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Abstract
The insulating chiral magnet Cu2OSeO3 hosting topologically
nontrivial spin order (Skyrmions and spin helices) is investig-
ated via broadband microwave spectroscopy. We show that the
spin helices exhibit linearly polarized magnetization dynamics
at an unexpectedly small frequency of about 2GHz. The two
eigenmodes are cross-polarized, leading to linear dichroism in
Cu2OSeO3. A Gilbert damping parameter of 1× 10−4 is meas-
ured for geometrically confined spin waves at 5K. Using pulsed
induced microwave magnetometry, we find that depending on
the waveguide used, the relaxation time of the helix eigenmodes
varies up to 30 times due to dephasing.

Zusammenfassung
Es wird der isolierende chirale Magnet Cu2OSeO3 mit nicht-
trivialer Spinordnung (Skyrmionen und Spinhelices) anhand
breitbandiger Mikrowellenspektroskopie untersucht. Wir zei-
gen, dass die Spinhelices linear polarisierte Magnetisierungsdy-
namik bei einer unerwartet kleinen Frequenz von 2GHz auf-
weisen. Die beiden Eigenmoden sind kreuz-polarisiert und
führen zu linearem Dichroismus in Cu2OSeO3. Ein Gilbert-
Dämpfungsparameter in Höhe von 1× 10−4 wird für geomet-
risch beschränkte Spinwellen bei 5K gemessen. Mittels gepul-
ster Induktions-Mikrowellen-Magnetometrie finden wir heraus,
dass die Relaxationszeit der helikalen Eigenmoden abhängig
von dem verwendeten Wellenleiter wegen Dephasierung bis zu
einem Faktor 30 variiert.
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Introduction
Chiral magnets is a material class hosting complex chiral spin
order, i.e. spin helices and magnetic Skyrmions. The latter are
topologically stable vortex-like spin whirls induced by the lack
of inversion symmetry in the atomic unit cell. While they were
initially predicted in the field of particle physics, a hexagonal
Skyrmion lattice (SkL) was observed by Mühlbauer et al. via
small-angle neutron scattering experiments in the chiral magnet
MnSi for the first time in 2009 [Müh09]. A year later, Jonietz et

Figure 1: Schematic representation of a chiral Skyrmion. Arrows
denote spins of electrons. The central spin (blue) points against
the magnetic field. Image from [Eve12].

al. detected the rotation of the Skyrmion lattice under a remark-
ably low electric current density in the order of µA m−2 [Jon10].
Based on this property, related to the weak pinning of the
SkL to crystal defects, new perspectives for the design of low-
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energy-consumption devices were proposed [FCS13; Sam13].
Additionally, spin-polarized current-driven creation and anihil-
ation of individual Skyrmions in ultrathin magnetic films has
been achieved [Rom13]. These findings open the way towards
technological applications, such as the realization of logic ele-
ments [ZEZ15] and information storage systems [Kan16; Wie16;
ZEZ15].
For the emerging field of magnonics, which deals with collect-
ive spin excitations (magnons) [KDG10; KG14], the SkL is of
high interest, since it represents a self-organized, periodic mod-
ulation of magnetic properties. The lattice constant at the 10nm
scale is not routinely feasible via state-of-the-art nanolitho-
graphy. The collective spin dynamics of the SkL lie in the GHz
range and are probed by microwave absorption experiments.
Theoretical calculations about the expected eigenmodes in all
the phases of a chiral magnet were presented by Mochizuki et
al. and were experimentally observed by Onose et al. in 2012

[Moc12; Ono12]. Schwarze et al. measured the eigenmodes of
a metallic, a semiconducting and an insulating chiral magnet
and modelled the dynamics by a universal mean-field theory
[Sch15].
The development of future magnon-based devices for mi-
crowave applications requires in particular materials with a low
spin wave damping [Chu15; KG14; ZD11]. Insulating com-
pounds are advantageous over metals as they avoid damping
via eddy currents at high-frequencies and magnons scattering at
free charge carriers [GM96; Spa64]. Indeed, metals have not yet
reached the remarkably low level of damping [Sch16] in the fer-
rimagnetic insulator yttrium-iron-garnet (YIG), which holds the
benchmark with a Gilbert damping parameter αintr = 3× 10−5
at room temperature [SCH10].
Low damping chiral magnets would generate new prospects by
particularly combining complex spin order with long-distance
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magnon transport in future devices. At low temperatures,
they would further enrich the physics in magnon-photon cav-
ities that call for materials with small αintr to achieve high-
cooperative magnon-to-photon coupling in the quantum limit
[Gor14; Hue13; Tab14; Zha14]. The discovery of the SkL in the
insulating chiral magnet Cu2OSeO3 [Sek12] is thus of particular
interest in this respect. Schwarze et al. presented promising
preliminary results on the damping in this compound, com-
pared to other chiral magnets [Sch15]. Additional functional
aspects were reported in Cu2OSeO3: dichroism for microwaves
caused by the magnetoelectric coupling [Moc15; Oka13; Oka15]
and nonreciprocal wave propagation at large wave vector k
[Sek16] induced by the antisymmetric Dzyaloshinskii-Moriya
interaction (DMI). The control of Skyrmions with electric fields
is another functional aspect to be pursued in the future [MW15;
SIT12].
A stable SkL was found in a metallic Co-Zn-Mn alloy bey-
ond 300K [Tok15]. Furthermore, several groups reported the
observation of room temperature Skyrmions in transition-metal-
based magnetic multilayers [Bou16; But15; Jia15; Mor16; Woo16;
Yu16]. In these kind of systems, a large DMI is induced by the
symmetry breaking at the interface [BR01; CL98]. However,
the design of an insulating chiral magnet at room temperature
remains a challenge.

This thesis is structured as follows: Chapter 1 introduces basic
theoretical concepts. In Chapter 2 we describe the experimental
methods used and developed in this work. In Chapter 3 we give
an outline of the optimization procedure for the design of co-
planar waveguides (CPWs). The results obtained from magnetic
resonance measurements in the field-polarized and noncollin-
ear spin phases of Cu2OSeO3 are presented in Chapter 4 and 5,
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respectively. Finally, we give a summary and outlook of this
work in Chapter 6.
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1 Theoretical Aspects
1.1 Energy contributions
The magnetization of a material is defined as the sum of the mag-
netic moments mi of N magnetic dipoles in a given volume V

M =

N∑
i=1

mi

V
. (1.1)

The response to an external magnetic field µ0H is described by
the magnetic susceptibility tensor χ [OHa00], so that

M = χH. (1.2)

The magnetic flux density B consists of the contribution from the
external magnetic field H and the response of the material

B = µ0(M+H) = µ0(χ+ 1)H. (1.3)

If the latter is homogeneous and isotropic, the tensor χ reduces
to a scalar entity χ. In ferromagnetic materials χ � 0. Here,
the magnetization is maintained even after removal of the ex-
ternal magnetic field. In contrast, paramagnetic materials exhibit
significantly smaller values χ > 0, and build up a finite magnet-
ization M only when exposed to an external magnetic field.

1



theoretical aspects

Various fundamental interactions at the microscopic level de-
termine the energy landscape inside a material and hence its
type (ferromagnet, paramagnet, chiral magnet and others).

Exchange interaction
It results from the symmetry requirements on a many-electron
wave function (Pauli’s exclusion principle) [CDL86]. This inter-
action is described quantum-mechanically by the Heisenberg-
exchange Hamiltonian for a spin lattice [AM76]

Hex = −
∑
i,j

Ji,j Si · Sj, (1.4)

with the exchange integral Ji,j describing the overlap of the
wave functions of a spin at the lattice site i and j, respectively.
Si, Sj are the spin operators. In most cases, summation only
over the next neighbors provides enough calculation accuracy
due to the short-range nature of the exchange interaction, inher-
ent from the small overlap of the wave functions [Kit66]. Ji,j > 0
and Ji,j < 0 favour parallel (ferromagnetism) and antiparallel
spin alignment (antiferromagnetism), respectively.
In the continuum approach, we treat the magnetization M as
a vector field M(r) with the location vector r, varying slowly
enough over the distance of a unit cell [Gie05] and obtain the
scalar free energy

Eex =

∫
dV J(∇M(r))2. (1.5)

Here we perform a volume integral, where J includes only
nearest neighbor interactions and ∇ = ∂/∂x+ ∂/∂y+ ∂/∂z.
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1.1 energy contributions

Zeeman interaction
A magnetization M subjected to an external magnetic field µ0H
contributes with the term

EZeeman = −µ0M ·H (1.6)

to the free energy.

Dzyaloshinskii-Moriya interaction (DMI)
It is directly related to the spin-orbit coupling [Dzy58; Mor60].
The DMI is antisymmetric with respect to permutation of spins.
It is present in lattice structures lacking inversion symmetry,
as in the chiral magnet Cu2OSeO3 studied in this thesis. The
corresponding Hamiltonian is given by

HDM = Di,j · (Si × Sj), (1.7)

with the Dzyaloshinskii-vector Di,j. The corresponding linear
order term of the free energy is

EDM =

∫
dV DM(r) · (∇×M(r)), (1.8)

with the coupling strength D.

The three types of interactions presented above form the
primary structure-giving elements in our samples, i.e. these
are sufficient to produce the spin configurations under observa-
tion. However, taking into account additional secondary energy
contributions is necessary for an accurate description of the
spin system in real samples. These are the demagnetization and
crystal anisotropy energy.
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Demagnetization energy
The long-ranged dipolar interactions between the spins [Kit47]
favour antiparallel spin orientation to minimize stray fields. An
additional effective magnetic field Hdem is introduced to de-
scribe this effect. Its derivation holds only for the magnetostatic
case defined by

µ0∇ · (M+Hdem) = 0 (1.9)

∇×Hdem = 0. (1.10)

These are Maxwell’s equations for the overall magnetic field in-
side the sample M +Hdem under the absence of an external
magnetic field µ0H, time-varying electric fields and electrical
currents. In analogy to the electrostatic case [Jac62], where the
electrical charge density ρ(r) generates the electric field

E(r) = −

∫
dr′∇r

ρ(r′)

|r− r′|
, (1.11)

so-called magnetic surface charges σM = n(r)M(r) are assumed
to generate the demagnetizing field

Hdem(r) = −
M

4π

∫
S

dS′∇r
n(r′)

|r− r′|
= −N(r)M. (1.12)

N and n is the demagnetizing tensor and the surface normal vec-
tor of the magnetic sample respectively. The integration is car-
ried out over the surface S of the sample. Equation (1.12) is
valid only if the magnetization is uniform M(r) = M [Gie05].
Although N is space-dependent in general, it is independent of
the position r if M lies along a main axis of an ellipsoid. In
this case, diagonalization of N is possible, the corresponding
tensor elements Ni (i = x,y, z) are independent of the scale of
the sample and

Nx +Ny +Nz = Tr[N] = 1. (1.13)

4



1.1 energy contributions

The dipolar energy contribution to the free energy reads

Edem = −
µ0
2

M ·Hdem. (1.14)

The factor 1/2 acounts for the double counting within the spin
pairs. We note that although the dipolar interaction is signi-
ficantly weaker than the short-ranged exchange and DMI in-
teractions, the contributions from all the spins in the sample,
including distant ones, render both energy scales comparable.
Finally, the similar structure of Eqs. (1.6) and (1.14) illustrates
the fact that dipolar interactions are described by the presence
of the magnetic field Hdem.

Crystal anisotropy energy
The crystal lattice structure is mediated to the spins via the
spin-orbit coupling. This results in an anisotropy of the spin
orientation with respect to specific crystallographic axes. The
corresponding free energy in the case of a simple uniaxial an-
isotropy (the crystal field imposes one specific direction to the
magnetization) is given by [Vla08]

Ecryst,uni =

∫
dr K1 sin2θ, (1.15)

where θ denotes the relative angle between the magnetization
M of the sample and a specific anisotropy axis. K1 is the first
order anisotropy constant. For K1 > 0 and K1 < 0 the magnetiz-
ation orients along (easy axis) and orthogonal (hard axis) to the
specific crystallographic axis, respectively.
In this work we study bulk cubic crystals. In this case we ex-

5
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Figure 1.1: Angle definition for the calculation of the crystal
anisotropy energy inside a sphere of cubic magnet.

presss the anisotropy energy with a power series in projections
of the magnetization M on the crystal axes [GM96]

Ecryst,cub =
1

4
K1
(
sin22θ+ sin4θ · sin22φ

)
+
1

16
K2 sin2θ · sin22θ · sin22φ, (1.16)

with θ being the angle between M and the cubic axis con-
sidered, and φ the angle in the basal plane perpendicular to
this axis (Fig. 1.1). K1 and K2 are the first and second anisotropy
constants, respectively.

All the contributions to the free energy of the system sum
up to a total energy Etot and we define the effective magnetic
field comprising all the relevant interactions

Heff = −
1

µ0
∇MEtot. (1.17)

Heff enters the description of the magnetization dynamics, that
will be introduced in Section 1.2.

6



1.2 magnetization dynamics in ferromagnets

1.2 Magnetization dynamics in ferromagnets
1.2.1 Equation of motion & ferromagnetic resonance

The magnetic moment of an electron is defined based on its
angular momentum l as

m = −
gµB
 h

l = −γl, (1.18)

with the free-electron g-factor g ≈ 2, the Bohr magneton µB and
the reduced Plack’s constant  h. The negative sign enters due to
the negative electron charge. The gyromagnetic ratio γ = gµB/ h

is the relating entity between the magnetic moment and the
mechanical angular momentum. It is characteristic of the mag-
netic system and its exact value may vary e.g. in the presence
of strong spin-orbit coupling originating from a crystal field in
a solid.
We now average over all magnetic moments in a sample accord-
ing to Eq. (1.1), to obtain the total angular momentum L. The
fundamental relationship between the mechanical torque T and
L yields

T =
dL

dt
= −

1

γ

dM

dt
, (1.19)

where Eq. (1.18) has been used.
As presented in Section 1.1, the effective field Heff (1.17) de-
scribes all the relevant interactions in our samples. This field
exerts a torque

T = M×Heff (1.20)

on the magnetization M. Combining expressions (1.19) and
(1.20), one obtains

dM

dt
= −γM×Heff. (1.21)
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Equation (1.21) describes a precessional motion1 of M around
Heff at the Larmor frequency

ωL = −γHeff =
gµB
 h
Heff. (1.22)

In reality, damping mechanisms force M into a spiral path and
alignment with Heff. This is illustrated in Fig. 1.2 (b). A phe-

Figure 1.2: (a) Precessional motion of the macrospin M around
the effective magnetic field Heff without damping. (b) The
damping (red) combined with the torque from the effective field
(green) drive M along a spiral path before aligning with Heff.

nomenological description of weak damping was given by by Gil-
bert [Gil04] leading to the Landau-Lifshitz-Gilbert (LLG) equa-
tion

dM

dt
= −γµ0M×Heff +

αintr

Ms

(
M× dM

dt

)
, (1.23)

1 The precessional motion is proven by showing that dM
2

dt = 0 and d(MHeff)
dt =

0 [Gie05].
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1.2 magnetization dynamics in ferromagnets

with the phenomenological, dimensionless intrinsic Gilbert
damping parameter α and the saturation magnetization Ms.
Note that within a classical approach, the precession described
by Eq. (1.23) applies also to a microscopic magnetic moment m
(after adapting the prefactors).

In the prospect of linearizing the LLG equation, we decom-
pose the magnetization and external field into equilibrium and
dynamic components:

M = Mequ +m(t) (1.24)

H = Hequ +h(t) (1.25)

We now make the following assumptions:

(i) |Mequ| ≈Ms,

(ii) the precession takes place at small angles, which implies
together with dM2

dt = 0 (conservation of the modulus |M|)
that m ⊥Mequ in good approximation,

(iii) the demagnetizing tensor N is diagonal, i.e. the sample is
well-described by an ellipsoid and

(iv) the excitation h(t) = h eiωt and response from the sample
m(t) = m eiωt is harmonic.

We insert this into the LLG equation (1.23) and retain only
linear terms. The solution of the resulting differential equation
m(t) = χ(ω)h(t) is expressed with the help of the frequency
dependent dynamic susceptibility tensor χ(ω) [Gie05].
We note that assumption (iv) concerning harmonic excitation
applies in the case of our experiments (see Section 2.2), since
we use the harmonically oscillating magnetic field of transverse
electromagnetic waves (TEMs) as the source of the spin excita-
tion.

9
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Interestingly, assuming an uniaxial excitation field h =

(heiωt, 0, 0) we obtain off-diagonal components in χ(ω). This
means that a dynamic field h(t) ‖ êx induces a dynamic magnet-
ization m(t) not only in êx direction, but also along êy [Vla08].
Thus, a uniaxial excitation does not lead to a uniaxial oscillation
of the magnetization.

Choosing

H =

hx(t)0
Hequ

 , (1.26)

we set

M =

mx(t)my(t)

Ms

 , (1.27)

due to the equilibrium condition Hequ ‖Ms. We obtain the x-
component of the dynamic susceptibility tensor [Gie05]

χxx(ω) =

ωM
(
ωH + (Ny −Nz)ωM − iαintrω

)(
ω2r − (1+α2intr)ω

2
)
− iαintrω

[
2ωH + (Nx +Ny − 2Nz)ωM

]
(1.28)

with ωM = γµ0Ms, ωH = γµ0Hequ and

ωr = 2π fr =

γµ0

√
(Hequ + (Nx −Nz)Ms)(Hequ + (Ny −Nz)Ms). (1.29)

Expression (1.29) is known as the Kittel formula or Kittel mode in
ferromagnets [Kit48]. It describes the influence of demagnetiza-
tion fields (see Section 1.1) defined by the shape of the sample on
the resonance frequency of the spins fr. Eq. (1.29) is a correction
to the Larmor frequency ωL (1.22) taking finite size effects into

10



1.2 magnetization dynamics in ferromagnets

account. We refer to Ref. [Vla08] for a more detailed discussion
on the influence of the sample shape on fr. For the derivation of
Eq. (1.29) we assumed a uniform excitation in the entire sample,
which means that all spins precess in phase. This is referred to
as ferromagnetic resonance (FMR).
The real and imaginary parts2 of χxx(f) are plotted in Fig. 1.3
for µ0Hequ = 0.5T, µ0Ms = 0.131T, γ/2π = 28GHz/T and
two different values for αintr. The demagnetization factors for
a rod-shaped sample3 were chosen. Re[χyy(f)] and Im[χyy(f)]

exhibit their inflection point and maximum, respectively, at the
frequency f′ = fr for vanishingly small αintr. With increasing
damping, f′ shifts to lower values. In our case f′ = 12.90GHz
and f′ = 12.72GHz for αintr = 1 × 10−4 and αintr = 0.1, re-
spectively. Note also the slight asymmetry of the lineshapes
with inceasing damping and the deviation of Im[χyy(f)] from a
Lorentzian lineshape (blue dashed line).

