DE) or
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magnetostatic surface wave is a forward wave.
The dispersion relation of the magnetostatic backward volume wave
(MSBVW)

ω2
MSBVW = ωH [ωH + ωM(

1− e−k||d

k||d
)]. (2.38)

In Fig. 2.2 (a) the dispersion relations of DE waves and MSBVWs are
depicted. The field dependence of DE waves and MSBVWs coincide
for k → 0, where we yield Eqn. 2.29.
For the magnetic field pointing perpendicular to the thin film the
magnetostatic forward volume wave (MSFVW) dispersion follows as

ω2
MSFVW = ωH [ωH + ωM(1− 1− e−kζd

kζd
)]. (2.39)

We emphasize, that in this case the spin wave propagation does not
depend on the direction of the in-plane wave vector kζ .
The field dependence of the MSFVW for k → 0 has to consider
the intrinsic energetic contribution of the thin film demagnetization.
Two regions are distinguished, the first for H ≥Ms, which yields

ωMSFVW = ωH = µ0γ(H −Ms). (2.40)

For small fields H < Ms the field dependence is dominated by the
non-saturated magnetic ground state, which changes continuously
with the applied field H. The minimum frequency is obtained for
H = Ms, where the applied field equals the demagnetizing field of
the thin film.
The group velocity vg is defined by

vg =
∂ω

∂k
. (2.41)

In Fig. 2.2 (b) the group velocities of DE and MSBVW are depicted.
The group velocity of DE has values in the order of 104 m/s for
typical material parameters used in this thesis. Note, that the group
velocity of the MSBVW is negative for small k. The group velocity
of the MSFVW is given by vg|p=0 = ωMd

4 ∝ Ms. For propagating
spin waves we can define the relaxation length

sr = vgτ0. (2.42)
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Figure 2.2: (a) Dispersion of DE wave (solid line) and MSBVW
(dashed line). The peculiar behavior of the MSBVW,
i.e. the negative slope, is observed. (b) The group veloc-
ity of DE wave (solid) and MSBVW (dashed) is shown.
DE waves (MSBVWs) show a group velocity of the order
104 m/s (-102 m/s). The magnetic parameters of both
graphs are µ0Ms = 1.05 T, µ0H = 20 mT, d = 30 nm.
The field is applied in-plane.

For several applications it is desirable to have a high relaxation
length (Eqn. 2.42). Thus, taking the definition of the group ve-
locity for MSFVW a material with high Ms is necessary.

2.5 Plane Wave Method

Plane wave method (PWM) is a powerful technique to solve band
structures (dispersion relations) of periodically patterned structures,
e.g. magnonic crystals. [Vas96, Kra08] Additionally, PWM is capa-
ble of providing spin wave excitation profiles. Theoretical results pre-
sented in this thesis which are based on the PWM are performed by
Dr. M. Krawczyk at AdamMickiewicz University in Poznán, Poland.
The PWM is applied for a one-dimensional array of nanowires. The
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method is described in [Sok11]. For PWM initially the demagnetiz-
ing field Hdem is determined. Then Eqn. 2.18 with Heff containing
external, exchange and demagnetization fields is solved. The Bloch
ansatz considers

m(x, t) =
∑
G

mk(G)exp[i((k+G)x− ωt)]

where G is a reciprocal lattice vector defined by periodic patterning
of the ferromagnet. The underlying Landau-Lifshitz equation con-
tains the relevant magnetostatic and dynamic coupling fields. PWM
provides dispersion relations and excitation profiles of spin waves.

2.6 Micromagnetic Simulation

We use micromagnetic simulations (MS) to analyze the experimen-
tal resonance spectra and interpret the data. By micromagnetic
simulations using the software MicroMagus [Ber08] we obtain the
ferromagnetic ground state and the dynamic magnetic properties
of patterned ferromagnets. For the simulations the ferromagnetic
structure is subdivided into a mesh of N rectangular cells. Each
individual cell i, with i = 1...N , in the grid possesses a uniform
magnetization Mi and is in subject to the effective magnetic field
Heff,i. The effective magnetic field Heff,i =

1
µ0

∂ϵtot
∂Mi

contains internal
contributions, e.g. from anisotropy, and external contributions, such
as exchange and dipolar magnetic fields from neighbours.

2.6.1 Magnetostatic Configuration

For each cell, the total energy, see Eqn. 2.15, is minimized to obtain
the static magnetic configuration by integrating the LLG equation
2.18 given by

∂Mi

∂t
= −γµ0Mi ×Heff,i +

α

Ms
(Mi ×

∂Mi

∂t
) (2.43)

and calculating the integral torque. If the integral torque is lower
than a certain threshold value the equilibrium position is reached.
The total energy of Eqn. 2.15 is minimum when Mi ∥ Heff,i.
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2.6.2 Magnetodynamic Behavior

For dynamic magnetization behavior the static magnetic configura-
tion obtained in Sec. 2.6.1 is used as a starting configuration. Then
the magnetization of L (L ≤ N) cells is disturbed by a magnetic
field pulse with Gaussian shape of 0.1 ns full length. After the initial
field pulse the magnetization relaxes towards the equilibrium posi-
tion. There are ringing, i.e. spin precessional motion, and damping
involved. The relaxation of the magnetization Mi(r, t) is simulated
in discrete time steps ∆t of a few ps. The uneven temporal spacing of
the data causes the usage of a least-squares spectral analysis (Lomb
method) to calculate the frequency spectrum P (f, r). Typically the
out-of-plane compoment of

∑
iMi,z is used for the spectral analysis

(if not denoted differently).
In general, two different simulation geometries have been used. In
order to simulate k = 0 all cells L = N are uniformly excited by the
field pulse. In this case only a few unit cells of a periodic magnetic
structure are simulated. We employ periodic boundary conditions
in two dimensions. This imitates an infinite wavelength and there-
fore leads to a simulation of the ferromagnetic resonance. For the
typically applied damping of α = 0.01 a simulation duration of 6 ns
is sufficient. The results of such simulations is the eigenmode spec-
trum, which we compare to the experimental data. Additionally,
the spatial mode profile P (f, x, y) is provided which gives further
physical insight. The second simulation geometry is used in order
to simulate spin waves with k ̸= 0. A structure of several tens or
hundreds of alligned unit cells (w.l.o.g. in the x direction) are dis-
cretized. A small area of a few cells L ≪ N and with a width in
x direction of 2.5 pixels is excited. There, a Gaussian field pulse
is applied. A two-dimensional, i.e. spatio-temporal, Fast Fourier
transformation is performed to obtain the spectral response P (f, k).
In this manner propagating spin waves and dispersion relations are
simulated. [Neu11a]
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3 Experimental Setup and Techniques

In this chapter the experimental setups and techniques are intro-
duced. We discuss three types of all electrical broadband resonance
spectroscopy. Additonally we present anisotropic magnetoresistance
measurements, and the sample designs.

3.1 All Electrical Spin Wave Spectroscopy

3.1.1 Experimental Setup

The broadband measurement setup comprises the following elements,
see also Fig. 3.1:

1. (a) A vector network analyzer (VNA) PNA-X N-5242A (with
two) or PNA N-5222A (with four ports) from Agilent provid-
ing a continuous microwave with frequency f from 10 MHz to
26.5 GHz. The VNA provides an electromagnetic wave voltage
signal with f at a given port. All ports are measuring at the
same frequency f . All ports can act as a source. The out-
put power is typically −5 dBm. The VNA allows frequency
resolved measurements with a high sensitivity.
(b) A digital sampling analyzer DSA 8200 from Tektronix with
a module for time-domain reflectometry (TDR). The TDR ap-
plies a voltage step pulse from 10% to 90% maximum voltage
with a short rise time of 11.7 ps to one CPW. The step pulse
has a maximum voltage of 500 mV. The TDR allows time-
resolved measurements with a picosecond resolution. TDR is
a stroboscopic technique.

2. Contact is established between both ports of the measurement
device and the device under test (DUT) using microwave cables
and high frequency tips (microprobes). Microprobes provide
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Figure 3.1: Photograph of the experimental setup for all electrical
spectroscopy. (a) A VNA (4-port) provides a high fre-
quency wave and is connected to coaxial cables. The
micropositioning allows an exact approach of the micro-
probes onto the sample viewed by the microscope. The
experimental setup is located on a shock absorbing table.
(b) Surrounding area of the sample. Four microprobes
are contacting the sample. Two pairs of pole shoes sup-
ply the vector magnetic field.
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impedance-matched high frequency contacts. It is important
to avoid mechanical motion during the measurements.

3. (a) An in-plane magnetic field H, with |µ0H| ≤ 120 mT can
be generated. The magnetic field coils are orientated perpen-
dicular with respect to each other, allowing a magnetic field
of arbitrary in-plane direction η to be generated. The bipolar
power sources allow, both, continuous sweeps and a fixed cur-
rent output.
(b) An out-of-plane magnetic field H, with µ0H ≤ 2.5 T can
be generated. Also the temperature may be controlled from 4
K to 400 K.

4. Hall sensors allow an absolute measurement of the magnetic
field H. They are positioned in close vicinity to the specimen.
The Hall sensor bias currents are modulated. Hall voltages
are read out using a lock-in detector for an increased signal-
to-noise ratio.

5. A computer software programm allows the control of the mea-
surement device and the magnetic field coils. Data acquisition
is fully automated. A feedback circuit using the Hall sensor
voltage as a set point controls the current through the mag-
netic field coils to stabilize H at the present value.

6. Setup for shielding off environmental noise comprising a shock
absorbing table to suppress vibrations and a laminar flow box
with soft-PVC curtains to suppress dust and air draft.

3.1.2 Scattering Parameters

Scattering parameters are powerful tools for the analysis and design
of high frequency devices. [Mav96] An electrical circuit is character-
ized in terms of high frequency electromagnetic wave scattering by
a set of S-parameters as sketched in Fig. 3.2.(

b1
b2

)
=

(
S11 S12

S21 S22

)(
a1
a2

)
. (3.1)

The parameter ai represents the incident power-wave amplitude at
port i, and bj represents the reflected power-wave amplitude at port j
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Figure 3.2: Scheme of the S-parameters of an electrical 2 port circuit
with a device under test (DUT). The parameter ai (i
is the port number) indicates the emitting port, and bi
the detecting ports. Sij is the measured S-parameter for
emission at port j and detection at port i. A forward
(emission at port 1) and a backward (emission at port 2)
geometry is possible.
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(i, j = 0, 1). A VNA measures a set of S-parameters, which is a ratio
of reflected amplitude and incident amplitude of a wave as described
in Eqn. 3.1. S-parameters are complex numbers and described by
magnitude Mag(Sij) and phase Φ(Sij), or R(Sij) and I(Sij). For
a 2-port geometry there are two parameters, S11 and S22, charac-
terizing the reflected wave measured at port 1, respectively port 2.
And there are two further parameters, which are attributed to the
transmission of the electromagnetic signal. These are denoted S21

(S12), and describe the forward (backward) transmission from port
1 to port 2 (from port 2 to port 1).

3.1.3 Calibration of Vector Network Analyzer

Network analysis, i.e., the measurement of S-parameters of a DUT, is
concerned with the accurate measurement of the ratios of reflected to
the incident signal, and the transmitted signal to the incident signal.
Each VNA can be separated into an ideal vector network analyzer
and an error network. In this error network the corresponding pa-
rameters are called error terms. The primary goal of a calibration is
the correction of system errors. Any remaining errors depend on the
accuracy of the error terms and the repeatability of the measurement
process. By the calibration process the error terms are determined.
A test system consisting of a VNA, cables, and calibration standards
is required. These calibration standards are one-port and two-port
networks where the characteristics are known. The characteristics of
the calibrations standards (also with the deviations from ideality) is
provided to the VNA.
There are three basic sources of measurement errors: systematic,
drift, and random errors. Systematic errors are caused by imperfec-
tions in the measurement setup. They are time invariant and repeat-
able. Systematic errors are identified by the calibration process and
are then mathematically removed in the measurements. Drift errors
are based on a changing performance of the measurement setup after
the calibration. Drift is typically induced by temperature variations.
A further calibration can handle the drift error. In a stable ambient
temperature, provided in our laboratories, a calibration is stable for
a long time. Random errors cannot be predicted as they randomly
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vary with time. Thus, an elimination of random errors is not possible
by calibration. The main contributors are the source phase noise,
the sampler noise, and the intermediate frequency (IF) noise.
To eliminate all systematic errors a calibration is needed which ap-
plies a 2-port vector-error correction. This vector-error correction
requires several calibration standards. We use open, short, load,
and through calibration standards on a calibration substrate for mi-
crowave tips. This method is known as 2-port SOLT (short-open-
load-through) technique. [Agi04] The definition of the calibration
standards is summarized in a file stored on the VNA, i.e., the cal-kit
definition. A calibration of the measurement setup is indispensable,
e.g. it provides a stable phase relationship between the ports of the
VNA. [Agi04] For the calibration of the 4-port VNA each port has to
be calibrated with the three remaining ones, therefore six calibration
processes are needed.

3.1.4 Coplanar Waveguide Design

A coplanar waveguide (CPW) is a metallic device structure for guid-
ing a high frequency electromagnetic wave on a substrate. [Sim01]
It consists of three parallel electrically conducting lines on top of a
insulating substrate. The outer conductors (OCs) are denoted as the
ground lines with width wOC , the inner conductor (IC) in between
the ground lines is denoted as signal line with a width wIC , see Fig.
3.3. The gap width sC separates outer and inner conductors. In this
thesis the CPWs are made from 5 nm thick Cr and 120-200 nm thick
Au by optical lithography, see Sec. 4.1, or electron beam lithogra-
phy, see Sec. 4.2. Electron beam lithography is employed to position
the CPWs with an high accuracy of tens of nanometers. The CPWs
comprise (i) two pad regions, where high frequency tips provide con-
tact to cables, (ii) a taper region to feed the electromagnetic wave to
the (iii) excitation region with micrometer-sized dimensions, where
the spin waves are excited in a ferromagnetic sample. The pad re-
gion is customized on the dimensions of the high frequency tips.
The excitation region of the CPW is tailored for an optimum spin-
precessional motion at a defined spin wave vector k. In Fig. 3.3 we
define the x, y, and z direction.
In good approximation a transversal electromagnetic wave propa-
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Figure 3.3: Optical photo of a typical sample. (a) CPW with pad
region, taper region, and transmission region on top of
a permalloy structure is shown. The two ground lines
and the signal line are denoted. Marker are implemented
for a coarse alignment. (b) The transmission region of
two CPWs is positioned on top of a permalloy structure.
Small markers allow an accurate alignment.
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gates along the CPW. For an optimized CPW the high frequency

impedance Zc =
√

L
C of the CPWs is tailored to Zc = 50 Ω. Here

L = µ0/4f̃(sC, wIC) and C = 4ϵ̃/f(sC, wIC), where f(s, wIC) is an
involved function depending on sC and wIC , and ϵ̃ is the effective
permittivity. We then obtain [Wan90]

Zc = 1/4

√
µ0

ϵ̃
f̃(sC, wIC). (3.2)

Scattering of propagating electromagnetic waves occurs at a discon-
tinuity of impedance described by the high frequency scattering pa-
rameter ΓZ = Z1−Zc

Z1+Zc
, where Z1 is the impedance of the discontinuity.

The impedance Z of a CPW is given by Eqn. 3.2. If the substrate
material is ferromagnetic Eqn. 3.2 is transformed by µ0 → µ̃, where
µ̃ is the effective permeability:

Zc = 1/4

√
µ̃

ϵ̃
f̃(sC, wIC) (3.3)

As µ̂ varies in the resonance case a scattering of the electromagnetic
wave occurs. For a more detailed analysis of the measurement tech-
nique focusing on the high frequency properties of the measurement
the reader is referred to [Bil08].

3.1.5 Signal Generation and Detection

The VNA injects a microwave current i(f) into a CPW that gen-
erates a high frequency field hrf(y, f) that encircles the conductor
lines according to Biot-Savart’s law. This high frequency field excites
spin-precessional motion in the magnetic material [c.f. Sec. 2.4.1].
A precessing magnetization causes a magnetic flux ΦM in the CPW
that induces a voltage. Following [Gie05, Neu11a] the magnetic flux
in a CPW is given by the magnetization M and the dynamic mag-
netic field hrf

ΦM = µ0

∫
VS

hrf

I
·MdV. (3.4)

VS is the sample volume, and I is the current in the CPW. The mag-
netic field hrf is oriented perpendicular to the CPW and simplified
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in that it only contains in-plane contributions ξ(y). hrf exhibits a
spatial distribution ξ(y) with

∫
dyξ(y) = Ξ. In general Eqn. 3.4 can

be rewritten

ΦM =
µ0dl sin ι

wΞ

∫
ξ(y) ·My(y, t)dy, (3.5)

where ι is the angle between M and the x-axis, l is the length of the
conductor. The induced voltage is then given by

Vind = −dΦM

dt
=

= −C
∫
ξ(y) · dMy(y, t)

dt
dy =

= −C
∫
ξ(y) · χyy

dh(y, t)

dt
dy.

Here χyy is the susceptibility. We can rewrite the integration in the
reciprocal space

Vind = −C ′
∫
ρ(k) · χyy(k)h(k, ω)dk, (3.6)

where ρ(k) is the spin wave excitation distribution. The time deriva-

tive is evaluated for harmonic excitation dh(t)
dt = −iωh(ω). Further-

more, for harmonic excitations ρ(k) = h(k). Then the measured
signal aii that is proportional to Vind consists of the susceptibilities
of all excited spin waves [Vla10]

aii(ω) ∝
∫
χ(ω, k)ρ(k)2dk, (3.7)

where aii is the measured relative self inductance of a CPW. Spin
waves that propagate over a distance y acquire a phase and are
attenuated. This is included by an exponential term with a complex
wave vector

aji(ω) ∝
∫
χ(ω, k)ρ(k)2exp(−iky)dk. (3.8)

aji is the measured relative mutual inductance of two CPWs, where
CPW i acts as emitter and CPW j acts as detector. The induced
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voltage changes the impedance matrix Zij of the CPW and accord-
ing to the Sij ←→ Zij relationship [And97] also the S-parameters
matrix.

3.1.6 CPW Excitation Spectrum

Due to the spatial variation of the excitation field ξ(y) a CPW ex-
cites spin waves with a wave vector distribution ρ(k). The currents
in the outer conductors flow in opposite direction to the current in
the inner conductor. Thus, the in plane excitation field hrfy varies
spatially. It can be shown, that the Fourier transformation of the
microwave current density ξ(y) directly yields the wave vector dis-
tribution ρ(k). [Vla10] The normalized current density is in good
approximation given by hrfy (OC)/h0 = −0.5 and hrfy (IC)/h0 = 1,
normalized on the maximum field value h0. The Fourier transform
provides the wave vector distribution ρ(k) ∝ FFT (hrfy ). The fi-
nite width of excited wave vectors adds a further contribution to
the intrinsic linewidth ∆ω derived in Sec. 2.4.1. This contribution
represents the inhomogeneous broadening ∆ωib. In Fig. 3.4 (a) nu-
merically obtained results from Eqn. 3.7 are depicted for the case of
a plain film withMs = 820 kA/m, α = 0.005, and ∆k = 0.5 rad/µm.
We use the described ρ(k), and χ(ω, k) is constructed by the disper-
sion relation and a Lorentzian line shape for each wave vector with
an intrinsic linewidth

∆ω = 2αω +∆ωex. (3.9)

Here 2αω are frequency dependent losses from Eqn. 2.18, which
describes a ’frictional’ damping (see. Eqn. (1.75) in [Gur96]), and
∆ωex is a damping contribution that addresses different scattering
effects of spin waves. Three simulated intrinsic resonances (black)
at different excited wave vectors k and the effective resonance (blue)
are shown. Equation 3.7 yields then a modified resonance behavior
which exhibits an effective linewidth ∆ωeff . A valid approximation
is [Vla10]

∆ωeff ≃ ∆ω + vg∆k. (3.10)

∆ωeff contains direct and indirect contributions to the damping.
[Bab08, Bab11, Sta09, Ari99, Fae11]
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Figure 3.4: (a) The effective absolute amplitudeMag(aii) (blue) ob-
tained by numerically solving Eqn. 3.7 comprises intrin-
sic resonances for each frequency f (black). The sketched
intrinsic resonances illustrate the contributing wave vec-
tors (transformed to frequency scale). (b) For propagat-
ing spin waves an acquired phase Φ, see Eqn. 3.8, yields
an oscillating behavior of I(aij) and R(aij). The data
is also obtained numerically. The dashed line symbolizes
the excitation from (a). The parameter was α = 0.005
and the excitation width ∆k = 0.5 rad/µm.
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Let us discuss the valid parameter regime of this approximation by
focusing on the specific limiting cases. For vg∆k ≪ ∆ω the measured
linewidth is dominated by the intrinsic contribution. This is the
case for typical VNA-FMR measurements with 20 µm wide CPWs,
where k ≃ 0. Here a Lorentzian-type curve is detected, which is
caused by the intrinsic contribution. In contrast, if vg∆k ≫ ∆ω,
the contribution due to the intrinsic damping is vanishingly small
and the measured signal is dominated by the inhomogeneous broad-
ing. In this work, we assume a Gaussian wave vector distribu-
tion ρ(k) for the used CPWs (see Fig. 3.5), furthermore, the ratio
(2/τ)/(vg∆kCPW) ≃ 1, then the SW resonance is a convolution of
Gaussian- and Lorentzian-type curve. Correspondingly, in Fig. 3.4
(a) results from Eqn. 3.8 are numerically solved also for the case of
a plain film. The oscillatory behavior is based on the acquired phase
shift. Real and imaginary part are additionally phase shifted by 90◦

to each other.

3.2 Methodics of Measurement

3.2.1 Vector Network Analyzer Ferromagnetic Resonance

Vector Network Analyzer Ferromagnetic Resonance (VNA-FMR) is
a technique to investigate FMR over the full frequency spectrum.
[Kua02, Cou04, Gie05, Bil08] For VNA-FMR a 9 mm long CPW
with a inner conductor width wIC = 20 µm and an edge-to-edge
separation of 10 µm is connected to a VNA. The investigated sam-
ple with ferromagnetic material is positioned face-down (so called
flipchip geometry) onto the CPW. A connected VNA acquires the S-
parameter S21 as a function of frequency f and applied field H. The
technique is continuous wave experiment. For a given magnetic field
H and angle η of the external magnetic field a spectrum S21(Meas)
is measured. Following Eqn. 3.6 the scattering of electromagnetic
waves changes when resonant spin precession takes place. We sub-
tract a reference spectrum S21(Ref) without resonance1 to obtain
a21 = S21(Meas)− S21(Ref) and to increase the signal-to-noise ra-
tio. a21 is a measure of the total susceptibility χ, see Sec. 3.1.5.

1Typically S21(Ref) = S21(µ0H = 100 mT, η = 90◦)
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Figure 3.5: Spin wave excitation distribution ρ(k)2 for a AESWS
CPW (black) and a VNA-FMR CPW (gray) as described
in the text. The AESWS CPW exhibits three relevant
maxima at k0, k1, and k2. The main peak k0 exhibits a
full-width-half-maximum ∆k.

In Fig. 3.5 the excitation strength of the used CPW is shown. It
exhibits a maximum at k0 = 5 · 10−2 rad

µm , which is close to k = 0.
The small wavevector motivates to call the technique VNA-FMR. In
Fig. 3.5 we present the wave vector distribution for a CPW used in
this thesis.

3.2.2 Frequency-resolved AESWS

For frequency-resolved all electrical spin wave spectroscopy (FR-
AESWS) two CPWs, see Sec. 3.4, with an inner conductor wIC =
2 µm and an gap width of 1.6 µm are connected to a VNA, as seen
in Fig. 3.1. The two parallel CPWs are shorted and separated by
a distance of typically 12 µm (i.e. center-to-center distance between
inner conductors). The first CPW is used as an emitter, the second
CPW is used as a detector. Thereby, we investigate propagating spin
waves of wave vector k ̸= 0. The wave vector distribution ρ(k) with a
maximum excitation strength at k0 is calculated by a Fourier Trans-
formation of the excitation field hrfy of the CPW, see Sec. 3.1.5. In
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Fig. 3.5 we present the wave vector distribution of a AESWS CPW.
The excitation width ∆k is defined by the full width at half maxi-
mum value around k0 [c.f. Fig. 3.5].
As shown in Sec. 3.2.1 we perform measurements at a given mag-
netic field H and angle η, where Sij(Meas) is acquired. We sub-
tract a reference measurement without resonance in the measured
frequency range which yields aij = Sij(Meas) − Sij(Ref) to in-
crease the signal-to-noise ratio, correspondingly to Sec. 3.2.1. All
S-parameters Sij provide complementary information and are sepa-
rately evaluated. It has been shown, that also propagation analysis
is possible [Bai03b, Vla10, Yu12]. aii is a measure of the suscepti-
bility χ of the material, see Sec. 3.1.5. The transmission signal aij
with j ̸= i contains further phase information. The relative phase Φ
at the detector depends on the wave vector k and the distance y

Φ = −k · y. (3.11)

Introducing this into Eqn. 2.41 yields

vg = −∂f · 2π
∂Φ/y

. (3.12)

For a propagating spin wave the amplitude decreases exponentially
with the distance

a21 = βa0 exp
− y

sr (3.13)

where β is the non-reciprocity factor [Dem09]. sr is the relaxation
length.