Finally, we explain why we refrained from using Heff [Eq. (1.17)]
instead of the external field in the expressions above. In the
case of chiral magnets, Heff is characterized among others by
the DMI, which produces noncollinear spin textures described
by a nontrivial distribution M(r) inside the sample. In this
section, we assumed a homogeneous magnetization inside the
sample. The approach outlined above for the description of the
dynamics thus retains its validity only in the field-polarized
phase of chiral magnets (see Section 1.3). In the noncollinear
spin phases, a Ginzburg-Landau mean-field model has been
developed, which will be presented in Sec. 1.4.

2 For the corresponding analytical expressions, we refer to Ref. [Gie05].
3 Nx = 0.07, Ny = 0.40, Nz = 0.53. See also Appendix A.
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Figure 1.3: Real and imaginary parts of the dynamic susceptib-
ility χxx as a function of the frequency f for (a) αintr = 1× 10−4
and (b) αintr = 0.1. A slight deviation of the fitted Lorentzian
lineshapes (blue dashed line) is observed with increasing αintr.

1.2.2 Influence of cubic anisotropy

We now present an extended version of the Kittel formula (1.29)
including the influence of cubic anisotropy (see Section 1.1) on
the resonance frequency fr of a ferromagnet or, equivalently,

12



1.2 magnetization dynamics in ferromagnets

a field-polarized chiral magnet. We consider the Hamiltonian
density

H =
µ0
2

M ·N ·M +
K

M4
s

(
M4
x +M

4
y +M

4
z

)
− Bext ·M. (1.30)

with the (first) anisotropy constant K and the externally applied
magnetic flux density Bext. We then obtain [GM96]

fr =
γ

2π

{(
4
K

Ms
− (Bext + µ0Ms (Nx −Nz))

)
(
4
K

Ms
− (Bext + µ0Ms (Ny −Nz))

)}1/2
(1.31)

and

fr =
γ

2π

{(
8

3

K

Ms
+ (Bext + µ0Ms (Nx −Nz))

)
(
8

3

K

Ms
+ (Bext + µ0Ms (Ny −Nz))

)}1/2
(1.32)

for H ‖ 〈100〉 and H ‖ 〈111〉, respectively.

1.2.3 Spin relaxation and Gilbert damping

In this Section we discuss the origin of the damping in magnetic
materials and compare different evaluation routes. Spin relax-
ation takes place via energy dissipation within the magnetic
system or from the magnetic system to e.g. the phonons [Len06;
SLK61]. Such damping mechanisms lead to intrinsic linewidth
broadening by imposing a finite lifetime τ to the magnetization
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precession, independent of the excitation or detection process.
In insulating materials, localized magnetic moments act as
scattering sites for magnons [Zak07]. Also, magnon-phonon
interactions contribute significantly to the damping. Relaxation
in metallic samples on the other hand is mainly determined
by scattering at free charge cariers [GM96; Rez13]. Further-
more, the presence of eddy currents and other effects can also
contribute to the damping [HUW02]. Finally, we note that
an inhomogeneous spin excitation causes extrinsic linewidth
broadening [VB10]. We address this in Section 4.1.

The intrinsic Gilbert damping parameter αintr is typically de-
termined from FMR experiments with field modulation. When
extracting the field linewidth ∆H at a fixed resonance frequency
fr, ∆H is assumed to vary according to [HCH85; Kal06]

µ0γ ·∆H = 4παintr · fr + µ0γ ·∆H0, (1.33)

where ∆H0 is the contribution due to inhomogeneous broaden-
ing. This approach describes viscous damping, i.e. the linewidth
increases linearly with frequency and Eq. (1.33) is valid as
long as this type of damping dominates over nonlinear effects,
e.g. scattering within the magnetic subsystem [Len06].
When performing frequency-swept measurements at a fixed
field H, the linewidth ∆f obtained is considered to scale linearly
with the resonance frequency as [Pat68]

∆f = 2αintr · fr +∆f0, (1.34)

with the inhomogeneous broadening ∆f0. The conversion from
Eq. (1.33) to Eq. (1.34) is valid when fr scales linearly with H and
H is applied along a magnetic easy or hard axis of the material
[FZ13; KCC05].
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1.2 magnetization dynamics in ferromagnets

The relaxation time τ0 attributed to a homogeneous excita-
tion (FMR) is given by [Sta93]

τ−10 = 2παintr · f(k = 0), (1.35)

where f(k = 0) is the FMR frequency. τ0 differs however from
τk, the relaxation time under an inhomogeneous excitation. Fol-
lowing Ref. [Sta93], one finds

τ−1k =
f(k = 0)2 + f2

2τ0f · f(k = 0)
(1.36)

for spin waves in the region of small wave vectors k. When
evaluating damping parameters in this work, we will consider
frequencies f that are close to f0. In this case, τk ≈ τ0 and
the evaluated Gilbert parameter represents a good estimate for
αintr.

1.2.4 Ellipticity

We define the ellipticity of the homogeneous dynamic magnet-
ization m(t) oscillating in the xy plane as

|ε| =

√
|mx2 −my2|

max[mx,my]
. (1.37)

According to the orthodox understanding of magnetic reson-
ance [GM96], inside a general ellipsoid of a field-polarized fer-
romagnetic material, ε is given by

ε =
√

(Ny −Nx)/(Ny −Nz +H/M), (1.38)

where M is the static magnetization pointing along ẑ, parallel
to the external field H and Ni (i = x,y, z) are the components of
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the demagnetization tensor with Nx +Ny +Nz = 1. Note that
we restrict our discussion to Ny > Nx, for which Eq. (1.38) is
valid4.
We plot the latter as a function of Nx for several values of H
ranging from H = NzM to H = 3M in Fig. 1.4. Here we con-

0 . 0 0 . 1 0 . 20 . 0

0 . 5

1 . 0

 3  M
 2  M
 1 . 5  N z M
 N z M

�

N x

 M

r o t a t i o n a l l y -
s y m m e t r i c
s a m p l e

Figure 1.4: Ellipticity ε of the magnetization precession in a fer-
romagnet for different values of H as a function of the demag-
netization factor Nx. We assume Nz = 0.53. An oscillating
linearly polarized ε = 1 magnetization is not realized.

sider Nz = 0.53 without loss of generality5. M is kept as a free
parameter and Ny = 1 −Nz −Nx. We plot the results up to
Nx = 0.235 = Ny.
For a rotationally-symmetric sample shape (Nx = Ny), the oscil-
lating magnetization is circularly polarized with ellipticity ε = 0
at all fields. For Nx < Ny = 1−Nz −Nx(= 0.235 in this case),
the polarization is elliptically deformed so that ε > 0. The max-

4 For Ny < Nx, exchange Nx and Ny in Eq. (1.38).
5 Nz = 0.53 is the value corresponding to the samples measured in this work

(see Chapter 5.1).
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1.2 magnetization dynamics in ferromagnets

imum value of ε is obtained in the limit of zero internal field
Hint = H−NzM = 0 (orange dashed line), where

ε(Hint = 0) =
√
1−Nx/Ny. (1.39)

In the limit ε → 1, we get Nx/Ny → 0. At the same time, the
Kittel resonance frequency reduces to

ω(Hint = 0) = γµ0M
√
NxNy. (1.40)

and vanishes as Nx/Ny → 0. Finally, below the shape-
anisotropy field, i.e. H < NzM, H ‖ M can only be achieved
in a sample with Nx = Ny > Nz. Here, we obtain ε = 0 accord-
ing to Eq. (1.38). In summary, we showed that the case ε = 1,
i.e. linear polarization of the uniform mode in a ferromagnet is
not anticipated.
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1.3 The chiral magnet Cu2OSeO3
In this work we study the cubic insulating compound
Cu2OSeO3 with a B20 crystal structure [Bau14]. The atomic
unit cell is shown in Fig. 1.5 and has an edge length of about
9 Å [EP86]. The Cu2+ sites are surrounded by a square pyramid

Figure 1.5: (a) Unit cell of Cu2OSeO3 consisting of Cu2+ ions
surrounded by a square pyramid or trigonal bipyramid of oxy-
gen atoms (see sketch below). (b) 3:1 ferrimagnetic alignment
in the field-polarized phase resulting from the two copper ion
sublattices. Figure adapted from Ref. [Sek12].

(green) and trigonal bipyramid (blue) of oxygen atoms (red
spheres), respectively [Sek12]. Under an external field in the
order of 100mT or higher, this results in a 3:1 ratio of spins
oriented parallel and antiparallel to the field direction, respect-
ively [Fig. 1.5 (b)]. This ferrimagnetic alignment is stable up to
14T [Bel10].
Due to the characteristic lack of inversion symmetry in the B20
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1.3 the chiral magnet cu2oseo3

crystal structure, non-inversion-symmetric magnetic structures
are allowed [Eve12]. These result as an interplay of the DMI
interaction and the exchange interaction (see Section 1.1), which
favours perpendicular and parallel spin alignment, respectively.
A helical spin configuration with a pitch vector Q = 2π/λhelix

is formed, where Q is proportional to the ratio D/J of the DMI
and exhange constant. Figure6

1.6 (a) illustrates this spin con-
figuration (helical phase), which is stabilized below the critical
temperature Tc and the critical magnetic field Hc1. The helix
pitch length λhelix amounts to 616± 45Å in Cu2OSeO3 [Ada12].
Due to the crystal anisotropy, the spin helices align with Q

Figure 1.6: (a) Helical phase: the spins lie perpendicularly to
the helix pitch vector Q. (b) Conical phase: for H > Hc1, Q is
pinned along H and the spins cant towards the field direction.

along the four equivalent 〈100〉 directions at zero field. A fi-
nite external magnetic field H > Hc1 orients the pitch vectors
parallel to its direction [BGP13; Eve12]. With further increasing

6 Johannes Waizner, private communication.
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Figure 1.7: Phase diagram of Cu2OSeO3 for an external mag-
netic field applied along different crystallographic orientations.
Below Tc, the SkL is stabilized within the narrow A-phase
pocket (red). Figure taken from Ref. [Ada12].

field, the individual spins align towards the direction of H as
illustrated in Fig. 1.6 (b). The material is then in the so called
conical phase.
Above the second critical field Hc2, the spins are parallel with
the magnetic field. Nevertheless, the ferrimagnetic configura-
tion is retained. The material is in the field-polarized (FP) phase.
The phase diagram in Fig. 1.7 provides the reader with the
absolute magnetic field and temperature values typical for
Cu2OSeO3. We see that for a narrow temperature regime be-
low Tc, the A-phase (red) is stabilized. The corresponding spin
arrangement is illustrated in Fig.7 1.8. The spins form a vortex-
like texture called "Skyrmion" with the outer spins pointing
parallel (red) and the central one antiparallel (dark green) to

7 Johannes Waizner, private communication.
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q2

q1

q3µ0H

Figure 1.8: Sketch of the SkL with six-fold rotational symmetry.
Small yellow spheres depict single electrons. Spins (arrows)
pointing parallel and anti-parallel to the external magnetic field
are depicted in red and green, respectively. In first order, the
Skyrmion lattice is spanned by three helical pitch vectors qi
(i = 1, 2, 3) perpendicular to the externally applied field H.

the external field direction. The rest of the spins cover the
intermediate orientations (orange, yellow, light green).
Skyrmions in B20 compounds are stabilized in a narrow tem-
perature regime by thermal fluctuations [BF13; Müh09]. They
assemble in a triangular lattice building a two-dimensional
Skyrmion Lattic (SkL) with a lattice parameter 2λhelix/

√
3

[Eve12]. The modulation of the spin orientation is described by
three helical pitch vectors qi (i = 1, 2, 3) in first order, i.e. the
structure is well-defined in reciprocal space [Müh09].
A characteristic property of the SkL in B20 compounds is the
decoupling from the atomic lattice. This means that the plane
depicted in Fig. 1.8 lies perpendicular to the external magnetic
field, regardless of the orientation of the latter relative to crys-
tallographic axes [Eve12].
The SkL is a three-dimensional spin structure, where planes like
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in Fig.8 1.8 are continuously repeated filling the sample volume.
The spin configuration at the surface of B20 compounds, has
been addressed in Refs. [Mil13; Zha16]. We note that recently,
Tokunaga et al. found stable Skyrmions in a bulk crystal above
room temperature [Tok15].

8 Johannes Waizner, private communication.
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1.4 magnetization dynamics in chiral magnets

1.4 Magnetization dynamics in chiral mag-nets
1.4.1 Ginzburg-Landau model

In this section we present the approach developed by Jo-
hannes Waizner (University of Cologne) and Markus Garst (TU
Dresden) for the theoretical description of collective spin ex-
citations in chiral magnets9. The corresponding experimental
data recorded in the framework of this thesis are presented in
Chapter 5.
Chiral magnets exhibit complex, non-collinear spin textures,
such as spin helices and Skyrmions (see Section 1.3). A
mean-field approach based on a Ginzburg-Landau free energy
functional of the magnetization containing a static and time-
dependent part is set up in analogy to the total free energy Etot

(see Section 1.1)
F = F0 +Fdip. (1.41)

F0 =
∫

dr f0 contains the energy density [BJ80; Nak80]

f0 =
1

2
φ(r− J∇2)φ+Dφ(∇×φ) + u

4!
(φ2)2 − µ0µφH, (1.42)

where dimensionless units are chosen for the field φ and the
magnetization density M = µφ is used. We use a single Bohr
magneton per formula unit µ = µB/Vf.u. and the interaction
parameter u. H is the external magnetic field. The energy dens-
ity r tunes the distance to the phase transition, J is the stiffness
in Joule/meter, and D is the DMI constant in Joule/meter2.

9 For a complete, pedagogical outline on this matter we refer to Refs. [Sch15;
Wai13].
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Let us consider an exciting magnetic field with spatial period-
icity λh and corresponding reciprocal vector k = 2π/λh. With L
being the linear size of the sample, we define the homogeneous
excitation as λh � L. The contribution from the dipolar interac-
tion Fdip, expressed in Fourier space to facilitate the calculation
in the spin structures investigated in this thesis, is thus:

Fdip =
1

2

∑
k

φi(−k)χ−1dip ij(k)φj(k) (1.43)

with the susceptibility χ−1dip ij given by

χ−1dip ij(k) = µ0µ
2

{
kikj
k2 if |k|� 1/L

Nij if |k|� 1/L.
(1.44)

For momenta smaller than the inverse of the linear size of the
sample L, the susceptibility is determined by the demagnetiza-
tion tensor Nij. Fourier components with momenta larger than
1/L interact via the dipolar interaction.

1.4.2 Magnetic resonance

To calculate the magnetic resonances in chiral magnets, we use
the equation of motion (1.21), where the effective field Beff is ob-
tained via the functional Beff = −δF/δM. Linearizing Eq. (1.21)
around the equilibrium configuration allows to determine the
eigenmodes and eigenfrequencies. A magnetic time-dependent
excitation induces a deviation from the equilibrium configura-
tion M(r, t) = µφ(r) +m(r, t), leading to an additional con-
tribution to the effective field Beff,i(r, t). The latter is expan-
ded in first order in the deviation m(r, t) and contains a time-
independent susceptibility χ−1ij (r,k′) = δ2F/(δφi(r)δφj(r

′)),
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1.4 magnetization dynamics in chiral magnets

evaluated with the equilibrium configuration of the magnetiz-
ation. Inserting the latter into Eq. (1.21) and applying a Fourier
transformation, one obtains the magnetic excitation spectrum
from the eigenvalues of a characteristic matrix, where the amp-
litudes and the helix pitch orientation are determined by min-
imizing the corresponding potentials. The magnetic eigenfre-
quencies and its spectral weights are obtained by diagonalizing
numerically the matrix. Analytical expressions for the eigenfre-
quencies under homogeneous excitation (k = 0) are derived by
this ansatz in the field-polarized and the conical phase. This is
presented in below, after a short discussion on the influence of
an inhomogeneous ac-field.

Spatially inhomogeneous ac field
We consider a spatially inhomogeneous magnetic ac field. As
will be shown in Section 2.2.2, the typical momentum of the
ac field distribution generated by our experimental setup is
much smaller than intrinsic momentum scales determined by
Q = D/J. For this reason, it is sufficient to confine the dis-
cussion to the small momentum limit of the magnetic reson-
ances lim|k|→0 limL→∞ω(k). This limit is non-analytic and
it does not coincide with the resonance at zero momentum,
lim|k|→0 limL→∞ω(k) 6= ω(k = 0), due to the long-range nature
of the dipolar force [HK51]. Finally, the small momentum limit
lim|k|→0 limL→∞ω(k) depends on the orientation of the mo-
mentum k, giving rise to a band of excitations around the res-
onances at zero momentum ω(0) that we will show in Sec-
tion 5.1.
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Field-polarized phase
We obtain a single excitation mode that couples to the magnetic
ac field, in agreement with the standard ferromagnetic reson-
ance. The resonance frequency is given by the Kittel formula
(1.29). In the case H > Hc2, the magnetization is almost satur-
ated and we can approximate M ≈ χconHc2, so that the reson-
ance frequency reads

 hω

gµ0µBHc2
≈
√[
h+ (Nx −Nz)χcon

][
h+ (Ny −Nz)χcon

]
(1.45)

with the reduced field h = H/Hc2 > 1 and the susceptibility

χcon =
µ0µ

2

JQ2 + µ0µ2Nz
. (1.46)
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1.4 magnetization dynamics in chiral magnets

Conical phase
Two eigenmodes with eigenfrequencies are found in the conical
phase. They are characterized by the analytical expression

 hω±

gµ0µBHc2
=
{(
1+

1

4
(Nx +Ny − 4Nz)χcon

)(
2+ (1− 2Nz)χcon

)
− h2

(
1+ χcon(1+

1

4
(Nx +Ny − 2NxNy)χcon

−Nz(2+ (1−Nz)χcon))
)

± 1
4
χcon

[
N2x

(
2+ (1− 2Nz − h

2(1− 2Ny))χcon

)2
+N2y

(
2+ (1− 2Nz − h

2)χcon

)2
− 2NxNy

(
(2+ (1− 2Nz)χcon)

2

+ 2h2(4+ (1+Ny − 4Nz)χcon)(−2− χcon + 2Nzχcon)

+ h4(8+ χcon(8+ (1+ 2Ny)χcon

+ 8Nz(−2+ (−1+Nz)χcon)))
)]1/2}1/2

. (1.47)

The right-hand side is a function of the reduced magnetic field
h = H/Hc2 < 1 and depends on the value of the susceptibility
χcon [Eq. (1.46)], that is constant within the conical phase.

In Fig. 1.9 (a), the equilibrium spin configuration in the con-
ical phase is depicted. Note that the distance between adjacent
spins is identical for all pairs, hence the helix is painted homo-
geneously yellow. The excitation by a homogeneous magnetic
field leads to individual spin precession according to the LLG
equation (1.23). This is illustrated by a red circular arrow in
Fig. 1.9 (b). The simultaneous, phase-shifted precession of all the
spins in the helix results in the formation of regimes with higher
(red-shaded areas) and lower (green-shaded areas) spin density
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-Q

+Q

(a) (b)

Figure 1.9: (a) Equilibrium spin configuration in the conical
mode, where all the spins are equidistant. (b) Eigenmodes of
the spin helix. The individual spin-precessional motion (red ar-
row) gives rise to the collective ±Q modes travelling along and
against the pitch vector. Figure from Ref. [Sch15].

compared to the static case (yellow). These regimes propag-
ate either parallel (+Q mode) or antiparallel (−Q mode) to the
helix pitch vector. For Nx = Ny and a right-handed chiral mag-
net with positive D > 0 in Eq. (1.42), the excitation with energy
ω+ corresponds to the +Q mode. The ±Q helix eigenmodes
are present both in the helical and in the conical phase. In gen-
eral, they are excited at different frequencies. The ω+ mode
smoothly connects to the Kittel result in the limit H → Hc2. In
the same limit, one finds that the spectral weight of the magnetic
resonance due to the ω− mode vanishes. The internal suscept-
ibility

χint
con =

χcon

1− χconNz
(1.48)

is a measure for the strength of the dipolar interaction energy.
In the limit χint

con → 0, Eq. (1.47) reduces to the simple expression
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 hω±
gµ0µBHc2

→
√
2− h2 yielding a doubly degenerate excitation

spectrum.
For a spherical sample with Ni = 1/3, we obtain

 hω±
gµ0µBHc2

∣∣∣∣
Ni=1/3

=
{
2−

χcon

18
− h2

(
1+

χcon

3
−
χ2con
9

)
± hχcon

18

[(
6− χcon

)(
2(6+ χcon)

− 3h2(2+ χcon)
)]1/2}1/2

. (1.49)

While ω± are degenerate at h = 0, expression (1.49) gives a
non-degenerate spectrum for h > 0.

Helical phase
In the helical phase the mean magnetization is not longitudinal
to the pitch vector in general and the cubic anisotropy needs to
be taken into account. As in the conical phase, one obtains two
modes with different magnetic excitation frequencies numeric-
ally [Sch15]. We did not observe a significant change in the
eigenfrequency of the helical mode near Tc depending on the
orientation of H relative to specific crystallographic axes (see
Section 5.2). Therefore we limit ourselves to the use of Eq. (1.47)
for modelling the eigenmodes in this phase.

Skyrmion lattice phase
In the SkL phase, two gyrational and one breathing mode are
excited by a dynamic magnetic field perpendicular and parallel
to the static external field, respectively [Moc12; Ono12; Sch15],
as shown in Fig. 1.10. For the gyrational modes, the average
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magnetization of each Skyrmion and hence its core rotate coun-
terclockwise (CCW) and clockwise (CW), respectively. In the

counter-
clockwise clockwise breathing

(

(

t=
0

t=
T
/4

t=
T
/2

t=
3T
/4

z x

y

Figure 1.10: Excitation modes in the Skyrmion phase. From left
to right: the three different excitation modes; from top to bot-
tom: four “snapshots” during one period of oscillation T . The
static magnetic field points along z and towards the observer.
Yellow arrows illustrate the in-plane component of the magnet-
ization. Spins point in z and −z direction in the green and red
regions, respectively. Figure from Ref. [Sch15].

breathing (BR) mode, the Skyrmion core expands and retracts
periodically with time inside the ferromagnetic background. In
the framework of this thesis, we address the experimental con-
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1.4 magnetization dynamics in chiral magnets

ditions necessary to excite the different spin helix and Skyrmion
modes selectively in Sections 5.1 and 5.3.

Overview of the eigenmodes
In Fig. 1.11 the theoretically expected resonance frequencies
with respect to the external magnetic field are given for each
phase. Colored areas in the background mark different phases

0 0 . 5 1 . 0 1 . 50
0 . 5
1 . 0
1 . 5
2 . 0

H  /  H c 2
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 g�
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 S k y r m i o n
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+ Q
C l o c k w i s e

B r e a t h i n g
C o u n t e r -
c l o c k w i s e

H
yH z
x

Figure 1.11: Theoretical expectations for the resonance frequen-
cies of a sphere in normalized units taking into account the dif-
ferent phase regimes (colored areas in the background). The dot
size scales with spectral weight.

(H: helical, C: conical, S: Skyrmion, FP: field-polarized). The
mode in the FP phase is consistent with the Kittel formula (1.29).
The calculation is based on the assumption of a homogeneous
exciting magnetic field (k = 0). For the SkL the solution is solved
numerically. The demagnetization factors for a sphere Ni = 1/3,
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(i = x,y, z) are used. In this case, the resonance frequency is not
influenced by finite-size effects. We see that at zero field the
conical modes are degenerate and that the −Q is significantly
weaker than the +Q mode at H > 0. A large difference in spec-
tral weight (symbol size) is also observed among the SkL modes.
T. Schwarze et al. demonstrated the universal behavior of the dy-
namic excitations in chiral magnets by investigating the metal-
lic MnSi, the semiconducting Fe0.8Co0.2Si and the insulating
Cu2OSeO3 [Sch15]. This is reflected in the use of normalized
units in Fig. 1.11, which allows us to discuss the mode behavior
in generic terms.
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2 Experimental aspects
2.1 High-frequency basics
2.1.1 Transmission line theory

In this part we introduce the transmission line theory at high
frequencies based on the references [Bil07] and [DS06].
In Fig. 2.1 a transmission line section of length dx << λ is
modeled. Four parameters describe the system: the series res-
istance R, the series inductance L, the shunt conductance G and
the shunt capacitance C. All entities are expressed with respect
to one length unit, i.e. per meter. V and I denote the voltage
and current, respectively, at the beginning of the transmission
line section. V + dV and I+ dI are measured at the end of the
line, R and G describe Ohmic and dielectric losses, respectively.
The latter comprise losses due to leakage currents and polar-
ization of the dielectric. We assume the following expressions
for the space and time dependency of the voltage and current
(sinusoidal excitation)

V(x, t) = Re[Ṽ(x) eiωt] (2.1a)

I(x, t) = Re[Ĩ(x) eiωt] (2.1b)
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Figure 2.1: Equivalent circuit of a transmission line section dx.
R and G describe the real losses of the transmission line.

with Ṽ and Ĩ the complex amplitudes at position x. The vari-
ation of the current ∂I∂x and voltage ∂V

∂x along dx thus leads to
the coupled differential equations

∂V

∂x
= −(R+ iωL)I (2.2a)

∂I

∂x
= −(G+ iωC)V . (2.2b)

Algebraic transformations of the latter yield the telegrapher’s
equations [Sar43]

∂2V

∂x2
= γ2V (2.3a)

∂2I

∂x2
= γ2I (2.3b)

with
γ =

√
(R+ iωL)(G+ iωC). (2.4)

Note that V and I have a sinusoidal time dependence, which we
have removed from our considerations by taking partial deriv-
atives with respect to the spatial variable x. For simplicity, we
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replaced Ṽ and Ĩ by V and I, respectively.
The general solution of the second order differential equations
(2.3) is given by linear combinations of exponential functions

V(x) = Ae−γx +Beγx (2.5a)

I(x) = Ce−γx +Deγx, (2.5b)

where A, B, C, D denote complex amplitudes, i.e. integra-
tion constants from the mathematical point of view. In physical
terms, equations (2.5) express a linear combination of travelling
plane waves in opposite directions. Then

γ = α+ ik (2.6)

is the complex propagation constant of each wave with the dimen-
sion m−1, consisting of the attenuation constant α and the wave
number or phase constant1 k = 2π/λ. This entity describes the
phase rotation of the wave per unit length. It is measured by
rad/m, i.e. by m−1 and is related to the phase velocity by

vph =
ω

k
. (2.7)

Transforming Eq. (2.2), we obtain a relationship for the coeffi-
cients of V(x) and I(x) [DS06]:

Z0 =
A

C
= −

B

D
=

√
R+ iωL

G+ iωC
. (2.8)

Z0 is the characteristic impedance of the line. It is the high-
frequency counterpart to the electrical resistance linking a static

1 Strictly speaking, the phase constant refers to transmission lines and the wave
number to plane waves. In coaxial cables and strip lines both quantities are
equal, since both media support transverse electromagnetic (TEM) waves.
This is also the case in our waveguides. On the contrary, in non-TEM me-
dia like hollow metallic waveguides, both quantities may differ. β is often
used as an alternative notation to k.
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voltage to a stationary current. It encompasses all parameters
describing the circuit. For low frequency (ω → 0; DC case) we
obtain Z0 →

√
R/G. As a complex entity, Z0 may be written in

the form
Z0 = R

′ + iX, (2.9)

with R′, X ∈ R. Here R′ denotes Re(Z0) and is not to be con-
fused with the series resistance R. X is the reactance.
It is important to note that the voltage and the current are
well-defined only when dealing with environments that sup-
port TEM transmission. In more general cases, Z0 relates the
electric to the magnetic field [Gie05]. The fields are the defining
values of the system, i.e. of Z0, which have to be analyzed for
a complete description. Consequently, it is instructive to con-
sider the propagation of electromagnetic waves in high frequency
transmission lines instead of oscillating currents and voltages.

Low-loss lines
In low-loss lines R and G are small compared to ωL and ωC,
respectively. We then obtain by Taylor expansion [DS06]

α = αR +αG ≈
R

2

√
C

L
+
G

2

√
L

C
(2.10)

and
k ≈ ω

√
LC. (2.11)

We discuss the dielectric losses in more detail following
Ref. [Heu05]. These are defined by the loss tangent tan δ,
which is the parameter of a dielectric material that quantifies its
inherent dissipation of electromagnetic energy:

tan δ =
ε′′

ε′
(2.12)
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with the complex permittivity ε = ε′− iε′′, where ε′ = ε0εr(ω).
The shunt conductance G is then given by

G = ωC tan δ (2.13)

and the contribution of the dielectric loss αG for every TEM
waveguide reads

αG =
π

λ
tan δ. (2.14)

The dielectric loss depends on the wavelength λ and the loss
tangent of the material.
Using the approximation tan δ ≈ δ for dielectrics with small
loss, we obtain [RWV94]

P(x) = P0 e
−δkx = P0 e

− 2πδf
vph
x

(2.15)

for the electrical power decay along the transmission line, with
the source power P0 and the frequency f = ω/2π.
If the cable loss consists mainly of longitudinal losses, i.e. losses
in the conductor instead of transverse ones (dielectric losses),
the term containing G in (2.10) can be neglected. In this case,
the loss can be reduced by increasing the series inductance of
the line.
We return to the more general case of low loss lines, where R
and G are present and apply the same approximations as for α
and k to the impedance [Heu05]. Equation (2.8) is rewritten in
the form

Z0 =

√
L

C

√(
1− i

R

ωL

)
·
(
1+ i

G

ωC

)−1

. (2.16)

In the case of low loss lines this is approximated by

Z0 ≈
√
L

C
. (2.17)
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The approximation is based on the assumption that R and G are
much smaller than ωL and ωC, which contain the energy of the
system. Expression (2.17) is the impedance which is referred
to when 50Ω matching is sought for. This is also the exact im-
pedance expression for the loss-free case (R,G,α = 0), as can be
seen in Eq. (2.8). Interestingly, also Eq. (2.11) becomes an exact
expression in this case.
For low-loss cables with µr = 1, expression (2.11) yields

vph =
ω

k
=

c0√
εr
≈ 1√

LC
(2.18)

with the speed of light in vacuum c0 = 1/
√
µ0ε0. The lack of a

frequency dependence in the last term of Eq. (2.18) implies that
the transmission is dispersion-free, the phase velocity equals
the group velocity and the signals are not distorted.
Inserting Eq. (2.18) into (2.17) and eliminating L yields
[Heu05]

Z0 ≈
√
εr

c0C
. (2.19)

Using the above expression for c0, we define the impedance of free
space2

Zfree =

√
µ0
ε0

= 120 πΩ (2.20)

and obtain

Z0 ≈ 120 π
√
εr

C
ε0Ω. (2.21)

Note that Eqs. (2.18), (2.19) and (2.21) are exact expressions for
the loss-free case.
Whether R and G are exactly zero or treated as small compared
toωL andωC defines the difference between a pure and a quasi
TEM mode, respectively. The impedance is similar in both cases.

2 This is a physical constant relating the magnitudes of the electric and magnetic
fields of electromagnetic radiation travelling through free space.
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However, the attenuation constant α assumes totally different
values in the two cases. Thus, the wave propagation, defined
by the parameter γ = α+ k is significantly influenced by small
losses.
In addition, Eqs. (2.19) [and (2.21)] imply that the calculation
of Z0 in a homogeneous TEM or quasi-TEM transmission line
can be performed after a capacitance calculation. The quasi-static
approach that will be presented in Section 3.1 is based on this
fact. Note that for waveguides with inhomogeneous dielectric,
e.g. coplanar waveguides or microstrip lines, εr has to be re-
placed by an effective dielectric constant εeff, which is frequency
and geometry dependent [Heu05].

2.1.2 Skin effect

The skin effect describes the distribution of a time-varying elec-
trical current j inside a nonmagnetic electrical conductor with
finite electrical conductivity σ. The periodic change of the cur-
rent leads to a time-varying magnetic field B(t). According to
Faraday’s law of induction, B(t) generates an electric field E

which opposes the change in current intensity and its corres-
ponding magnetic field variation (Lenz’s law)

−
dB

dt
= ∇× E. (2.22)

E gives rise to eddy currents je inside the conductive material.
As a result, an ideal, i.e. loss-free electrical conductor is free of
inner fields. In materials with finite electrical conductivity σ,
the amplitude of the time dependent electrical current density j
decreases exponentially from its surface towards the inner part
of the conductor [DS06]. This phenomenon is called skin effect
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and the depth for which j decreases by a factor of 1/e is called
the skin depth δ. The latter is given by

δ =

√
2

ωσµrµ0
(2.23)

with the electrical conductivity σ = ρ−1, the relative permeab-
ility µr = 1 + χ (χ is the magnetic susceptibility) and the va-
cuum permeability µ0. As an example, the resistivity of gold
ρAu = 2.21 · 10−8Ωm yields δAu = 1.15µm at 26.5GHz consid-
ering (µAu

r = 1). In general, at ferromagnetic resonance µr may
increase up to several hundreds leading to a decrease of δ down
to tens of nanometers.
The skin effect increases the electrical resistance due to confine-
ment of the current near the conductor’s surface. The rough-
ness of metallic surfaces can thus have a large influence on the
surface resistance [Heu05]. The skin effect introduces dispers-
ive, i.e. frequency-dependent behavior of Z0 and may also give
rise to parasitic effects such as field distortion, impacting on the
characteristic impedance Z0 of e.g. coplanar waveguides.

2.1.3 Scattering parameters

As mentioned in Section 2.1.1, the travelling electromagnetic
wave model is preferable over the oscillating voltage and cur-
rent model when dealing with high frequency circuits. Cor-
respondingly, the description of normalized incident ai and re-
flected bi waves has been introduced [Heu05]. An overview is
given in Fig. 2.2 for a two-port device under test (DUT). The
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Figure 2.2: Illustration of S-parameters and normalized waves
ai, bi being reflected by and travelling through a two-port DUT,
respectively.

incident and outgoing waves are related by scattering paramet-
ers Sij (i, j = 1, 2)

b1 = S11 a1 + S12 a2, (2.24a)

b1 = S21 a1 + S22 a2. (2.24b)

The meaning of the different S-parameters is summarized in the
following:

S11 =
b1
a1

∣∣
a2=0

reflection parameter at port 1 under
impedance-matched port 2

S12 =
b1
a2

∣∣
a1=0

transmission parameter at port 1 under
impedance-matched port 1

S21 =
b2
a1

∣∣
a2=0

transmission parameter at port 2 under
impedance-matched port 2

S22 =
b2
a2

∣∣
a1=0

reflection parameter at port 2 under
impedance-matched port 1

S-parameters are complex values, which can be measured
phase-sensitively by a vector network analyzer. Usually logar-
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ithmic scaling is used and the conversion from the linear mag-
nitude |Sij| to the logarithmic representation |Sij|(dB) reads

|Sij|(dB) = 10 log10|Sij|
2 dB = 20 log10|Sij|dB. (2.25)

The following holds for the input electrical power Pa2 and the
power Pb1 measured at port 1:

Pb1 = |S12|
2 Pa2 . (2.26)

P is often normalized to 1mW and expressed in dBm

P(dBm) = 10 log10
P

1mW
dBm, (2.27)

allowing easy calculation of e.g. the transmitted power at
port 1

Pb1(dBm) = |S12|(dB) + Pa2(dBm), (2.28)

with |S12|(dB)6 0 in passive devices.
As a rule of thumb, reflection parameter values |Sii| < −15dB
should be sought for during component design in order to min-
imize power reflection to a few percent (see Table 2.1).
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Sii(dB) |Sii| reflected power

0 1 100%

-3 0.708 50%

-6 0.501 25%

-10 0.316 10%

-20 0.1 1%

Table 2.1: Logarithmic values of Sii compared to linear mag-
nitude values and corresponding reflected electrical power at
the DUT.
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2.2 Measurement principle
The measurement principle of vector network analyzer-based
spin wave spectroscopy (VNA-SWS) [Kal06] is illustrated in
Fig. 2.3. The sample and coplanar waveguide (CPW) are ex-

sample

substrate
G GS

broad CPW narrow CPW

h

ws wsgwg sample
H

z
x

y
t

antenna pair

CPW 1

CPW 2

Figure 2.3: Sample-mounted CPWs with signal (S) line width
ws = 1mm, 20µm, and 3µm (not to scale). The static field H
is applied perpendicular to the CPW plane and the rf field h
circulates around the conduction lines.

posed to an external, static magnetic field H. In our setup, the
latter is provided by a superconducting magnet. An electro-
magnetic wave produced by a vector network analyzer (VNA)
travels in y-direction through the CPW and the sample, oscil-
lating at radio-frequency (RF). While the broad and narrow CPW
designs used in this work provide the TEM wave with an un-
interrupted conductive pathway, the shorted antenna-CPW pair
operates as an emitter/detector assembly.
The oscillating magnetic field h (red lines) contributes to the
effective field Heff and induces spin precession in the sample.
This process is resonant and well-described by the frequency-
dependent magnetic susceptibility (1.28), i.e. permeability µ(ω)

of the sample [Bil07; Kal06]. The resonant behavior of µ(ω) al-
ters the transmission characteristics of the electromagnetic wave,
i.e. the propagation constant γ(ω) defined in Section 2.1.1 by
modifying the inductance L of the high-frequency circuit. This

44



2.2 measurement principle

introduces a resonant behavior into the impedance and the S-
parameters [Bar86] as well, which is detected by the VNA. Equi-
valently, the interaction between the sample and the CPW can
be described in terms of a voltage Vind, that is induced by the
precession of the magnetization, which in turn causes a change
of the magnetic flux in the CPW. This approach is outlined in
Ref. [Gie05], where analytical expressions for Vind are derived
based on the type of excitation.
The exact relation between the S-parameters and the dynamic
susceptibilty is complicated. In a first approximation, we use
a 2-port evaluation scheme neglecting reflections in this work.
This yields the uncalibrated complex effective microwave sus-
ceptibility [Bil07; Kal06]

χeff(f) = i

(
ln
[
Smeas

12
(f)
]

ln
[
Sref

12
(f)
] − 1

)
, (2.29)

where ln
[
Smeas

12
(f)
]

and ln
[
Sref

12
(f)
]

are the natural logarithms of
the complex S-parameters measured at the magnetic field of in-
terest and at a reference field, respectively (see Section 2.3.1).
Reference [Bil07] gives an overview of additional methods avail-
able to extract the frequency-dependent electric and magnetic
permeability of the specimen starting from S-parameter data.
While these methods yield different degrees of accuracy, it is
shown that the resulting resonance positions and linewidths
may disagree up to 1% and 10% relative error, respectively. We
note that in this work we evaluate the resonance linewidth ex-
tracted from the magnitude of the S-parameters at high fields,
where this error decreases drastically [Bil07]. At low fields, we
use instead a time-resolved inductive measurement technique,
presented in Section 2.4.
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2.2.1 CPW Field distribution

The dimensions of the CPWs used in this work are summarized
in table 2.2.