3.2.3 Time-resolved AESWS

For time-resolved all electrical spin wave spectroscopy (TR-AESWS)
two CPWs from to Sec. 3.2.2 are connected to a TDR, see Sec. 3.1.
The TDR applies a voltage step pulse with a short rise time of 11.7 ps
to one CPW. The step pulse gives rise to a current pulse in the CPW
and excites spin wave eigenmodes. The response of the electromag-
netic system is measured with a high temporal resolution (0.8 ps).
The measurement signal-to-noise ratio is improved by averaging 104

traces under the same experimental conditions. Similar to Sec. 3.1.2
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the electrical circuit is defined by four parameters: we detect time de-
pendent reflection Tii and transmission Tji parameters (i, j = 1, 2).
The characteristic electromagnetic signals Tii and Tji are presented
in [Due09].
As shown in Sec. 3.2.1 we perform measurements at a given mag-
netic field H and angle η, where tij(Meas) is measured. We subtract
a reference data set which yields tij = Tij(Meas)− Tij(Ref) to ex-
tract the magnetic response and increase the signal-to-noise ratio.
tii contains the eigenmode signal as introduced in Sec. 2.4.3, which
is described by a damped sinusoidal oscillation

tii ∝ exp−t/τ0 sinω0t+ Φ̃. (3.14)

The propagation signal tij (i ̸= j) is derived in [Cov02, Cov04] to be

tij(y, t) ∝
Ce−

t
τ0

(δ4 + ς2t2)
1
2

· exp [−δ
2(y − vgt)2

4(δ4 + ς2t2)
]·

· cos (k0y − ω0t+Φ),

(3.15)

where C is a constant, δ = 2/∆k is the inverse excitation width of a
Gaussian distribution of wave vectors, and ς = 1

2∂
2ω/∂k2|k0 .

3.3 Anisotropic Magnetoresistance Measurement

In a ferromagnetic material the resistance depends on the relative
angle ϑ̂ of the electrical current I and the magnetization M. [Blu01,
Miy12] It has been shown that a ferromagnetic material exhibits a
higher electrical resistivity ρ∥ when the magnetization M is parallel
to the electrical current flow, and a lower resistivity ρ⊥ when the
magnetizationM is perpendicular to the electrical current flow. This
phenomenon is called Anisotropic Magnetoresistance (AMR). The
AMR is defined as the relative change in resistivity between two
configurations: AMR = (ρ∥ − ρ⊥)/ρ∥. The reader is referred to
comprehensive reviews on the subject in [Blu01, Miy12].
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Figure 3.6: Typical sample setups: (a) VNA-FMR setup for plain
films (PF) investigated with a wide CPW, where the
measured sample is positioned top-down (flip chip) onto
the CPW, (b) AESWS setup for plain films with two
CPWs, (c) AESWS setup for a nanowire array with a
large injection pad (IP) to reprogramm the magnetic
state of the whole array, and (d) AESWS setup for a
nanowire array with a tailored IP for control of the mag-
netization in single nanowires.

46



3.4 Sample Design

Plain Film

Plain films of Py, i.e. Fe20Ni80, are investigated by VNA-FMR and
AESWS. For VNA-FMR Py is deposited on a substrate, which is
top-down positioned onto a CPW [Fig. 3.6 (a)]. For AESWS a thin
Py film is structured by optical lithography, see Sec. 4.1. The lateral
dimensions are 120 µm×300 µm [Fig. 3.6 (b)]. The thickness is vari-
able in the range of tens of nanometers. CPWs are then integrated
on top of the Py film.

Nanowire Arrays

The nanowire array is structured by electron beam lithography, see
Sec. 4.2. The single nanowires are made of Py and have a length
of 300 µm, a width w, and a thickness d. w is tailored for different
samples. The period of the nanowire array is chosen to be 300 nm
for all presented samples. In some samples, nanowires are connected
to a µm wide Py area, which behaves as a nucleation or injection pad
(IP) for domain walls, see Sec. 2.3. This pad enables us to control
the magnetic ground state of the connected nanowires independently
from the rest of the nanowires, which will be discussed in Sec. 6. Two
typical sample setups are shown in Fig. 3.6 with a large IP (c) to
reprogramm the magnetic state across the whole nanowire array, and
with a small IP (d) to control only selected nanowires.
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4 Preparation

For the preparation of samples, two lithography methods have been
employed, optical and electron beam lithography (EBL). Both meth-
ods are complementary: while optical lithography is fast and covers
large areas, EBL provides much higher resolution. CPWs with wIC >
2 µm have been prepared by optical lithography, while nanowires and
alignment markers have been prepared using EBL.

4.1 Optical Lithography

CPWs were prepared using optical lithography and lift off processing.
Requirements for the preparation of CPWs, see Sec. 3.1.4, were
challenging: CPWs with a total length of 9 mm and a lateral width
of 2 µm were needed. The steps of preparation were as follows to
meet the requirements:

1. Masks for optical lithography were prepared using a laser writer
at Walter-Schottky-Institut of TUM.

2. Semi-insulating Gallium Arsenide GaAs1 was used as the sub-
strate material [GaAs (001)].

3. A commercially available bilayer resist system was used. First
LOR-3A resist2 was spin coated onto the substrate at 4500
rpm for 60 s, and baked out for 60 s at 180◦C. Then, S1813 G2
resist3 was spin coated on top at 6000 rpm for 40 s, and baked
out for 60 s at 115◦C. Bilayer resist systems create undercut
resist structures enabling easy lift-off processing.

4. For exposure, an optical mask aligner equipped with a chromium
mask was used. Typical exposure times were 3.5 s at a power
of 11 mW/cm2.

1Freiberger Compound Materials GmbH, Freiberg, Germany
2MicroChem Corp., Newton, MA, USA
3Rohm and Haas Company, Philadelphia, PA, USA
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Py PVD

EBL

PVD
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Figure 4.1: Process flow of a multistep EBL process. Accurate align-
ment is achieved by tailored and optimized alignment
marker. A double layer of PMMA resists 50k and 950k
is used to obtain an undercut structure. The lithography
by EBL and PVD of Py is performed twice.

5. Development of the structures was done using an optical de-
veloper MF-26A4 for 30 s.

6. For material deposition physical vapor deposition (PVD) was
used. For CPWs 5 nm thick Cr and 120 to 200 nm thick Au
were evaporated.

7. Lift off was achieved by using the commercially available re-
mover 11655 for 2 h at 55◦C.

4.2 Electron Beam Lithography

Nanowires were prepared using EBL and lift-off processing. To
obtain a nanowire array with minimum edge-to-edge separation a
double-step EBL process was used as depicted in Fig. 4.1. First,

4Rohm and Haas Company, Philadelphia, PA, USA
5Rohm and Haas Company, Philadelphia, PA, USA
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each second nanowire is fabricated (left column in Fig. 4.1), after-
wards the second half of the nanowires is prepared in a separate EBL
step (right column in Fig. 4.1). The crucial aspect is the alignment
of the two separate preparation steps. This was achieved by an accu-
rate marker system on the sample, where an alignment on the same
coordinate system was possible for each preparation step. Steps of
preparation are as follows:

1. Semi-insulating Gallium Arsenide GaAs was used as the sub-
strate material [GaAs (001)].

2. Coating and baking. A commercially available bilayer electron
beam resist 639.10 50k or 639.04 50k6 is spin coated and baked
out, then 679.04 950k is spin coated on top. The 20% higher
sensitivity of the 50k resist with respect to the 950k yields
undercut for an effective lift off. Typical parameters are: spin
speed 6000 rpm with stepped acceleration and duration of 120
s, bake out 2 minutes at 160◦C.

3. For exposure of nanowires an Raith e Line EBL7 system was
used. Importantly for the nanowire exposure, a precise lateral
alignment is performed using the perpatterned marker system.

4. For exposure of markers and nanowires the dose was optimized
to be 150 µC/cm2. The stepsize was defined to 6.4 nm, an
aperture of 10 µm and an acceleration voltage of 20 kV were
used.

5. For the preparation of CPWs by EBL a process with subse-
quent change of aperture and re-alignment was used. This was
necessary to overcome the emerging problems when exposing
on different lateral length scales, i.e. 102−103 nm for the trans-
mission regime, and 105 − 106 nm for the pads of a CPW. For
the transmission region a stepsize of 6.4 nm, and an aperture
of 30 µm were used. For the pad region a stepsize of 50 nm and
an aperture of 120 µm were set. These optimizations reduced
the exposure time for a set of CPWs to a feasible value, i.e.
tens of minutes.

6Allresist GmbH, Strausberg, Germany
7Raith GmbH, Dortmund, Germany
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6. Development was done by AR-600 568 for 60 s.

7. PVD was used for Py (nanowires) and Cr/Au (markers).

8. Lift off was achieved by using the above mentioned remover
1165f

9. For the preparation of a nanowire array steps 2. to 8. are
repeated. The successive EBL exposure allows for a small edge-
to-edge separation.

The nanowire array is insulated by a 8 nm thick Al2O3 layer de-
posited by atomic layer deposition [c.f. Sec. 9]. The CPWs are
monolithically integrated onto the nanowire array by optical lithog-
raphy or electron beam lithography. A typical sample is presented in
Fig. 4.2. There, four successive electron beam lithography steps were
performed (markers, nanowire array 1, nanowire array 2, CPW),
where the alignment for each step was crucial. A repeatability of
the alignment of some nanometers was achieved as shown by the
symmetric nanowire array.

8Allresist GmbH, Strausberg, Germany
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(a)

(b) (c) 300 nm1 µm

300 µm

Figure 4.2: SEM image of a typical sample. (a) Four CPWs are
integrated on top of a nanowire array. (b) The nanowire
array has dimensions of 300 µm×100 µm. (b) The period
of the array is p = 300 nm, and (c) the edge-to-edge
separation amounts to an averaged value of 25 nm.

53





5 Plain Film Measurements

In this chapter VNA-FMR (see Sec. 3.2.1), TR-AESWS (see Sec.
3.2.3), and FR-AESWS (see Sec. 3.2.2) are performed on Py thin
films. We analyze Py thin films of a thickness of 20-30 nm, which
are deposited on a GaAs substrate. In Sec. 5.3.2 we focus on the
group velocity determination.
Comprehensive investigations using VNA-FMR have been performed
by [Kua02, Cou04, Gie05, Kal06, Bil08]. In this chapter we present
VNA-FMR on a Py thin film as a reference measurement for the
Chapter 9, where the effective magnetization Meff and the linewidth
∆f are investigated. AESWS on Py thin films has been reported in
literature (TR-AESWS by [Cov02, Cov04, Due09] and FR-AESWS
by [Bai03b, Koz09a, Vla10, Yu12], respectively). Comparing to
VNA-FMR AESWS additionally allows for the investigation of the
group velocity and relaxation length of spin waves.In literature differ-
ent evaluation methods for the group velocity vg = ∂ω

∂k are reported.
We present these methods and suggest their appropriate application
depending on the signal-to-noise ratio of the available datasets. This
is necessary for the evaluation and discussion in the Chapters 6 and
8.

5.1 Ferromagnetic Resonance Measurements

It is instructive to start with spectra obtained by VNA-FMR mea-
surements, where the maximum k0 of the spin wave excitation ρ(k) is
close to k0 = 0, as shown in Sec. 3.1.6. A 20 nm thick permalloy thin
film deposited on a GaAs substrate (sample RH pf) is positioned in
flip chip geometry onto a CPW, see 3.2.1, with an inner conductor
width wIC = 20 µm and a gap width of 10 µm, respectively. First
we saturated the sample by applying µ0Hsat = +100 mT. Then H
is decreased in a step-wise manner, and spectra are recorded. The
dependence of Mag(a21)(H) on the magnetic field strength µ0H at
η = 0 ◦ is measured. In Fig. 5.1 (a), Mag(a21) data taken for
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-100 mT < µ0H < 100 mT over a wide frequency spectrum is pre-
sented. Dark color in the gray-scale plots indicates resonant absorp-
tion. A typical resonance behavior is shown in Fig. 5.1 (b). For
η = 0 ◦ and µ0H = 100 mT the imaginary part I(a21) (dashed),
the real part R(a21) (dotted) and the magnitude Mag(a21) (line) is
presented. The data is normalized to the maximum of Mag(a21).
A resonance is observed at fres = 9.1 GHz. The linewidth ∆f of
I(a21), defined in Sec. 2.4.1, is indicated by horizontal arrows in
Fig. 5.1 (b). Due to incomplete calibration [Sec. 3.1.3] a21 con-
tains a mixture of real and imaginary part of the susceptibility χ.
Therefore, we use Mag(a21) for the evaluation of the linewidth. It
has been shown that the linewidth of ∆fMag = 1√

3
∆f . [Sta09] The

linewidth is evaluated to be ∆f = 0.37 GHz in Fig. 5.1 (b).
Dark color in Fig. 5.1 (a) represents the ferromagnetic resonance
with frequency fres. The response Mag(a21)(H) is symmetric, i.e.

Mag(a21)(−H) =Mag(a21)(+H).

Furthermore, fres increases monothonically with the absolute value
of the applied field |H|. The minimum frequency fres ≃ 0 is found
at µ0H = 0 and increases to fres = 9.1 GHz at |µ0H| = 100 mT.
Assuming a homogeneous excitation field we use the Kittel formula
Eqn. 2.29 considering the demagnetizing tensor

N̂pf =

0 0 0
0 0 0
0 0 1

 (5.1)

which yields

f2res = (
|γ|
2π

)2µ2
0 H · (H +Meff). (5.2)

Meff takes the surface anisotropy, see Sec. 2.2, into account by
Meff = Ms − 2K⊥

dµ0Ms
. For H ≪ Meff the Kittel formula reduces

to a linear relation fres(H)2 ≃ |γ|
2π

2
µ2
0 H ·Meff . This stimulates to

display f2res versus the applied field, shown in Fig. 5.1 (c). An almost
linear field dependence is obtained. The effective magnetization is
fitted to be Meff = 0.94 T.
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Figure 5.1: (a) Gray scale plot depicting Mag(a21) of sample RH pf
versus applied field H on the x-axis and the frequency f
on the y-axis. Dark contrast indicates a resonance be-
havior. A typical ferromagnetic resonance is depicted in
(b). At µ0H = +100 mT (perpendicular line) the spec-
tra shows a resonance at fres = 9.1 GHz whereMag(a21)
(line), Im(a21) (dashed), and R(a21) (dotted) are de-
picted. The arrows indicate the linewidth ∆f as defined
in Sec. 2.4.1. The resonance frequency fres increases
with increasing absolute field value |H|. (c) The square
of the resonance frequency f2res is presented (triangles).
The line is calculated according to the adapted Kittel
equation Eqn. 2.29 using µ0Meff = 0.94 T.
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5.2 Time-resolved AESWS

For TR-AESWS two CPWs are integrated on top of an insulated Py
thin film (sample RH 50PF) exhibiting a thickness of 30 nm. The
two CPWs exhibit a nominal inner conductor width wIC = wOC =
2.0 µm, gap width of 1.6 µm, and a separation of 12 µm as shown
in Sec. 3.2.2. The CPWs are connected to the two ports 1 and 2 of
the TDR [Sec. 3.2.3]. A voltage step pulse is used to excite the spin
system. The spin system precesses with the eigenfrequency f0 and
decays with the effective relaxation time τeff (see Sec. 2.4.3). Fur-
thermore, spin waves propagate with a group velocity vg of several
km/s and are detected at the second CPW. First, we focus on the
self-inductance measurements detecting SWs at the emitter CPW
(i.e. tii) and then address propagating spin waves (i.e. tji, i ̸= j).

5.2.1 Self-inductance Measurements

In Fig. 5.2 (a) the self-inductance signal t11 (black) obtained at
µ0H = 10 mT for η = 0◦ is presented. The TDR applies the voltage
step pulse at time t = 0. For t > 0 a damped oscillation occurs. We
describe the data by a decaying sinusoidal oscillation as described
by Eqn. 2.31. The equation is adapted for a distribution of excited
wave vectors and is transformed to

t11(t) ∝ exp (− t

τeff
) · cos (2πf0 + Φ̃), (5.3)

where the distribution of excited wave vectors is considered by in-
troducing an effective relaxation time τeff . f0 is the center frequency
of the wave vector distribution and Φ̃ is a phase shift. We ob-
tain τeff = 0.37 ns and f0 = 4.0 GHz by the fitting procedure
[c.f. red curve in Fig. 5.2 (a)]. f0 and τeff at different mag-
netic fields µ0H are determined. The obtained f0 and the effec-
tive linewidth ∆ωeff = 2/τeff (Eqn. 2.33) are summarized in Fig.
5.2 (b). f0 (circles) increases with increasing absolute field value
|H|, whereas ∆ωeff = 2/τeff decreases slightly. An average value of
∆feff = 1

πτeff
≃ 0.8 GHz is evaluated, which is larger compared to

the value obtained in Sec. 5.1. We attribute this to the extrinsic
contributions, see Sec. 3.1.6.
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Figure 5.2: (a) Self-inductance measurement t11 (sample RH 50PF)
of a 30 nm thick permalloy thin film by a TDR module
(black). The step voltage pulse at t = 0 applied to the
CPW deflects the spin system, which starts to precess.
The decaying oscillation measured at µ0H = 10 mT is
fitted by a damped sinusoidal behavior (red), where f0 =
4.0 GHz and τeff = 0.37 ns. (b) Evaluated eigenfrequency
f0 (circles) and decay 2/τeff (crosses) for different mag-
netic field values. The fitted red line is obtained by the
dispersion relation [Kal86] with wave vector k0 = 0.5 rad

µm ,

and the effective magnetization Meff = 1.08 T.
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We use the dispersion relation for DE waves Eqn. 2.37 to calcu-
late f0 at different field values (red line). The fitting parameters
are the wave vector k0 = 0.5 rad

µm , and the effective magnetization
Meff = 1.08 T. We attribute the difference of Meff compared to the
obtained value in Sec. 5.1 to small variations of the evaporation
process.

5.2.2 Transmission Measurements

In the following the transmission data obtained by TR-AESWS (sam-
ple RH 50PF) is discussed. We model the data by a set of param-
eters. Some values, i.e. the resonance frequency and the effective
lifetime are taken from the preceding section. Further parameters
needed for modeling are the group velocity and the excitation width
of the CPW.
In Fig. 5.3 (a) the transmitted signal t21 is presented for µ0H =
10 mT (Sec. 3.2.3). Ringing is seen up to t ≈ 2.8 ns. At the detec-
tor CPW we observe a delayed response with a maximum amplitude
at tM = 1.2 ns. For µ0H = 80 mT such wave packets show ringing
up to t ≈ 4 ns (not shown). Note that there are voltage spikes also
at t ≃ 0. We attribute them to direct electromagnetic crosstalk.
The crosstalk occurs at the speed of light being much faster than
the SW with the group velocity vg. For a quantitative analysis we
now consider Eqn. 3.15. As we are in the limit ∆k ≪ π

p we assume
ς ≃ 0. Then we get

t21(t) ∝
Ce−

t
τ0

δ2
· exp [−(y − vgt)

2

4δ2
] · cos (k0y − 2πf0t+Φ). (5.4)

Using Eqn. 3.10 the intrinsic relaxation time reads

τ0 ≃
2

2
τeff
− vg 2

δ

. (5.5)

This relation is discussed in more detail in Sec. 6. Combining Eqns.
5.4 and 5.5 we obtain

t21 ∝
C exp t

2 (
2

τeff
−vg

2
δ )

δ2 · exp [−(s−vgt)
2

4δ2 ] ·
· cos (k0s− 2πf0t+Φ), (5.6)
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Figure 5.3: (a) Transmission data t21 (sample RH 50PF) showing
propagation of a spin wave packet with a maximum am-
plitude at tM ≃ 1.2 ns (black). Equation 5.6 is used
to model t21 with vg = 9.8 km

s , τeff = 0.37 ns, and
δ = 3.4 · 10−6 m (red line). (b) Group velocity vg ob-
tained for different magnetic field values (circles). The
calculated group velocity (red) is obtained from the dis-
persion relation with the values obtained from Fig. 5.2
(k0 = 0.5 rad

µm and Meff = 1.08 T).
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which we use as a fitting function for the transmission signals. Here,
the effective relaxation time τeff and the eigenfrequency f0 are ob-
tained by the self-inductance measurement. We obtain best agree-
ment for a group velocity of vg = 9.8 km/s and an excitation width
of δ = 3.4 · 10−6 m [red line in Fig. 5.3 (a)]. In particular the tem-
poral width of the wave packet is modeled excellently, which allows
to obtain the excitation width δ. This value is used in the following
sections as a reference value for the excitation width.
TR-AESWS is systematically performed at different magnetic fields.
The results are presented in Fig. 5.3 (b) (circles). The group ve-
locity decreases with increasing magnetic field from 9.8 km/s to
6.6 km/s. The group velocity is modeled by vg = ∂ω/∂k using
Eqn. 2.37 considering the parameters from Fig. 5.2 (k0 = 0.5 rad

µm

and Meff = 1.08 T) (red line).
The TR-AESWS is a powerful technique to analyze the group veloc-
ity and the excitation properties.

5.3 Frequency-resolved AESWS

In the following we present data obtained from sample Pa 1, i.e.
a Py thin film with integrated CPWs as described in Sec. 3.2.2.
The thickness of the Py thin film is 28 nm. A VNA is connected
to the CPWs, which supplies a continuous electromagnetic wave in
the GHz regime. The spin system is excited by the stray field of
the electromagnetic wave and resonances with frequency fres and
linewidth ∆f are detected and discussed.

5.3.1 Self-inductance Measurements

In Fig. 5.4 (a) a typical spectrum is depicted (µ0H = 30 mT), which
contains three resonances at fres,0 = 6.1 GHz, fres,1 = 7.0 GHz, and
fres,2 = 7.9 GHz. The linewidth of the main mode is determined by
full width at half maximum of ∆feff = 0.8 GHz.
For a continuous wave experiment the SW amplitude a11 is described
by Eqn. 3.7

I(a11)(ω) ∝ I

[∫
χ(ω, k)ρ(k)2dk

]
, (5.7)
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Figure 5.4: (a) Measured (black) and calculated (red) I(a11) at
µ0H = 30 mT (sample Pa 1). The perpendicular arrows
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field position used in (a).
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We use Eqn. 5.7 to model the resonant behavior. We construct
χ(ω, k) by using the spin wave dispersion relation and a Lorentzian-
type resonance behavior for each wave vector. Then, ρ(k), Ms, and
∆f are used as fitting parameters. We find three relevant wave vec-
tors k0 = 0.5 rad/µm, k1 = 1.8 rad/µm, k2 = 3.2 rad/µm. For
the main mode k0 a Gaussian wave vector distribution ρ(k) as pre-
sented in Sec. 3.1.6 is employed. Best agreement is obtained for
Ms = 1.05 T, ∆f = 0.32 GHz, and ∆k0 = 0.52 rad/µm. We only
use Ms in this model, however it can be easily expanded to Meff for
the special geometry of our setup. The obtained values are in good
agreement with the values obtained in Sec. 5.2. There in particular,
∆k0 = 2

δ = 0.58 rad/µm is found. The small discrepancy of Ms to
the already reported values might arise from minor variations of the
evaporation processes.
In Fig. 5.4 (a) the calculated I(a11) is depicted and shows excel-
lent agreement between measurement and calculation. Calculated
as well as measured data is normalized to its maxima. The effective
linewidth (see Sec. 3.1.6) amounts to ∆feff = 0.8 GHz. Remain-
ing discrepancies of the main resonance between measurement and
model are attributed to the wave vector distribution, which might
exhibit deviations from the pure Gaussian distribution.
In Fig. 5.4 (b) Mag(a11)(H) is presented. The resonance frequency
fres (dark) increases with the absolute field value |H| and is symmet-
ric, i.e. Mag(a11)(−H) =Mag(a11)(+H). The minimum frequency
fres = 3.0 GHz is found at µ0H = 0 and increases to fres = 10.4 GHz
at |µ0H| = 100 mT. There, the linewidth ∆f of Mag(a11) is evalu-
ated to be 1.44 GHz. The field dependence of I(a11) [R(a11)] looks
similar compared to I(a21) [R(a21)] obtained by VNA-FMR mea-
surements in Fig. 5.4 (b). However, the absolute frequencies at each
field value are higher, i.e., fres,AESWS > fres,FMR and in particular
do not show fres = 0 at H = 0. We attribute this to the excitation
of SWs with k ̸= 0. In Sec. 3.1.6 it has been shown, that the excited
wave vector by the CPW is k0 ≃ 0.5 rad

µm . Thus, a propagating spin
wave is excited with a finite wave length, which raises the frequency
of Damon-Eshbach type SWs (see Eqn. 2.37).
The field-dependent resonance frequencies match well the eigenfre-
quencies obtained in Fig. 5.2 (b).
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5.3.2 Transmission Measurements

In the following the transmission data obtained by FR-AESWS is dis-
cussed. Parameters, which we have already obtained by TR-AESWS,
are discussed and compared. Further parameters, such as the non-
reciprocity parameter β of DE waves and the relaxation length sr
are evaluated.