CPW material ws wsg wg t L

broad Cu/AlOx 1000 330 5000 50 2500

narrow Au/Cr/GaAs 20 12.4 295 0.12 9000

antenna Au/Cr/GaAs 3 3 3 0.12 400

Table 2.2: Dimensions (in µm) of the CPWs used in this work:
signal line width (ws), distance between signal and ground
line (wsg), ground line width (wg), metallization thickness (t),
length (L).

Broad CPW

The broad CPW is commercially available3 with a signal line
width of 1mm. It is a conductor backed CPW, i. e. the backside of
the substrate is metallized in order to minimize spurious electro-
magnetic modes [Sim01]. Metallized via holes provide electrical
contact between the ground lines, the backside and the electrical
ground of our experimental apparatus described in Section 2.3.
For a detailed and accurate insight into the field distribution
of our CPWs, we performed finite-element (FEM) simulations4.

3 CS-18, Southwest Microwave, Inc.
4 We used the software CST Microwave Studio 2014 from CST Computer Simu-

lation Technology, www.cst.com.
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For all the simulations presented in this section, we have con-
sidered an incident microwave (MW) power of 1mW and 50Ω
impedance to estimate the field amplitude in mT. The results
for the broad CPW are presented in Fig.5 2.4. The left panels

Figure 2.4: Near-field distribution of the broad CPW. The in-
plane and out-of-plane components hx(x) and hz(x) are shown
in the top and bottom panels, respectively, as a function of x.
The color-coded field distribution shows a dominat in-plane
field above the signal line and an out-of-plane field in the gap
between signal and ground line. The line plot shows the spatial
distribution of the field at a height of 50 µm above the CPW.
The panels on the right-hand side show the dependence of the
field component on the height above the CPW. The data were
calculated at f = 0.5GHz.

show the color-coded field strength for the in-plane (top) and
out-of-plane (bottom) component of the dynamic field h. We
find a dominant in-plane component hx above the signal line

5 We thank A. Bauer and M. Kleinhans for assistance in the compilation of the
figures in this section.
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and a pronounced out-of-plane component hz above the gaps
between the signal (S) and ground (G) lines. At the edges of
the metallic leads, the field amplitudes are enhanced due to the
finite penetration depth of the RF current (skin effect; see Sec-
tion 2.1.2).
The green and white circles illustrate hx(x) and hz(x) at the
fixed height of z = 50µm for 0.5GHz and 26.5GHz, both ex-
hibiting a maximum strength of about 3µT. The remarkably
good overlap among these two frequencies suggests that the
field distribution remains frequency-independent in the range
0.5− 26.5GHz.
Panels on the right-hand side of Fig. 2.4 show the height de-
pendence of the field amplitude for different positions on the
CPW marked by roman numerals on the color-coded plot. A
significant field decay with increasing z is observed.
Note that for the broad CPW, the metallized bottom ground
surface as well as the via holes were not considered in our
simulations, since they were not expected to alter considerably
the strong magnetic field components close to the signal line
[Sim01] due to the low density of backflowing currents.
In Fig. 2.5 we show the far-field distribution up to several mil-
limeters around the CPW. We observe an overeall decrease in
amplitude compared to the near-field. The field enhancement
at the lead edges disappears for z > 0.5mm.
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Figure 2.5: Far-field in- and out-of-plane amplitude profile of
the broad CPW. Line plots show cuts at different heights above
the CPW. Color-coded data correspond to f = 0.5GHz.
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Narrow CPW

The narrow CPW with a signal line width of ws = 20µm was
micro-fabricated using optical lithography (see Section 2.6.1).
We also model this structure by means of electromagnetic sim-
ulations and show the results in Fig. 2.6. The skin depth δ is
comparable to the signal line width ws, leading to a relatively
homogeneous field distribution above the signal line and the ab-
sence of field spikes at the conductor edges (as in Fig. 2.4). The
field intensity decreases approximately ten times faster with in-
creasing z, compared to the broad CPW. In Section 2.2.2, we will
draw a detailed comparison of the dynamic field homogeneity
in our CPWs.
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Figure 2.6: In- and out-of-plane field amplitude profile of the dy-
namic magnetic field h of the narrow CPW. The line plot shows
the spatial distribution of the field at a height of 1µm above the
CPW. Color-coded data correspond to f = 0.9GHz.
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Antenna-CPW

We now present the results for the antenna-CPW pair6. In
Fig. 2.7 we compare the near- and far-field profile at two differ-
ent frequencies for both the in- and the out-of-plane component.
The typical dimensions of this assembly are comparable to the
minimum mesh cell size (0.1µm), which explains the discon-
tinuities along z observed in the color-plot. Color-coded data
correspond to f = 26.5GHz.
Strikingly, the intensity at f = 2GHz is approximately ten times
higher compared to f = 26.5GHz. While the origin of this en-
hancement is not entirely clear, it results from the interplay of
the following effects: (i) The CPW length amounts to 400µm,
which corresponds to about a quarter of the MW wavelength at
f = 26.5GHz. Hence, no proper propagation of the wave is al-
lowed in this CPW. The wave is reflected at the shorted end and
at the transition to the taper leading to interference and, eventu-
ally, amplification. (ii) The skin depth is reduced with increas-
ing frequency leading to a higher current density, i.e. magnetic
field amplitude. (iii) The electrical power decay along a trans-
mission line decreases exponentially with increasing frequency
[see Eq. (2.15)].

6 We fabricated various CPW pairs with different separation distance. The sim-
ulation was performed for a pair with 5µm separation distance.
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Figure 2.7: (a)-(b) Near- and (c)-(d) far-field field amplitude pro-
file of the antenna-CPW with cuts at z = 0.4µm and z = 6.4µm,
respectively. The results for f = 2GHz and f = 26.5GHz are
compared. Color-coded data correspond to f = 26.5GHz.
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2.2.2 Excitation profile

Ferromagnetic resonance (FMR) is defined as the uniform and
coherent precession of all spins in a material. This corresponds
to an excited spin wave with infinite wavelength λ (wave vector
k = 2π/λ = 0). The dynamic field distribution h(x, z) provided
by the CPW gives rise to a distribution of finite k-vector val-
ues excited with different efficiency [VB10]. Assuming that the
sample covers the entire width of CPW, the Fourier transforms
of hx(x) and hz(x) give access to the kx-distribution for the in-
and out-of-plane excitation, respectively. Based on our simu-
lation results shown in the previous section, we perfomed the
Fourier transforms for the different CPWs used in this work
and present our results in the following.

Broad CPW

We begin with the normalized wave vector distribution for the
broad CPW in Fig. 2.8. We observe a qualitatively similar dis-
tribution of the Fourier transforms of hx(x) and hz(x). Several
peaks are found, corresponding to the dominant spatial field
modulation frequencies, characteristic to this CPW. Different
colors indicate different heights z above the conducting leads.
With increasing z, the peak heights reduce and Fourier com-
ponents at large kx vanish. This is expected for the transition
between near- and far-field characteristics.

53



experimental aspects

0 . 0 0 0 . 0 1 0 . 0 2 0 . 0 3 0 . 0 4 0 . 0 5 0 . 0 6
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0  
 
 
 
 

ex
cita

tio
n a

mp
litu

de

k x  ( µm - 1 )

 1 0  µ m
 5 0  µ m
 1 0 0  µ m
 2 0 0  µ m
 4 0 0  µ m

b r o a d  C P W
0 . 5  G H z

Figure 2.8: Wave vector distribution for the broad CPW at dif-
ferent heights z above the conducting leads. Solid and dashed
lines show the in- and out-of-plane wave vector distribution, re-
spectively.

Narrow CPW

The results for the near- and far-field distribution of the narrow
CPW are shown in Fig. 2.9 (a) and (b), respectively. Compared
to our results in Fig. 2.8, we observe differences between in- and
out-of-plane component at large kx in Fig. 2.9 (a). The largest
peak shifts considerably with increasing z to smaller kx. The
relative shift is more pronounced than for the broad CPW. The
narrow CPW produces approximately ten times larger wave vec-
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tors kx compared to the broad CPW, reaching up to 0.16 µm−1

in Fig. 2.9 (b).
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Figure 2.9: Near-(a) and far-field (b) wave vector distribution
for the narrow CPW at different heights z above the conducting
leads. Solid and dashed lines show the in- and out-of-plane
wave vector distribution, respectively.
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Antenna-CPW pair

Lithographically fabricated meander-shaped waveguides with
small characteristic dimensions provide values up to k =

8µm−1 [VB10]. In Fig. 2.10, we see that this is achieved in the

0 1 2 3 4 5 6 7 8
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

k x  ( µm - 1 )

ex
cita

tio
n a

mp
litu

de

 0 . 2  µ m
 0 . 5  µ m
 1 . 0  µ m
 2 . 0  µ m
 4 . 0  µ m
 8 . 0  µ m

a n t e n n a - C P W
2 6 . 5  G H z

Figure 2.10: Wave vector distribution for the antenna-CPW at
different heights z above the conducting leads. Solid and dashed
lines show the in- and out-of-plane wave vector distribution,
respectively.

proximity (within 200nm) of the conductors of our antenna-
CPW. The main excitation peak lies at an approximately five
times higher kx-value compared to the narrow CPW. Also, the
difference among the in- and out-of-plane components is more
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pronounced and the transition to the far-field profile takes place
at lower values for z.
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2.3 He-flow cryostat
Fig. 2.11 shows the cryostat used for temperature-dependent
spin-wave spectroscopy. It consists of the following elements: a

Figure 2.11: The LHe-flow cryostat for high frequency spin-wave
spectroscopy measurements at variable temperatures with per-
pendicular magnetic fields.

commercially available helium flow cryostat with an integrated
microwave probe system (model CPX-VF of Lakeshore) and a su-
perconducting magnet, a vector network analyzer (VNA) and a
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computer system (not shown).
The vacuum chamber (p 6 10−4mbar) hosts a superconductive
coil providing an out-of-plane magnetic field up to ±2.5 T and
a microwave probe stage. The chamber is mounted on an air-
cushioned table to reduce vibrations of the setup while measur-
ing. Liquid helium flow bifurcation within the cryostat allows
simultaneous and independent cooling of the sample stage and
the magnet. An integrated heater near the sample position en-
sures automatic temperature control in the range 4.2K - 400K.
Even when measuring the sample at room temperature, cooling
the magnet below 5K keeps the pressure in the chamber low
allowing deactivation of the vacuum pumps (fore and turbo).
This avoids mechanical noise.
Figure 2.12 (a) shows the inner part of the cryostat chamber.
The superconducting magnet is installed below the ring-shaped
brass cover. Rigid microwave cables connect microwave probe
tips7 (250µm and 2mm pitch for the narrow and broad CPW, re-
spectively) to the semi-flexible microwave cables (see Fig. 2.11).
Once the temperature is stabilized, the probe tips are manually
placed on the CPW with the help of the optical microscope and
micropositioning system. Then, fully automated measurements
are performed. The tips are thermally anchored to the inner
radiation shield of the cryostat via copper threads. When meas-
uring at different temperatures varying by more than 5K, the
tips have to be lifted to avoid mechanical damage caused by
temperature gradients.
The CPW is stabilized on a copper sample plate using a brass
clamp. The sample is placed on top of the CPW and is fixed us-
ing a spring-loaded brass clamp. This provides us with an ap-
proximately constant mechanical force on the sample, regardles
of the temperature set. Thermalization of the sample takes place
mainly via the clamp due to its superior heat conductance com-

7 GGB Industries, Inc., U.S.A.
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pared to the CPW substrate material (GaAs or alumina). The
temperature is measured at the sample stage, below the copper
plate.

Figure 2.12: (a) Photograph inside the cryostat chamber. Mi-
crowave probe tips contact a broad CPW. (b) Magnified view of
the broad CPW. The brass clamp holding the sample above the
gap and providing thermal contact has been placed aside. A
positive static magnetic field H points towards the observer.
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2.3.1 Measurement procedure

A typical VNA-SWS measurement procedure reads as follows.
The temperature was set and stabilized. At a sample temper-
ature of 30K, the temperature stability was better than ±5mK.
Then, the microwave tips were contacted to the CPW. Proper
contact was achieved via inspection of the transmission charac-
teristics on the VNA. When contacting the probes at µ0Hext ≈
1T , we obtained less parasitic resonances in our spectra. Re-
maining resonances originated from the setup and were pro-
duced by mechanical drifts during field sweeps. The measure-
ment protocol loaded in a LabView8 program was then carried
out: a frequency scan from 100MHz to 26.5GHz was performed
at a fixed field value. All four S-parameters were measured
in magnitude and phase. The field was then changed accord-
ing to the predefined set of values and a new frequency scan
was performed until the entire desired field range was scanned
through. Field steps varied between 2mT (high resolution scan)
and 100mT (rapid scan).
A frequency scan at a specific field (≈ 1.0T) is defined as the
reference spectrum Sref, which does not contain any resonances
from the sample in the measured frequency range. We define
the scans performed at different fields as Smeas. The modulus
|Sref| is subtracted from |Smeas| giving rise to ∆S = |Smeas|− |Sref|.
This difference technique allows for the suppression of system-
atic errors from the setup, i.e. cable resonances or calibration
errors. The method works best in the absence of temporal or
field-induced system drifts.

8 National Instruments corp.
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2.3.2 Calibration and signal-to-noise ratio

The cables and connectors between the ports of the VNA and
the probe tips inside the probing station introduced impedance
mismatch causing reflections, signal leakage or crosstalk. We re-
duced corresponding resonance features via the difference tech-
nique and calibration.
Calibration allowed for error correction down to the microwave
probe tips. A variety of coplanar precision standards fabricated
on alumina9 were contacted with the microwave probe tips. The
VNA then performed frequency scans and calculated the error
terms, which were subtracted from further measurement data.
In this thesis, the short-open-line-through (SOLT)10 calibration
procedure was used providing vector error correction.
The main factor influencing the signal-to-noise ratio (SNR)
of reference-subtracted measurement data was the impedance
mismatch along the signal pathway, rather than the calibra-
tion. Impedance deviation from the 50Ω standard caused back-
reflection of electromagnetic signals (see Section 2.1.3), which
interfered with the magnetically-induced signal of the speci-
men. To minimize this effect, high-quality commercial com-
ponents complying to industry standards were installed in our
apparatus. The CPW-to-MW-tip contact and the transmission
characteristics of the CPW remained the crucial aspects determ-
ining system performance. In the framework of this thesis, we
optimized the design of CPWs to match with the impedance of
the VNA (50Ω) in order to further increase the electromagnetic

9 Models CS-5 and CS-18 from GGB Industries, Inc., U.S.A., for the narrow- and
broad-pitch microwave (MW) tips, respectively.

10 SOLT stands for Short, Open, Load and Through. It consists of four test pads,
namely a short circuit between both tips, an open connection, a precision 50Ω
load and a 50Ω-matched transmission line.
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signal throughput by minimizing reflections. The optimization
procedure is outlined in Chapter 3.
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2.4 pulsed induced microwave magnetometry

2.4 Pulsed induced microwave magneto-metry
In this work, we have also performed pulsed induced mi-
crowave magnetometry (PIMM) [Sil99]. This method is com-
plementary to VNA-SWS (see Section 2.2), as it probes the
spin dynamics in the time instead of the frequency domain.
In our case, PIMM is implemented by means of time-domain-
reflectometry measurements, where a Tektronix DSA 8200 digital
serial analyzer (DSA) including two Tektronix 80E08 electrical
sampling modules is connected to the cryogenic probe station
described in Section 2.3. Each module sends (detects) voltage
pulses with 11.67ps rise time11 sent (received) through the mi-
crowave tips contacted to the CPW. This is reproduced schem-
atically in Fig. 2.13. We use two different assemblies based on
the broad CPW [Fig. 2.13 (a)] and antenna-CPW [Fig. 2.13 (b)]
in order to vary the transferred wavevector distribution (see
Section 2.2.2) to the sample. As will be discussed later in more
detail, we compare measurements obtained from a parallel and
perpendicular placement of the bar-shaped Cu2OSeO3 sample
on the broad CPW.
Impedance mismatch at SMA connectors or MW tips gived rise
to characteristic reflection patterns, as the pulse travelled from
port 2 through the setup. By the characterization of the signal
pathway at room temperature involving delibarate disconnec-
tion of mechanical components, we related the time position
of these features to their position in space. Accordingly, we
located the position of the magnetic specimen with respect to
the running time of the microwave signal.
The MW pulse took 15ps to travel along the specimen, when

11 Defined between 10% and 90% of the pulse height.
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Figure 2.13: Schematic experimental setup for PIMM measure-
ments. (a) The sample is placed perpendicular or parallel on
the broad CPW. (b) The sample is placed perpendicular on the
shorted antenna pair.

the latter was placed parallel to the CPW. The pulse took 130ps
to travel from one end of the CPW to the other. Hence, we
consider an instantaneous excitation of the sample by the mag-
netic field h of the pulse. The spin precessional motion coupled
inductively to the CPW and induced a characteristic ringing of
the voltage signal V(t) (t is the time). To extract the latter, being
significantly lower than the voltage steps from high-frequency
components, we subtracted a reference dataset recorded at high
fields from all waveforms. The voltage V was recorded strobo-
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scopically at a repetition rate of 44 kHz at either port (channel
"CH") 1 or port 2. We will refer to the former and latter as
time-domain transmission (TDT) and time-domain reflection
(TDR) measurements, respectively.
In Fig. 2.14 we compare signals obtained by TDT and TDR
measurements with Sample A (see Appendix A) placed par-
allel on the broad CPW. A clear beating pattern is resolved

0 1 2 3 4 5- 2

- 1

0

1

V (
mV

)

t  ( n s )

T D T  C H 1

T D R  C H 2

Figure 2.14: Comparison between TDR and TDT waveforms at
20K; 70mT measured with sample A on the broad CPW. The
red-colored area marks the transient regime. The blue dashed
line is an exponentially decaying guide to the eye.

for t > 0.5ns and t > 1ns in the TDT and TDR datasets,
respectively. We observe several distortions in the TDR data
(for t < 1ns and at the positions marked by red arrows). For
t > 0.5ns, the maxima of the beating pattern in the TDT data
are well-reproduced by an exponential guide to the eye (blue
dashed line), in contrast to the prominent double-peak structure
for t < 0.5ns with significantly larger amplitude. We use this
observation as the defining criterion for the transient regime
(red region) in the TDT data. Due to the presence of distortions
in the TDR data, we chose to concentrate on TDT data when
using the broad CPW. In Section 5.4, we analyze the data in
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more detail by fitting two exponentially decaying sine functions
to our data. In this way, we extract the characteristic relaxation
times τ of the underlying oscillations giving rise to the beating
pattern and discuss their origin.
When using the antenna-CPW pair [Fig. 2.13 (b)], we did not
resolve a signal of magnetic origin transmitted over the anten-
nae (e.g. travelling spin wave). Hence, in this case we show
TDR data. We note that when recording the reflection data
at port 2, port 1 is not excited to avoid interference from the
corresponding antenna12.

We conclude with some additional technical remarks. The
combined use of the two Tektronix 80E08 electrical sampling
modules results in jitter values in the order of 1ps [Kor04;
Sil99]. To maximize the SNR by minimizing stochastic errors,
we average over 4096 waveforms recorded under constant ex-
ternal magnetic field and temperature.
We found that the impedance of the broad CPW at room tem-
perature and at 5K is (50± 0.5)Ω, both with and without the
sample installed. The output pulse height is 250mV and cor-
responds to 1.25mW transmitted power, assuming a 50Ω line.
The excitation power of the TDR sampling modules is thus
comparable to the 0dBm = 1mW output power level of the
VNA during VNA-SWS measurements.
We note that although PIMM is a highly accurate method for
probing the time-response of a magnetic system, it is inferior to
VNA-SWS in terms of SNR. This is due to the large bandwidth
of the detector. We used a bandwidth setting of 20GHz.

12 Port 1 is also automatically matched to 50Ω by the DSA.
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2.5 Variable temperature insert
In the framework of this thesis, we have developed a sample
holder with GHz cables that allowed us to study spin-wave res-
onances in a 2D vector magnet.

2.5.1 Experimental apparatus

The setup (Fig. 2.15) consists of the following components: a li-
quid helium (LHe)-bath cryostat with a vector magnet and a
variable temperature insert (VTI)13. Additionally, a VNA, tem-
perature controller, 3-axis Gaussmeter, stepper motor driver and
magnet power supply (not shown) are used. The VTI is com-
posed of a double-walled, vacuum-isolated sample space, inside
which the sample stick is inserted (Fig. 2.16). The sample space
is connected with the LHe bath via a flow valve and capillary
allowing LHe to flow through a vaporizer heater, around the
sample stage and ultimately out of the pumping port. A 50W
heater installed in the vicinity of the sample in combination with
an external controller provide temperature control in the range14

5− 300K with a stability of ±5mK. The DC wiring (not shown)
and two spirally formed nonmagnetic GHz cables are mounted
inside the VTI forming the signal pathway down to the field
center of the magnet. The spiral cable shape allows thermally-
driven mechanical tensions to relax during cooldown.

13 Both components were purchased from American Magnetics International
Inc., Oak Ridge, USA.

14 Lower temperatures can be achieved by introducing LHe into the sample
space and lowering the pressure. This requires further optimization of the
temperature control loop, going beyond the scope of this thesis.
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The sample stage is shown in Fig. 2.17. The broad CPW intro-
duced in Section 2.2 is contacted to nonmagnetic edge launch
connectors15 via soldering. The latter are connected to short
MW cables attached at the end of the long cables coming from
the top of the sample rod via female-female-connectors (not
shown). To obtain a symmetrical signal pathway with respect to
the CPW, the upper short MW cable is twisted to compensate
for the lower placement of the bottom connector.
The sample is fixed on the CPW with thermally conductive,
cryogenic adhesive16. The temperature is probed directly on the
sample holder by a calibrated Cernox sensor. One axial and two
transverse cryogenic Hall sensors are mounted near the sample
and provide us with three-dimensional field readout. A fender
mounted at the bottom acts as a safety net in case the sample is
detached. It is perforated to allow He gas circulation.

15 Model 292-04Z-5, Southwest Microwave, Inc., Arizona, USA.
16 IMI 7031 Varnish, GVL Cryoengineering Dr. George V. Lecomte GmbH, Stol-

berg, Germany.
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Figure 2.15: Photograph of the VTI installed in the cryostat con-
taining the vector magnet. High stability, low loss semi-flex
cables (cyan) connect the GHz lines in the VTI sample stick to
the VNA. All measurement devices are controlled via GPIB in-
terface.
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Figure 2.16: Schematic diagram of the apparatus. LHe is
pumped into the sample space through a capillary. The He gas
(arrows) flows from the vaporizer towards the vacuum pump
thereby cooling the sample stage and cables.
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Figure 2.17: Front (a) and rear (b) view of the home-built VTI
sample stage. The sample is mounted on the broad CPW, which
is connected to the semi-rigid MW cables via edge launch con-
nectors. A set of three Hall probes are mounted around the
sample. All components are strictly non ferromagnetic.
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2.5.2 3D field access

The vector magnet provides us with a field vector H at any angle
φ within the yz plane [Fig. 2.18 (a)]. This is achieved by the su-
perposition of a Hz and Hy field, provided by a single and a
split coil, respectively. A maximum field magnitude of 4.5T is
accessible for rotation of the field vector in the yz plane. The en-
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x

z(b)

Φ Φ

Figure 2.18: The angles defined for the measurements with the
variable temperature insert. In (a) Hy lies perpendicular to the
CPW plane. The field H rotates in the yz plane. The magnet
(laboratory) and local coordinate system of the Hall probes over-
lap. (b) The CPW and its corresponding reference system (cyan)
are rotated by θ around the z axis. H remains unchanged with
respect to the laboratory’s reference system yet points along a
new direction with respect to the CPW.

tire sample rod is mounted on a differentially pumped rotation
stage. A stepper motor rotates the latter around the z-axis by an
angle θ [Fig. 2.18 (b)]. The gear ratio of the stage in combination
with the step size of the motor yields a minimum angle step
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of 0.03◦. In this way, a magnetic field with a precisely defined
orientation relative to the CPW is applied.

2.5.3 Angle calibration

After each sample installation, the CPW plane is aligned per-
pendicularly to the y-axis defined by the magnet. This is
achieved by applying 1T along φ = 0◦ (see Fig. 2.18) and ro-
tating the sample rod with the motor. While doing this, the
signal of the Hall probes is monitored to identify the angle θ0,
for which H points perpendicularly out of the CPW plane. This
procedure is performed at constant temperature to minimize
spurious offset signal generation in the Hall probes. To avoid
mechanical hysteresis, θ0 is approached from one side starting
from the reference switch of the motor.
Since the long edge of the CPW is slightly tilted against the z
axis, also φ0 is determined in a similar way prior to the meas-
urement. This takes place at θ0 by tilting H in the yz-plane
(variation of φ).

2.5.4 Measurement procedure

Similar to the procedure described in Section 2.3.1, we apply the
difference technique. In this case, we have the choice to record
the reference spectrum not only at a specific field magnitude but
also at a specific angle. Recording the reference at a different
angle θ, i.e. rotating the sample rod and twisting the semi-flex
cables still provides data with a good SNR after the subtraction
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method. Systematic errors from the setup are highly stable with
respect to field variation and sample rotation and are success-
fully eliminated by the difference technique. Hence, no broad-
band frequency calibration was necessary.
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2.6 Sample preparation
2.6.1 Preparation of coplanar waveguides

Here we describe the fabrication of optimized CPWs developed
in this thesis (narrow CPW and antenna-CPW). We use a GaAs
substrate and chromium/gold deposition. The conductor width
and spacing vary between 3µm and 20µm, defined by state-
of-the-art optical lithography. The process is schematically il-
lustrated in Fig. 2.19. The substrate is cleaned in acetone and
isopropanol and purged with nitrogen. It is then spincoated
(4500 rpm, 60 s) with LOR 5A photoresist and hardbaked at
160 °C for 60 s [Fig. 2.19 (a)]. Then, the positive photoresist
S1813 is applied (6000 rpm, 40 s) and hardbaked at 115 °C for
60 s. Exposure to ultraviolet light from a mercury arc lamp
through a chromium mask follows during 3.5 s [Fig. 2.19 (b)].
The mask contained the specifically designed CPWs. The ex-
posed photoresist is chemically altered [Fig. 2.19 (c)] and re-
moved during development by the base MF26A for 25 s. The
development time is sharply defined by rinsing with de-ionized
water for 30 s. The isotropic development of the LOR photores-
ist together with the presence of the second resist S1813 en-
sures an undercut [Fig. 2.19 (d)] facilitating lift-off processing.
Chromium and gold layers of 4.5nm and 120nm thickness, re-
spectively, are deposited by electron beam evaporation [Fig. 2.19

(d)-(e)]. This process is performed in a high vacuum chamber
(residual pressure p ≈ 10−7mbar). Finally the bi-layer resist
is lifted off by the microposit remover 1165 leaving the desired
film on the substrate.
All steps except the film deposition by evaporation [Fig. 2.19 (d)]
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Figure 2.19: Optical lithography steps using a double layer res-
ist. This creates an undercut in the resist double layer providing
sharp edges and thus high yield in lift-off processing.

are performed in a cleanroom with stable environmental condi-
tions (21◦C, 40-60% relative humidity). This prevents sample
damage by e. g. dust particles and ensures the reproducibility
of the recipe, since photoresists are sensitive to temperature and
humidity variations.
During spin coating, the photoresist concentrates on the peri-
phery of the substrate, creating thus elevated regions that im-
pede uniform contact with the photomask during exposure. To
overcome this, we carefully remove the outer rim of the resist
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layer with the help of a sharp cotton stick dipped in 1165 prior
to baking. We apply this method to both resist layers, yet only
for the preparation of the antenna-CPWs, where this proves to
increase the yield and quality of the sample.

2.6.2 Preparation of Cu2OSeO3 samples

In our measurements we use rod-shaped samples cut from dif-
ferent crystallites. Single crystals are grown17 by vapor trans-
port [Bel12; Gne10]. The crystallographic orientations of the
crystallites is determined using Laue x-ray diffraction and rod-
shaped samples are cut with a wire saw and carefully polished
to size. The samples have a size of about 2.3× 0.4× 0.3mm3.
The side which is placed on the CPWs is polished with 4000 grit
silicon carbide paper (≈ 3µm grain size). The exact dimensions
and estimated demagnetization factors of our samples are listed
in Appendix A.

17 The sample grower is H. Berger, EPFL Lausanne, Switzerland.
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3 Optimization of coplanar
waveguides
The impedances of the VNA and the microwave probe tips used
in this work are set to the value of 50Ω. For avoiding unwanted
signal reflections, achieving high signal throughput and increas-
ing the dynamic range of the setup it is key to realize the same
impedance of 50Ω in connected coplanar waveguides (CPWs).
This way the SNR is enhanced, which allows for the resolu-
tion of e.g. resonances of weak higher order modes. In this
chapter we discuss the optimization procedure of our CPWs re-
lying on a combined analytical (quasi-static) and numerical ap-
proach based on finite-element electromagnetic simulations.

3.1 Quasi-static approach
3.1.1 Conformal mapping

In order to calculate the impedance of a CPW based on
Eq. (2.19), the overal capacitance per unit length of the system
Ctot is required. The latter is obtained using a conformal map,
i.e. a mathematical function that preserves the angles of the elec-
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tromagnetic fields locally and allows the equivalent solution of
Maxwell’s equations in the conformal image [GC87; GGB79;
GGB96]. In this procedure, the half-plane x > 0 of the CPW
[Fig. 3.1 (a)] is mapped to a parallel plate configuration filled
with a material with dielectric constant εr [Fig. 3.1 (b)]. We con-
sider an infinitely large ground plate width wg. All conductor
plates are assumed infinitely thin and loss-free.
An analytical expression containing elliptical integrals results
for the capacitance of the dielectric-filled part of the CPW Cdiel
[GGB96]. The map is repeated for the air-filled region to yield
Cair. Ctot is given by the sum of Cdiel and Cair. The total ef-
fective value for the dielectric constant of the whole system
εeff = (εr + 1)/2 is inserted along with Ctot into Eq. (2.19). The
resulting expression [Gie05]

Z0 =
29.97π
√
εeff

·
K
(
ws/(ws + 2wsg)

)
K′
(
ws/(ws + 2wsg)

) (3.1)

for the characteristic impedance Z0 is dependent only on the ra-
tio ws/wsg. wsg is the distance between signal and ground line
defined in Fig. 2.3. The functions K(k) and K′(k) = K

(√
1− k2

)
are the complete elliptic integrals of the first kind, and its com-
plement, respectively. These are calculated with the help of a
mathematical software such as Mathematica.
Note that a finite thickness t of the conducting plates shifts
the wave propagation along z. This effect changes the effect-
ive dielectric constant and is considered by defining effective
values of conductor width and spacing [GGB79]. Finally, the
approach presented in this section holds only in the static case
ω = 0. However, due to small structure dimensions, the trans-
verse electromagnetic wave shows little dispersion [GC87] and
good agreement with real structures operating at RF is obtained
via this method in first approximation.
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Figure 3.1: Conformal transformation planes for the capacit-
ance calculation of a CPW. (a) CPW half plane including the
ground plate (red) and half of the signal line (yellow), both as-
sumed infinitely thin. (b) Conformal map of the CPW, where
the conductor plates are parallel. The electromagnetic fields (not
shown) are mapped along with the geometrical components.

3.1.2 CPW modes

We now extend the procedure outlined above to CPWs with
finite ground plate width wg and thickness t. Within the frame-
work of the quasi-static analysis, the wave propagation along a
field-coupled pair of transmission lines, e.g. the current leads of
a CPW, is expressed in terms of two modes exhibiting odd or
even symmetry about a perpendicular plane corresponding to a
magnetic or electric wall, respectively [GGB79]. This is shown in
Fig. 3.2. Each mode is characterized by a distinct impedance, Zo
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Figure 3.2: Odd (top) and even (bottom) mode field configura-
tions of a CPW. The oscillating magnetic h and electric e field
has only a normal component at the magnetic and electric wall,
respectively. After [GGB79].

and Ze, respectively. The corresponding analytical expressions
read [GC87]

Ze =
30π
√
εeff,e

K(k′2)

K(k2)
(3.2)

Zo =
120π
√
εeff,o

K(k′4)

K(k4)
, (3.3)
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where the different effective dielectric susceptibilities are given
by

εeff,e = 1+ (εr − 1)
K(k3)K(k

′
2)

2K(k′3)K(k2)
(3.4)

εeff,o =
εr + 1

2
, (3.5)

with

k2(a,b, c) =
a

b

√
1−

b2

c2

√
1−

a2

c2

−1

(3.6)

k3(a,b, c) = k1(a,b)

√
1− k21b
1− k21a

(3.7)

k1(a,b) = sinh
(π · a
2h

)/
sinh

(π · b
2h

)
(3.8)

k1a(a,b, c) = sinh
(π · a
2h

)/
sinh

(π · c
2h

)
(3.9)

k
1b(a,b, c) = sinh

(π · b
2h

)/
sinh

(π · c
2h

)
(3.10)

k4(a,b, c) =
b

c

√
1−

a2

b2

√
1−

a2

c2

−1

, (3.11)

where

a = ws/2 (3.12)

b = a+wsg (3.13)

c = b+wg (3.14)

and h is the substrate thicknes.
Different parts of the fields extend into the air layer above the
CPW for each mode [GGB79]. This results in different effective
dielectric constants and hence phase velocities. The resulting
non-synchronous behavior deteriorates the performance of the
CPW. For optimized performance impedance-matching of both
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even and odd modes needs to be achieved. No analytical re-
lationship for the overall impedance taking into account both
modes was found in the literature. It is important to note that a
narrow ground line width wg causes an impedance increase of
the odd mode beyond 50Ω. Thus wide ground lines are neces-
sary for matching the odd mode to 50Ω. However, ground line
width variation has little impact on the impedance of the even
mode. The signal-to-ground separation width wsg influences
the impedance of both modes significantly. Reduced signal-to-
ground line separation allows for smaller ground line width wg.
As a consequence, simultaneous impedance matching for both
modes in a CPW is only achieved by a specific set of design
parameter values.
Based on this fact and within the framework of the quasi-static
description, we have developed the following design algorithm
for our CPWs:

1. Choice of the signal line width ws according to the specific
experimental requirements.

2. First guess of the signal-to-ground line separation distance
wsg and ground line width wg. Implementation in expres-
sions for Ze, Zo.