Modeling of FR-AESWS data

In Fig. 5.5 (a) I(a21) (black line) and R(a21) (black dotted) is
presented for |µ0H| = 30 mT (each normalized to the maximum of
Mag(a21), i.e., max[Mag(a21)]). The oscillatory behavior of I(a21)
and R(a21) due to a phase accumulation is phase shifted by 90◦ as
expected. For a continuous wave experiment the propagating SW
amplitude is described by Eqn. 3.8

I(a21)(ω) ∝ I

[∫
χ(ω, k)ρ(k)2exp(−iks+Φ0)dk

]
, (5.8)

where s is the propagation distance, k is the complex wave vector and
I(k) = 1/sr is the inverse spin wave relaxation length, and Φ0 is the
initial phase. We use the same procedure as in Sec. 5.3.1. Also the
same parameters are used , i.e., Ms = 1.05 T, and ∆f = 0.32 GHz.
At a wave vector of k0 = 0.5 rad/µm this corresponds to a group
velocity of vg = 7.1 km/s. A calculated spectrum is shown in Fig.
5.5 (a) with I(a21,calc) (red line) and R(a21,calc) (red dotted).
In Fig. 5.5 (b) I(a21) is depicted as a gray scale plot. Here, white
(black) represents a positive (negative) value therof, and the gray
areas depict non-resonant behavior. The frequency of the spin wave
modes increase with the absolute field value |H|. The phase re-

lation Φ(a21)VNA = arctan I(a21)
R(a21)

is presented in Fig. 5.6 (a) at

|µ0H| = 30 mT. For propagating spin waves at fres,0 = 6 GHz,
fres,1 = 7 GHz, and fres,2 = 8 GHz [each marked by a perpendicular
line in Fig. 5.6 (a)], a negative slope of ΦVNA(a21) is observed as ex-
pected. For the non-resonant regime an almost constant ΦVNA(a21)
is detected. Consequently, we extract the resonance frequencies for
the three modes depending on H as presented in Fig. 5.6 (b). The
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Figure 5.5: (a) Measured data I(a21) (black line) and R(a21) (black
dotted) obtained at µ0H = 30 mT (sample Pa 1), nor-
malized to its maximum value. It exhibits an oscilla-
tory behavior due to an accumulated phase. Vicinal,
local extrema in I(a21) [R(a21)] have a phase shift of
∆Φ = 2π. The difference is defined as δf . Calculated
I(a21) (red line) and R(a21) (red dotted) by Eqn 5.8.
Perpendicular arrows indicate the position of the higher
spin wave modes. (b) Gray scale plot of I(a21) plotted
versus H and f . The black-white contrast is a signature
of the propagation of the SWs. The perpendicular line
at µ0H = 30 mT indicates the field position used in (a).
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dispersion relation for DE waves Eqn. 2.37 is used as fitting func-
tion. The effective magnetization Meff and the excited wave vectors
ki are used as fitting parameters. Best results are obtained for the
effective magnetization Meff = 1.05 T, the wave vectors k0 = 0.5 rad

µm

(line), k1 = 1.8 rad
µm (dashed), and k2 = 2.9 rad

µm (dotted) as shown in

Fig. 5.6 (b).
The presented method is a comprehensive model to describe the re-
flection data as well as the transmission data. It incorporates the
dispersion relation and an excitation profile that allows to include
different local excitation maxima. Thus, it is capable of analyzing
also complicated excitation profiles and dispersion relations or band
structures.
When comparing the measured with the modeled data in reflection
[Fig. 5.4 (a)] we find a good agreement. In particular also the flanks
of the main resonance (i.e. f ̸= f0) are modeled well. However, fo-
cusing on the transmission data [Fig. 5.5 (a)] discrepancies of mea-
sured and modeled amplitudes in the corresponding regions f ̸= f0
are found. In fact, the measured data there exhibit smaller propaga-
tion signals as expected from Fig. 5.4 (a). We attribute this feature
to small differences of the two CPWs (also stated in [Vla10]). This is
also confirmed by the reflection dataMag(a11) andMag(a22), where
the measured datasets exhibit a relative frequency shift to each other
of 50 MHz. This small frequency shift (50 MHz ≪ ∆feff) results in
a severe suppression of the transmitted signal in the flanks of the
resonance (i.e. f ̸= f0). This result, obtained due to the simulta-
neous modeling of reflection and transmission data, highlights the
necessity of a precise lithography for the fabrication of equal CPWs.

Group Velocity

In the preceding section we obtained the group velocity as a side
effect of the modeling of the spin wave resonance. There are three
different methods to evaluate the group velocity without the neces-
sity of a full, involved description of the spin wave resonance. The
group velocity is obtained by evaluation of the phase Φ(a21), the
imaginary (real) part I(a21) [R(a21)], and the higher modes of the
excitation spectrum ρ(k) of the CPW. Though we mainly use the two
last methods, for completeness we shortly describe all three meth-
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the dispersion relation for the relevant parameters, i.e.,
Ms = 1.03 T and k0 = 0.5 rad/µm.

ods. We will discuss the pros and cons when considering the three
different approaches.
First, we discuss the method based on Φ, which exhibits a frequency
resolution in the 106 Hz regime given by the frequency steps of the
VNA. The phase relationship ΦVNA between emitter and detector
is ΦVNA = −k · s (see Eqn. 3.11). Furthermore, the resonance fre-
quency fres depends on k. Thus, exciting a certain k′ we get fres(k

′)
with a phase relationship ΦVNA(k

′). In FR-AESWS a spectrum of
wave vectors ρ(k) around k0 is excited, which yields a phase evolu-
tion ΦVNA as shown in Fig. 5.6 (a). We extract the group velocity
by Eqn. 3.12. Thus, for a continuous wave experiment the phase
relationship between emitter and detector contains the full informa-
tion about vg(ΦVNA). The slope of the k0 mode at µ0H = 30 mT
amounts to ∂ΦVNA

∂f = 1.05 · 10−8 rad
s , see Fig. 5.6 (a). Consequently,

this corresponds to a group velocity of vg = 7.2 km/s, which is in
good agreement with value from the preceding section. It has been
shown that using this method a high-resolution dispersion mapping
is possible. [Bao08] However, the evaluation technique is suitable as
long as the transmission signal is dominated by the propagating SW
and not the direct eletromagnetic coupling. Direct electromagnetic
coupling mimics a SW with higher group velocity.
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Second, we discuss the method based on I(a21), which offers a
frequency resolution in the 108 Hz regime, concomitant with an im-
proved stability in presence of electromagnetic crosstalk. This way
[Bai03b, Neu10, Yu12] established to extract the group velocity for a
transmission signal, that contains both, SW propagation and direct
electromagnetic crosstalk, is based on the evaluation of extrema of
I(a21) and R(a21). Vicinal, local extrema in I(a21) [R(a21)] have a
phase shift of ∆Φ = 2π. This reduces Eqn. 3.12 to

vg =
∆f · 2π
∆Φ/s

=
δf · 2π
2π/s

= δf · s, (5.9)

where s is the propagation distance and δf is the difference between
local extrema in I(a21) [R(a21)] as depicted in Fig. 5.5 (a). We
identify the oscillations as the propagation signal of spin waves. The
frequency difference between the two maxima of I(a21) [R(a21)] in
Fig. 5.5 (a) amounts to δf = 0.469 GHz (δf = 0.474 GHz). With
s = 12 µm this corresponds to a group velocity of vg = 5.7±0.2km/s.
The evaluated group velocity vg is summarized in Fig. 5.7 (a) (cir-
cles), the line is the calculated group velocity exploiting the fitted
values Meff and k0. The values are smaller compared to the first
method. We attribute this to the averaging over the bending of the
dispersion relation.

The third method uses different modes of the CPW excitation ρ(k)
as shown in Fig. 3.5. This method is independent from electromag-
netic crosstalk between the CPWs. We approximate equation 3.12
by

vg =
∂ω

∂k
≃ 2π(f2 − f1)

k2 − k1
. (5.10)

The group velocity is averaged over a broad range of wave vec-
tors k2 − k1, which explains the systematically smaller values for
DE-type modes already observed in different studies [Yu12]. Eval-
uating the dataset from Fig. 5.6 (a) we find a group velocity of
vg = 5.3 ± 0.4km/s. Caused by the bending of the dispersion rela-
tion the expected group velocity values extracted by this method are
smaller compared to the preceding methods.
In conclusion we state, that the appropriate method depends on the
dataset and amount of electromagnetic crosstalk.
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Method Accuracy Stability
∆Φ very high low
I(a21) high good
ρ(k) low very good,

where accuracy describes the frequency resolution, and stability de-
scribes the stability of the group velocity evaluation in presence of
disturbing contributions, e.g. electromagnetic crosstalk. This analy-
sis prepares for the discussion in Sec. 6, where the contribution due
to electromagnetic crosstalk is large.

Non-reciprocity

Analyzing spin wave propagation in detail we focus on the spin wave
amplitude at the detector. A characteristic quantity is the propaga-

tion attenuation a21/a11 = max[Mag(a21)]
max[Mag(a11)]

(a12/a22 = max[Mag(a12)]
max[Mag(a22)]

),

which describes the detected maximum amplitude normalized to the
input amplitude. In Fig. 5.8 (a) a21/a11 (open circles) and a12/a22
(filled circles) is presented, where for H < 0 (H > 0) a12/a22
(a21/a11) is higher and amounts to a maximum value of 0.55 in con-
trast to 0.35 for the lower value. This effect is called non-reciprocity.
We define the non-reciprocity parameter β by

a21 = βa11 exp
− s

sr

a12 = (1− β)a22 exp−
s
sr

⇒ β =
a21
a11

a21
a11

+
a12
a22

, (5.11)

where sr is the relevant relaxation length which is the same for
counter-propagating spin waves. In Fig. 5.8 (b) the non-reciprocity
parameter β is presented. We find β < 1/2 (β > 1/2) for H > 0
(H < 0), respectively. The maximum (minimum) value amounts
to 0.71 (0.35). The magnitude of the non-reciprocity β has been
measured for strip line (SL) excitation [Dem09] and for asymmet-
ric coplanar strip transmission line (ACPS) excitation. [Sek10] The
authors find values of βSL = 0.81±0.05 and βACPS = 0.63. The non-
reciprocity does not depend on the propagation distances. [Sek10]
This indicates that the reason for the non-reciprocity is based on
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the excitation process. To explain the non-reciprocal characteristic
of spin waves we consider both magnetic field components of the ex-
citation field h, i.e. the in-plane component hy and the out-of-plane
component hz. [Dem09] In the excitation process, hx first causes a
deflection of the magnetization. Then, the out-of-plane component
hz is acting on the dynamic magnetization. On both sides of the
CPW the out-of-plane component is pointing in opposite direction.
Thus, on the one side the excitation field hz is in-phase with the dy-
namic magnetization and amplifies the spin wave. In contrast on the
other side, the excitation field hz exhibits opposite phase with the
dynamic magnetization and diminishes the amplitude. This results
in an asymmetric, i.e. a non-reciprocal, spin wave generation in op-
posite direction. Demidov et al. calculated the relative amplitudes
a21

a11
and a12

a22
(originally designated as m±) of the opposite spin wave

beams and found [Dem09]

mn
± ∝

fn
γ
± 1

Ms
(H2 − f2n

γ

2

), (5.12)

here n = 1, 2, 3... is the quantization of the mode, and fn is the fre-
quency of the corresponding mode. In Eqn. 5.12 the non-reciprocity
depends on the saturation magnetization Ms (not considering an
out-of-plane anisotropy). For low Ms a very high non-reciprocity is
found, e.g. in YIG β = 0.9 [Bue00]. For Py the magnitude of β is
measured experimentally to be β = 0.77. [Dem09]

Relaxation Length and Intrinsic Relaxation Time

An important dynamic property of SWs is the relaxation length sr.

We transform Eqn. 5.11 to sr = −s · ln(a21/a11

β ) and the relaxation
length sr is determined. We obtain sr = 6.7 µm for µ0H = 100 mT
which is a typical value for plain film of Py. In literature we find for
40 nm thick Py thin films a relaxation length of sr = 6.4 µm and
sr = 5.3 µm. [Bir12, Pir11] Large values of sr > 20 µm are found
at low magnetic field values µ0H < 20 mT. (see also [Neu11a]). We
attribute this non-physical values to the electromagnetic behavior of
the AESWS setup.
The intrinsic relaxation time τ0 is related to the group velocity and
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relaxation length by sr = vg · τ0. [Sil99] Using the values from
the preceding section an average value of τ0 = 2 ns is obtained. In
literature a value of 1.6 ns [Bai03b] is found, which is slightly smaller
by 20 %. The intrinsic relaxation time allows to deduce the damping
parameter α. The damping parameter α is calculated according to
[Sta09] from

1

τ0
= αµ0γ(H +Ms/2). (5.13)

This yields a damping parameter of α = 0.006. This value for α is in
good agreement with values reported in literature. [Pat75, Wol09]

5.4 Conclusion

Generally, we have used AESWS as a powerful technique for inves-
tigation of the spin wave dispersion. Analyzing propagating spin
waves a dynamical analysis is possible, which helps to discover un-
foreseen effects. Two techniques, i.e., TR-AESWS and FR-AESWS,
stand out for thier complementary abilities.
The high temporal resolution of TR-AESWS allows the propagating
spin waves to be discriminated from the electromagnetic crosstalk
and therefore the group velocity can be determined. Furthermore,
the temporal evolution of the spin wave packet includes informa-
tion about the excitation width δ of the CPW. A restriction of TR-
AESWS is the simultaneous excitation of different modes, that can-
not be distinguished. In principle, a Fast Fourier transformation of
the dataset to distinguish the modes is possible, however, the result-
ing dataset lacks a phase resolution.
The complementary technique FR-AESWS, with a high frequency
resolution, allows to investigate complicated band structures, e.g.
different spin wave modes separated in frequency. Even different fer-
romagnetic structures vicinal to a single CPW can be measured at
once, as long as the resonance frequencies are separated. We also
analyzed propagating spin waves. The drawback of this technique
is the simultaneous measurement of propagating spin waves and the
electromagnetic crosstalk. A discrimination of these two contribu-
tions is required.
We conclude, that both techniques are useful and necessary for a
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comprehensive study. While FR-AESWS has evolved to be the pri-
marily used technique due to its high sensitivity and low requested
time for measurement, we stress that in particular for unknown sam-
ples the TR-AESWS technique is indispensable to further substan-
tiate the propagation of a spin wave.
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6 A One-dimensional Magnonic Crystal with
Easy Axis Magnetization

Of special interest in magnonics is a one-dimensional magnonic crys-
tal (1D MC) consisting of an array of bistable nanowires due to the
capability to reprogram the magnetic state by the magnetic history.
[Top10, Tac10c] The bistable property of nanowires is based on the
rectangular shape and the lateral dimension in the sub-micrometer
regime. This yields an easy axis (EA) (see Sec. 2.2) parallel to
the nanowire axis and appropriately leads to a bistable magnetiza-
tion. In the following we will revisit the capability to reprogram
the magnetic configurations of a 1D MC, which has been reported in
literature [Top10, Gub10, Tac10c, Top11a, Din11b]. A detailed anal-
ysis of the spin wave propagation in a 1D MC has not been adressed.
Consequently, we investigate spin wave propagation in a 1D MC by
TR-AESWS and FR-AESWS, as introduced in Secs. 3.2.3 and 3.2.2,
and describe the measurements by simulations obtained by PWM,
see Sec. 2.5. We show a novel magnonic metamaterial behavior in
Sec. 6.3.3, i.e., a behavior that natural materials do not possess.

6.1 Magnetostatic Behavior

In this section the hysteresis curves and quasi-static magnetization
profiles, i.e., the local orientation of magnetic moments, are dis-
cussed. The reversal processes and the use of an injection pad for
domain walls (IP), see Sec. 3.4, are addressed. The quasi-static mag-
netic state M(r) is known to significantly influence the spin wave
eigenmodes. [Top10, Gub10, Tac10c, Top11a, Din11b, Din11a] For
1D MCs the magnetic state is controlled by the magnetic field and
the magnetic field history. Therefore, it is necessary to discuss field
dependent magnetic configurations M(r). A powerful method to
study the magnetic state M(r) is magnetic force microscopy (MFM),
where the stray field of individual nanowires is detected. However,
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the scan area of MFM is restricted. A complementary technique is
magneto-optical Kerr effect (MOKE) microscopy. MOKE allows to
scan larger areas with however smaller spatial resolution compared
to MFM. In our setup, MOKE detects the integral magnetization M
within an area of a few 10 µm2 as a function of the applied field H.
This allows for obtaining a hysteresis curve.

Magnetic Force Microscopy

We perform magnetic force microscopy (MFM)1 on a reference sam-
ple which is nominally identical to RH 50, which will be studied
with MOKE and AESWS later. The nanowire array is equipped
with a large IP [c.f. Fig. 3.6 (c)]. The sample consists of an ar-
ray of nanowires with the period p = 300 nm. The edge-to-edge
separation is 45 nm, the thickness of the evaporated permalloy is
30 nm, and the length of the nanowires is 300 µm. Neighboring
nanowires are shifted by 5 µm in x direction. Each second nanowire
is connected to the IP. We will show, that such an IP decreases the
absolute value of the center field of a switching field distribution
H̃sw. In Fig. 6.1 (a) MFM data is shown for µ0Hsat = +100 mT.2

As vicinal nanowires are laterally shifted we observe two lines of light
contrast, that indicate the poles at the ends of the nanowires. We
identify this pattern as the magnetization of the nanowires point-
ing in positive x direction, i.e. we define the total magnetization
Mtot =

∑
Mnw > 0. In Fig. 6.1 (b) for µ0Hsat = −100 mT two

lines of dark contrast are detected. We identify this as a reversed
magnetization (pointing in negative x direction). The total magne-
tization Mtot =

∑
Mnw < 0. MFM measurements were also per-

formed for minor loops µ0HML. In a minor loop a sequence of fields is
applied, i.e. ±Hsat → H = 0→ ∓HML (w.l.o.g. HML,Hsat > 0) be-
fore taking data and often addresses a non-saturated magnetic state.
Such a minor loop measurement is depicted in Fig. 6.1 (c). For the
nanowires with (without) IP a dark (light) contrast is detected. A
full dark contrast for every second nanowire, and light contrast for

1For a detailed description of MFM the reader is referred to [Mar87, Rug90,
Har99]

2MFM pictures were taken with a non-optimized tip after an already long mea-
surement cycle.
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the in-between nanowires indicate an antiparallel alignment of neigh-
boring nanowires. Thus, by applying a tailored magnetic history we
are capable to reprogram the magnetic state from fully saturated
ferromagnetic order (FMO) to a ‘demagnetized’ state in an antifer-
romagnetic order (AFO).

Magneto-optical Kerr effect

We analyze the magnetization MMOKE of sample RH 50 by the
magneto-optical Kerr effect 3. The laser spot of the MOKE setup
has a diameter of about 6 µm, thus the MOKE signal contains in-
formation from about 20 nanowires. The magnetization MMOKE is
measured for H ∥ EA (Fig. 6.2 (a)). To start, a maximum field
of |µ0H| = 32 mT for saturation of the magnetization is applied.
The branch with µ0Hsat = +32 mT exhibits three regimes with
∂MMOKE

∂H ≃ 0, i.e. for µ0H > −6.5 mT (I), -27.5 mT < µ0H <
−6.5 mT (II), and µ0H < −27.5 mT (III). Regimes I and II (II and
III) are separated by jumps of MMOKE, i.e.

∂MMOKE

∂H ≫ 0, with a
width of ΣH = 5 mT (ΣH = 6 mT).
The branch starting from µ0Hsat = −32 mT also exhibits regime I
and an equivalent switching behavior separating regime I and II. In
particular, at |µ0H| ≃ 10±3 mT the averaged magnetization is near
MMOKE = 0 for both directions. However, regime II and regime III
are not separated, rather a continuous transition with ∂MMOKE

∂H > 0
is detected.

Reversal Mechanism

We identify the characteristic magnetic state of Fig. 6.1 (c) with
regime II in MOKE measurements. This magnetic state, where
neighboring nanowires exhibit opposite magnetization, is denoted as
the antiferromagnetic order (AFO) configuration. [Top10, Top11a]
In contrast, the magnetic state in Figs. 6.1 (a) and (b) is called ferro-
magnetic order (FMO) configuration, which we identify by regime I
and III in MOKE measurements. We focus on the microscopic origin

3For a detailed description of MOKE the reader is referred to [Arg55, Qiu00,
Pol08]
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Figure 6.1: Magnetic Force Microscope images in remanence and cor-
responding sketches for different magnetic histories as
described in the text. The nanowires are oriented hor-
izontally and neighoring nanowires are shifted by 5 µm
in x-direction. The two perpendicular lines with light or
dark contrast are a measure of the magnetization of the
nanowires. (a) for µ0Hsat = +100 mT a light contrast
is observed due to positive magnetization direction, (b)
µ0Hsat = −100 mT a dark contrast is observed due to
negative magnetization direction, (c) Hsat → − HML

dark (left) and light (right) contrast is detected, which
indicates an antiparallel magnetization of neighboring
nanowires.

80



of the hysteresis curve depicted in Fig. 6.2 (a). It is instructive to
consider the total magnetization Mtot of the array of nanowires to
consist of single, independent nanowires with a bistable magnetiza-
tion Mnw = ±Mnwex. The magnetization of the ith nanowire Mnw,i

is able to switch independently from Mnw,i+1. The switching field
distribution can be modeled by a Néel-Brown model for a single par-
ticle, which describes the switching probability by the nucleation of
a domain wall. [OBr12] A potential barrier is introduced to describe
the reversal of a nanowire that yields a switching field distribution.
The switching field distribution is described by a mean switching field
H̃sw and a width of the switching field distribution ΣH . [Wer97] In
particular, the nucleation of domain walls is the relevant process for
switching. This yields bistable nanowires, that are characterized by
a square-shaped hysteresis loop for a single nanowire, that are de-
fined by an abrupt reversal of the magnetization between two stable
remanent states. [Lar07] This reversal process is influenced by an
IP, as a domain wall is nucleated more easily there compared to the
nanowire. Thus, we are able to control the magnetic state by an
additional IP and a tailored magnetic history.

6.2 Spin Wave Modes in a 1D MC

In this section the dynamic response of arrays of nanowires is in-
vestigated, which depends on the magnetization configuration M(r)
and the applied field H. For AESWS two CPWs are integrated on
top of the nanowire array. We focus on two samples: sample RH 50
described in Sec. 6.1 (edge-to-edge separation of 45 nm, thickness of
30 nm), and sample RH 63, which differs from sample RH 50 in the
edge-to-edge separation (25 nm) and thickness (35 nm). In contrast
to sample RH 50, an IP is not included on RH 63, thus the AFO
configuration is not well defined and disordered. [Din11b] Therefore
we will not address the AFO state in this case.

6.2.1 Phenomenology

FR-AESWS allows the mapping of spin wave modes over a wide field
and frequency spectrum. We compare a full field scan starting from a
positively saturated state and ending in a negatively saturated state
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Figure 6.2: (a) Hysteresis curve measured by MOKE of sample
RH 50 which is equipped with an IP. Three regimes are
distinguished: µ0H > −6.5 mT (regime I), −27.5 mT<
µ0H < −6.5 mT (regime II), and µ0H < −27.5 mT
(regime III). (b) I(a11) is subdivided in corresponding
regimes (dotted lines). For f > 6 GHz we observe one
strong resonance in regime I and III, whereas there are
further modes in regime II. For f < 5 GHz the additional
resonance from the IP is observed. (c) and (d) are mag-
nifications of (b) and focus on the behavior of the main
and the higher order mode, respectively. (d) The higher
order mode at fres = 9.6 GHz exhibits maximum signal
strength at −13 mT< µ0H < −11 mT.
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with the magnetostatic behavior. We show abrupt changes of the
modes, which we attribute to reversal processes of the magnetiza-
tion of nanowires found in Sec. 6.1.
In Fig. 6.2 (b) I(a11) is presented, which exhibits several spin wave
resonances at different frequencies. The field values in FR-AESWS,
where the spectra are changing significantly coincide with the field
values for reversal processes measured by MOKE. This is marked by
perpendicular dotted lines in Fig. 6.2. We have found FMO con-
figuration for regimes I and III in Sec. 6.1. Analyzing FR-AESWS
data for this configuration we find three spin wave resonances. A
dominant mode is detected for 6 < fres < 9 GHz. In regime I
the mode exhibits ∂fres

∂H > 0, and in regime III we find ∂fres
∂H < 0,

both with a high signal strength. Two higher modes are observed
at 12 < fres < 14 GHz with a smaller signal strength. These two
higher modes run parallel to the main mode and are separated by
0.6 GHz. The modes are found to be non-symmetric with respect
to H = 0, and show a hysteresis (other direction not shown). We
identify the main mode and the higher modes with the character-
istic FMO modes consistent with [Top11a]. The mode structure is
analyzed in more detail later (see Sec. 6.2.2).
In regime II we find a mode at 6 < fres < 8 GHz, where abrupt
changes of the resonance frequency are observed. Its resonance fre-
quency fres exhibits a kink at µ0H = −6.5 mT. The signal strength
of the main mode in regime II is weaker compared to regime I [Fig.
6.2 (c)]. For a further decrease of the field to −13.0 mT slight
variations of fres are observed. Importantly a continuous change
of slope ∂fres

∂H is detected. The lowest resonance frequency is found
at µ0H = −13.0 mT. At lower field values µ0H ≤ −13.5 mT abrupt
jumps are observed which result in an increased resonance frequency.
In Fig. 6.2 (d) a magnification of the frequency regime 7.5 < fres <
10.5 GHz is depicted. There, further modes appear abruptly at
µ0H = −6.5 mT with fres = 9.6 GHz and fres = 13.3 GHz, both
indicating ∂fres

∂H < 0. Decreasing the field to −13.0 mT several
small abrupt changes are observed, each yielding an increased signal
strength for the mode at fres = 9.6 GHz [Fig. 6.2 (d)]. At lower
field values µ0H ≤ −13.5 mT severe kinks and jumps are observed
which even result in additional modes. Furthermore, the mode at
fres = 9.6 GHz exhibits a lower signal strength.
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Kinks and jumps are expected to be provoked by spontaneous changes
of the magnetic state, i.e., switching events of single nanowires or
clusters of nanowires. [Din11b] The magnetic configuration, and in
particular the magnetic disorder, in 1D MCs is crucial for the spin
wave eigenmodes. Here, magnetic disorder is defined by the devia-
tion from a perfectly periodic magnetic order. Improved magnetic
order (i.e. smaller magnetic disorder) decreases the resonance fre-
quency in AFO configuration. [Din11b]
In the following we focus on regime II. We find the first pronounced
kink at µ0H = −6.5 mT, where the slope ∂fres

∂H changes. A similar
kink has been observed in Fig. 1 of [Din11b], which has been at-
tributed to the reversal of the magnetization of several nanowires.
This is in agreement with the magnetostatic investigation [Sec. 6.1],
which suggests an induced switching of nanowires that are con-
nected to the IP. Due to the statistical nature of the reversal process,
[OBr12] there remain nanowires connected to the IP without reversal
of the magnetization. A further decrease of the magnetic field fa-
vors a reversal of the magnetization of these nanowires. Switching of
these nanowires improves the magnetic order of the AFO configura-
tion. Consistent with [Din11b], the improved magnetic order yields
a decreasing resonance frequency till µ0H = −13.0 mT. Concluding,
we assume the MC to exhibit an partly disordered AFO configura-
tion, with the highest magnetic order formed at µ0H = −13.0 mT.