3. Tuning of the even mode impedance to 50Ω by variation
of ws in the corresponding expression for Ze.

4. Tuning of the odd mode impedance to 50Ω by variation
of wg in the corresponding expression for Zo.

5. Final tuning of ws and wg to achieve 50Ω matching for
both modes and the desired value for ws. Small reduction
of ws can help decrease wg to comply to possible geomet-
rical restrictions, e. g. additional adjacent structures.
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While this method provides us with a good starting point for the
layout of our home-made CPWs, it does not take into account
the frequency dependence of the impedance due to e.g. skin
effect. Furthermore, the analytic treatments in the literature
have been tested mainly on mm-sized structures and unravel
a multidimensional parameter space determining the transmis-
sion characteristics of coplanar structures at low scales.
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3.2 Electromagnetic simulations
3.2.1 Taper design

A bottom-up, realistic approach in CPW design departing from
Maxwell’s equations is achieved with the help of a powerful
electromagnetic simulation software such as CST Microwave Stu-
dio. Simulations allow to monitor accurately the electrical field
distortions causing impedance mismatch, especially with re-
spect to different taper lengths L′ (see Fig. 3.3). Design elements

wsg '
ws '

L'

wg '

L

wg wsg ws 

Figure 3.3: Top view of the narrow CPW with annotated design
parameters of the main part (yellow) and taper (blue). The same
definitions apply to the antenna-CPW. Exact parameter values
are given in Appendix B.

are implemented as real, lossy materials providing insight to the
skin effect, the dielectric and ohmic losses and the frequency de-
pendence of their electromagnetic properties. Last but not least,
optimization tools of the software facilitate the iterative calcula-
tion of the optimal dimensions and geometries.
In the following, we summarize our findings regarding the op-
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timization of our CPWs going beyond the analytic approach de-
scribed in the previous section. We focus on the taper part of the
narrow CPW, which is required in order to connect the landing
pads of the macroscopic MW probes and the main part of the
waveguide (shown in yellow in Fig. 3.3). Discussion on the taper
design of µm-sized CPWs is rare in the litterature. The existing
work concentrated on mm-sized antennae [Fei11], coplanar-to-
rectangular waveguide transition elements [Mot05] and tapered
impedance transformers [YJ11]. Notably, El-Gibari et al. ad-
dressed the taper in the framework of transitions between co-
planar and µm-sized microstrip lines using the simulation soft-
ware Ansys HFSS [ElG11].
As discussed in Ref. [Gie05], the main implication of Eq. (3.1)
is that one may change the cross section geometry of a CPW
in such a way that the ratio ws/wsg remains constant without
changing the characteristic impedance Z0. This implies that it
is possible to widen the electrodes of the main part linearly as
shown in Fig. 3.3 with unchanged impedance. Yet, as structure
dimensions vary drastically along this part, reflections are ex-
pected to take place between the taper and main part of the
CPW. This has serious implications on the transmission char-
acteristics of the overall structure, since the injected signal is
deteriorated before even entering the part of the waveguide that
is decisive for our experiments.
To confirm that the straight taper geometry shown in Fig. 3.3
represents the optimal design also in the realistic case including
finite ground plate width wg, w′g and thickness t, we started
from an exponentially-shaped taper1

x(y) = Aeβy, (3.15)

where x, y are given in µm. This is illustrated in Fig. 3.4. The

1 We were inspired by the exponential form of the silhouette of brass bells used
in musical instruments.
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Figure 3.4: Snapshot of the exponential taper implemented in
CST Microwave Studio for the taper optimization. The red line at
the top marks the position of the excitation port.

CPW is depicted in yellow with the mesh cells delimited by
black lines. Notice how the region around the signal line and
the latter are meshed significantly finer compared to the adja-
cent ground lines. This is necessary to assure the same calcu-
lation accuracy throughout the entire model, despite strongly
varying dimensions2.
We performed simulations for various values of 0.001 6 β 6 0.1
and noticed significant impedance variation only at frequencies

2 Further technical details concerning the simulations with CST Microwave Stu-
dio are given in Appendix C.
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below 1GHz. The value β ≈ 0.001, corresponding to a prac-
tically straight taper design exhibited the highest transmission
Sij and lowest reflection Sii with i, j ∈ {1, 2}; i 6= j. Hence, in
the following we concentrated our efforts on the straight taper
design.
The signal line width w′s was identified as the crucial optim-
ization parameter. A minimum value of 50µm is required
to position MW tips with a 250µm pitch reproducibly on the
signal and ground plates. We obtained the optimal value of
w′s = 58.2µm for L′ = 450µm. When extending the taper length
to L′ = 620µm, we found that w′s = 58.2µm remained as the
value satisfying 50Ω from 10MHz to 26.5GHz. For CPWs with
narrower signal line width (ws = 4µm and ws = 2µm) the op-
timum for w′s also lies at approximately 58.2µm.

3.2.2 General optimization algorithm

Combining the analytical, quasi-static approach with finite-
element electromagnetic simulations, we applied the following
design algorithm for our CPWs:

1. Follow the iterative algorithm described in Section 3.1.

2. Optimize the main part of the CPW (without taper) with
the optimizer tool of CST Microwave Studio by varying the
gap wsg, aiming at 50Ω impedance.

3. Optimize the entire CPW (including the taper) with CST
Microwave Studio by varying the signal line width of the
taper w′s, aiming at 50Ω impedance. Take care of geomet-
rical constraints, e. g. MW probe pitch and landing preci-
sion to ensure proper electrical contact.
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4 Magnetic resonance in the
field-polarized phase
4.1 Gilbert damping
In this section we investigate the Gilbert damping in Cu2OSeO3.
To evaluate αintr, we explore the field-polarized (FP) phase,
where the two spin sublattices attain the ferrimagnetic arrange-
ment [Bel10]. In Fig. 4.1 (a)-(d) we show spectra recorded using
the broad and narrow coplanar waveguides (CPWs) (see Sec-
tion 2.2.1). The central long axis of the rectangular Cu2OSeO3
rods was positioned on the central axis of the waveguides. Only
components of the dynamic magnetic field h ⊥ H induce pre-
cessional motion in the FP state. For the same applied field H,
peaks are found at higher frequency f for H ‖ 〈100〉 compared
to H ‖ 〈111〉. This observation, related to cubic anisotropy will
be discussed in Section 4.3 in further detail.
For the narrow CPW, we observed a broad peak superimposed
by a series of resonances that shifted to higher frequencies with
increasing H [Fig. 4.1 (a) and (c)]. The field dependence ex-
cluded them from being noise or artifacts of the setup. They
disappeared with increasing temperature T but the broad peak
remained. Their number and relative intensities varied from
sample to sample and also upon remounting the same sample
in the cryostat (not shown). For the broad CPW [Fig. 4.1 (b)
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Figure 4.1: Spectra ∆|S12| obtained at T = 5K for different H us-
ing (a) a narrow and (b) broad CPW when H ‖ 〈100〉 on sample
A. Corresponding spectra taken on sample B for H ‖ 〈111〉
are shown in (c) and (d), respectively. Note the strong and
sharp resonances in (b) and (d) when using the broad CPW that
provides a much more homogeneous excitation field h. Arrows
mark resonances that have a field-independent offset with the
corresponding main peaks and are attributed to standing spin
waves. An exemplary Lorentz fit curve is shown in blue color
in (b).

and (d)], we measured significantly sharper resonances com-
pared to the narrow CPW. We resolved resonances below the
large sharp peaks [arrows in Fig. 4.1 (b)] that exhibited an al-
most field-independent frequency offset from the main peaks
that we will discuss in Section 4.2. Note that, being broader
than the sample, the CPW is assumed to excite homogeneously
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4.1 gilbert damping

at f(k = 0) [Igu15] (see also Section 2.2.2). We ascribe thus the
intense resonances of Fig. 4.1 (b) and (d) to f(k = 0).
Lorentz curves [blue line in Fig. 4.1 (b)] were fitted to the data
recorded with the broad CPW to determine the resonance fre-
quencies and linewidths. Note that the measured linewidth is
larger by a factor of

√
3 compared to the linewidth ∆f that is

conventionally extracted from the imaginary part of the scatter-
ing parameters [Sta93]. The linewidths ∆f are well described
by linear fits based on Eq. (1.34) at different temperatures. This
is shown in Fig. 4.2. For comparing the two evaluation routes
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Figure 4.2: Temperature and frequency dependent linewidths
for (a) H ‖ 〈100〉 and (b) H ‖ 〈111〉 measured with the broad
CPW. Linear fits to the data are shown. The red data points
have been excluded from the linear fit, because of the pres-
ence of strong cable resonances in the spectra, which distort the
lineshape.

discussed in Section 1.2.3, we plot the resonance curve taken
with the narrow CPW at 15GHz as a function of field in Fig. 4.3
(a). The curve exhibits no sharp features as H was varied in
finite steps (symbols). The linewidth ∆H (symbols) is plotted
in Fig. 4.3 (b) for different resonance frequencies and temperat-
ures. Here also we performed the

√
3-correction. The slopes of

95



magnetic resonance in the field-polarized phase

linear fits (straight lines) following Eq. (1.33) reflect the intrinsic
damping parameters αintr.
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Figure 4.3: (a) Lorentz curve (magneta line) fitted to a resonance
(symbols) measured at f = 15 GHz as a function of H at 5K. (b),
(c) Frequency dependencies of linewidths ∆H (symbols) for four
different T with H ‖ 〈100〉 and H ‖ 〈111〉, respectively. The data
are well described by linear fits (lines) based on Eq. (1.33).

In Fig. 4.4 (a) and (b) we compare αintr obtained from both the
two evaluation routes and different CPWs (circles vs. stars).
Note that the resonance peaks measured with the broad CPW
were so sharp, as to prevent us from analyzing these data as
a function of H. We refrained also from fitting the peaks of
Fig. 4.1 (a) and (c) (narrow CPW), due to an asymmetry attrib-
uted to the overlap of subresonances at finite wavevector k, as
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Figure 4.4: (a) and (b) Intrinsic damping parameter αintr and in-
homogeneous broadening ∆f0 for two different field directions
(see labels) obtained from the slopes and intercepts at fr = 0

of linear fits to the linewidth data [see Fig. 4.3 (b), (c)]. Dashed
lines are guides to the eyes.

will be discussed below. For H ‖ 〈100〉 [Fig. 4.4 (a)], between 5K
and 20K the lowest value of αintr amounts to (3.7 ± 0.4)× 10−3.
This value is three times lower compared to Ref. [Sch15], due to
the increased signal-to-noise ratio (SNR) provided by our CPWs.
Beyond 20K the damping is found to increase. For H ‖ 〈111〉
[Fig. 4.4 (b)] we extract (0.6 ± 0.6)× 10−3 as the smallest value.
However, we find a discrepancy between the broad and narrow
CPW. Note that these values for αintr still contain an extrinsic
contribution and thus represent upper bounds for Cu2OSeO3,
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as we will show later.
For the inhomogeneous broadening ∆f0 in Fig. 4.4 (c), (d)
the datasets are consistent (we have used the relation ∆f0 =

γ∆H0/2π to convert ∆H0 into ∆f0). We see that ∆f0 increases
with T and is small for the broad CPW, independent of the crys-
tallographic direction of H. For the narrow CPW, the inhomo-
geneous broadening is largest at small T and then decreases by
about 40% up to about 50K.
In the following, we examine in detail the additional sharp res-
onances that we observed in our spectra recorded with the nar-
row CPW [Fig. 4.1 (a) and (c)]. In the insets of Fig. 4.5 (a) and (b)
we replot the 0.85T spectrum for H ‖ 〈100〉 and H ‖ 〈111〉, re-
spectively. We highlight prominent and particularly narrow res-
onances with labels #1, #2 and #3. Their frequency fr depends
linearly on H suggesting a Landé factor g = 2.14 at 5K, only
slightly larger than g = 2.07 reported for 30K in Ref. [Sek16].
We now concentrate on mode #1 for H ‖ 〈100〉 at 5K that is
best resolved. We fit a Lorentzian lineshape as shown in Fig. 4.5
(c) for 0.85T, and summarize the corresponding linewidths ∆f
in Fig. 4.5 (d). To determine the Gilbert-type damping, we ap-
ply a linear fit to the data points fr > 10.6GHz and obtain
(9.9 ± 4.1)× 10−5. For fr 6 10.6GHz the resonance amplitudes
of mode #1 were small, degrading thus the confidence of the
fitting procedure. Furthermore, at low frequencies, we expect
a significant contribution from anisotropy, similar to the res-
ults in Ref. [Sil99]. For these reasons, the two points at low fr

were left out for the fit. To check the consistency of the small
damping that outperforms metals [Sch16] and comes close to
the room temperature value of YIG (αintr = 3× 10−5 [SCH10]),
we evaluated the effective damping αeff = ∆f/(2fr) directly
from the linewidth [inset of Fig. 4.5 (d)]. αeff includes both in-
trinsic damping and inhomogeneous broadening. We find that
αeff approaches the value of (9.9 ± 4.1)× 10−5 with increasing
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4.1 gilbert damping

Figure 4.5: (a)-(b) Resonance frequency as a function of field
H of selected sharp modes labelled #1 to #3 (see insets) for
H ‖ 〈100〉 and H ‖ 〈111〉 at T = 5K. (c) Exemplary Lorentz fit of
sharp mode #1 for H ‖ 〈100〉 at 0.85T. (d) Extracted linewidth
∆f as a function of resonance frequency fr along with the lin-
ear fit performed to determine the intrinsic damping αintr in
Cu2OSeO3. Inset: Comparison among the extrinsic and in-
trinsic damping contribution. The red dotted lines mark the
error margins of αintr = (9.9 ± 4.1)× 10−5.

frequency, because the frequency-independent second term in
Eq. (1.34) contributes less at large fr, and ∆f becomes domin-
ated by αintr.
Note that our spectra taken with the broad CPW do not show
the very small intrinsic linewidth [see Fig. 4.4 (a), (b)]. To con-
firm this, we evaluated the damping in a third sample with
H ‖ 〈100〉 (sample C) using the broad CPW. This is shown in
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Fig. 4.6. We obtained (3.1 ± 0.3)× 10−3, in agreement with the
value (3.7 ± 0.4)× 10−3 reported above.
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Figure 4.6: (a) Spectra obtained from sample C with H ‖ 〈100〉
at 0.85T and 5K using the broad CPW. An exemplary Lorentz
fit curve is shown in blue. (b) Frequency dependency of the
linewidth ∆f (symbols). The evaluated intrinsic damping para-
meter αintr is in agreement with our results in Fig. 4.4 (a).

Discussion
Preliminary studies on the Gilbert damping parameter αintr in
Cu2OSeO3 reported a value of 10−2 at 5K [Sch15] and 30K
[Sek16]. The CPW used in Ref. [Sch15] was not optimized,
resulting in lower experimental resolution compared to our
measurements. In both works, relatively narrow waveguides in
the µm range were used and the implications of the excitation
profile of the CPWs on the number of modes in the spectra was
only partly considered. Seki et al. performed Fourier transform-
ation of the dynamic field distribution but did not compare data
recorded with CPWs of significantly larger dimensions. Also,
data at 5K were not shown.
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4.1 gilbert damping

In the framework of this thesis, we show that depending on
the CPW geometry, considerable extrinsic contribution to the
damping ∆f0 arises [Fig. 4.4 (c), (d)] and modifies the distribu-
tion of the sharp peaks at 5K [Fig. 4.1]. The inhomogeneous
broadening ∆f0 is found to be smaller for the broad CPW
compared to the narrow one. The smaller ∆f0 is consistent
with a more homogeneous dynamic field distribution. Still, the
intrinsic linewidth is not reached by the broad CPW. At 5K, the
sharp mode #1 yields ∆f = 15.3MHz at 16.6GHz [Fig. 4.5 (d)],
whereas the dominant peak measured at 0.55T with the broad
CPW has ∆f = 129 MHz at a similar frequency of 15.9GHz
[Fig. 4.1 (b)]. ∆f obtained by the broad CPW is thus still a factor
of eight larger compared to the intrinsic linewidth, explaining
the relatively large Gilbert damping parameter in Fig. 4.4 (a)
and (b), compared to the value αintr = (9.9 ± 4.1)× 10−5. The
discrepancy might arise due to the inhomogeneity of h as one
moves away from the CPW plane (see Section 2.2.1).
We attribute the sharp peaks recorded with the narrow CPW
[Fig. 4.1 (a), (c)] to standing spin waves within our sample,
allowed for by the low damping. The bulk specimen acts as
a resonator with a narrow bandwidth, which naturally selects
specific k-vectors provided by the CPW. The narrow CPW
transfers more k vectors to the sample compared to the broad
CPW (see Section 2.2.2), hence the multitude of sharp peaks in
the corresponding spectra. The scaling of ∆f(f) of individual
sharp peaks gives access to the low intrisic damping value
αintr = (9.9 ± 4.1)× 10−5 reported above.
For comparison, we analyze the sharp peaks shown in the
inset of Fig. 4.5 (b), with H ‖ 〈111〉. We replot the data in
Fig. 4.7 (a) and fit the prominent peaks labelled #1 and #4. We
summarize the corrected linewidths obtained from a fit to the
sharp peak #1 in Fig. 4.7 (b). A linear fit to the data yields
αintr = (2.6 ± 0.1)× 10−4. There is a discrepancy between αintr

101



magnetic resonance in the field-polarized phase

1 2 1 6 2 0 2 41 0 0

1 2 0

1 4 0

1 6 0( c )

f r  ( G H z )
m o d e  # 4  

∆f 
(M

Hz
)

1 2 1 6 2 0 2 4
9

1 2
1 5
1 8

f r  ( G H z )

( b )

m o d e  # 1  

αi n t r  =  ( 2 . 6  �  0 . 1 )  × 1 0 - 4  

∆f 
(M

Hz
)

2 2 2 3 2 4 2 5
- 1 2
- 8
- 4
0( a )

# 4# 2H  | |  〈 1 1 1 〉  # 1∆ |
S 1

2| (
10

-2 )

f  ( G H z )

1 9 3  M H z

# 3

Figure 4.7: (a) Sharp modes for H ‖ 〈111〉 at 5K using the nar-
row CPW. (b), (c) Frequency dependency of the linewidth ∆f
obtained from modes #1 and #4, respectively. For the latter, we
extract αintr from the slope of a linear fit to the data (magenta
line). An exemplary Lorentz fit curve of mode #4 is shown in
blue.

obtained from the sharp peaks in the case H ‖ 〈111〉 compared to
the value αintr = (9.9 ± 4.1)× 10−5, which was obtained when
H ‖ 〈100〉. As will be shown in Section 4.3, we find that the
cubic anisotropy energy is extremal for H ‖ 〈100〉 and H ‖ 〈111〉,
reflecting easy and hard axes, respectively, in Cu2OSeO3. We
relate the above-mentioned discrepancy to a misalignment of
H with the hard axis, leading to a field-dragging contribution
[FZ13].
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4.1 gilbert damping

Note that there is an additional peak to the left of peak #4

(red arrow) with similar intensity as the latter. The rescaled
linewidths ∆f obtained from peak #4 at different fields [Fig. 4.7
(c)] do not scale linearly with the resonance frequency fr. We
attribute this fact, along with the relatively large linewidth, to
the presence of further sharp peaks around 23.5GHz that were
not resolved.
Concerning the temperature dependence, we found that for
H ‖ 〈100〉, the linewidth ∆f(T) does not scale linearly [Fig. 4.2
(a)]. A deviation from linear scaling was reported for YIG single
crystals as well and accounted for by the confluence of a low-k
magnon with a phonon or thermally excited magnon [Spa64].
In the case of H ‖ 〈111〉, we obtain a discrepancy between
results from the two evaluation routes and CPWs used [Fig. 4.4
(b)]. We attribute also this to field-dragging contributions from
a misalignment of H with the hard axis 〈111〉. In summary,
the comparison between H ‖ 〈100〉 and H ‖ 〈111〉 suggests the
influence of anisotropy in the latter case, which motivated us to
concentrate our standing wave analysis on the case H ‖ 〈100〉.
Numerous studies on spin wave damping are based on
the conversion between frequency and field linewidth (see
Ref. [WCS15] and references therein). In their recent work,
Wei et al. introduced a so-called linewidth contribution ratio
to quantify the validity between frequency and field linewidth
conversion in thin films [WCS15]. In our bulk measurements we
obtain a reasonable conversion for H ‖ 〈100〉, despite a relatively
high ratio value of at least 47GHz (using αintr = 1× 10−3). Also,
our analysis fullfills the necessary conditions for the conversion
between field and frequency linewidth presented in Section
1.2.3, since we have measured along the easy and hard axes in
Cu2OSeO3.
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4.2 Magnetostatic waves in a bounded me-dium
We now discuss the origin of the sharp resonances in our spec-
tra. Similar features were reported previously in the FP phase of
Cu2OSeO3 in Refs. [Kob10; Mai12; Oka15; Ono12]. Kobets et al.
used a nonellipsoidal sample in a microwave cavity providing
a homogeneous excitation field. They attributed sharp features
to nonlinear parametric resonances induced by a nonuniform-
ity [Kob10], possibly due to an inhomogeneous internal field
[Zhe96]. Furthermore, Kobets and co-workers detected a sub-
structure in the spectra even below the threshold power for non-
linear excitation. Maisuradze et al. assigned secondary peaks
in thin plates of Cu2OSeO3 to standing spin-wave resonance
modes.
In the data shown in Fig. 4.1 (b) and recorded with the broad
CPW for H ‖ 〈100〉, we identified sharp resonances that exhibit
a characteristic frequency offset δf with the main resonance at
all fields (black arrows). We illustrate this in Fig. 4.8 (a) in that
we shift spectra of Fig. 4.1 (b) so that the positions of their main
resonances overlap.
The magnetization of Cu2OSeO3 amounts to µ0MS = 0.13T at
5K [Ada12]. We discuss data obtained at µ0H > 0.2T, where
H is larger than (Nz + NxNy/Nz)MS. Hence the frequency
f(k = 0) of uniform precession (FMR) ascribed to the intense
resonances of Fig. 4.1 (b) and (d), lies within the expected range
for magnetostatic spin waves with a wave vector k 6= 0 [GM96].
This means that we deal with frequencies close to the FMR and
expression (1.35) provides us with the relaxation time of the
spin precession. Using fr = 6GHz and the conservative value
αintr = 3.7× 10−3 at 5K [Fig. 4.4 (a)], we obtain a minimum re-
laxation time of τ−10 = 6.6ns. The additional small resonances
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Figure 4.8: (a) Spectra of Fig. 4.1 (b) replotted as f − fk=0(H)
for different H such that all main peaks are at zero frequency
and the field-independent frequency splitting δf becomes vis-
ible. The numerous oscillations seen particularly on the bottom
most curve are artefacts from the calibration routine. (b) Exper-
imentally evaluated (filled circles) and theoretically predicted
(diamonds) splitting δf using dispersion relations for a platelet.
Calculated group velocity vg at k = π/(0.3 mm). Dashed lines
are guides to the eyes.

(arrows) in Fig. 4.1 (b) are well below the uniform mode. This is
characteristic for standing backward volume magnetostatic spin
waves (BVMSWs) with k ‖ M [GM96]. Such waves however,
can only develop if they are reflected at least once at the bottom
and top surface of the sample. The resulting standing waves
carry a quasi-momentum k = nπ/d, with order number n and
sample thickness d = 0.3mm. The BVMSW dispersion relation
f(k) of Ref. [Sek16] results in a group velocity vg = −300 km/s
at k = π/d [triangles in Fig. 4.8 (b)]. Hence, the decay length
ld = vgτ amounts to 2mm. This is larger than twice the sample
thickness, thereby allowing standing spin wave modes to form.
Based on the dispersion of Ref. [Sek16], we also calculated the
frequency splitting δf = f(k = 0) − f(nπ/d) [open diamonds
in Fig. 4.8 (b)] when we assume n = 1 and t = 0.4mm for the
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sample width (the latter enters in the dispersion relation). Filled
symbols illustrate the experimental values that agree with the
calculated ones within about 60MHz.
In Fig. 4.9, experimental data (filled symbols) are compared to
calculated eigenfrequencies (open symbols) obtained from the
spin wave dispersion of Ref. [Sek16]1. Big and small circles
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Figure 4.9: Open and filled symbols represent theoretical and
experimental data following Ref. [Sek16] and Fig. 4.8 (a), re-
spectively. Large and small symbols indicate the eigenfrequen-
cies of the uniform mode and standing spin wave, respectively.

show the frequency f(k = 0) and f(k = π/d), respectively, where
d = 0.3mm is the sample thickness along k.
Note that the spin-wave propagation in a nonmetallized rect-
angular rod has no strict analytical solution [GM96] and the
dispersion relation taken from Ref. [Sek16] models a platelet in-
stead of a rod. This explains the remaining discrepancy between

1 For consistency, we multiplied our value for the anisotropy constant K (See
Section 4.3) by −2/S4, with S = 0.48, prior to performing the calculation of
Ref. [Sek16]. We considered Ms = 0.5µB/Cu+ and µ0Hc1 = 0.076T at 5K.
Taking this into account, our value for K at 5K is approximately 3 times higher
than the value reported at 30K in Ref. [Sek16].
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4.2 magnetostatic waves in a bounded medium

closed and open symbols in absolute frequencies. The frequency
splitting δf is correctly modelled.
Finally, we discuss two further possible origins of sharp peaks in
our spectra. First, localized crystal defects in the order of several
hundreds of nanometers or atomic defects are scattering sites
for spin waves, that can lead to sharp resonance peaks in reson-
ance measurements [FSW13; HP98; Naz03]. In our analysis of
the prominent sharp modes in Fig. 4.5 (a), (b), we showed that
the latter exhibit the same Landé factor g = 2.14. This value
also provides an acurate description of the resonance frequen-
cies measured with the broad CPW and corresponding to the
FMR (see next section). As it is not likely that several crystal de-
fects exhibit the same Landé factor, at least the prominent sharp
modes mentioned above are not influenced by scattering at loc-
alized defects.
Second, the sharp peaks may be provoked by the available
directions of k-vectors of our CPWs, combined with the loc-
ally nonuniform demagnetization field of our nonellipsoidal
samples. Similar observations have been reported in thin films
of YIG, where the magnetization dynamics is anisotropic due
to dipolar effects [An13]. It has been shown that increasing the
inhomogeneity of the internal magnetic field by truncating a
spherical YIG sample leads first to the appearance of additional
modes clearly separated from the main resonance and even-
tually to further modes, which broaden the main absorption
peak [GC57]. This might be an additional contribution for the
observation of various resonances in the spectra of Refs. [Kob10;
Mai12] and our work. The thin plates used by Maisuradze et
al. exhibit a more homogeneous internal field compared to our
rod-shaped samples and presumably of the arbitrarily shaped
ones of Ref. [Kob10] (there is no mention of the sample dimen-
sions in their publication). Thus, consistently with our last ex-
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planation, a more clear resolution of nonuniform (k 6= 0) modes
was reported in Ref. [Mai12].
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4.3 cubic anisotropy

4.3 Cubic anisotropy
We demonstrate the extraction of the anisotropy constant K in
Cu2OSeO3. In Fig. 4.10, we show the main peak positions fr

recorded with the broad CPW for H ‖ 〈100〉 (Sample A) and
H ‖ 〈111〉 (Sample B) at 5K [see Fig. 4.1 (b), (d)] in the FP phase.
We compare this to our calculation (see Section 1.2.2) consider-
ing g = 2.14 for the Landé factor and fit the value of the aniso-
tropy constant K = (−0.6± 0.1) · 103 J/m3 to our data. The error
corresponds to 5% deviation between theory and experiment,
i.e. approximately half the data point symbol size. We also plot
the Kittel formula (1.29) as the gray line, where the cubic aniso-
tropy is neglected.
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Figure 4.10: Comparison of data recorded with the broad CPW
and theoretical calculation including cubic anisotropy at 5K.
The black solid and red dashed lines show the expected res-
onance frequency for H ‖ 〈100〉 and H ‖ 〈111〉, respectively. The
gray line corresponds to the Kittel formula (1.29).
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5 Magnetic resonance in the
noncollinear spin phases
5.1 Linearly polarized magnetization dynam-ics
For our experiments we mounted the bar-shaped sample A on
the broad CPW as shown in Fig. 2.12. The static magnetic field
H is applied perpendicular to the substrate, i.e. along the z axis,
being collinear with a 〈100〉 axis of the crystal. As will be shown
in the following, we investigate different sample placements by
rotation of the sample on the CPW. Note that the demagentiz-
ation factors Nx and Ny interchange their values if the sample
is rotated by 90◦ in the xy plane [GM96], where our reference
system is fixed.
The assembly was cooled down to a temperature in the vicin-
ity of 57K, where the SkL is present. For each sample place-
ment described in the following, the thermal contact between
the sample, the CPW and the sample stage varied. The exact
values for T and the Hc2 values used to normalize the data are
given in Tab. 5.1.
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Probing configuration (a) (b) (c) (d)

nominal T (K) 57.3 57.5 56.5 56.5

µ0Hc2 (mT) 45 48 58 58

Table 5.1: Nominal temperature (measured at the sample stage)
and extracted values of the critical field Hc2 for the different
probing configurations shown in Fig. 5.1 (a)-(d). The uncertainty
in µ0Hc2 is estimated to be ±1mT.

Experimental results
Figure 5.1 shows spectra recorded for successively decreased
fields in the few GHz (RF) frequency regime for the different
sample placements and orientations. In Fig. 5.1 (a), the 0.4 mm
wide sample A lies on the central axis of the 1 mm wide signal
line of the CPW. The component hx of h provides the relevant
torque [GM96] for spin excitation. In the helical phase (H = 0),
we resolve a single resonance at f ≈ 1.8 GHz. For increasing
H, the sample enters the conical phase and this resonance shifts
to lower frequency. At intermediate fields (red lines at 16-24
mT) two weak resonances are observed. We attribute the corres-
ponding field regime to the SkL phase, consistent with [Ono12]
and measurements on thermodynamic properties performed on
Cu2OSeO3, such as specific heat or magnetic susceptibility (not
shown). Following Refs. [Moc12; Ono12], we conclude that hx
excites the counterclockwise (CCW) and clockwise (CW) modes.
Next, we place the sample collinear with the CPW and above the
gap between ground and signal line [Fig. 5.1 (b)]. We observe
a similar sequence of spectra as a function of H, compared to
Fig. 5.1 (a). A detailed analysis of eigenfrequencies f is shown
in Fig. 5.2 (a). In the SkL phase (red region) the prominent SkL
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Figure 5.1: Spectra (shifted vertically for clarity) used to ex-
tract the field dependencies of resonance frequencies when pla-
cing the specimen differently on the broad coplanar waveguide.
Spectra taken in the field-polarized (FP), conical (C), Skyrmion
(SkL) and helical (H) phase are shown in black, gray, red and
green, respectively. Symbols are introduced to mark resonance
frequencies (compare Fig. 5.2). Some spectra are taken at field
values that coincide with a phase boundary, where phases might
have coexisted in the macroscopic sample due to inhomogeneit-
ies. Here, the mode allocation is not clear and omitted.

mode recorded with the sample above the gap (brown stars) ex-
hibits a different field dependence and resides elsewhere com-
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pared to the first sample placement discussed (red diamonds).
We attribute this distinct behavior to the out-of-plane compon-

CSkLCH
(a)

(b)

(c)

Counter-
clockwise

Breathing
Clockwise

0.5 1.0 1.50

0.5

1.0

0

H / Hc2

hf
gμ
0μ
B

H
c2

/

0.5

1.0

0

hf
gμ
0μ
B

H
c2

/
-Q

+Q

FP

0.5

1.0

0

hf
gμ
0μ
B

H
c2

/

xy

-Q
+Q

+Q
-Q

Figure 5.2: Comparison of measured and calculated resonance
frequencies in normalized units, following Ref. [Sch15]. Back-
ground colors illustrate different phases (see Fig. 5.1). Lines and
shaded bands correspond to calculations assuming a homogen-
eous (k = 0) and inhomogeneous (k 6= 0) dynamic field, respect-
ively. Dashed lines indicate modes with small spectral weight.
Yellow circles highlight the varying number of modes resolved
at small H.

ent hz of h (see Fig. 2.4) favoring the excitation of a promin-
ent breathing mode BR [Moc12; Ono12]. The weak shoulder
observed at lower frequency in Fig. 5.1 (b) and whose field de-
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5.1 linearly polarized magnetization dynamics

pendence is tracked in Fig. 5.2 (a) (red triangles) corresponds to
the CCW mode. The latter is weakly excited due to the slight
overlap of the sample with the signal and ground lines. For the
same reason, we resolve resonances in the conical and FP phase
at finite fields, which is a priori not expected in the configura-
tion H ‖ h. We will address this issue in further detail in Section
5.3.
When rotating the sample by 90◦ [Fig. 5.1 (c)], the spectra
change significantly. At 18-22mT, in the conical state, we resolve
two modes that are of similar signal strength. With increasing
H, the low-frequency mode successively vanishes (spectra at 34-
46 mT). In the SkL phase, all three modes CCW, BR and CW are
seen in one-and-the-same spectrum (compare 24-30 mT), due to
simultaneous excitation via both hx (signal line) and hz (gap).
Still, only one resonance is seen in the helical phase at H = 0

in Fig. 5.1 (c). Strikingly, for a sample placement at 45◦ [Fig. 5.1
(d)] we identify two modes at H = 0.
Considering Fig. 5.2 (a), we attribute the single resonance, that
we resolved in H and C, to mode +Q. We did not observe
mode −Q when the long axis of the sample and the CPW were
collinear. We note that qualitatively, in all the different mag-
netic phases, the measured eigenfrequencies (symbols) follow
well the predicted field dependencies (lines) by the theory of
Ref. [Sch15]. The lines show the expected eigenfrequencies for
a homogeneous excitation. We observe that the data points lie
systematically near the upper gray and dark-red band edges.
This corresponds to an inhomogeneity of hx along z1. These
observations suggest a nonzero wave vector provided by the the
CPW.
From Fig. 5.2 (b) we extract that, rotating the sample by 90◦ on
the CPW, the single resonance detected near H = 0 is no longer

1 Interestingly, the upper bad edge for the breathing SkL mode corresponds to
an inhomogeneity of hz along x.
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mode +Q, but mode −Q. We thus selected the complementary
helical mode at H = 0 by interchanging the demagnetization
factors. Mode +Q appears only for large H.
Figure 5.2 (c) evidences that for a rotation by 45◦ both modes
+Q and −Q are detected in the same spectrum at H = 0. In the
litarature, two resonances were sometimes reported [Ono12],
but the occurrence or absence of a double peak was not ex-
plained. Our experiments now suggest that at small H a
cross-polarization exists between the linearly polarized excita-
tion field h and either mode −Q or +Q in Fig. 5.2 (a) and 5.2 (b),
respectively. Note that the detection of the ferromagnetic reson-
ance in the FP phase does not depend on the sample placement.
The DMI-induced spin texture is thus decisive for the character-
istic low-field dynamics.

Linear polarization of the average magnetization
We now explain our observations in detail by considering the
ellipticity of magnetization precession in the spin helix phases.
We make use of the theoretical approach outlined in detail in
the Supplementary Information of Ref. [Sch15]. There, spectral
weights Γ of different modes were discussed, but ellipticity and
polarization of the average magnetization precession were not
evaluated.
An RF field within a plane perpendicular to Q excites the two
modes +Q and −Q with a weight that depends on its polar-
ization within this plane, as we show in the following. It is in-
structive to introduce the corresponding homogeneous dynamic
magnetization mσ averaged along a helix period (σ = +1 and
−1 for the +Q and −Q mode, respectively). For a helix with Q
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5.1 linearly polarized magnetization dynamics

in z direction, mσ = (mxσ,myσ) oscillates in the xy plane, charac-
terized by its handedness and ellipticity

|εσ| =

√∣∣∣mxσ2 −myσ2∣∣∣
max[mxσ,myσ]

, (5.1)

in analogy to the case of a ferromagnet [see Eq. (1.37)]. The os-
cillation of mσ is always counterclockwise and clockwise for the
+Q and −Q mode, respectively, considering that Q points to-
wards the observer. The handedness of the +Q mode coincides
with the one of the local spin precession and thus with the Kittel
mode in the FP phase. Therefore, they smoothly connect at Hc2,
while the weight of the −Q mode vanishes close to the critical
field Hc2.

Disc-shaped sample
In a disk-shaped sample (Nx = Ny = 0.235) at H = 0 the os-
cillation is circular with zero ellipticity for symmetry reasons
[Fig. 5.3 (a)]. As a linearly polarized excitation field h in the
xy plane is equivalent to the superposition of left- and right-
circularly polarized components, it couples equally well to the
two modes +Q and −Q and leads to the same nonzero spectral
weight Γσ for both modes [Fig. 5.3 (c)]. For H 6= 0 applied along
Q, the precessional motion stays circularly polarized. The mode
−Q, however, being right-circular, does not comply to the left-
handedness imposed by the Landau-Lifshitz equation of motion
(see Section 1.2.1). The resulting imbalance in precession amp-
litude compared to +Q is indicated by bold and broken lines
in Fig. 5.3 (c) (see Γσ at Nx = 0.235). The imbalance increases
with increasing H. Hence, for a disk-shaped sample the ±Q
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Figure 5.3: (a), Dynamic components of the circularly polarized
modes +Q and −Q in a round, flat sample (Nx = Ny < Nz)
with a small field H applied along ẑ. The width of lines in-
dicates the relative signal strength. (b) Ellipticity εσ of the
conical modes as a function of the demagnetization factor Nx
(Nz = 0.53) calculated for different magnetic fields (colors).
Solid and dotted lines represent modes +Q and −Q. The insets
illustrate the sample shapes corresponding to Nx (top) and the
elliptic trajectory of the average spin precessional motion (right).
(c) Spectral weight Γσ of the conical modes (arb. units) for an ex-
citation field h along x̂.
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modes are circularly polarized (εσ = 0) for all fields H < Hc2 for
symmetry reasons.