At the same time, the higher mode with fres = 9.6 GHz is an in-
dication for the AFO configuration. [Top10, Gub10, Tac10c] Several
abrupt changes of the signal strength of the mode at fres = 9.6 GHz
for −13.0 mT < µ0H < −6.5 mT indicate reversal processes of
the magnetization of single nanowires or clusters of nanowires. The
relative signal strength of main and higher mode amounts to 20%
at µ0H < −6.5 mT, and increases to 44% at µ0H < −13.0 mT.
Before, we have extracted the highest degree of order of AFO at
µ0H = −13 mT by analyzing the main mode behavior. Thus, we
take the relatively large signal strength of the higher mode compared
to the main mode as a further signature for a high degree of mag-
netic order.
The mode at fres = 9.6 GHz exhibits a resonance frequency of
2.9 GHz higher compared to the main mode. The obtained fre-
quency difference of 2.9 GHz is consistent with [Top11a], where the
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frequency difference of the two lowest modes for AFO is calculated
to be 2.0 GHz for a nanowire array with slightly larger period of 442
nm. In conclusion, we find the typical mode behavior of the FMO
configuration in regime I and III. At the same time, we observe the
characteristic modes and field dependencies for the AFO configu-
ration as expected from magnetostatic measurements in regime II.
[Top10, Top11a, Din11b] We have found a relatively larger signal
strength of the higher mode compared to the main mode to be a
signature for a higher degree of order.
For seek of completeness, we focus on the mode with fres < 5 GHz
that is almost symmetric with respect to µ0H = 0 mT. We find
∂fres
∂H > 0 (∂fres∂H < 0) for the branch H > 0 (H < 0). In particular,

the two branches follow a
√
|H| behavior, which is typical for spin

wave modes in plain films, see Sec. 5.3.1. We attribute this mode
to the IP. The IP mode can be used as a reference to determine the
parameters of the unpatterned thin-film material.

6.2.2 FMO and AFO

In the following we focus on FMO and AFO configurations. The
mode behavior is analyzed and the results are described by PWM.
First, the FMO configuration is investigated, where the sample is
saturated at µ0Hsat,x = −100 mT, then µ0HML = 5 mT is applied.
In this scenario, an ordered FMO state with the nanowires remain-
ing saturated is achieved. In Fig. 6.3 (a)Mag(a22) of sample RH 50
in FMO is presented. For this minor loop a monotonical decrease
of the resonance frequency with applied magnetic field is observed.
The resonance frequency starts at a value of fres = 7.0 GHz for
µ0HML = 5 mT. This is the characteristic behavior of the mode
n = 0 as presented in Fig. 2 (c) from [Top11a]. The parameter n
counts the number of nodal lines of the spin-precessional amplitude
being along the long axis of the nanowires. Also a further mode is
detected at an elevated frequency of about 12 GHz which we iden-
tify as the n = 2 mode4. [Tac10c] Focusing on the n = 2 mode
one can observe two resonances separated by 0.6 GHz. Such a mode

4Odd modes are not detected due to symmetry reasons of the measurement
technique
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Figure 6.3: Mag(a22) obtained for minor loops with (a) HML =
5 mT (FMO) and (b) HML = 10 mT (AFO) obtained
on sample RH 50. In (a) the n = 0 mode of FMO is ob-
served. In (b) two modes n = 0a and n = 0b are observed
for µ0H > −6 mT (AFO) state. For µ0H < −6 mT we
find a disordered state, and for µ0H < −13 mT FMO
configuration is recovered. For f > 11 GHz the con-
trast is enhaned to observe the further modes at 12 GHz
identified as n = 2 in AFO and FMO. Blue lines in (a)
and (b) are calculated by PWM. The n = 0, n = 0a,
and n = 0b modes are modeled well. There remain dis-
crepancies for the n = 2 modes in FMO. In AFO, the
n = 2a and n = 2b modes from PWM are not resolved
in measured data. Horizontal arrows indicate the sweep
direction.
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separation has been presented for a 1D MC with nanowires with al-
ternating width. [Top11a] Though in our case all nanowires exhibit
the same width, we assume, that the magnetic parameters are not
absolutely equal, as the nanowire array was fabricated in two sepa-
rate preparation steps.
Second, we discuss 1D MCs where the magnetic history induced
the reversal of selected nanowires. Thereby, we intended to cre-
ate the antiferromagnetic alignment of neighboring nanowires pro-
voking a modified band structure in one-and-the-same MC [Top10,
Tac10c]. In Fig. 6.3 (b), Mag(a11) is presented where the start-
ing field µ0HML = +10 mT is chosen such that about 50 % of the
nanowires are reversed with respect to the initially saturated state at
-100 mT, see Sec. 6.1. The total magnetization isMtot = 0 for a per-
fect AFO state. The branches are now subdivided into three regimes
as was observed in Refs. [Top10, Din11b]. For −6 mT < µ0H <
+10 mT, we observe a prominent branch (black) near 6.9 GHz which
exhibits a different slope compared to the branch found for the FMO
state in Fig. 6.3 (a) which we denote as the acoustic n = 0a branch.
Such a branch of negative curvature was recently attributed to the
AFO state.[Top10] For −13 mT < µ0H < −6 mT, we observe step-
wise changes (kinks) in the resonance frequency reflecting the rever-
sal of nanowires becoming realigned with the negative field direction.
For µ0H < −13 mT, the FMO branch of Fig. 6.3 (a) is recovered.
We find the same behavior at the further CPW being located 12 µm
apart on the same MC (not shown). The n = 2 mode is also observed
at fres = 12.8 GHz. Moreover, a further mode at fres = 9.5 GHz is
detected. Following Ref. [Top10] this mode is identified to be the
optical branch n = 0b.
We have identified the mode spectrum of the FMO configuration and
the AFO configuration. The far-reaching peculiarity of such 1D MC
is the unique capability of reprogramming the magnetic configura-
tion from FMO and AFO in one-and-the-same geometric structure.
[Top10, Top11a, Tac10c, Gub10] We will exploit this ability in the
following sections.
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Figure 6.4: PWM data for sample RH 50 in (a) FMO and (b) AFO
for µ0H = 0 mT (solid) and µ0H = 10 mT (dotted).
The higher modes n are color coded. For FMO the first
Brillouin zone, for the AFO mode the first π/(2p) and
second π/(p) Brillouin zone is depicted. The zeroth and
second order modes in (a) and (b) are separated by a
band gap (yellow). Strikingly, a further band gap (yellow
stripes) appears between n = 0a and n = 0b in (b) for
H ̸= 0. The band gap is vanishing for H = 0. The
zeroth order mode band width for H = 0 amounts to (a)
2.9 GHz and (b) 3.5 GHz (perpendicular arrows).
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6.2.3 Plane Wave Method

To get an insight into the band structure of 1D MCs PWM cal-
culations (see Sec. 2.5) are performed by Dr. M. Krawczyk at
Adam Mickiewicz University in Poznán, Poland. PWM provides
the dispersion relation depending on the applied field H. In par-
ticular, also backfolded modes are addressed. Thus, the measured
data in the preceding section is modeled by PWM. The parameters
are Ms = 1.03 T, exchange constant A = 1 · 10−11 J/m, surface
anisotropy K⊥ = 11.0 · 10−4 J/m2, period p = 300 nm, and thick-
ness t = 28 nm.
Blue lines in Fig. 6.3 (a) and (b) are calculated by PWM. The n = 0,
n = 0a, and n = 0b modes are modeled well by the used parame-
ter set. Frequency positions of these modes are described perfectly.
There remain discrepancies for the n = 2 modes in FMO and AFO.
The calculated modes are too high by about 1 GHz. In AFO the
two higher modes n = 2a and n = 2b calculated by PWM are not
resolved by AESWS, where only one mode is observed. The rela-
tively larger discrepancies for the higher modes can be explained by
taking the fundamental characteristics of these modes into account.
For higher order modes n ̸= 0, the nodal lines introduce phase shifts
within the nanowires, that reduce the stray field. [Top11a] There-
fore, the stray field interaction is smaller compared to the main mode.
Imperfections due to the lithography, e.g. edge roughness, gain in-
fluence on higher order modes n ̸= 0.
The underlying dispersion relations for FMO and AFO are pre-
sented in Fig. 6.4 (a) and (b), respectively. Data of the n = 0
and n = 2 modes are depicted for two field values: H = 0 (solid)
and µ0H = 10 mT (dotted). In (a) the first Brillouin zone (BZ)
with Brillouin zone boundary at π/p = 1.05 · 107 rad/µm is shown.
A band gap between n = 0 and n = 2 of 2 GHz is observed. fres
increases for µ0H = 10 mT. In (b) also the backfolded modes due
to a changed magnetic period, which is 2p, are included. We depict
the first BZ (1. BZ) and the second BZ (2. BZ). The low-lying
modes are n = 0a, n = 0b, n = 2a, and n = 2b. An additional
band gap between n = 0a and n = 0b can be controlled by H. For
H = 0 the band gap does not exist. [Top10] In this case the main
mode of AFO (1. BZ n = 0a and 2. BZ n = 0b) and FMO (1. BZ
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n = 0) dispersion relations are similar. However, the zeroth order
mode in AFO (H = 0) exhibits a higher bandwidth of 3.5 GHz in
comparison to 2.9 GHz in the FMO configuration for the main mode.
The magnonic band bandwidth is determined by the dynamic dipo-
lar stray field coupling. [Gub10] Thus, we suggest a higher dynamic
dipolar coupling in AFO configuration compared to FMO configura-
tion, which we will discuss in the following.
The higher bandwidth of the AFO configuration is caused by the pre-
cessional motion of neighboring nanowires in opposite sense of the
magnetization [Top10]: For a right-handed oscillation of a nanowire
with +M , the two neighboring nanowires with −M oscillate left-
handed (k = 0). For an in-phase motion of the in-plane component
my of the neighboring nanowires, the out-of-plane componentmz os-
cillates out-of-phase. Thus, for AFO both components, my and mz,
exhibit an attractive stray field interaction. In contrast, for FMO
only my acts attractively, while mz has a repulsive property. The
additional attractive potential of the AFO configuration in contrast
to the FMO configuration causes a stronger dynamic dipolar inter-
action which implies a higher bandwidth.
A second effect caused by the stronger dynamic dipolar interaction
is a reduced out-of-plane demagnetizing field at k = 0 for AFO
compared to FMO. This is consistent with the lower fres for AFO
compared to FMO at the Γ point. Along with the stronger dynamic
coupling we find a higher fres for AFO at k = π/p. There, the
demagnetizing field in AFO is increased compared to FMO as neigh-
boring nanowires are precessing in-phase in AFO.
In summary, we find PWM to be a well applicable theoretical method
that yields results with very good agreement.

6.3 Spin Wave Propagation in a 1D MC

6.3.1 Spin Wave Propagation across Air Gaps

In the following we study spin wave transmission through the 1D
MC. To propagate through the 1D MC spin waves have to overcome
several air gaps. We emphasize, that a spin wave is only defined
within ferromagnetic material. By TR-AESWS we can show that
spin waves anyway travel across air gaps and discuss the relevant
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mechanism for this effect. Therefore, we analyze TR-AESWS first
in reflection and afterwards in transmission geometry. It is instruc-
tive to begin the discussion with data where spin wave eigenmodes of
a 1D MC have been detected in the time domain to extract relevant
parameters. In a small field regime we are able to investigate the MC
without a superposition with a spin wave signal from the IP, though
the CPWs are running over the IP. All field values in this section are
chosen to minimize the signal contribution of the IP. In Fig. 6.5 (a)
we address the FMO state at µ0H = 2 mT, and in (b) the AFO state
at H = 0. The AFO state is achieved by an opposing field HML, see
Sec. 6.1. The excited spin systems exhibit damped sinusoidal oscil-
lations. Importantly, both states provoke similar amplitudes of the
voltage signals t11. We analyze the temporal evolution t11(t) in de-
tail by fitting the data by a decaying sinusoidal oscillation [c.f. Eqn.
5.3]. The fitting parameters are the effective relaxation time τeff , the
eigenfrequency f0, the amplitude C̃, and a constant phase Φ̃. Best
fits using Eqn. 5.3 (red line) are achieved for f0,FMO = 7.0±0.1 GHz

and C̃ = 2.0·10−2 V, and f0,AFO = 6.9±0.1 GHz and C̃ = 2.0·10−2 V
for the FMO and AFO configuration, respectively. The spin waves
are equally excited in FMO and AFO. The effective relaxation times
τeff amount to τeff,FMO = 0.62±0.03 ns and τeff,AFO = 0.57±0.03 ns,
respectively.
We evaluated t11 at different fields H. In the field regime −5 <
µ0H < 3 mT the effective relaxation times for FMO and AFO are
nearly constant. τeff,AFO is systematically smaller than τeff,FMO. The
values of τeff,AFO compared to τeff,FMO differ by about 10%. This
might be explained by a contribution from the n = 0b mode. A
similar increase has been evidenced for a superposition of spin wave
contributions of the MC and the IP (not shown). There, a clear
beating pattern is measured.
In the following we analyze TR-AESWS data in transmission geom-
etry by modeling of spin wave packets.
Figures 6.6 (a) and (b) show the time-dependent transmission sig-
nals t21 for FMO and AFO, respectively. The oscillation frequen-
cies coincide with the frequencies in reflection geometry. Even at
long times, up to 4.5 ns, we detect a magnetic ringing. Thus, the
spin wave propagates across a large series of air gaps. In particular,
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Figure 6.5: TR-AESWS data t11 (circles) taken for (a) FMO at
µ0H = 2 mT and (b) AFO at H = 0 on sample
RH 50. Both data sets are fitted by a damped sinu-
soidal oscillation (line) using Eqn. 5.3 for t ≥ 0.5 ns.
The fitting parameters are: (a) effective relaxation
time τeff,FMO = 0.62 ± 0.03 ns with an eigenfrequency
f0,FMO = 7.0±0.1 GHz and (b) τeff,AFO = 0.57±0.03 ns
with f0,AFO = 6.9± 0.1 GHz.

92



delay time (ns)

(a)

0 1 2 3 4

0

1

-1

T
D

R
 s

ig
n

a
l 
t 2

1
(1

0
-4

V
)

0

1

-1

(b)

Figure 6.6: TR-AESWS data t21 (sample RH 50) taken at the de-
tector CPW in transmission geometry for (a) FMO at
µ0H = 2 mT and (b) AFO at H = 0. We observe
ringing up to 4.5 ns, even longer than in Fig. 5.2 on
the unpatterned film. The relevant eigenfrequencies are
f0,FMO = 7.0 ± 0.1 GHz and f0,FMO = 6.9 ± 0.1 GHz
when using Eq. 5.4 to fit the data (lines) for t > 0.5 ns.
Importantly, AFO provokes a transmission signal which
is a factor of 1.6 larger than FMO. The determine group
velocities for FMO and AFO are equal within the error
at vg = 4.0± 0.5 km/s and τ0 = 1.2± 0.2 ns.
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a significantly higher amplitude is observed in AFO configuration
CAFO = 5 · 10−15 V compared to FMO CFMO = 3 · 10−15 V. The
transmitted amplitude t21 of AFO is larger by a factor of 1.6 if
compared to FMO. This is striking as in reflection geometry the ex-
citation amplitudes t11 are of the same level.

For a quantitative analysis we consider Eqn. 5.4, which we use
to model the transmission signals in AFO and FMO state. f0 is
determined in reflection [c.f. Fig. 6.5], and k0 = 0.5 rad

µm is used.

Best fitting is obtained for an excitation width of δ = 0.38 · 10−5 m.
Φ̃ is determined in a separate fitting step, as it is an independent
parameter. Then we obtain the group velocities vg,FMO = vg,AFO =
4.0± 0.5 km/s, and the relaxation times τ0,FMO = τ0,AFO = 1.2 ns.
The measurement technique allows to extract group velocities for
both magnetic configurations, i.e. FMO and AFO. We show SW
propagation across about 40 air gaps. Summing up all gaps a dis-
tance without magnetic material of 1.8 µm is bridged. In literature
this effect is often called tunneling of spin waves. Tunneling of spin
waves across air gaps has recently been studied in YIG [Sch10], Co-
TaZr [Koz09b], and Py [Lan11]. In YIG the propagation of spin
waves across a gap with a width of up to 118 µm has been verified.
[Sch10] Kozhanov et al. found spin waves tunneling across an air
gap with a width of 1.2 µm and observed a non-exponential decay
of the transmitted spin waves. [Koz09b] Both experiments were per-
formed in BVMSW geometry. In DE geometry, spin wave tunneling
has been investigated in dependence on the gap width from 80 nm
to 510 nm. [Lan11] The authors found an effective spin wave tunnel-
ing for the area between the excitation antenna and the gap forming
a resonator for spin waves. In case, that the wavelength is exactly
twice of the resonator width, the quantization effect in the resonator
increases the excitation efficiency. However strong pinning effects at
the gap boundary oppress the precession of magnetic moments and
therefore inhibit a SW transmission. Best transmission is found close
to a wavelength twice of the resonator width, where the excitation
efficiency is still high, but pinning effects are decreased.
These dependencies suggest, that the tunneling is transmitted via
the dynamic stray field interaction. The stray field at the gap is
caused by the amplitude of the spin wave at the edge. Guslienko
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et al. [Gus02] showed a non-zero amplitude at the edges, though
the quantization effect in nanowires was expected to pin magnetic
moments at the edges and minimize the precessional amplitudes.
For nanowires the nodes of the oscillation are outside the nanowire.
This counterintuitive property allows an efficient coupling between
nanowires.

6.3.2 Spin Wave Propagation Properties

Verified that spin wave propagation across air gaps is possible, we
are now interested in configuration dependent dynamical properties,
e.g., the group velocity. Furthermore, we compare the measurement
data with PWM data. The three presented samples RH 63, RH 50,
and RH 3P differ in edge-to-edge separation: large edge-to-edge sep-
aration in sample RH 3P, medium edge-to-edge separation in RH 50,
and small edge-to-edge separation in sample RH 63.
In Fig. 6.7 (a) I(a21) measured on sample RH 50 in the FMO state
is presented. Following Sec. 5.3.2 white-black-white contrast is at-
tributed to a SW propagation signal. Propagating SWs are detected
for the main mode n = 0. An additional signal is found at a fre-
quency about 1.1 GHz higher than the n = 0 mode, which we at-
tribute to the higher CPW mode k1 [c.f. Sec. 3.5]. In Fig. 6.7 (b),
I(a21) measured on sample RH 50 in the AFO state is presented.
We detect a transmission signal for the n = 0a and the n = 0b
modes. The IP mode for fres < 5 GHz exhibits a pronounced black-
white-black-white contrast (i.e. an oscillatory behavior), which is an
indication for a strong SW propagation signal. In contrast, the prop-
agation signal for the MC modes of zeroth order in FMO and AFO
exhibit a less pronounced oscillatory behavior, which we attribute
to the contribution of the electromagnetic crosstalk. Therefore, we
choose the evaluation method for the group velocity vg exploiting
the higher modes of the CPW for a systematical evaluation. We
use the main mode k0 and first mode k1 of the CPW. The data is
summarized in Fig. 6.7 (c). We find the maximum group velocity
vg = 3.8 ± 0.3 km/s for RH 63 at µ0H = −1.5 mT and decreases
for decreasing magnetic. Group velocities of RH 50 for AFO and
FMO are included, which amount to vg,FMO = 3.0 ± 0.3 km/s and
vg,AFO = 3.3 ± 0.3 km/s. Strikingly, vg in AFO is higher than in
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Figure 6.7: I(a21) measured on sample RH 50 in (a) FMO and (b)
AFO. The black-white-black contrast is attributed to
propagating spin waves. In (a) the n = 0 mode of the
1D MC is observed (and further resonances of the CPW
excitation spectrum) for 6 < f < 8 GHz. In (b) for
6 < f < 8 GHz the n = 0a mode, and at f ≃ 10 GHz the
n = 0b mode is detected. In (a) and (b) for f < 5 GHz
the charactersitic mode of the IP is detected. (c) Group
velocities of samples RH 50 in FMO (crosses) and AFO
(squares), and RH 63 (circles) in FMO. Lines indicate
calculations by PWM for AFO (solid) and FMO (dashed)
for sample RH 50.

FMO. The group velocities are found to differ by 10 %. This reflects
the higher bandwidth of AFO due to increased dynamical coupling.
For an edge-to-edge separation of 80 nm in RH 3P no oscillatory

transmission signal was observed. From the intensity of SW signal
we estimate the group velocity by evaluating the relaxation length
(sr = 2.9 µm) and assuming a constant relaxation time obtained
from the attached IP (τ0 = 1.8 ns). This yields a group velocity of
vg = sr/τ0 ≃ 1.6± 0.6 km

s .
We conclude, that the edge-to-edge separation has big influence on
the group velocities in 1D MCs. We have shown a large group ve-
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Figure 6.8: PWM data for sample RH 50 in (a) FMO and (b) AFO
for µ0H = 0 mT (solid) and µ0H = 10 mT (dotted).
The group velocities for (a) FMO and (b) AFO are
shown. The largest group velocity for FMO (AFO) is
vg = 3.7 km/s (vg = 3.8 km/s). The calculated group
velocity at the 1. BZ boundary in (b) is vg = 0.

locity for a small edge-to-edge separation, and vice versa. A smaller
edge-to-edge separation increases the dynamical stray field coupling.
There are a few investigations that are directly studying propagation
of SWs in magnonic waveguides. We find slightly higher values of
the group velocity in 2D MC of 3 < vg < 5 km/s. [Neu11a] Spin
wave propagation in zig-zag magnetized nanowires is reported to
vg ≃ 2.5 km/s. [Due12] Thus, nanostructuring provokes a decrease
of the group velocity in comparison to plain films (at constant fre-
quency).

PWM Data

Following the band structure calculations by PWM (see Sec. 2.5)
from Dr. M. Krawczyk at Adam Mickiewicz University in Poznán,
Poland, presented in Fig. 6.4, the relevant group velocities are ex-
tracted. From Fig. 6.4 (a) and (b) we evaluate group velocities
by Eqn. 2.41. The results are depicted in Fig. 6.8 (a) for FMO
and (b) for AFO. The highest group velocity for FMO (AFO) is
vg = 3.7 km/s (vg = 3.8 km/s). This finding corresponds to the
higher bandwidth in AFO compared to the FMO state. The higher
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group velocities in the AFO state compared to the FMO state are
reproduced as depicted in Fig. 6.7 (c) by gray lines. Note, that
there the group velocity is determined by using the eigenfrequencies
for k0 = 0.5 1

µm and k1 = 1.75 1
µm consistent with the measurements.

We find a maximum group velocity in the AFO state at zero field.
The already mentioned control of bandwidth byH in AFO influences
the group velocity near the first Brillouin zone boundary character-
istically. For H = 0 and k → π/(2p) the group velocity amounts to
2.2 km/s. For H ̸= 0 and k → π/(2p) the group velocity approaches
zero.
The group velocities of the presented samples at H = 0 are sum-
marized in Fig. 6.9. The dependence of the group velocity on the
edge-to-edge separation is calculated by PWM and included in Fig.
6.9. A maximum group velocity is reached for zero edge-to-edge sep-
aration and amounts to vg = 5.9 km

s . Compared to a plain film, the
group velocity is smaller by almost a factor of 2.

6.3.3 Reciprocal Damon-Eshbach-type Spin Wave Excitation in
a Magnonic Crystal due to a tunable magnetic symmetry

We now investigate the reciprocity of the spin wave excitation. Supris-
ingly, we find a field-tunable reciprocal excitation in AFO configu-
ration. In plain films the excitation of Damon-Eshbach-type spin
waves is found to be non-reciprocal (c.f. Sec. 5.3.2). This depends
on the ellipticity of the precessing magnetization. In the follow-
ing reciprocal excitation of Damon-Eshbach-type spin waves in 1D
MCs is presented. This section contains previously published work.
[Hub13a] The propagation loss a21

a11
of spin waves k21 = −k0,CPW

propagating from CPW 1 to CPW 2, and respectively a12

a22
of coun-

terpropagating spin waves k12 = +k0,CPW is presented in Fig. 6.10
(a). In the FMO state with µ0Hsat = −100 mT, a21

a11
(a12

a22
) decreases

with increasing field with a maximum value of 0.07 (0.04). The FMO
state with µ0Hsat = +100 mT exhibits a propagation loss a21

a11
(a12

a22
)

of 0.03 (0.07). The values are thus interchanged. Interestingly, in
the AFO state a21

a11
= a12

a22
at µ0H = 2 mT. Spin waves k21 and k12 are

equally excited. This reciprocal behavior of spin wave excitation is
novel for Damon-Eshbach-type modes. We define the non-reciprocity
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parameter β by Eqn. 5.11

a21 = βa11 exp
− s

sr

a12 = (1− β)a22 exp−
s
sr

⇒ β =
a21

a11

a21

a11
+ a12

a22

.

(6.1)

β = 0.5 indicates reciprocal characteristics. For FMO, Eqn. (5.11)
yields βFMO = 0.7 for negative saturation and βFMO = 0.3 for pos-
itive saturation, i.e. β ̸= 0.5 consistent with Refs. [Dem09, Fal12].
For AFO, however, βAFO = 0.5 at µ0H = 2 mT. For both increasing
and decreasing H β is found to deviate from 0.5. But values of β
are still different from FMO data.
The non-reciprocal behavior for the FMO state can be explained fol-
lowing Demidov et al. [Dem09] who investigated counter-propagating
DE modes in a homogeneous material with Mtot = Ms. The modes
exhibited non-reciprocal characteristics because of partly counter-
acting components hx and hz of the rf magnetic field of the emitter
antenna. Both components hx and hz provide torque contributions
for SW excitation but have opposite phase relations at the opposite
sides of the antenna. For in-phase (out-of-phase) relation the cor-
responding torques enhanced (reduced) the precessional amplitude
for SWs propagating to one (the other) direction. For plain films,
this antenna-induced non-reciprocity is expected to increase with de-
creasing Mtot = Ms. An artificially tailored material with Mtot = 0
such as a 1D MC in the AFO state has not yet been addressed. We
observe that, strikingly, the non-reciprocity vanishes under such a
condition (β = 0.5). We attribute this peculiar observation in the
AFO state to a balanced configuration, i.e, the internal field in each
nanowire is the same and amounts to Hint = 0 [Top11a]. Consid-
ering the long wavelength of the SWs (λ ≫ p), an equal number
of positively and negatively magnetized nanowires are excited such
that in-phase and out-of-phase torques through hx and hz average
out in the relevant unit cells of the MC. Excitation on both sides
of the CPW becomes similar. As the long wavelength limit turns
out to be crucial, we denote the reciprocal property as a metama-
terial property for spin waves. For the ideal 1D MC, Hint = 0 is
valid for H = 0. For real 1D MCs, it was reported that residual

101



stray fields needed to be considered and compensated via a small H
[Top10, Din11a]. Consistently, we observe β = 0.5 at µ0H = 2 mT.
For other H, the AFO state is not balanced and Hint is known to
vary periodically throughout the MC [Top11a]. Then, the excitation
of the two nanowires in the unit cell is no longer fully symmetric
[Top11b, Top11a]. Fig. 6.10 (b) shows that the non-reciprocity is
recovered for such unbalanced AFO states, allowing for a precise field
control of the artificially-created reciprocal SW excitation.

6.3.4 Spin Wave Relaxation

Transforming Eqn. 5.11 we determine the relaxation length

sr = −s/ln( a21
a11β

).

In Fig. 6.11 (a) the calculated sr for the zeroth order modes are
summarized for RH 50 in AFO and FMO. We observe a maximum
sr = 5.3 µm for H ≃ 0 in FMO that is slightly decreasing for de-
creasing field. For AFO configuration we find a relaxation length of
sr = 5.6 µm at µ0H = 4 mT, which is larger compared to the FMO
value. In particular sr in the AFO state is nearly symmetric around
µ0H = 4 mT, i.e. sr(4 mT − µ0H) = sr(4 mT + µ0H). A reduction
of 8% is observed while changing the field by 6 mT, which is large in
contrast to less than 1% variation in the FMO configuration. In the
reoriented state (FMO) for µ0H < −13 mT sr recovers the FMO
state.
First we focus on the long relaxation lengths in AFO and FMO,

both with 5.0 µm < sr < 5.6 µm. The relaxation length is governed
by two fundamental parameters: the group velocity vg and relax-
ation time τ0. Using sr = vgτ0 [c.f. Eqn. 2.42], one can calculate
τ0. Therefore, we expect a longer sr in AFO compared to FMO
configuration due to the larger allowed miniband width and there-
fore vg [Fig. 6.4]. We compare the obtained values with the plain
film value sr,pf = 6.7 µm at µ0H = 100 mT (see Sec. 5.3.2), where
the group velocity is similar. For AFO (FMO) sr is smaller by 16%
(22%) compared to the plain film value. Therefore, we suppose that
the intrinsic relaxation time τ0 is smaller, i.e., the intrinsic damp-
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Figure 6.11: (a) Relaxation length sr from sample RH 50 for FMO
(crosses) and AFO (circles). FMO is found to exhibit a
linear dependence, AFO exhibits a maximum at µ0H =
4 mT. (b) and (c) Spin wave amplitudes averaged over
time |mz(y)| for FMO and AFO at µ0H = 10 mT.
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ing is larger. To damp spin waves, angular momentum needs to be
transferred from the spin system to the lattice. In metallic ferro-
magnets two main contributions are distinguished, i.e., a direct and
indirect contribution [Sta09, Ari99, Fae11]. First, we consider the di-
rect contribution. Spin precession is argued to induce electron-hole
pairs via intra- and interband transitions caused by the spin-orbit
interaction. Scattered at e.g. defects and phonons, the electron-hole
pairs transfer angular momentum to the lattice. At room tempera-
ture the electron scattering time is short, and interband transitions
are believed to dominate the damping in permalloy [Fae11]. It is
unlikely that our patterning on the few 100 nm length scale changes
the electronic states being relevant for the direct damping. Changes
have so far been discussed for nm-sized magnets [Koe07]. Second, we
consider the indirect contribution due to magnon-magnon scattering.
Here the SW spectrum is relevant. Due to our patterning, SWs with
k transverse to the long axis experience forbidden frequency gaps.
A discrete spectrum is expected to alter magnon-magnon scattering
where both momentum and energy conservation are to be fulfilled.
A similar argument was used to explain long relaxation times found
in an individual nanomagnet [Sch08b]. For a 2D MC formed by an
antidot lattice the scenario is different. The SW spectrum exhibits
dispersive branches in the different lattice directions allowing to fulfil
momentum and energy conservation in scattering events [Neu11b].
There, unintentional edge roughness introduced via nanopatterning
might even favor magnon scattering. On an antidot lattice, small re-
laxation times were observed for distinct field orientations [Neu10].
Also in 1D MC unintentional edge roughness is suggested to favor
magnon scattering, which yields a slightly smaller relaxation time
compared to an unpatterned thin film.
In the following we discuss the field dependence of the relaxation
length in AFO configuration. In contrast to FMO a pronounced
field dependence of sr(H) is detected, that is not explained by the
variation of the group velocity. Following Eqn. 2.42 the relaxation
length should be proportional to the measured group velocity shown
in Fig. 6.7 (c), which is not observed. Micromagnetic simulations
give an insight in this peculiar behavior. The spin wave amplitudes
|mz(y)| for FMO and AFO configurations at µ0H = 10 mT are
depicted in Fig. 6.11 (b) and (c), respectively. In FMO, neighbor-
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ing nanowires exhibit an equal spin precession amplitude. For AFO
configuration, nanowires with positive and negative magnetization
exhibit equal amplitudes only, when the internal field is equal. In
an ideal system this is the case at 0 mT. For H ̸= 0 the internal
fields vary, which results in asymmetric amplitude profiles in AFO
configuration, i.e. |mz(y)| from a nanowire with M ↑↑ H decreases,
whereas |mz(y)| from the nanowire with M ↑↓ H increases.
A further possible scenario for the strong field dependence is the
scattering of spin waves at inhomogeneities, e.g., single nanowires,
where the magnetization points not in the direction as expected from
a pure AFO configuration. Assuming such a non-ideal AFO config-
uration we suggest, that a non-periodic magnetization profile might
change the transmission characteristic of the spin waves. Further
measurements are necessary to get a deeper insight.

6.4 Conclusion

In conclusion, a 1D MC is an exciting partition of magnonics due
to its unique capability to control the magnetic configuration by the
magnetic history. In this chapter we have investigated two different
magnetic configurations, the FMO and AFO configuration. By MFM
and MOKE we have verified the magnetic configuration, and we have
studied its complex magnetodynamic response. We have compared
spin wave properties of the FMO configuration with the AFO con-
figuration and have described the band structure by PWM data.
Using TR-AESWS we have shown the propagation of spin waves
across several air gaps. The stray field couples the single nanowires
and supports the spin wave propagation even outside magnetic ma-
terial. Furthermore, for the 1D MC in AFO configuration we have
found exceptional properties. Analyzing of SW propagation, we dis-
covered the reciprocal excitation of DE-type spin waves in the AFO
configuration. We denote the reciprocal property as a metamaterial
property for spin waves, as we identified the long wavelength limit to
be crucial. The reciprocal SW excitation is promising for coherent
control on the nanoscale and for devices where counterpropagating
DE modes are manipulated, e.g. in a SW interferometer device. The
MC in the balanced AFO state is considered as an optimum material
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for a spin wave bus, where equal spin wave propagation is desired in
both directions [Khi05].
Finally, we found an unexpected relaxation behavior in the AFO
state that waits for a fundamental explanation.
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7 A One-dimensional Magnonic Crystal with
Canted Magnetization

In this chapter the magnetic field is applied perpendicularly to the
nanowires, i.e., in y direction. Investigations on ferromagnetically or-
dered arrays of nanowires with a perpendicularly applied field have
been reported in literature [Zig07, Tac09]. A theoretical study about
oblique applied fields on 1D MC starting from a saturated state
(FMO) has been published by Nguyen and Cottam. [Ngu07, Ngu11]
A comparison of the spin wave modes in a ferromagnetically and
antiferromagentically ordered array of nanowires with a perpendic-
ularly applied field is so far missing. We investigate experimentally
the saturated FMO state with an oblique, applied field. Addition-
ally, we take one step further and also study the AFO state. The
measurements are performed on sample RH 50 applying the field by
η = 90◦. The measured data are modeled by micromagnetic simu-
lations to obtain a deeper insight. A magnetic field applied perpen-
dicularly to the long axis of the nanowires is interesting as the static
and dynamic magnetization is inhomogeneous across the nanowire
array. [Ngu07]

7.1 Magnetostatic Behavior

For a magnetostatic analysis, micromagnetic simulations, see Sec.
2.6, are performed. The period and edge-to-edge separation from
sample RH 50 are used as simulation parameters. We apply the
saturation field of µ0Hsat = +100 mT parallel to the nanowires.
Then, the field is decreased to µ0H = 0 mT yielding the FMO
state. For AFO the ground state was imposed by applying µ0H =
−10 mT. Starting from µ0H = 0 mT the magnetic field was applied
perpendicular to the nanowires, i.e., parallel to the y-axis.
For FMO, the in-plane orientation of M at characteristic field values
is depicted in Figs. 7.1 (a)-(d). In Fig. 7.1 (a) µ0H = 3 mT at η =
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90◦ is applied, i.e., µ0Hy = 3 mT, and a homogeneous magnetization
pointing in x direction is observed. In Fig. 7.1 (b) µ0Hy = 50 mT is
applied. The magnetization is inhomogeneously canted. The spins
in the center region are already rotated by ψ = 63◦. ψ is measured
with respect to the long axis of a wire. In contrast, the spins at the
nanowire’s edge region are rotated by only ψ = 41◦. Increasing the
field to µ0H = 60 mT the magnetic moments at the nanowire center
are rotated to ψ = 86◦, and the edge magnetization further rotates
to ψ = 60◦ [c.f. 7.1 (c)]. A homogeneous, canted M(r) (ψ = 90◦) of
the nanowires is achieved by an applied field of µ0H = 200 mT [c.f.
7.1 (d)].
The magnetostatic behavior of AFO is depicted in Figs. 7.1 (e)-
(h). The analysis is performed in the same manner as for FMO, in
particular the field values are the same. We find a similar behavior
for an equivalent applied field. However, the x-component of M in
neighboring nanowire is antiparallel as shown in Figs. 7.1 (e)-(g). A
homogeneous M(r) (ψ = 90◦) is achieved for µ0H = 200 mT [c.f.
6.1 (h)].

Canting Mechanism

The magnetization M(y) across the nanowire is observed to be in-
homogeneous. A similar behavior has been evidenced for a sin-
gle nanowire, i.e., without interaction with neighboring nanowires.
[Top09, Due12, Ngu07] There, the field is also applied perpendicu-
lar to the nanowire. Two separate switching fields are found, one at
lower field value whereM in the center region of the nanowire follows
the applied field. At a higher absolute field value M from the edge
region reorients parallel to the applied field. This peculiar behavior
allowed to form nanochannels with high spin wave propagation in
Ref. [Due12].
For an array of nanowires the reorientation of M(y) is found to be
similar. Due to the strong dipolar coupling within the nanowire array
the switching events of center and edge region are more correlated
in contrast to single nanowires, where the switching events of center
and edge region are decoupled.
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Figure 7.1: Micromagnetic simulation of two neighboring nanowires
residing inside an array (blue). The orientation of mag-
netic moments (arrows) averaged over many simulation
cells is shown for different field values with η = 90◦ (a)
µ0H = 3 mT, (b) µ0H = 50 mT, (c) µ0H = 60 mT, and
(d) µ0H = 200 mT starting from the FMO ground state.
Corresponding field values are shown in (e)-(h) for the
AFO ground state. The angle ψ describes the angle of
the magnetization with respect to the x axis. The center
and edge regions are marked.
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7.1.1 Experimental Results

In the following we perform FR-AESWS, see Sec. 3.2.2, in both
magnetic states FMO and AFO. The field is applied in positive x
direction to obtain a saturated state. For FMO we use HML = 0, for
AFO HML = −10 mT and afterwards we reduce H to zero. Starting
from H = 0 the field is increased up to H = 100 mT with η = 90◦.
In Fig. 7.2 Mag(a11) is depicted for η = 90◦ in two magnetic states,
(a) FMO and (b) AFO. In the FMO state for H = 0 the n = 0 mode
exhibits a resonance frequency of fres,0 = 7.0 GHz. Two higher
modes are detected at fres = 12.0 GHz and fres = 12.5 GHz. In
the AFO state for H = 0 the n = 0a mode exhibits a resonance fre-
quency of fres,0a = 6.8 GHz. An additional strong mode is detected
at fres,0b = 9.6 GHz. Two higher frequency modes are detected, a
weak one at fres,2a = 12.0 GHz and strong one at fres,2b = 12.6 GHz.
For µ0H > 30 mT a mode at higher frequency is detected in both
magnetic states, which we attribute to the fourth order mode. A
resonance at fres = 8.1 GHz is observed for both magnetic states,
it is attributed to a higher wave vector excited by the CPW and
not discussed in further detail here. For increasing field fres de-
creases up to a critical field Hanis,n, which depends on the mode
number n. The lowest frequency fres = 3.4 GHz is obtained for the
n = 0 mode. For increasing n the critical field value Hanis,n increases
(dashed line in Fig. 7.2). The anisotropy fields for the FMO state
are µ0Hanis,0 = 57 mT, µ0Hanis,2 = 69 mT, and µ0Hanis,4 = 75 mT.
The anisotropy fields for the AFO state are µ0Hanis,0 = 60 mT,
µ0Hanis,2 = 71 mT, and µ0Hanis,4 = 80 mT. For H > Hanis,n the
resonance frequency fres increases monothonically. Furthermore, a
monothonically increasing mode over the whole magnetic field regime
is detected. We attribute this mode to the backward volume mag-
netostatic mode of the IP, which is not discussed in detail.
Micromagnetic simulations are performed for k = 0. The out-of-

plane component of m is analyzed. The in-plane component of m
is also analyzed and exhibits equivalent behavior (not shown). In
Fig. 7.3 spin wave resonances for various field values are depicted.
In FMO four modes are observed, in AFO there are eight modes
due to the backfolding at the magnetic period 2p, where p is the
geometric period. This is similar to Fig. 6.4 obtained by PWM in
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Figure 7.2: (a) The spin wave resonances measured viaMag(a11) are
depicted for η = 90◦ for a MC in the FMO state. Several
MC modes are detected, and also a Backward Volume
Magnetostatic Mode from the IP is observed (arrow).
The dashed line connects frequency minima. (b) The
spin wave resonances in Mag(a11) are depicted for η =
90◦ for a MC in the AFO state.

111



(a)

FMO

AFO

(b)

0 5025 75 100
0

10

20

10

20

µ0H (mT)

fr
e
q
u
e
n
c
y
 f
 (

G
H

z
)

60 mT profile

Figure 7.3: Corresponding micromagnetic simulations to Fig. 7.2.
Spin wave resonances for (a) FMO state and (b) AFO
state. The perpendicular arrow shows the analyzed
spectrum for Fig. 7.4. Here, white color indicates a
resonance.

112



FMO AFO

y (nm)
0 300

y (nm)
0 300

|m
z
| 
(a

rb
. 
u
n

it
s
)

n=0

n=2

n=4

n=6

a

b

a

b

a

b

a

b

y (nm)
0 300

y (nm)
0 300

y (nm)
0 300

Δyc

|m
z
| 
(a

rb
. 
u
n
it
s
)

|m
z
| 
(a

rb
. 

u
n
it
s
)

|m
z
| 
(a

rb
. 

u
n
it
s
)

nanowire 1  nanowire 2
nanowire 1  nanowire 2
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DE geometry, where the AFO state exhibits twice as many modes as
in the FMO state. Similar behavior is found for pairs of modes for
µ0H > 45 mT. Micromagnetic simulation in FMO state shows good
agreement with the measurement in Fig. 7.2. In the AFO state the
low frequency mode is not observed for µ0H < 43 mT. The back-
folded mode n = 0b is observed in measurement and is in agreement
with the simulated data. However, in experiment we observe only
one resonance at the higher frequency modes for µ0H > 30 mT in
contrast to the simulated data, where pairs of resonances are de-
tected for the whole field regime. The overall characteristic, i.e.
the field dependence of the modes, fits the measured data well for
µ0H < 80 mT. For µ0H > 80 mT the measured field dependency of
the modes differs from the simulated one in FMO state as well as in
AFO state. While the mode of second order in the measurement is
crossing with the zeroth order mode, in simulated data the second
order mode stays above the main mode. For the similar sample ge-
ometry neither a mode crossing is found as depicted in Fig. 4 from
[Ngu11].
The characteristic field values Hanis,n in simulation and experiment
agree perfectly. In particular, the shift to higher absolute values of
Hanis,n in the AFO compared to FMO state is reproduced. The good
agreement allows us to explore the microscopic origin and analyze the
spin wave mode profiles. At a field value of µ0H = 60 mT [c.f. Fig.
7.1 (c)] the mode profiles, i.e. spin wave amplitudes, are depicted
for the four most intense modes in FMO state and the eight most
intense modes in AFO state. In FMO state we present the spin wave
amplitudes averaged over time |mz(y)| of the modes with the corre-
sponding resonance frequencies in Fig. 7.4 (a): f0,n=0 = 4.2 GHz,
f0,n=2 = 6.6 GHz, f0,n=4 = 9.1 GHz, and f0,n=6 = 11.2 GHz. The
eigenmode n = 0 exhibits a spin wave amplitude across the whole
nanowire, with two symmetric maxima shifted with respect to the
center by 33 nm. For the first higher mode n = 2 we observe a
similar behavior, with two maxima symmterical with respect to the
center at a distance of 98 nm. A different behavior is detected for
the two higher modes n = 4 and n = 6. The maxima of the oscilla-
tion amplitudes are confined at the edges of the nanowire, whereas
in the center of the nanowire, there is only little amplitude. We
define the maximum position ym and the position yhm, where the

114



amplitude has dropped to half of the maximum. Then, the lateral
confinement ∆yc = ym − yhm amounts to ∆yc,6 = 14 nm for n = 6
and ∆yc,4 = 28 nm for n = 4.
In AFO state we present the spin wave amplitudes averaged over time
|mz(y)| of all eight modes from Fig. 7.4 (b). The main difference
between FMO state and AFO state is the non-symmetric amplitudes
of neighboring nanowires in AFO state. This is similar to Fig. 6.11.
While in FMO neighboring nanowires exhibit identical |mz(y)|, in
AFO one nanowire exhibits an increased |mz(y)| compared to the
neighboring nanowire. Within one pair of eigenmodes (index a and
b) a strong spin wave amplitude is found in one nanowire for each
eigenmode a, and in the other nanowire for b. Similar to the FMO
state the maximum of the spin wave amplitude concentrates at edge
region of the nanowires for higher frequency modes. For n = 6b the
lateral confinement amounts to ∆yc,6b = 16 nm.
A lateral confinement, also called pinning, has also been found by
Nguyen and Cottam in a single Py stripe by Hamiltonian-based cal-
culations. [Ngu07] They have presented the main mode exhibiting a
strong lateral confinement, when a field H ≫ Hc is applied. This is
in agreement with our data at H ≫ Hc (not shown). The pinning
is attributed to significanlty inhomogeneous magnetization of edge
and center region.

7.1.2 Mode Softening

The characteristic behaviour of the spin wave resonance frequency
fres that is decreasing initially with increasing H, passing through
a minimum before increasing again at larger H, is known from fer-
romagnets exhibiting a shape anisotropy. The applied field exerts
a torque on the magnetization. The magnetization is canted with
respect to the edges. The demagnetizing field Hdem = −N̂M [c.f.
Eqn. 2.10] is antiparallel with the applied field and reduces the effec-
tive fieldHeff , which yields a smaller resonance frequency. This mode
softening has been observed in single stripes [Bai03a, Top09, Due12].
There, experiments have been done with k ∥ y and H ⊥ y. In con-
trast, we address k and H being perpendicular to the nanowire (i.e.
k ⊥ y and H ⊥ y). Importantly, this configuration improves the
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sensitivity for modes with M(r) ∥ y due to a larger torque, which
allows us even to observe the n = 4 mode. The field positions Hanis,n

of the frequency minima increase with the order n of the spin wave
mode [c.f. dashed line in 7.2], which is modeled by micromagnetic
simulations. The effect is described theoretically by Nguyen and
Cottam. [Ngu11] They attribute the increasing field value of the dip
for higher frequency spin waves to the different reorientation of the
magnetic moments at the nanowire edges in contrast to the center
region.

7.1.3 Conclusion

Applying the magnetic field perpendicularly to the long axis of the
1D MC allows the investigation of the complex demagnetization and
reorientation of the magnetic moments. In particular the setup ge-
ometry improves the sensitivity of higher-order modes. Our mea-
surements and simulations verify the effects of reorientation of the
magnetic moments on the spin wave modes found by Nguyen and
Cottam. [Ngu07, Ngu11] In particular the strong lateral confinement
of a few 10 nm is striking. In [Due12] a small angle of a few degrees
canted with the y-axis forms a zig-zag magnetization in a nanowire,
which yields spin wave channels with a lateral confinement of 60 nm
width in the center region of the nanowire. Combining both effects,
we suggest to control the lateral position of the resonant area within
the nanowire by the applied magnetic field. Thereby, the coupling
via in-plane and out-of-plane components of the nanowires can be
controlled and investigated.
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8 A Semitransparent Mirror for Spin Waves

The control of amplitudes and phases of propagating spin waves
(SWs) is essential for magneto-logics using SWs. [Sch08a] Different
local inhomogeneities of magnetic properties have been investigated,
such as e.g. a geometric defect [Fil12], an interface [Neu11b], the
core polarization in nanomagnet chains [Bar10], and a local mag-
netic field creating a potential barrier at which reflection, trans-
mission, and tunneling of SWs occurred [Neu09a, Dem04]. At the
same time, investigations on one-dimensional (1D) magnonic crys-
tals (MCs) consisting of interacting nanostripes have shown arti-
ficially tailored SW band structures that depend on the magnetic
state [Top10, Tac10c, Din11b, Hub13a]. For further advancements
in magnonics [Kru10, Len11] one aims at controlling spin waves with
individual nanoscopic magnets [Her04, Au12]. In this chapter we in-
vestigate the control of SW propagation using a deep subwavelength
magnetic element.
This chapter contains previously published work. [Hub13b]

8.1 Experimental Results

In experiments on different MCs we detected reduced amplitudes
of propagating SWs when individual nanowires switched from the
parallel to the anti-parallel state. Indications for this effect have
been already observed for SW propagation in MCs where the kink
at µ0H = −7 mT in Fig. 6.7 may be attributed to a single nanowire
or several nanowires with anti-parallel magnetization in the propaga-
tion path of the SW. There is no corresponding sign in the reflection
data in Fig. 6.3. To investigate this phenomenon in detail we pre-
pared a specific sample which will be described in the following.
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Figure 8.1: (a) Sketch of the sample design. It consists of a permalloy
nanowire array with p = 300 nm and an edge-to-edge
separation of 45 nm. Two of the nanowires are connected
to an IP to decrease the switching field. On top three
CPWs are integrated with a signal line width of 2.0 µm.
(b) Scanning electron microscopy image of the sample,
with two integrated CPWs for AESWS and a further
one for detection of the magnetization switching of the
IP. (c) Signal Mag(a11) and (d) Mag(a33) from CPW3
and CPW1 detecting the IP and the MC, respectively.
The reversal of the MC (IP) is observed at −12 ± 1 <
µ0H < −8± 1 mT (µ0H = 1± 1 mT).
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Figure 8.2: (a)-(c) AESWS spectra obtained in a minor loop with
µ0HML = −4 mT addressing the FMO state: (a)
Mag(a11), (b) Mag(a22), and (c) Mag(a21). (d)-(f)
Spectra obtained in a minor loop with µ0HML = −5 mT:
(d) Mag(a11), (e) Mag(a22), and (f) Mag(a21)). In
the transmission signal Mag(a21), the signal strength
varies abruptly at µ0H

∗ = 7.5 mT, which is attributed
to a change of the magnetic ground state M(r). In
the reflection signal Mag(aii) no abrupt change is ob-
served. (g)-(i) Spectra obtained in a minor loop with
µ0HML = −7 mT addressing a disordered state: (g)
Mag(a11), (h) Mag(a22), and (i) Mag(a21). Abrupt
changes are observed in all three graphs.
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Experimental Setup

This sample contained an injection pad for domain walls attached to
the nanostripes located intentionally between two CPWs. Thereby
the propagation properties were directly addressed. The sample ex-
hibited a period p = 300 nm, where the edge-to-edge separation
(air gap width η̂) was 45 nm, the thickness of 40 nm, and the length
of the wires amounted to about 300 µm. The nanowires have been
structured by electron beam lithography (see Sec. 4.2) and are made
from of evaporated permalloy. Here, two selected nanostripes (next-
nearest neighbors) are connected to an injection pad (IP) for domain
walls in order to control their magnetic state independently from the
remaining MC. The MC is isolated by 8 nm thick Al2O3 deposited by
atomic layer deposition. On top three coplanar waveguides (CPW1
- CPW3) [Fig. 8.1 (b)] are integrated by electron beam lithogra-
phy and evaporation of Cr and Au with a width of the signal and
ground lines of 2 µm and a separation between ground and signal
line of 1.3 µm. The distance between CPW1 and CPW2 amounts
to s21 = 16.5 µm. CPW3 is integrated on top of the IP to detect
its reversal via changes of its dynamic response. The nanowires con-
nected to the injection pad are between the two CPWs [Fig. 8.1 (b)].

Phenomenology

We present AESWS spectra, see Sec. 3.2.2, showing SW resonances
measured separately on the 1D MC and IP in Fig. 8.1 (c) and (d),
respectively. The resonance frequencies fres of the MC and IP differ
overall by about 2 GHz. This difference is attributed to the differ-
ent shape anisotropy. The monotonous behavior of the resonances
(branches) is interrupted at switching fields Hsw. For the MC we
define two values µ0Hsw1 = −8± 1 mT and µ0Hsw2 = −12± 1 mT
reflecting the switching field distribution of the nanostripes. In the
1D MC, abrupt changes in fres are either due to the reversal of
an individual bistable nanostripe or a group of nanostripes.[Din11b]
Between Hsw1 and Hsw2 the magnetic ground state M(r) thus dif-
fers from the saturated state polarized in either +y- or −y-direction
depending on H. For the IP (CPW3), we find a single-valued switch-
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Figure 8.3: (a) Transmission signal I(a21) of FMO and FMO*. A
strong propagation signal (i.e. oscillations) is obtained
for FMO. δf is a measure of the group velocity vg. (b)
I(∆) = I(a21(FMO)) − I(a21(FMO∗)) (line) [R(∆) =
R(a21(FMO)) − R(a21(FMO∗)) (dotted)]. The oscillat-
ing behaviors indicate propagating SWs. (c) The propa-
gation attenuation a21

a11
and a12

a22
for FMO (diamond and

upward triangle) and FMO* (square and downward tri-
angle). a21

a11
is suppressed up to µ0H = 7.5 mT by a factor

of 1.6. For µ0H > 7.5 mT the FMO value is recovered.
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ing field µ0Hsw,IP = 1± 1 mT. For the 200 µm2 large IP, we assume
domain wall nucleation and movement as the relevant reversal mech-
anism. The IP is thus expected to inject domain walls into the at-
tached nanostripes. If the injection occurred for µ0Hsw1 = −8 mT <
µ0H < 1 mT, the attached nanostripes would have M anti-parallel
to the otherwise saturated 1D MC.

We show Mag(a11) measured in a minor loop (ML) on CPW1 in
Fig. 8.2 (a). We saturated the sample at µ0Hsat = +100 mT before
we applied µ0HML = −4 mT and measured for increasing H. As
µ0HML > µ0Hsw1 the reversal of nanostripes without IP did not oc-
cur. In fact, in Fig. 8.2 (a) the resonance frequency increases with
increasing H. This is the characteristic behavior of the mode n = 0
in the FMO state of a 1D MC, as presented in Sec. 6.2.1. Nanos-
tripes are magnetized in parallel, and the 1D MC is in its saturated
state. We detect the same behavior forMag(a22) on CPW2 [Fig. 8.2
(b)]. We do not observe any abrupt changes in fres, substantiating
the FMO state underneath CPW1 and CPW2. ForMag(a21) in Fig.
8.2 (c), i.e., the signal transmitted between CPW1 and CPW2 in x-
direction, we find a branch at the same field-dependent frequencies
as observed in Fig. 8.2 (a) and (b). The transmission signal does
not show abrupt changes either, neither in frequency fres nor in sig-
nal strength. In Fig. 8.2 (d) and (e), Mag(a11) and Mag(a22) are
shown for a slightly different ML reversal field of µ0HML = −5 mT.
The branches are identical to Fig. 8.2 (a) and (b), respectively.
No discrepancies are detected. The transmission signal Mag(a21)
for µ0HML = −5 mT shows however a strikingly different behavior.
The data is depicted in Fig. 8.2 (f). Mag(a21) exhibits an abrupt
change of signal strength at µ0H

∗ = 7.5 mT. For µ0H < 7.5 mT
(µ0H > 7.5 mT) the detected signal is weak (strong). We attribute
the abrupt change in Mag(a21) to a field-induced variation of the
magnetic ground state in that M(r) varies locally between CPW1
and CPW2, as the signal change is not detected in the reflection data
a11 and a22. When applying µ0HML = −5 mT, we expect domain-
wall injection from IP to induce locally an anti-parallel magnetiza-
tion with respect to the array’s magnetization. The anti-parallel
orientation of a nanostripe’s magnetization M will be substanti-
ated by the MFM in Sec. 8.2. We label the relevant state between
µ0HML = −5 mT and µ0H

∗ = 7.5 mT in Fig. 8.2 (f) as the ‘fer-
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romagnetically ordered state with a magnetic defect (FMO∗)’. For
minor loops with µ0Hsw2 < µ0HML ≤ µ0Hsw1, we observe several
abrupt changes in both reflection and transmission data as expected
from a stochastically disordered nanostripe array.[Din11b] In Figs.
8.2 (g)-(i) the corresponding data is shown for µ0HML = −7 mT.
This is attributed to a disordered magnetic ground state of the whole
MC.
In the following we study in detail the propagation properties of

spin waves below and above H∗ for the FMO and FMO∗ states. In
Fig. 8.3 (a) a direct comparison of I(a21) taken at µ0H = 7.0 mT
for FMO and FMO∗ is presented. Both states show a transmission
signal near the resonance frequency fres = 5.5 GHz. The signals
differ however in shape and amplitude. Note that the striking dis-
crepancy in transmission is achieved at the same field H by vary-
ing µ0HML by only 1 mT [c.f. Fig. 8.2 (c) to (f)]. In the FMO
state, the curve is clearly oscillating which is known to indicate spin
wave propagation between emitter and detector [c.f. Sec. 5.2.2].
In the FMO∗ state, a much weaker oscillatory contribution is de-
tected. We now subtract the two curves to reduce the background.
The detailed curve shapes in Fig. 8.2 (a) indicate that we have
both a propagating spin wave signal and direct electromagnetic (em)
crosstalk between CPW1 and CPW2 (step-like feature between 4 and
7 GHz). The difference signal ∆ does not contain the em crosstalk.
The difference signals I(∆) = I(a21)(FMO) − I(a21)(FMO∗) (line)
and R(∆) = R(a21)(FMO) − R(a21)(FMO∗) (dotted) are shown
in Fig. 8.3 (b). The phase-shifted oscillatory behaviors of I(∆)
and R(∆) indicate a VNA-measured spin wave propagation sig-
nal in an ideal way, see Sec. 5.2.2. Following the subtraction,
the transmission of SWs is larger for the FMO compared to the
FMO∗ state. The group velocity extracted from δf amounts to
vg = δf × s21 = 4.6 km/s. In Fig. 8.3 (c), the field-dependent prop-
agation attenuation Mag(a21)/Mag(a11) as introduced in Sec. 5.3.2
is shown. For the FMO state,Mag(a21)/Mag(a11) (open diamonds)
decreases for increasing H starting from a value of about 0.03. Strik-
ingly for the FMO∗ state,Mag(a21)/Mag(a11) (open squares) starts
at a low level of 0.02 and exhibits an abrupt jump to larger val-
ues at µ0H

∗. For H > H∗, Mag(a21)/Mag(a11) of FMO∗ recovers
the values of the FMO state perfectly. The propagation attenua-

123



tion measured in the opposite direction isMag(a12)/Mag(a22). The
data are depicted as open upward (FMO) and downward (FMO∗)
triangles. Mag(a12)/Mag(a22) is found at much smaller values for
both magnetic states compared to Mag(a21)/Mag(a11). This is due
to the non-reciprocal SW excitation in the 1D MC, see Secs. 5.3.2
and 6.3.3. The small Mag(a12)/Mag(a22) does not allow one to re-
solve the discrepancy between FMO and FMO∗ states with the same
signal-to-noise ratio.

8.2 Magnetic Force Microscopy
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Figure 8.4: Topography (top) and stray-field contrast (bottom) of
Magnetic Force Microscope images in remanence for dif-
ferent magnetic histories. The nanostripes are oriented
vertically and neighoring nanostripes are shifted by 5 µm
in x-direction. The phase contrast (bottom graph) with
light or dark contrast is a measure of the magnetization
of the nanostripes. (a) for µ0Hsat = −100 mT a light
contrast is observed due to negative magnetization direc-
tion, (b) µ0Hsat = +100 mT a dark contrast is observed
due to positive magnetization direction. (c) MFM image
for the two nanostripes connected to the IP as indicated.
One IP nanostripe is found in a reversed state (white
end) for µ0Hsw1 < µ0HML < 0.

In the following we investigate the magnetic ground state M(r)
of the MC by an MFM [c.f. Sec. 6.1]. Reference MFM images
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with µ0Hsat ≈ −100 mT (µ0Hsat = +100 mT) and µ0HML = 0
provided all white (black) contrast in the phase data in Fig. 8.4 (a)
[Fig. 8.4 (b)] (bottom graph) at a given end of the nanostripes. We
attributed the white (black) contrast in MFM images thus to a neg-
ative (positive) magnetization of a nanostripe. For each MFM data
set we first saturated the MC at µ0Hsat of about +100 mT. The
field was passed through zero reaching µ0HML < 0 and then gradu-
ally increased. The MFM images were taken at remanence (H = 0).
Applying µ0Hsw1 < µ0HML < 0, we detected the reversal of one
nanostripe (white) in Fig. 8.4 (c). The MFM setup was not cali-
brated with the same Hall sensors incorporated in the spectroscopy
setup, and absolute field values HML therefore did not agree per-
fectly between the two setups. Hsw1 is extracted at the MFM from
the reversal of nanostripes not connected to the IP. Comparing with
the topography image taken with the MFM (top graph), we substan-
tiated that the reversed nanostripe was connected to the IP. We did
not detect the white color for both nanostripes at the same time for
µ0Hsw1 < µ0HML < 0. There might have been a pinning potential
along the second nanostripe connected to the IP preventing this par-
ticular nanostripe from a full reversal at such small |HML| < |Hsw1|.
The FMO∗ state is thus argued to contain a single magnetic nanos-
tripe of width w = 255 nm of opposite M.

8.3 Micromagnetic Simulations

In Fig. 8.5 (a) to (c) we depict the outcome of the micromagnetic
simulations, see Sec. 2.6, where we consider the propagation of SWs
in FMO and FMO∗ states of a 1D MC. We simulated propagating
spin waves after a pulsed excitation of a Gaussian-shaped excitation
pulse of duration 0.1 ns. As simulation parameters we used a cell size
9.4 × 9.4 × 40 nm3 with open boundary conditions. The saturation
magnetization 820 kA/m, exchange constant 1.3 10−6 erg/cm, damp-
ing constant 0.005. We simulate an array consisting of 256 nanos-
tripes with a period p = 300 nm, air gap width η̂ = 9.4 nm, stripe
width 291 nm, and a length of 4.8 µm each. The length is smaller
than in the experiment due to restrictions existing with nowadays
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Figure 8.5: (a) In-plane mx and out-of-plane mz component of
the dynamical magnetization obtained by micromagnetic
simulations of an MC in FMO state. SWs propagate in
both direction (solid arrows). Black and white contrast
indicates positive and negative amplitude of m, respec-
tively. (b) mx and mz for FMO*. At -1.9 µm a nanos-
tripe with anti-parallelM is introduced (vertical arrows).
There, the incoming SW beam (solid arrow) is scattered.
A reflected beam (dashed arrow) and a reduced trans-
mitted beam (dotted arrow) are observed. mx (mz) of
the MD oscillates in-phase (out-of-phase) with the MC.
(c) Subtraction of (a) and (b) highlights the scattering
of SWs. For ∆mx the initial beam cancels completely,
for ∆mz the initial beam partly remains.
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computational power. Though η̂ differs between simulation and ex-
periment, extracted velocities vg are found to be nearly the same.
Unintentional edge roughness in the real nanostripes might be the
reason. [Kea13] Roughness is known to reduce the demagnetiza-
tion effect and thereby enhances spin-precessional amplitudes right
at the geometrical edges provoking a large vg via enhanced dipolar
coupling. The 1D MC is excited in its central region. We follow the
spin wave flow to both sides. In Fig. 8.5 (a), we first show results for
the FMO state at H = 0 which is homogeneous to both sides from
the excited region. On the vertical axis from top to bottom we follow
the temporal evolution of the spin-wave excitation after application
of the pulse at t = 0. The x-axis shows the distance D measured to
both sides from the excited nanostripes located at D = 0. The black
and white contrast of the ringing pattern illustrates a phase shift of
180 deg, i.e., negative and positive spin-precessional amplitudes, re-
spectively. Following the temporal evolution of the most prominent
signal a spin-wave packet is observed while it moves to both sides
of the 1D MC as highlighted by two arrows. The propagation is
clearly resolved in the simulated x- and z-components mx and mz,
respectively, of the dynamical magnetization m(x,y, t) of the nanos-
tripes. To obtain a pronounced ringing pattern even at D = 4 µm
for both the FMO and FMO∗ state (where scattering is expected to
take place) we consider a smaller air gap width η̂ in the simulation
compared to the experiment. We take η̂ = 9 nm providing us with
a large dipolar coupling between neighboring nanostripes and, con-
sequently, a large group velocity vg. A large vg is needed to obtain
a large decay length lc = vg × τ and thereby a large signal-to-noise
ratio at D = 4 µm for illustrating the underlying physics clearly by
Fig. 8.5 (for Py, the relaxation time τ is a few ns).
In Fig. 8.5 (b), simulation data for the FMO∗ state is displayed

for H = 0 where at D = −1.9 µm an MD is included. The MD
consists of a single nanostripe with an anti-parallel magnetization
M. The spin wave beam (solid arrow) reaches the MD at t ≃ 0.5 ns.
There, the SW is split into a reflected beam (dashed arrow) and a
beam transmitted across the magnetic defect (dotted arrow) which
has a smaller amplitude compared to Fig. 8.5 (a). This is in agree-
ment with our experimental observation. The reflected beam is pro-
nounced in mx and mz. To highlight the effect of the MD, the
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simulated traces for FMO and FMO∗ are subtracted. The difference
signals ∆mx and ∆mz are depicted in Fig. 8.5 (c). For ∆mx only
the transmitted and reflected SW beams are visible. They have al-
most the same spin-precessional amplitudes suggesting efficient SW
reflection at the single magnetic nanoelement (about 50 %). The in-
coming SW beam is cancelled by the subtraction. At the same time,
the MD shows a ringing pattern being in-phase with the spin waves.
For ∆mz in Fig. 8.5 (c), the incoming beam is not fully cancelled.
This might be counterintuitive at first sight, but can be explained
by the dipolar interaction of the MD with the array. The dipolar
interaction is far reaching and modifies the ellipticity mz

mx
(see also

Eqn. 2.27) of the spin-precessional motion in several unit cells of the
neighboring array. We find that the subtraction cancels the initial
beam for D > 3 µm in ∆mz. There the intrinsic ellipticity of the
MC without MD is recovered. The spatially dependent ellipticity
is thus found to indicate the dipolar interaction length of a local-
ized magnetic defect with an MC. Strikingly, in ∆mz of Fig. 8.5
(c) the ringing of the MD is out-of-phase with respect to the spin-
precessional motion in the neighboring MC. We thus sum up that x-
components of m(x,y, t) of the MD and MC precess in-phase, while
z-components precess out-of-phase. This contrasting behavior of mx

and mz is consistent with Ref. [Top10] where the spin-precessional
motion for an antiferromagnetically ordered MC was analyzed.

8.4 Discussion

A closer look is necessary to explain the scattering of SWs at the
MD formed by a single magnetic nanoelement. It is instructive
to analyze the excitation of the MD by the spin-precessional mo-
tion of neighboring nanostripes. In the following, the magnetization
M of a nanostripe is subdivided into a static component aligned
with the +y-direction and a dynamic component precessing in the
x, z-plane following M = My + mx,z. It is reasonable to assume
mx,z ≪ My for the amplitude of precession. The dynamic demag-
netizing field, see Sec. 2.2, is calculated from mx,z according to

hd(r) =
∫
V
Ĝ(r, r′)m(r′)dr′, where Ĝ is the tensorial magnetostatic
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Figure 8.6: (a) Sketch of the structure, where the MD is marked.
The SW is approaching from the right side towards
the MD. (b) mz(t) of three nanostripes is displayed:
the next-nearest nanostripe before the magnetic defect
(black), the magnetic defect itself (blue), and the next-
nearest nanostripe after the magnetic defect (red). The
blue (red) curve exhibits a maximum at 0.5 ns (0.6 ns).
The black curve exhibits two maxima at 0.4 ns and
0.7 ns, which indicates the incoming and the reflected
beam. The mz-component of the MD is out-of-phase
with the precessional motion of the other nanostripes.
The amplitude of the MD is larger compared to the other
nanostripes.
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Green’s function and r, r′ are position vectors inside and outside a
nanostripe. The excitation field for the MD is given by the field
hd = hd,x + i · hd,z generated by the surrounding nanostripes. Here,
the imaginary prefactor of the z-component of hd provides a phase
shift of π/2 compared to the x-component of hd. The prefactor is
caused by the phase difference of the corresponding components of
the dynamic magnetization m. In the following we discuss the two
possible magnetic orientations of the MD separately. In the case of
the FMO state, the nanostripe forming the MD later on is aligned
with the MC (+My). The strong in-plane component +hd,x pro-
vokes a deflection +mMD,x of the MD. Following dM/dt ∝ −M×hd,
magnetization vectors of the MC and MD rotate in unison in a right-
handed manner around the +y-direction towards the −z-direction.
The mz-components of neighboring nanostripes are nearly the same
for λ ≫ p. Consequently, hd,z counteracts the precessional motion
of neighboring nanostripes. In contrast, in the FMO∗ state the anti-
parallel magnetization vector of the MD with −My exhibits a left-
handed precession with respect to the +y-direction defined by the
magnetization direction of the MC. The strong in-plane component
+hd,x of a neighboring nanostripe deflects mMD in +x-direction,
similar to the FMO case. However, mMD rotates left-handed to-
wards the +z-direction whereas the neighboring nanostripes precess
towards the −z-direction at the same time. The mz-component of
the MD is thus out-of-phase with the precessional motion of the MC
as shown in Fig. 8.6 (b). hd,z provides an attractive force enlarging
the excitation for the MD (c.f. Fig. 8.6 (b)). As a result, in FMO∗

both components of hd of the surrounding MC act together in-phase
on mMD, which appears as a changed ’wave impedance’ for the SW
compared to the FMO state. This impedance mismatch provokes
partial reflection and reduced transmission at the subwavelength-
wide element (w/λ ≈ 0.02 − 0.03). In further simulations we have
considered different numbers q of selectively reversed nanostripes in
an otherwise saturated 1D MC (we tested q = 1, 2, 3, 4). Thereby
we find that the scattering of spin waves is robust against the exact
number of the subwavelength magnetic defects. The reflected beam
intensity does not depend crucially on q suggesting an ’interfacial’
rather than a ’bulk-like’ scattering effect. The control of SW trans-
mission by an individual nanostripe as a switchable and semitrans-
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parent mirror in an MC is far-reaching. It has already been shown
that M of a stripe can be reversed by a biasing current which moves
back and forth an existing domain wall. [Yam04] By integration of
leads, a three-terminal device can be created consisting of a 1D MC
equipped with emitter and detector antennas where a central nanos-
tripe is current-biased. Controlling the nanostripe’s magnetization
M by the current, the MC is ’gated’, and the transmitted SW signal
is switched on and off by current pulses [Tog11] in a transistor-like
configuration. Using two of the mirrors in series, SW cavities in an
MC [Fil12] become switchable. The ’on/off’ ratio provided by the
nanomagnets still needs to be optimized in future experiments.
We studied spin wave propagation in 1DMCs with a reprogrammable

magnetic defect. The spin wave is scattered at the nanostripe with
anti-parallel magnetization due to out-of-phase spin precession. The
subwavelength magnetic nanoelement acts as a semitransparent SW
mirror which is switched on and off by the magnetic history or a
current. The findings are promising for spin wave control on the
nanoscale.
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9 Atomic Layer Deposition of Ferromagnetic
Metals

Atomic layer deposition (ALD), originally called atomic layer epi-
taxy, was developed by T. Suntola in the 1970’s. [Sun77] Atomic
layer deposition stands out from other deposition techniques by the
isotropic and homogeneous growth. [Sun92, Les02, Geo10] This al-
lows the deposition on porous substrates without shadowing effects.
Aspect ratios of more than 103 have been achieved. [Ela03, Kar10,
Geo10] This high aspect ratio growth makes ALD suitable for the
deposition of material in nanostructured templates. [Xio05, Dau07,
Les11] It has been shown, that the deposition of material by ALD
in nanoporous templates can be even spatially controlled. [Ela07]
Also patterend ALD on planar substrates has been accomplished.
[Yan01, Geo10] At the same time, the ALD of ferromagnetic met-
als has made rapid progress. [Dau07, Bac07, Lee09, Cho10, Cho11]
Several processes for Fe, Ni, and Co, and their compounds have
been developed. For Fe, Ni, and Co investigations on the magne-
tization configuration in ALD overgrown nanostructures have been
performed. [Dau07, Bac07, Bac09] However, in a recent textbook
about ALD it is stated: [Les11]
“Metal ALD is not yet mature. There is still a need for better
processes for first row transition metals such as iron, cobalt, [and]
nickel... There is a need to make progress in the development of ALD
for these metals because of the possible 3D applications that may ap-
pear in the future.”
In fact, there are a number of challenges on the way to ALD of high
quality ferromagnetic material. The FMR is a key property, that
depends on several material parameters, e.g. the saturation magne-
tization (see Sec. 2.4.2), and the magnetic damping, for optimizing
the deposited material. Yet, the investigation of the FMR so far has
not been addressed. ALD coating of prepatterned templates with
low damping ferromagnetic material allows for creation of second
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generation of nanomaterials [Bae11], i.e. the homogeneous deposi-
tion of material onto nanospheres, nanowires, or nanomembranes.
Intriguing physical phenomena are expected from such novel proto-
types of ferromagnetic nanomaterials, e.g. large magnonic bandgaps.
[Kra08, RV12] However, on the one side, physical restrictions have to
be considered, e.g. the relatively high damping α of polycrystalline
Ni and Fe. On the other side, the obstacles due to the complex
deposition technology have to be overcome, e.g. entrapment of im-
purities in deposited films. Target of this thesis is ALD of a thin
film with a small roughness exhibiting a low magnetic damping, and
the application of the developed processes to nanotemplates, such as
nanowires or nanostructured samples.

9.1 Technology

ALD is a chemical vapor deposition (CVD) technology. In contrast
to conventional CVD, ALD supplies the reactants separately and
sequentially. This leads to surface chemistry dominated processes.
Each of the gaseous precursors reacts with the surface of a sample
in a self-terminating way. Going into detail, the first precursor is
injected into a reaction chamber and is adsorbed (via chemi- or ph-
ysisorption) on the surface of a substrate till the surface is saturated.
Then the reaction chamber is purged. After injection of the second
precursor, it reacts chemically till all adsorbed molecules from the
first precursor are consumed. This leads also to saturation, some-
times called self-terminated or self-limiting process. Thereafter the
reaction chamber is purged, and the whole process can be repeated.
Comprehensive reviews on ALD in general can be found elsewhere.
[LB03, Puu05, KM07, Geo10, Les11]
We define the durations for the four relevant pulses as t1,t2,t3, and
t4. The process is then defined by [Mar11]

C × [(t1|t2) + (t3|t4)], (9.1)

where t1 and t3 are the precursor exposure times, and t2 and t4 are
the corresponding purge times (C is the number of cycles). These
durations are characteristic for an optimized ALD cycle and will be
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listed for all presented processes. That way the desired material is
deposited monolayer by monolayer. This leads to conformal growth.
The thin film thickness is controlled by the number of cycles.
The dominant processes contributing to the reaction:

• Diffusion of the precursor to surface
• Adsorption of the precursor
• Desorption of the reaction products
• Diffusion of the reaction products from the surface

Typically, the diffusion processes are not crucial, as these are con-
trolled by the process parameter. In Sec. 9.2 the critical problem of
chemisorption of the precursors is discussed. There exists a process-
ing window for an ideal growth of monolayers, i.e., a characteristic
temperature range. This processing window is called ALD window,
where the growth rate does not depend on the temperature due to
the self-limiting deposition process. [Les02, Geo10] This window is
advantegeous, as temperature drift or inhomogenities do not influ-
ence the deposition. In Fig. 9.1 (a) the temperature dependence
of an ALD process is sketched where the ALD window is situated
between the regions of non-conformal growth. For a lower temper-
ature, either the growth rate decreases due to inhibited nucleation,
or a strong physisorption increases the growth rate due to precursor
condensation. For a higher temperature, either decomposition of the
precursor yields a higher growth rate, or a higher desorption rate de-
creases the growth rate. [Geo10] The ALD process is also influenced
by the duration of the precursor pulses t1 and t3. A full adsorption
has to be achieved. However, too long exposure times t1 and t3 lead
to desorption or decomposition effects. The purge times t2 and t4
are also important. They have to last long enough to inhibit gas
phase interactions. The reactor design and the chemical and physi-
cal properties of the precursors are dominating the growth behavior.
The precursor materials are key for the self-limiting deposition. They
need to fulfil certain requirements:

• Enough vapor pressure
• Good adsorption properties and high reactivity
• Adequate thermal stability
• A limiting character of the surface reaction.
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From a chemistry point of view, precursors can be classified in anor-
ganic and organic molecules. The anorganic percursors provide the
deposition of a lot of elements. Metallic as well as non-metallic el-
ements form heat-resistive chlorides. They react with water, but
have some drawbacks, such as etching of the reaction product. For
ALD of Si e.g. the precursors SiH2Cl2 and hydrogen radicals are
used, whereby corrosive HCl is formed. In recent years the devel-
opment of organic precursors made large progress. There are a lot
of alkyles, amides, and cyclopentanoids, that were used successfully.
[LB03, Les11] In particular the alkyles are adequate for ALD pro-
cesses, such as Trimethylaluminum (TMA), that is used for Al2O3

deposition. [Gro04, Geo10] Another important group are the cy-
clopentanoids. They provide metals (i.e. Pt, Ru), that were not
available with the alkyles. [Aal03, Kno09] Furthermore, cyclopen-
tanoids have been recently used succesfully to fabricate transition
metals, e.g. Fe, Ni, and Co. [Dau07, Bac07, KM07]
We use TMA for Al2O3 deposition, and ferrocene [Fe(C5H5)2 or
FeCp2] and nickelocene [Ni(C5H5)2 or NiCp2] for Fe and Ni deposi-
tion. FeCp2 and NiCp2 belong to the group of metallocenes and are
therefore chemically similar. An atomic model of such metallocenes
is depicted in Fig. 9.1 (b). Two pentan rings are sandwiching a
metal ion. The higher reactivity of NiCp2 in comparison to FeCp2
is caused by the number of valence electrons. Fe2+ has 6 electrons
in the d-shell, where all electrons are involved in the bond to the
cyclopentan rings. In contrast, Ni2+ contains 8 electrons in the d-
shell. Two electrons thereof are antibonding. Therefore, NiCp2 is
very reactive and sensitive to oxygen. [Pug99]
Nickelocene is used for CVD to produce Ni thin films and the mech-
anisms have been thoroughly investigated. [Bri99c, Bri99a, Bri99b,
Bri00] Similar analysis on reaction paths of ferrocene was done by
Russel et al. [Rus96]. ALD processes using metallocenes are al-
ready documented in literature [Dau07, Bac07, Lu08, Bac09, Bac11,
Mar11].
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Figure 9.1: (a) Temperature dependence of an ALD process exhibits
a so called ALD window, where the growth rate is con-
stant. For a temperature outside the ALD window
the growth rate is varying with the temperature. (b)
Model of a metallocene molecule: [Mil09] A metal ion is
sandwiched between cyclopentadienyl rings. (c) PicoSun
Sunale ALD reactor with control station, tubing of N2,
O2, and H2, and the ozone generator. (d) Sketch of the
ALD machine. The precursor lines under the reactor are
connected by (heated) tubes with the reactor. There are
six precursors: TMA (Trimethylaluminum), H2O, NiCp2
(Nickelocene), FeCp2 (Ferrocene), ozone O3, and molecu-
lar hydrogen H2. The sample is put on a substrate holder
into the reactor, which is heatable up to 500 ◦C.
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9.2 State of Research

In this work the ALD of ferromagnetic material was achieved by ox-
idation of metallocenes, i.e., NiCp2 and FeCp2. The used process is
based on chemisorption of the metallocenes, and a subsequent oxi-
dation by O3. To obtain metallic ferromagnetic material a reduction
step is necessary, which is performed either after the deposition pro-
cess, or layer-by-layer. Therefore, we separate the discussion into a
deposition process, without intermediate reduction step, that in the
following is called oxidic process, and a second deposition process,
where hydrogen is present during the deposition process, that we call
reductive process. In the following we present the relevant state of
research for both processes, in particular its subprocesses. Addition-
ally, the state of research of alloy formation by ALD is summarized.

9.2.1 Adsorption of NiCp2 and FeCp2 Without the Presence of
H2

The surface reaction mechanism of FeCp2 and O3 has been investi-
gated by Martinson et al. [Mar11]. The chemical mechanisms for
deposition of Fe2O3 using FeCp2 and O3 were elucidated by analyz-
ing the chemical products. After the FeCp2 pulse the molecules cy-
clopentadiene (C5H6) and cyclopentadienone (C5H4O) were formed.
This indicated surface reactions that fragmentized the adsorbed FeCp2.
[Mar11]
The adsorption of NiCp2 on Ni and NiO has been studied in detail
by Pugmire et al. [Pug99]. On both, the reactive NiO and the highly
reactive Ni surface, NiCp2 molecules adsorbed and decomposed to
CxHy fragments. This chemical process was considered also with
CVD. There, the molecule C5H6 was formed by a surface reaction
involving two adsorbed NiCp2 molecules [Bri99b]

2Ni(C5H5)2(ads)→
→ Ni(C5H5)(ads) + (C5H5)Ni(C5H4)(ads) + C5H6(g) (9.2)

where (ads) indicates an adsorbed species, and (g) indicates the
gaseous state. Offering ozone led to combustion, i.e. burning of re-
maining surface-bound hydrocarbon-based ligands. Due to the high
reactivity of ozone, all hydrocarbon was expected to be oxidized.
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[Mar11]
Following the mentioned investigations, we adapt these considera-
tions on the ALD of NiO (FeO) by NiCp2 (FeCp2) and O3. A scheme
for the process is presented in Fig. 9.2. We suggest the surface being
oxidic when NiCp2 (FeCp2) adsorbs. Thus, we can assume a partial
decomposition of NiCp2 (FeCp2). After the injection of O3 com-
bustion is expected. Furthermore, adsorbed Fe and Ni is oxidized.
A similar reaction scheme was presented for ALD of Ruthenium by
RuCp2 and O2. [Aal03]
Residues of the decomposed and adsorbed CxHy fragments might re-
act with Fe and Ni and form stable carbides. This leads to impurities
in the ferromagnetic thin films. [Bri99a] The oxidic ALD processes
(for NiO and Fe2O3) and the related ex situ reduced metallic thin
films have been reported. [Dau07, Bac07] The deposited material
is ferromagnetic and conducting. Also binary and ternary oxides,
e.g. FeNiO, have been produced [Cho10, Cho11]. Magnetodynamic
investigations have not been conducted till now.

9.2.2 Adsorption of NiCp2 and FeCp2 In Presence of H2

An improvement of the thin film quality in terms of homogeneous
growth has been reported by Knoops et al. and Hämäläinen et al..
They investigated an ALD process of Pt and Ir with metallorganic
percursors and ozone, that is similar to ALD using NiCp2 or FeCp2,
and ozone as precursors. They introduced an additional hydrogen
step after each ozone pulse. [Kno09, Ham09, Ham11] Thus, they
could decrease the process temperature, and deposited thin films
with smaller roughness. In a similar way, we used the discussed
process in Sec. 9.2.1 and introduced an additional hydrogen step
after each ozone pulse. In the following we discuss the chemistry
of NiCp2 and FeCp2 in presence of H2. As the chemistry of CVD
and ALD is similar in some aspects, it is instructive to discuss the
surface chemistry of the CVD process in order to get a deeper insight.
[Les11] A detailed analysis on NiCp2 reaction paths in presence of H2

has been provided for CVD. [Bri99c, Bri99a, Bri99b, Bri00, JHP01].
In the presence of H2 from an earlier pulse the reaction of NiCp2 is
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Figure 9.2: (a) Injected metallocene molecules react with an oxidized
surface by fragmentization. The fragments are the metall
ions, cyclopentan molecules and fragments thereof that
are adsorbed at the surface. Oxidized and hydrogenated
cyclopentan is produced. (b) Injected ozone reacts with
the adsorbed species. Oxidized cyclopentan and oxidized
fragments (e.g. CO2) are produced. The surface becomes
oxidic again.
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different from Sec. 9.2.1: [Bri99b]

Ni(C5H5)2 + 1/2H2 → Ni(C5H5) + C5H6. (9.3)

Here, NiCp2 is dissociated and the carbide source C5H4 is not formed.
Though, the presented reaction is valid for CVD conditions, ad-
sorbed hydrogen molecules dissociate on the surface of Ni. [Chr74]
Adsorbed H atoms are highly reactive, [Vre92] and therefore the for-
mation of C5H6 as presented in Eqn. 9.3 is reasonable. In summary,
we expect an adsorption of Ni and remaining hydrocarbons, while
C5H6 is released. The ozone pulse is needed as a cleaning process
that combusts and releases the hydrocarbons and forms metaloxides.
Concluding the investigations, we suggest a reaction process for the
presented ALD process in Fig. 9.3.
It is interesting to compare the Ni deposition in presence of H2

with the equivalent Fe deposition. FeCp2 and NiCp2 react very sim-
ilar with ozone, as ozone is a strong oxidizing agent and combusts
the molecule. [Cho10] In contrast, the hydrogenation of the two
metallorganic molecules, which is relevant when the introduced met-
allorganic molecules react with adsorbed hydrogen, yields molecules
with different properties. After hydrogenation of NiCp2, the result-
ing NiCp2H is not stable and leads to [Cp3Ni2]+ [Den99] or NiCp
[Par08]. The hydrogenation of FeCp2 results in the stable molecule
[FeCp2H]+. [ML00] Thus, the H terminated surface reduces the ad-
sorption of FeCp2 in subsequent pulses.

9.2.3 Alloy Processes

The deposition of doped or mixed oxidic materials by ALD has been
reported in literature. One of the first examples is an antimony-
doped tin dioxide thin film [Vii94]. Oxides of magnetic material,
such as FeNiO have been realized [Cho10, Cho11]. A recent chal-
lenge in research is the deposition of metallic alloys. The initial
study was done by Christensen et al. [Chr10], who presented the
deposition of Ir and Pt forming a metallic alloy. Also the deposition
of the ferromagnetic alloy CoW was demonstrated. [Shi11] For alloy
formation it is necessary that the surface chemistry of the different
precursors is mutually compatible and the deposition conditions are
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Figure 9.3: (a) Injected metallocene molecules react with an hydro-
genated surface by splitting off a hydrogenated cyclopen-
tan molecule. The remaining molecule or parts thereof
adsorb at the surface. (b) Injected ozone reacts with
the adsorbed species. Oxidized cyclopentan and oxidized
fragments (e.g. CO2) are produced. The surface oxi-
dizes. (c) Hydrogen reduces the oxidized metall ions by
production of water. The surface becomes hydrogenated
again.
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similar. Additionally, inhibited nucleation or etching processes of
components are possible. For an appropriate set of precursors the
growth and properties of mixed thin films can be predicted using
simple rule-of-mixture formulas. This rule is based on the precursor
ratio that is employed during the deposition. This assumes that the
growth of each component is unaffected by the presence of the other
components in the film. [Chr10]
The reduction process of oxidized FeNi alloys has been investigated
by Vreeburg et al. [Vre92]. The reduction of ultrathin, oxidized
FeNi thin films by hydrogen was performed at 350◦C. The reduction
of a NiO thin film at such conditions is a fast process and a Ni thin
film remains where oxygen is removed. In contrast, after the reduc-
tion of FeO at such conditions oxygen in the thin film remains. For
an ideal FeNi alloy the composition is defined as X = cFe/(cFe+cNi),
where cE is the measured concentration of the element E = Fe,Ni.
A reduction of a FeNi alloy is found to be possible for X ≤ 0.5 con-
sidering similar parameters like in this thesis. [Vre92] It is assumed
that the Ni acts as a catalyst for the overall reduction process, in
that Ni bounds oxygen from Fe, and then Ni is reduced by hdyrogen.

9.3 Reaction Chambers

9.3.1 PicoSun ALD Reactor

We use a multisource ALD SunAle reactor1. The machine is a hot
wall ALD reactor with a modified shower head geometry. The maxi-
mum temperature of the reactor and substrate holder is 500 ◦C. Ul-
trahigh purity nitrogen (99.999%) continuously passes through the
reactor, where a pressure of 1 to 10 hPa is stabilized. In all supply
lines the flow rates are regulated seperately. The precursor gases de-
tailed below are introduced into the flow of nitrogen. The reaction
chamber is designed for 4-inch wafers. We have special inlets to use
flow-through materials, where the gas flow is led through a porous
sample. In the framework of this thesis, we use six precursor materi-
als: TMA (Trimethylaluminum), H2O, NiCp2 (Nickelocene), FeCp2
(Ferroocene), ozone O3, and molecular hydrogen H2. Ozone is cre-

1PicoSun, Espoo, Finland
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ated by an ozone generator AC 20252, which needs ultrahigh purity
O2/0.5%N2

3 flowing through the generator. The ozone concentra-
tion is as high as 5 to 10 %. Hydrogen is supplied also as ultrahigh
purity gas. FeCp2 and NiCp2 are in steel bubblers which are heated
between 110 and 160 ◦C. The feedthrough is indirectly heated by
the hot chamber, which always has to be hotter than the bubbler to
prevent condensation. The TMA and H20 are provided from cooled
stainless steel bottles to decrease the vapour pressure. Strongly re-
ducing and oxidizing agents are available through the gases H2 and
O3, respectively.

9.3.2 Reduction Chamber

An high-vacuum chamber with a DownStream 4 microwave source at
2.45 GHz and a power of 50 Watt was used for reduction processes
operated by Dr. Paul Berberich. The forming gas was Ar/H2 90/10
or an Ar/H+ plasma at a flux of 10 sccm and a chamber pressure
of 10−3 hPa. At this pressure a stable plasma was obtained. At
the same time the scattering length of H+ is long enough to reach
the sample. By an electrical heater we heat the sample holder up
to 450◦C. The temperature was measured at the substrate holder
by a Chrome/Alumel thermocouple. Metallic wires contacting the
sample surface allowed us to monitor the electrical resistance during
the reduction process. Thereby, the process parameters could be
optimized. A typical reduction process takes 2 h at a temperature
of about 400◦C in an Ar/H+ 90/10 atmosphere.

9.4 Methodology and Analysis

In the course of this thesis over 100 atomic layer deposition processes
were conducted. We used 8×8 mm2 large Si, MgO and glass sub-
strates. We cleaned all samples using acetone and isopropyl alcohol
before putting several samples (typically about 5) into the hot ALD
reactor. Also the used precursor bottles are heated. A cleaning pulse

2IN USA Inc., Norwood, USA
3all gases: Linde AG, Pullach, Germany
4ASTeX DPC Downstream Plasma Applicator
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of O3 is applied. On each sample a seed layer of 5 nm thick Al2O3

is deposited. Then the desired ALD process is started, where typi-
cally 800 cycles are performed. After the process in case of metallic
thin films it is necessary to cool down the reactor in order to inhibit
oxidation in air before getting the samples out. For oxidic thin films
we get the samples out at high temperature. For a further reduction
the samples are put into the reduction chamber, see Sec. 9.3.2.
Different methods of chemical and physical analysis were applied to
the deposited thin films. Samples were analyzed in terms of topogra-
phy and homogeneity, electrical conductivity, and static and dynamic
magnetic behavior. We used high resolution scanning electron micro-
scopes (SEM) and transmission electron microscopes (TEM) to in-
vestigate the surface of the thin films. We investigated the resistivity
of reduced FeO and NiO systematically. The resistivity is measured
by a four point probe to avoid contact resistance. The composition
of the alloy samples is analyzed by electron dispersive X-ray spec-
troscopy (EDX), electron energy loss spectroscopy (EELS) and in-
ductively coupled plasma atom-emissions-spectroscopy (ICP-AES).
The static magnetic behavior is investigated by a magneto-optical
Kerr effect (MOKE) setup. The FMR is studied by a VNA-FMR
measurement setup (see. Sec. 3). Key parameter for improvement
of the thin films is the ferromagnetic damping parameter α, see Eqn.
5.13. We get access to the ferromagnetic damping by studying the
linewidth of the FMR and the effective magnetization (see Sec. 2.4).
The presented values of the linewidth are obtained from the accessi-
ble magnitude data. The linewidth value of the imaginary part of the
susceptibility is smaller by

√
3 compared to the magnitude data. It

has been reported that defects contribute significantly to the damp-
ing, e.g. the topography as well as impurities. [Sta09, Ari99, Fae11]
In the following sections, we compare obtained values on ALD sam-
ples with values from reference samples that are fabricated by phys-
ical vapor deposition.
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9.5 ALD of Metallic Ferromagnets by Ex Situ
Reduction

In the following ALD of FeO and NiO with an ex situ reduction pro-
cess is presented. We present the process parameters and analyze
ferromagnetic properties by measuring MOKE and FMR. The pro-
cess is similar to processes presented in literature. [Dau07, Bac07,
Bac09, Bac11]

9.5.1 Process Parameters

As metal-ion containing precursor materials we use FeCp2 and NiCp2,
which are oxidized by O3 and finally reduced in a separate vacuum
chamber by hydrogen (or hydrogen plasma). The reaction scheme is
presented in Sec. 9.2.1. The ALD reaction chamber is stabilized at
a temperature between 200 ◦C to 350 ◦C. The solid precursor FeCp2
(NiCp2) is heated to a temperature of 130− 160 ◦C (100− 150 ◦C).
The process flow [c.f. Eqn. 9.1] of the process is equal for both
precursors FeCp2 and NiCp2

C × (0.8 s|4 s + 10.0 s|10.0 s), (9.4)

to obtain a thin film. The thickness of the obtained reddish colored
FeO (grayish colored NiO) thin film is measured by ellipsometry.
The growth rate amounts to 0.6 Å/cycle (0.6 Å/cycle).
Performing processes at different substrate temperatures ranging
from 200 ◦C up to 350 ◦C we found an ALD window at 300 ◦C.
We reduced the non-ferromagnetic oxides FeO and NiO to metallic,
ferromagnetic Fe and Ni by an ex situ reduction. The reduction pro-
cesses were performed in a reduction chamber as described in Sec.
9.3.2. The relevant temperatures for FeO (NiO) were 400 − 600 ◦C
(230 − 480 ◦C) in an Ar/H2 or Ar/H+ atmosphere as a reducing
agent.
A set of NiO samples are reduced at different temperatures, different
periods, and pressures of H2 or H+ in order to optimize the magne-
tization dynamics, i.e., reduce the magnetic damping.
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9.5.2 Thin Film Properties

Electrical Properties

After reduction the thin films are metallic and conducting. The tem-
perature profile and square resistance of a typical reduction process
are shown in Fig. 9.4 (a). A rapid decrease of the resistance is ob-
served when introducing the reduction agent. The lowest measured
resistivity for Ni (Fe) grown by an optimized ALD process amounts
to 10 µΩcm (150 µΩcm) at room temperature. The measured val-
ues are compared to the literature values for Ni (Fe) of 7 µΩcm
(9.8 µΩcm). [Bri99a, Rub88] The resistivity of Ni is about 28%
higher compared to the literature value for CVD grown Ni. There
are three main contributions for an enhanced resistance in chemically
deposited thin films: [Bri99a]

• topography, e.g. porous thin film structure
• oxygen content in the thin film
• carbon content, i.e., carbon contents of 5 − 15 % typically in-

crease the resistivity by an order of magnitude.

The lowest resistivity of Fe is still higher by one order of magnitude
compared to the literature value. We attribute this to the higher
stability of FeO compared to NiO against hydrogen, and therefore
remaining oxygen in the Fe thin film.

MOKE

All metallic thin films grown by ALD showed a hysteretic behavior.
Exemplarily for all following sections, a typical MOKE measurement
of a Ni thin film with ex situ reduction is shown in Fig. 9.4 (b). The
Ni thin film on a silicon substrate exhibits the typical ferromagnetic
behavior with a hysteretic reversal behavior as has been reported in
literature. [Dau07, Bac07, Bac09] The field was applied in the plane
of the thin film. The coercive field in this case amounts to 10.5 mT.

SEM and EDX

By EDX the composition of NiO is measured to be Ni:O = 60:40,
which is near the expected stochiometry Ni50O50. Conformal growth
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Figure 9.4: (a) Resistance measurements during a typical reduction
process of FeO (sample FH FeO 20120921) at a temper-
ature of 400◦C in an Ar/H+ 90/10 atmosphere. The
dark line indicates the measured resistance. The red line
shows the temperature during the reduction process. The
sheet resistance stabilizes at a value of 57 Ω. (b) Typical
MOKE measurement of a metallic ALD grown Ni thin
film on a silicon substrate showing a ferromagnetic hys-
teresis. The field was applied in the plane of the thin
film. The coercive field amounts to 10.5 mT.
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over the edges of a micro-pillar, see Fig. 9.5 (a). However, the coat-
ing is not homogeneous, holes are observed. Reduction processes at
elevated temperatures, often yield a non-homogeneous thin film, as
shown in Fig. 9.5 (b). We attribute this to the so called Ostwalt
ripening. [Wag61, Hil65] At a high temperature small grains shrink,
while big grains grow. Therefore, elevated temperatures that are
higher than the deposition temperature are not desired for reduc-
tion, as they increase the roughness. A typical example is observed
in Fig. 9.5 (c) - (e) (sample RH SOI 021 20110304). There, NiO
is conformally deposited in holes with a diameter of 150 nm going
through a Si membrane5 [see Fig. 9.5 (c)]. Due to conformal growth
NiO is deposited into the hole which decreases the diameter of the
hole by 110 nm as shown in Fig. 9.5 (d). The grain size of NiO is
smaller than 40 nm. After the reduction process the surface looks
smooth, however the thin film is no longer homogeneous, as shown in
Fig. 9.5 (e). Material has moved and formed areas without material
on the substrate and coated areas, which results from the Ostwalt
ripening.

Ferromagnetic Resonance Measurements

VNA-FMR measurements, see Sec. 5.1, were performed on all ex
situ reduced Ni thin films. We present obtained data from a typical
sample, i.e. sample RH 113 Ni 20111215. The reduction process
temperature of this sample has been optimized, i.e., for this sample
a reduction process at a temperature of 440 ◦C in H2 atmosphere
was conducted. The process was optimized in that the damping
parameter α was reduced. The signal-to-noise ratio of the spectra is
large enough to analyze the linewidth and the field dependence of the
FMR. Firstly, we focus on the linewidth: An FMR spectrum of the
sample RH 113 Ni 20111215 is shown in Fig. 9.6 (a). The presented
spectrum is performed at µ0H = 80 mT. We observe a linewidth of
∆f = 1.5 GHz at a resonance frequency of f0 = 5.4 GHz. Secondly,
the field dependent FMR measurement is investigated (see Fig. 9.6

5Fabrication of membranes in [Bra10]
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Figure 9.5: (a) Growth test verifying a conformal growth of reduced
NiO over the edges of a micro-pillar produced by Anna
Dalmau and Prof. Dr. Anna Fontcuberta i Morral (École
Polytechnique Fédérale de Lausanne, Lausanne, Switzer-
land). (b) Top-surface of the micro-pillar shows a grainy
surface with areas without material on the substrate and
coated areas. (c) Hole with a diameter of 150 nm going
through a Si membrane (sample RH SOI 021 20110304),
(d) after NiO deposition, and (e) after reduction. The
grainy structure in (b) and (e) is attributed to the Ost-
walt ripening.
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Figure 9.6: (a) VNA-FMR spectra at µ0H = 80 mT of an ALD
grown NiO sample that is reduced at 440 ◦C in H2 at-
mosphere (sample RH 113 Ni 20111215). The linewidth
amounts to ∆f = 1.5 GHz at a resonance frequency of
f0 = 5.4 GHz. (b) Field dependent FMR. The blue line
is a fit by the Kittel equation that yields an effective
magnetization ofMeff = 380±50 kA/m. The perpendic-
ular arrow at µ0H = 80 mT indicates the position of the
spectra in (a).
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(b)). We use Eqn. 5.2

fres =
γ

2π
µ0

√
H · (H +Meff)

to explain the field dependence. An effective magnetization ofMeff =
380±50 kA/m (assuming a thin film without an in-plane anisotropy)
is obtained.
Now, we compare both values, the linewidth and the effective mag-
netization, with an evaporated reference sample (by physical vapour
deposition). The linewidth of a reference sample with evaporated Ni
is ∆f = 1.1 GHz at f0 = 6.1 GHz. The effective magnetization of
the evaporated reference sample amounts to Meff = 480± 50 kA/m.
Thus, we find a smaller linewidth and a smaller effective magneti-
zation of the ALD-grown sample compared to the reference sample.
Using Eqns. 2.33 and 5.13 these values correspond to a damping
parameter α = ∆ω

2µ0γ(H+M/2) . Thus, we obtain αNi,op = 0.10 ± 0.01

for the oxidic process compared to a damping parameter for the
evaporated Ni of αNi,evap = 0.06 ± 0.01. The effective magnetiza-
tion of different ALD-grown films varies from Meff = 300 kA/m to
Meff = 400 kA/m.
In Fig. 9.7 a FMR spectrum in out-of-plane geometry (H⊥ film)

is presented (sample RH Ni 20121113). The measurements were
performed by Ioannis Stasinopoulos. The spectrum exhibits a pro-
nounced FMR. The resonance frequency increases with increasing
field starting at µ0H = 0.3 T. The linewidth at fres = 11 GHz
amounts to ∆f = 1.2 GHz. In Fig. 9.7 (b) the resonances (light)
are depicted in a gray scale plot for a wide field range. The field
dependence is analyzed using Eqn. 2.40. Thus, the slope of the
resonance frequencies amounts to γ/2π = 28.5 GHz/T, which is the
gyromagnetic ratio.
FMR measurements with the field in-plane on an ex situ reduced
FeO thin film show a weak signal at 12 GHz for µ0H = 100 mT
(not shown). This corresponds to a large effective magnetization of
Meff = 1400± 100 kA/m.
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Figure 9.7: (a) An FMR spectrum in out-of-plane geometry
(H⊥ film) of sample RH Ni 20121113. The spectrum
shows a pronounced FMR with a linewidth of ∆f =
1.2 GHz at fres = 11 GHz. (b) Gray scale plot of the
resonances (light) for the full field range. The slope γ/2π
of the field dependent resonances (line) is determined to
be γ/2π = 28.5 GHz/T and is identified as the gyro-
magnetic ratio. The arrow indicates the field position of
(a).
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9.5.3 Conclusion

We investigated ALD-grown metallic ferromagnets fabricated by the
oxidic process that has been reported in literature. We focused on
the magnetic properties, in particular the magnetic damping, that
has not been studied until now. ALD of metal oxides, i.e., FeO and
NiO, is an elaborated process. Optimized metallic thin films are
obtained by varying the reduction parameters. We find best results,
i.e., lowest magnetic damping, when the reduction process of the
metal oxides is performed in a reduction chamber at a temperature
of 440,◦ C. The thin films after reduction are often not homogeneous,
i.e. holes are formed. We attribute this to the Ostwalt ripening
during the reduction process. Necessarily, the reduction process is
performed at a high temperature in order to obtain thin films with
a low oxygen content. This favors the Ostwalt ripening.
The obtained thin films exhibit a slightly larger electrical resistivity
compared to the literature value. They are ferromagnetic and also
exhibit an FMR. However, the damping parameter α obtained from
in-plane measurements is somewhat larger compared to evaporated
Ni thin films by 40%. We attribute the larger values to oxygen and
carbon impurities (see Sec. 9.2.1) in the thin films and to the surface
roughness. This is also supported by the larger damping parameter
α of ALD of Ni compared to evaporated Ni by 40%.
In conclusion, ALD of metallic ferromagnets by the oxidic process
allows for deposition of ferromagnetic thin films with a relatively low
damping. However, the process requires high temperatures during
the reduction process. This favors an inhomogeneous growth. Thus,
by this process the distinctive capability, the homogeneous growth
of ALD is shortened, and the fabrication of nanomaterials becomes
more difficult.

9.6 ALD of Ni With In Situ Reduction

The oxidic process with ex situ reduction has already shown satisfy-
ing results (see Sec. 9.5). For a further improvement an additional
hydrogen step after each ozone step is included. The ALD reactor
was specifically designed to offer in situ both, an oxidizing and a
reducing agent in a sequential manner. As described in Sec. 9.2.2,
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the chemistry of the adsorption of NiCp2 changes significantly in
the presence of H2 compared to the oxidic process in Sec. 9.2.1.
Following Sec. 9.2.2 we expect a lower carbon content due to the hy-
drogenation of NiCp2. Additionally, the process allows for a shorter
or vanishing reduction step, and yields directly a Ni thin film. In
the following we present an optimized process for direct ALD of
Ni. This process was applied to overgrow prepatterned templates
and arrays of nanowires, which were overgrown homogeneously and
isotropically. In this thesis we present the capability of the process,
verifying the feasibility of producing ferromagnetic nanomaterials.

9.6.1 Process Parameter

The reaction chamber is heated to 300 ◦C. The solid precursor NiCp2
is heated to a temperature of 100 − 150 ◦C. Due to the included
hydrogen step the process flow [c.f. Eqn. 9.1] reads:

C × [(t1|t2 + t3|t4) + t5|t6] =
C × (0.8 s|4 s + 10 s|10.0 s + 16 s|20 s), (9.5)

where t5 and t6 define the hydrogen pulse duration and the subse-
quent purge time, respectively. We increased the purging times to
inhibit the mixture of H2 and O3 in the pumping line (explosion
danger). A further exsitu reduction step improved the thin film in
some cases even further.

9.6.2 Thin Film Properties

Electrical Properties

The obtained thin films are metallic and conducting. The lowest
value of the resistivity is of the order 10 µΩcm and increases by an
order of magnitude for lower quality films. The lowest achieved resis-
tivity is similar to the ex situ reduced films (Sec. 9.5). We attribute
the higher resistivity compared to the literature value to remaining
oxygen or carbon impurities.
A detailed investigation of anisotropic magnetoresistance, see Sec.
3.3, is summarized in the Bachelor thesis of Tobias Stückler. [Stu11]
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There, a grooved structure and a flat area are both overgrown by
ALD of 40 nm thick Ni (sample TSt Grooved Ni), lithographically
patterned and physically etched, see Fig. 9.8 (a) and (b). The struc-
tured Hall-bar geometry allowed to measure the field dependence of
the sheet resistance, i.e. anisotropic magnetoresistance (AMR). An
AMR value of 0.4% is detected at the switching field value of 34 mT
at a temperature of 4.2 K, see Fig. 9.8 (c). In particular, the homo-
geneous deposition of Ni in the flanks of the grooves is verified by
the comparison of the absolute values of resistance.
Sophisticated AMR measurements were performed on Ni overgrown
GaAs nanowires fabricated by Daniel Rüffer, Anna Dalmau, and
Prof. Dr. Anna Fontcuberta i Morral (École Polytechnique Fédérale
de Lausanne, Lausanne, Switzerland). Single Ni nanotubes were
contacted lithographically and the magnetoresistance was measured.
[Rue12] The AMR effect was found to be 0.3%. The magnetic config-
uration was analyzed in detail by magnetoresistance measurements
and cantilever magnetometry. [Web12] For a detailed discussion the
reader is referred to [Rue12, Rue14].

SEM and TEM Analysis

SEM images of the grooved Hall bar structure (preceding section)
show a material in the perpendicular flanks [see Fig. 9.8 (b)], which
is supported by the electrical measurements. In Fig. 9.9 the surface
of a structured thin film is shown by SEM. The grain size (indicated
by arrows in Fig. 9.9) is smaller than 50 nm and the surface is homo-
geneous, i.e. no holes are detected. This is in contrast to the ex situ
reduced thin films, where a grainy structure with holes is observed
[c.f. Fig. 9.5]. Transmission electron microscopy and EELS were
performed on the Ni overgrown nanowires as depicted in Fig. 9.10
(a) by Prof. Dr. Jordi Arbiol (Institut de Ciència de Materials de
Barcelona, Universitat Autònoma de Barcelona, Spain). The grain
size is evaluated to be 50 nm. The Ni coating is homogeneous with
shallow, distributed holes. By EELS the composition is evaluated to
be Ni with Ga and As impurities presented in Fig. 9.10 (b) - (e). An
atomic weight of Ni of 80.1 %, O of 13.8 %, and Al of 6.16 % is ob-
tained. Assuming a pure Al2O3 stoichiometry this yields an oxygen
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Figure 9.8: (a) SEM image of a Hallbar geometry with one part (sam-
ple TSt Grooved Ni). A grooved Si template with a pe-
riod of 4 µm is overgrown by ALD of Ni. The Ni thin film
is structured by optical lithography and physical etching.
The light areas are contact pads from Au. (b) SEM im-
age of the Ni overgrown grooves. Ni is deposited into
the perpendicular areas. (c) Resistance measurement of
the grooved structure. An anisotropic magnetoresistance
effect of 0.4 % at a temperature of 4.2 K is detected at
the switching field value of 34 mT.
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grain size

Figure 9.9: (a) SEM image of a structured ALD Ni thin film (sample
TSt Grooved Ni). The grain size is as small as 50 nm.
A homogeneous thin film without holes is observed.

content in the Ni coating of 5.6 %. The determined oxygen content
is lower than reported by Bachmann et al. [Bac11] for Ni(O) films.
They obtained 12% (as grown) and 26% for Ni(O) films oxidized at
air.

Ferromagnetic Resonance Measurement

VNA-FMR measurements, see Sec. 5.1, were performed on the in
situ reduced Ni thin films (sample RH 114 Ni 2011215 ), i.e., the
reductive process. The signal-to-noise ratio is generally higher com-
pared to ex situ reduced Ni samples. A typical FMR spectrum of an
in situ reduced Ni thin film is shown in Fig. 9.11 (a). The presented
spectrum is performed at µ0H = 80 mT. We observe a linewidth
of ∆f = 1.2 GHz at a resonance frequency of f0 = 5.4 GHz. The
field dependent FMR measurement is shown in Fig. 9.11 (b). We
use Eqn. 5.2 to explain the field dependence. An effective magne-
tization of Meff = 370± 50 kA/m (assuming a thin film without an
in-plane anisotropy) is obtained.

Using Eqns. 2.33 and 5.13 these values correspond to a damping
parameter α = ∆ω

2µ0γ(H+M/2) . Thus, we obtain αNi,rp = 0.08±0.01 for
the reductive process. Now, we compare both values, the linewidth

158



(a)

(b)

(d)(c)

RGB Map Ni Ga As
re

l. 
co

m
p
o
si

tio
n
 (

%
)

length (nm)

Ni

Ga

As

Figure 9.10: (a) TEM image of Ni overgrown GaAs nanowires from
EPF Lausanne (group of A. Fontcuberta i Morral). The
light areas indicate the Ni shell in contrast to the dark
GaAs core. The frame indicates the position of the
EELS measurement in (b). Ni, Ga, and As is detected
and combined to an RGB map. (c) A cut across the
gap (arrow) shows in (d) a high Ni content outside the
gap, and a high Ga and As content in the gap.
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Figure 9.11: (a) VNA-FMR spectra at µ0H = 80 mT of
an ALD grown Ni with in situ reduction (sample
RH 114 Ni 2011215). The signal-to-noise ratio is larger
and the linewidth is smaller compared to FMR mea-
surements performed on exsitu reduced thin films, i.e.,
∆f = 1.2 GHz. (b) Field dependent FMR measured.
The blue line is a fit by the Kittel equation that yields
an effective magnetization of Meff = 370 ± 50 kA/m.
The perpendicular arrow at µ0H = 80 mT indicates
the position of the spectra in (a)
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and the effective magnetization, with the ex situ reduced sample,
and an evaporated reference sample (by physical vapour deposition).
Typical effective magnetizations from different samples fabricated
by the reductive process are between Meff = 300 kA/m and Meff =
400 kA/m. This is similar to the oxidic process, and smaller com-
pared to the reference sample. As reported above the damping pa-
rameter for the ex situ (evaporated) Ni sample is αNi,op = 0.10±0.01
(αNi,evap = 0.06± 0.01). Thus, we find a reduced damping α for the
novel process with in situ reduction compared to the conventional
oxidic process, which is still larger by 33% compared to the reference
sample.

9.6.3 Conclusion

In summary, we show the direct ALD of Ni by a novel process, i.e.
a reductive process, where the reduction step is included into the
ALD cycle. We focused on the electrical and magnetic properties.
The obtained thin films exhibit a slightly larger electrical resistivity
compared to the literature value. The high quality of the thin films
allows to investigate the AMR effect in a grooved structure and in a
ferromagnetic nanotube. Also the magnetic states in Ni overgrown
nanowires are studied by magnetoresistance measurements. The thin
films are ferromagnetic and also exhibit an FMR. The damping pa-
rameter α obtained from in-plane measurements is somewhat larger
compared to evaporated Ni thin films by 33%. We attribute the
larger values compared to the literature values to oxygen and car-
bon impurities (see Sec. 9.2.2) in the thin films. In particular, the
thin films are homogeneous, i.e., no holes are observed, and show
a grain size smaller than 50 nm. We attribute the higher quality
of the thin films to the shorter or vanishing ex situ reduction step,
which avoids the Ostwalt ripening. In conclusion, ALD of metallic
ferromagnets by the reductive process allows for deposition of fer-
romagnetic thin films with a relatively low damping. Additionally,
the process is capable of a homogeneous deposition of ferromagnetic
material. The fabrication of nanomaterials becomes feasible. Focus-
ing on ferromagnetic nanomaterials, the damping still might be too
large.
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9.7 ALD of FeNi With In Situ Reduction

The alloy Ni80Fe20 (permalloy) is known to be a low damping metal-
lic ferromagnet (α ∼ 0.005). [Twi03] In order to further improve
the magnetic damping observed on the ALD-grown thin films, we
established a novel process, where we deposit mixed metallic ferro-
magnetic thin films, that contain Ni and Fe. Following Sec. 9.2.3 the
already presented precursors FeCp2 and NiCp2 are promising candi-
dates for an alloy process. Both precursors exhibit similar stability
(decomposition at about 180 ◦C), they are both oxidized by ozone,
and ALD works best at the same temperature of 300 ◦C. One ob-
stacle is the different reactivities of hydrogen with Ni and hydrogen
with Fe (c.f. Sec. 9.2.3). We take this difference into account by
applying a process with in situ reduction as presented in Sec. 9.6.
The applied reductive process ensures a continuous reduction of the
two elements. Following Sec. 9.2.3, the catalytic property of Ni is
exploited to reduce the stable FeO bond.
In this section we investigate a novel ALD process that allows to
deposit mixed ferrmagnetic thin films. We show evidences, that the
obtained FeNi thin films form alloys.

9.7.1 Process Parameter

For ALD of mixed FeNi thin films we adapt the process introduced
in Sec. 9.6. Additionally, we impose a supercycle on the process of
Sec. 9.6. This allows us to control the deposited amount of Fe and
Ni. We developed the process:

C× [(m×(NiCp2+O3)+k×H2)+n×(FeCp2+O3)+l×H2)]. (9.6)

Here, the purge steps are not listed. The purge steps are equal to
Sec. 9.6. The values m,n define the number of employed precursor
pulses, the numbers k, l define the reduction steps.
We performed over 40 processes and varied the parameters m, k, n,
and l. Deposition processes with swapped places of FeCp2 and NiCp2
are performed. The results are discussed in the following section.
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Figure 9.12: EDX data measured on sample NiFe 20120302. TheKα
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9.7.2 Thin Film Properties

Electrical Properties

Metallic thin films are obtained only in the regime of composition
X = cFe/(cFe+cNi) < 0.5. The obtained metallic thin films exhibit a
resistivity of 100 µΩcm. A further reduction step improved the resis-
tivity in some cases even further. The resistivity is larger compared
to the ALD grown pure Ni thin films. The literature value for 10 nm
thick thin films is clearly smaller and amounts to 31 µΩcm. [May74]
We attribute the larger resistivity to incorporated impurities.

Composition Analysis

The composition is crucial for this process and is investigated by dif-
ferent techniques: ICP-AES6 and EDX7 measure the concentrations
cFe,Ni of Fe or Ni, respectively. The chemical analysis ICP-AES is
highly sensitive on metals, but not on oxygen, nitrogen or carbon.
ICP-AES verified the existence of Fe and Ni in the thin film. We
analyzed the same samples by EDX, that is (besides Fe and Ni) sen-
sitive on oxygen. cFe,Ni are detected equivalently to ICP-AES.
As already mentioned, we fabricated several samples with varying
parameters m, k, n, and l. A major influence exhibited the param-
eters m and n. The larger the nominal composition n/(n+m), the
larger the final composition X of the thin film. We find discrepan-
cies between nominal and measured composition, in that the nominal
value is always larger compared to the measured X. We find X rang-
ing from 0% to 50%. The discrepancy between n/(n+m) and X is
increasing for increasing values of X. Exemplarily, for X = 50% the
nominal composition was n/(n+m) = 0.88.
A second important impact have the parameters k and l. We varied
the performed deposition steps m and n per reduction step, i.e. we
performed several deposition cycles per reduction step. We found an
improved film quality in terms of conductivity and signal-to-noise
ratio of the FMR with an increasing number of reduction steps. Ex-
emplarily, we show data from a sample with the nominal composition

6Mikroanalytischer Labor Pascher, Remagen, Germany
7Anwenderzentrum Material- und Umweltforschung (AMU), Augsburg, Ger-

many
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n/(n +m) = 0.66 that is near the desired FeNi ratio of permalloy
(data from sample NiFe 20120302). The process was as follows:

400×[(2×(FeCp2+O3)+1×H2)+1×(NiCp2+O3)+1×H2)]. (9.7)

Here, in total 1200 injections of metallocene precoursers are per-
formed. We show EDX data obtained on sample NiFe 20120302 in
Fig. 9.12. There, the Kα and Kβ lines of the detected elements
are shown. Also Fe and Ni peaks are observed. The composition
is determined to be X = 16%. We attribute the relatively low Fe
content in contrast to the nominal composition n/(n+m) = 0.66 to
technical deficiencies of the process, e.g. a stable precursor supply
over 10 h was not ensured. Additionally, a full adsorption of FeCp2
may be inhibited (see Sec. 9.2.3). Also oxygen is detected. It has
a relative content of 18% to 27%. This amount of oxygen is partly
attributed to the native oxide on Si and to the 5 nm thick seed layer
of Al2O3. A detailed study of oxygen and carbon impurities has to
been done insitu and was not available throughout this thesis.

Ferromagnetic Resonance Measurement

VNA-FMR measurements, see Sec. 5.1, were performed on all FeNi
thin films. We present results obtained on sample TS FeNi3366.
FeNi thin films show a larger signal-to-noise ratio of the FMR mea-
surements compared to data obtained by the processes in Secs. 9.5
and 9.6. In Fig. 9.13 (a) a typical FMR behavior of the sample
with a nominal composition of n/(n +m) = 0.33 is presented. The
measurement is performed at µ0H = 70 mT. As described in Sec.
5.1 we extract the resonance frequency f0, and the linewidth ∆f
marked in Fig. 9.13 (a). The linewidth amounts to ∆f = 0.67 GHz
at a resonance frequency of f0 = 6.2 GHz. A typical field dependent
measurement is shown in Fig. 9.13 (b). Using Eqn. 5.2 the effec-
tive magnetization Meff is determined. The effective magnetization
amounts to Meff = 620 ± 50 kA/m. The determined effective mag-
netization is larger in comparison to the values obtained on Ni thin
films, see Secs. 9.5 and 9.6. We attribute this to the Fe content.
Comparing to Sec. 5.1, where evaporated Py is investigated we find
a lower value of the effective magnetization in ALD grown thin films
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Figure 9.13: (a) Broadband VNA-FMR measurement at µ0H =
70 mT on sample TS FeNi3366. The resonance fre-
quency is f = 6.2 GHz and the linewidth ∆f =
0.67 GHz. (b) Field dependent measurement with
marked (cross) maximum positions. The blue line is
a fit by the Kittel equation that yields an effective mag-
netization ofMeff = 620±50 kA/m. The perpendicular
arrow at µ0H = 70 mT indicates the position of the
spectra in (a)

166



by about 20 %. Using Eqns. 2.33 and 5.13 these values correspond
to a damping parameter αFeNi =

∆ω
2µ0γ(H+M/2) = 0.03± 0.01. This is

lower by a factor of almost 3 compared to ALD grown Ni samples.
We also performed measurements with the applied field being con-
stant at µ0H = 100 mT, and the angle η is rotating. This provides
information about in-plane anisotropies. No ALD grown sample ex-
hibits an angular dependence of the resonance frequency, i.e., they
exhibit a constant resonance frequency when rotating η (not shown).
We attribute this to a magnetically isotropic thin film without an in-
plane anisotropy. This is caused by the isotropical growth of ALD.
Data obtained on the sample TS FeNi3366 for the magnetic field
applied perpendicular to the thin film (out-of-plane) is presented in
Fig. 9.14. The measurements were performed by Thomas Schwarze.
A resonance is detected at fres = 10.2 GHz for a magnetic field
µ0H = 0.9 T [c.f. Fig. 9.14 (a)]. The linewidth amounts to ∆f =
2.1 GHz. In Fig. 9.14 (b) the field dependence is presented. We use
Eqn. 2.40 to analyze the data. The slope of the field dependence of
the resonances yields γ. At a magnetic field µ0H > 1.4 T the gyro-
magnetic ratio is determined to γ/2π = 28.5 GHz/T. We find a point
of strongly changing slope fres(H) at µ0H ≃ 0.8± 0.1 T. This value
is a measure of the effective magnetizationMeff = 0.64±0.08 kA/m,
which supports the value obtained above. As the measurements
lacks in the typical minimum behavior, [Col11] this is an indication
for surface corrugation.

9.7.3 Effective Magnetization of ALD Grown Alloy Thin Films

In the following we analyse the data obtained in the subsections
Composition analysis and Ferromagnetic Resonance Measurement.
In Fig. 9.15 the effective magnetization of different samples is plotted
versus its composition X. The horizontal errorbars account for the
accuracy of the measurement techniques for X, i.e. EDX and ICP-
AES. The perpendicular errorbars account for the accuracy of the
Meff determination by FMR. In the regime X > 0.5 ALD of FeNi was
not possible. The effective magnetization increases with increasing
X. Strikingly, a nearly linear dependence of the effective magnetiza-
tion and composition X is observed. The saturation magnetization of
alloys typically depends on their composition. [DB86, Jil88, Nic02]
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Figure 9.14: (a) VNA-FMR of sample TS FeNi3366 at fres =
10.2 GHz for a magnetic field µ0H = 0.9 T is applied
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In case of an FeNi alloy a linear dependence of the saturation mag-
netization versus the composition X has been reported, i.e.,Ms of Ni
rises almost monotonically upon the addition of Fe. [DB86] Addi-
tionally, the FMR of all deposited layers exhibited only one FMR. In
contrast, from a multilayered or segregated ferromagnetic thin film
from two different elements, two separated ferromagnetic resonances
are expected. This allows to propose the alloy formation of Fe and
Ni in the ALD grown thin films.

9.7.4 Conclusion

In summary, we show the ALD of FeNi alloy thin films by a novel
process. Key is an included reduction step after the ozone injection
in the ALD cycle. We focused on the composition of the films and its
magnetic properties. The obtained thin films exhibit a larger signal-
to-noise ratio of the FMR. The damping α is smaller compared to
the oxidic and reductive processes of Ni deposition presented in Secs.
9.5 and 9.6 by over 50%. Studying the composition and the effective
magnetization suggest the formation of the alloy FeNi. We attribute
the smaller magnetic damping to the alloy formation. FeNi alloy
is known to be a low damping ferromagnetic metal. The process
is promising for the fabrication of ferromagnetic nanomaterials as
it allows to conformally deposit a low damping ferromagnetic ma-
terial onto a (prepatterned) nanotemplate. A further improvement
is expected by decreasing the process temperature, to obtain even
smoother thin films. In situ measurements of thin films, in particu-
lar impurity measurement of carbon and oxygen should be done to
improve the knowledge about the thin film composition. However,
the very long process durations (≃ 24 h) led to instabilities of the
ALD regarding the precursor supply for several hours. An optimized
precursor supply would improve the process significantly.
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10 Summary and Outlook

In this thesis phenomena of spin waves in arrays of nanowires, so
called one dimensional magnonic crystals (1D MCs), and atomic
layer deposition grown ferromagnets have been investigated. Ar-
rays of nanowires were fabricated by optical lithography and elec-
tron beam lithography. A subsequent lithography process with an
accurate alignment was the key to obtain a high resolution in the
nanometer regime. The samples were investigated by broadband
spectroscopy in the GHz regime. The all-electrical spin wave spec-
troscopy (AESWS) technique was developed further. Primary focus
was put on the control of the magnetic configuration in 1D MCs.
By tailoring the samples and using a particular magnetic history we
were able to control the magnetization of single nanowires. This en-
abled us to impose an artificial magnetic configuration upon the 1D
MCs.
We analyzed propagating spin waves perpendicular to the nanowires,
in particular across the air gaps. There, the focus was put on novel
effects of propagating spin waves, such as the reciprocal excitation
of Damon-Eshbach-like spin waves. Spin wave band structures were
simulated by Plane Wave Method and micromagnetic simulations.
The influence of a magnetic defect, that is a single antiparallel mag-
netized nanowire in a homogeneously magnetized environment, was
investigated. By micromagnetic simulations the magnetic defect was
found to act as a semitransparent mirror for spin waves, which is ex-
plained by the contributions due to the out-of-plane interaction of
vicinal nanowires.
The control of the magnetic configuration, in particular of single
nanowires, makes 1D MCs promising for future devices. The mag-
netization direction of a nanowire represents a bit and is therefore
the basic module of storage of information. A promising next step
is the control of the magnetic state of single nanowires by moving
domain walls through the nanowire by an electrical current, similar
to the racetrack memory. The large group velocities and the control

171



of the output level by the magnetic state creates the prespective of
logic devices based on the control of spin wave propagation.
Still for the excitation and detection of spin waves remains room
for improvement. One issue is the relatively strong electromagnetic
coupling between antennas. The antenna design has to be adapted
to the relevant application, e.g. for TR-AESWS antennas can be po-
sitioned close to each other, as the electromagnetic crosstalk can be
discriminated. In contrast, for FR-AESWS the distance and shield-
ing between the structures is crucial. Here electromagnetic simula-
tions and fast prototyping by electron beam lithography might help
to improve the measurement setup. Recent, seminal work on spin-
transfer oscillators gives hope for efficient spin wave excitation by an
electrical current.
A second target of the thesis was the development and analysis of
atomic layer deposition of ferromagnetic material. The investiga-
tion of the magnetostatic and magnetodynamic properties of atomic
layer deposited ferromagnetic material was performed. By introduc-
ing a further hydrogen step into the ALD cycle and by using an
alloy process for FeNi deposition, we were able to significantly re-
duce the magnetic damping. ALD coated prestructured templates,
e.g. nanowires, showed intriguing physical results. A promising step
for ALD of Ni and NiFe alloys is a reduction of the deposition tem-
perature. This gives hope for smoother thin films and an improved
damping. Furthermore, ALD of Ni and NiFe alloys on templates
may be altered due to the corrugated surfaces. Here, deposition pa-
rameters have to be adapted in order to yield a homogeneous and
isotropic coating. For further improvement it might be necessary to
change the precursor materials for further applications.
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