Elliptically-shaped sample
As soon as the rotational symmetry of the sample shape is
broken, e.g. an ellipsoidal shape within the xy plane, where
Nx 6= Ny, the polarization of the ± Q modes is no longer
circular and εσ becomes finite. This is illustrated in the main
panel of Fig. 5.3 (b), where we show ellipticities calculated for
0 6 Nx 6 1−Nz at different field values. We set εσ positive
and negative for the long principal axis being along x̂ and ŷ,
respectively [sketches on the right side of Fig. 5.3 (b)].
We first focus on εσ in zero field (black lines) where εσ is
fully determined by the symmetries of the helix. For a disc
(Nx = Ny), the screw symmetry of the helix ensures that the
two excitation modes are degenerate at H = 0 so that any polar-
ization can be achieved. This degeneracy is lifted for Nx 6= Ny
and the modes become strictly linearly polarized. In zero field,
the spins of the chiral magnet align perpendicular to the helical
propagation vector Q, so that the helix possesses a 180◦-rotation
symmetry around each of its spins. By virtue of this symmetry,
there exist always pairs of spins within the helix, whose preces-
sional motion conspire to yield a linear polarization along one
of the principal axes, i.e. x or y. As a consequence, the ellipti-
cities of modes +Q (solid line) and −Q (dotted line) follow step
functions

εσ|H=0 = sgn
[
σ · (Nx −Ny)

]
(5.2)

with σ = ±1. This reflects an unexpectedly pronounced sensit-
ivity regarding the sample shape.
The characteristic shape dependence of εσ has an impact on the
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spectral weights Γσ [Fig. 5.3 (c)]. For the spectral weight of the
±Q modes at H = 0 for an ac field h along the x direction we
find2

Γσ(Nx,Ny)
∣∣
H=0

∝
Θ
[
σ · (Nx −Ny)

]
1+ (2+Nx)χint

con/6
, (5.3)

with the internal conical susceptibility χint
con [see Eq. (1.48)] and

the Heaviside step function Θ(s) = 1 for s > 0 and zero oth-
erwise. Hence, selective excitation of either mode +Q or −Q

can be realized. For instance, mode +Q is polarized along ŷ
(ε+ = −1) for Nx < Ny. This is illustrated in Fig.3 5.4 (a). An rf
field h along x̂ does not couple to its precessional motion and,
as a consequence, the spectral weight Γ+ is zero in the helical
phase at H = 0 (full black line in Fig. 5.3 (c) for Nx < 0.235). For
mode −Q, ε− = +1 [polarized along x̂ ‖ h in Fig. 5.4 (b)] and
Γ− is large [dotted black line in Fig. 5.3 (c) for Nx < 0.235].

For H > 0, spins within the helix cant towards the field direction
forming the conical state. Note that considering the ellipticit-
ies and spectral weights of both modes in Fig. 5.3 (b) and (c),
respectively, their field dependencies are not symmetric with
respect to Nx = 0.235 (disk-like shape). For Nx � Ny, ε− of
mode −Q stays close to +1 [colored dotted lines in Fig. 5.3 (b)
for Nx < 0.235] and its linear polarization persists over a re-
markably large field range. We extract ε− = 0.999 atH = 0.5Hc2
for Nx = 0.07 (our sample) so that an rf field h ‖ x̂ can couple
to the −Q mode. Nevertheless, the spectral weight Γ− decreases
significantly with increasing H towards Hc2 [colored dotted
lines in Fig. 5.3 (c)] because of the mismatch of handedness
with the Kittel mode within the FP phase as discussed above.
Conversely, Γ+ grows much with H as the ellipticity |ε+| of

2 The calculation was performed by Johannes Waizner (University of Cologne)
and Markus Garst (TU Dresden).

3 Johannes Waizner, private communication.
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Figure 5.4: Illustrations of precessional motion of spins (thin
gray arrows) and averaged dynamic magnetization mσ(x,y, t)
with σ = +,− (dark arrows) for selected times t during a period
τ of modes (a) +Q and (b) −Q. Colors indicate the phase evol-
ution along the helical propagation vector Q. Red and green
color highlights, respectively, smaller and larger misalignment
angle between neighboring spins compared to their equilibrium
position (yellow). We modelled our sample with Nx < Ny at
H = 0, evidencing the extraordinary linear polarization of m.
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the mode +Q first decreases reaching circular polarization at
Hcirc ≈ 0.76Hc2 and then increases again staying below ε+ = 1

[colored full lines in Fig. 5.3 (b)]. These features explain our
experimental observations in Fig. 5.1 (c) and 5.1 (f), in which
signal strengths of mode −Q and +Q interchange completely
with increasing H. The diagonal placement of Fig. 5.1 (d) allows
us to detect both modes +Q and −Q at H = 0 as h ‖ x̂ can be
decomposed into equal components along and transverse to the
bar-shaped Cu2OSeO3. Still, the signal strengths of mode +Q

and −Q are found to be different at H = 0.

We have applied the same formalism to the three eigenmodes
of the SkL phase. As this phase only exists at a finite magnetic
field H, the clockwise and counterclockwise modes are always
elliptically polarized with a finite ε, whereas the breathing
mode is linearly polarized by symmetry and can be excited
only with the help of a longitudinal dynamical field hz.
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Figure 5.5: (a) Ellipticity ε of the gyrational SkL modes as a
function of the demagnetization factor Nx (Nz = 0.53) calcu-
lated for different magnetic fields (colors), at which the SkL is
stable. Solid and dotted lines represent the counter-clockwise
(CCW) and clockwise (CW) SkL modes, respectively. (b) Spec-
tral weight Γ of SkL modes for an excitation field h along x̂.

In Fig. 5.5 we show the results of our calculation for the el-
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5.1 linearly polarized magnetization dynamics

lipticity and spectral weight distribution of the gyrational SkL
modes, CCW and CW. We concentrate on field values around
0.5Hc2, where the SkL phase is stable. We find that linear
polarization, i.e. |ε| = 1 is not achieved for any sample shape.
The spectral weight Γ of the CCW mode is larger compared to
the CW mode for every sample shape. The mean magnetization
oscillates counter-clockwise and clockwise for the CCW and
CW mode, respectively, within the plane perpendicular to the
applied magnetic field H (pointing towards the observer). The
spectral weight of the CCW mode increases with increasing
field. For the CW mode one finds the opposite trend. Note
that the ellipticity of the CCW mode is practically independent
of the field and already well described by the Kittel expression
of Eq. (1.38). This fact indicates that the dynamics of the CCW
mode is effectively dominated by the polarized background.
As the CCW and CW modes are elliptically polarized, either
sample placement that covers CPW signal line and gaps allows
one to monitor them in the same spectrum.

Discussion
We have observed linearly polarized magnetization dynamics
for the modes +Q and −Q of the magnetic helix in Cu2OSeO3.
In the spin helix, the effective magnetic field Heff is inhomogen-
eous and rotates, as one moves along the pitch vector Q. Hence,
for each spin there is another one pointing in the opposite dir-
ection. At H = 0, the added precession within such a spin pair
is linearly polarized, similar to the superposition of right- and
left-circular polarized light resulting in linearly-polarized light.
This mechanism is already known from easy-plane antiferro-
magnets (AFMs) [ST63], where spins with opposite orientation
belong to two sublattices. In the spin helix phase, however, there
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exists a continuum of spin sublattices with different orientations,
which all conspire to yield linear polarization of the average
magnetization along a single, well-defined axis of polarization.
A priori, this is not obvious due to the multitude of available
precession directions and the inhomogeneous precession of the
spins within a helix pitch length λhelix.
Another important difference of the helix dynamics compared
to easy-plane AFMs with linear polarization is the low eigen-
frequency of the former (≈ 2GHz). For comparison, typical
eigenfrequencies in AFMs lie in the THz-regime [Kam11; Kla04;
ST63]. This difference is explained by the fact that the dynamics
in the spin helix and in AFMs is dominated by the dipolar
and exchange interaction, respectively (see Section 1.1). Ad-
ditionally, following Eq. (5.2), the linear polarization in chiral
magnets arises as soon as the sample shape deviates from a
perfect rotational symmetry, such as a flat disc, cylinder or
sphere. This striking sensitivity on the sample shape is not
anticipated for ferromagnets (see Section 1.2.4). Furthermore, it
is known neither from ferrimagnets or easy-plane AFMs. These
unique features are attributed to the presence of DMI in chiral
magnets and have not been addressed before. Last but not least,
the polarization characteristics in Cu2OSeO3 are modified and
controlled by fields on the order of 10−2 T.

In terms of technological applications, the precession of mag-
netic moments is exploited in e.g. power limiters, oscillators
and tunable bandpass filters. Spheres prepared from the bulk
ferrimagnetic insulator YIG offer excellent quality factors in
such applications. Moreover, the nonreciprocal characteristics
of magnetic materials are functionalized in microwave circulat-
ors and isolators. Yet, for an efficient operation, the magnetic
excitations and microwaves require a common polarization,
which is usually not the case. Microwaves provided by stand-
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ard coaxial cables, CPWs and microwave cavities are linearly
polarized. In case of a YIG sphere, the polarization is circular
(ε = 0). Hence 50% of the microwave energy is not coupled to
the spin system and might be wasted. Nonreciprocal devices
do not function due to the mismatch of polarization. This is a
drawback for future on-chip resonators in particular, that ex-
ploit coupled magnons and photons for quantum information
processing [Gor14; Hue13; Tab14; Zha14].
To tackle this coupling issue, sophisticated waveguides and
cavity designs had to be invented to produce microwaves with
a high degree of circular polarization [Dun57; Poo67; Wen69;
Yas16]. Demagnetization fields also help increasing the ellipt-
icity of the magnetization precession in ferromagnetic rods
with extremely large length-to-diameter ratios and very thin
films [GM96; Grü08; LL35; Ziv02]. Here, the ellipticity ap-
proaches values close to one, but strict linear polarization is not
achievable (see Section 1.2.4). Alternatively, magnetocrystal-
line anisotropy and antiferromagnetism may be considered to
enlarge the ellipticity even in spherical samples. However, the
working frequency increases to several 10GHz or even near-
infrared frequencies (THz) [Kam11; Kla04; ST63] exceeding by
far the relevant frequency range for microwave applications.
The above shows that integration with microwave electronics
could be significantly improved with a ferrimagnetic insulator
similar to YIG, but possessing linearly polarized magnetization
dynamics in the few-GHz regime.
In Fig. 5.6 we show the real part of the complex effective mi-
crowave susceptibility χeff [see Eq. (2.29) and Fig. 1.3] recorded
at 57.3K for different fields in Cu2OSeO3. The resonance
positions (inflection points) of the curves coincide and their
amplitude is similar. At resonance, the susceptibility is char-
acterized by the saturation magnetization M and the intrinsic
Gilbert damping αintr [see Eq. (1.28)]. Cu2OSeO3 and the
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Figure 5.6: Real part of the effective dynamic susceptibility
at resonance in the helical (0mT), conical (6mT), and field-
polarised (64mT) phase at 57.3K. χeff was rotated by an angle of
30◦ to compensate for the slight impedance mismatch between
the sample and CPW. The phases corresponding to the spectra
shown here exhibit different polarizations [see Fig. 5.3 (b)].

benchmark material YIG share a similar magnetization µ0M

of 0.13T [Ada12; Sch15] and 0.18T [dKel13], respectively. In
Section 4.1 we showed that αintr is low in Cu2OSeO3. These
facts suggest that both materials have similar dynamic suscept-
ibility values and that insulating chiral magnets with similar
properties to Cu2OSeO3 are relevant for microwave applica-
tions. Additionally, in such materials the transition between
different energetically degenerate phases with similar Re(χeff),
and with different polarization (linear and elliptical) is possible
via application of an external magnetic field [see Fig. 5.6 and
Fig. 5.3 (b)]. The switching between the two extreme cases of
linear and almost circular polarization is possible by tailoring
of the sample shape. These novel features of chiral magnets
add up new functionalities on top of the variety of their fascin-
ating topological properties [FCS13; Jon10; Mil13; Neu09; NT13;
Sch12].
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5.2 cubic anisotropy

5.2 Cubic anisotropy
Samples D and B were positioned on the narrow CPW as shown
in the top inset of Figs. 5.7 (a) and (b), respectively. The field H
is parallel to 〈100〉 and 〈111〉 for each sample, respectively. In
agreement with the results discussed in Section 5.1, the spectra
recorded at 57K contain three modes in the SkL phase (red) and
a single resonance in the helical/conical state (green and gray,
respectively) attributed to the +Q mode. We encounter only a
small shift of eigenfrequencies among spectra recorded at the
same field.
In Fig. 5.7 (c) we plot the resonance frequencies against the the-
oretical prediction for a homogeneous excitation (lines) in a rod-
shaped sample, neglecting cubic anisotropy. The data for both
crystallographic directions overlap and show excellent agree-
ment with the theory. These results are consistent with the
cubic anisotropy being the weakest energy scale in the chiral
magnet [BJ80].
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5.3 vti measurements

5.3 VTI measurements
In this section, we present data recorded on Sample D, mounted
with the long axis parallel to the broad CPW, i.e. there are no
parts of the sample over the gap between the signal and ground
lines. Hence, only an excitation field h lying in the plane of the
CPW is present (see sketch in Fig. 5.8 and Fig. 2.4). Also, based
on our results in Section 5.1, we expect the excitation only of
the +Q helix eigenmode, because the long axis of the sample is
always perpendicular to h. The temperature at the sensor was
52.3K. The temperature at the sample is estimated to be about
57K, since we resolve the dynamics of the SkL, as will be shown
in the following. For all the |∆S12| data presented in this section
we have applied the reference subtraction method (see Section
2.5.4) using a reference dataset recorded at 0.3T.
The superconducting split coil of the magnet provides us with
the field along φ = 0◦ (see Fig. 5.8 for the angle definitions) and
has a remanence of (28 ± 1)mT. We corrected the data recor-
ded at φ = 0◦ by the offset of 28mT. When measuring with the
nominal setting φ = 90◦, we plot our data against the applied
Hz component (provided by the single superconducting coil).
Under this setting, the remanent field along y is present.
In Fig. 5.8 (a) we show color-coded microwave absorption data
recorded at φ = θ = 0◦, i.e. H ⊥ h. Dark blue regions denote
high energy absorption by the specimen. A weak signal (ar-
rows) is observed at about µ0H = ±24mT.
We rotated the sample rod around the z-axis to obtain the con-
figuration φ = 0◦, θ = 90◦, i.e. H ‖ h. In the corresponding
data [Fig. 5.8 (b)], only three regions show microwave absorp-
tion within the entire parameter space covered. The regions
marked by arrows are of similar extent as in Fig. 5.8 (a) and are
found in a similar field regime, yet they lie somewhat higher in
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Figure 5.8: Color-coded absorption resonance data for different
nominal external field orientations (φ, θ) (see sketch). In (c), (d)
we plot the applied field in z direction. Here, a remanent field
of 28mT is present along y. Modes assigned to the counter-
clockwise (CCW) and breathing (BR) SkL modes are marked by
arrows.

frequency and are more intense.
In Fig. 5.8 (c), we choose φ = θ = 90◦, i.e. H is parallel to z
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and perpendicular to h. We observe the reappearance of several
modes, which differ however from our results in Fig. 5.8 (a): the
resonance is interrupted around Hz = 0 and two modes are re-
solved around 1.3GHz and 1.6GHz (arrows).
We now explain these observations. The signatures marked by
arrows in Fig. 5.8 (a) correspond to the counterclockwise (CCW)
gyrational SkL mode, in agreement with our measurements in
Section 5.1 in terms of field range and eigenfrequency. The rest
of the resonance is ascribed to the FP and conical resonance.
The features marked by arrows in Fig. 5.8 (b) correspond to the
excitation of the breathing (BR) SkL mode, which lies at slightly
higher frequency compared to the CCW mode. Since H ‖ h,
we expect only this mode to be activated in the SkL phase. For
the spin helix, no eigenmodes are predicted for this excitation
geometry, where h ‖ Q ‖ H. Onose et al. performed meas-
urements with h ‖ Q ‖ H ‖ 〈110〉 and reported similar obser-
vations. They detected a resonance only in the SkL field range,
which they ascribed to the BR mode and resolved a resonance at
H = 0 [Ono12]. The resonance at zero field is excited, because in
Cu2OSeO3 Q ‖ 〈100〉 due to crystal anisotropy [Ada12]. In our
case, we applied H along a specific 〈100〉 axis and then reduced
the field to zero. For H < Hc1, the helices are distributed such
that Q points along the three equivalent 〈100〉 directions [Bel12].
This leads to the presence of several helices with Q ⊥ h and
hence the excitation of the resonance around H = 0 in Fig. 5.8
(b).
In Fig. 5.8 (c) we resolve the BR and CCW modes and the res-
onances of the spin helix at finite fields. Note that under this
configuration with the nominal setting H ‖ z ⊥ h, we do not
expect the excitation of the BR mode. However, the remanent
field in the y-coil is strong enough to tilt the SkL and to provide
a finite component of h pointing out of the SkL plane. Around
Hz = 0, the remanent field orients the helix along h, leading
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to the configuration h ‖ Q, for which no helix eigenmodes are
predicted.
In the absence of remanence, we expect the field configuration
in Fig. 5.8 (d) to be equivalent to the configuration in Fig. 5.8 (c)
due to the rotational symmetry of the experimental setup. How-
ever, in Fig. 5.8 (d) we resolve a prominent resonance around
Hz = 0 and only the CCW mode around µ0Hz = ±15mT. At
Hz = 0, the remanent field in the y-coil orients Q out of the
CPW plane, so that Q ⊥ h, which leads to the excitation of the
helical eigenmode. At µ0Hz = ±15mT, the superposition of the
remanent field along y and the applied field along z leads to a
tilting of the SkL plane so that h lies within the SkL plane and
can couple only to the gyrational modes.
The above observations confirm our undestanding of the dy-
namics in the noncollinear spin phases of Cu2OSeO3 (Section
5.1), combined with the field distribution in the broad CPW
presented in Section 2.2.1. In particular, based on our results
in Fig. 5.8 (c), we confirm that the weak shoulder resolved in
Fig. 5.1 (b) in the SkL phase and the resonances excited in the
conical and FP phase of the same dataset are due to the pres-
ence of a finite in-plane field hx arising from the overlap of the
sample with the signal line of the CPW.
Note that in all the data presented in Fig. 5.8, we do not resolve
the high-frequency clockwise SkL mode due to its weak spectral
weight [Sch15].
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5.4 Time-resolved dynamics
In this section we address the time-resolved dynamics in the
spin helix phase using pulsed induced microwave magneto-
metry (PIMM) (see Section 2.4). To address each helix eigen-
mode separately, we make use of our findings in Section 5.1,
i.e. we compare data obtained for the perpendicular (90◦) and
parallel (0◦) sample placement on the broad CPW (the angle
refers to the orientation between the long axis of the CPW and
of the sample). We measured the bar-shaped samples A and E
and used the broad and antenna CPW (see Fig. 2.13).
The different sample portion L (in mm) covering the CPW res-
ults in a different absolute signal amplitude for each placement.
We take this into account by dividing the induced voltage V(t)
recorded at 0◦ and 90◦ by L = 0.35mm and L = 1.9mm, respect-
ively. In Fig. 5.9 (a) we show the corresponding data recorded at
5K and 0mT. We observe an oscillation up to 8ns. The Fourier
transform (FT) data (inset) reveal peaks at 5GHz and 4GHz for
the 0◦ and 90◦ placements, respectively. We attribute the peaks
to the +Q and −Q eigenmodes, respectively. We fit a single
exponentially decaying function

V(t) = V0 + e
−(t−t0)/τ+ · cos(2π f+(t− t0) +φ+) (5.4)

to the 0◦-data (blue) and obtain a frequency of f+ = (4.96 ±
0.03)GHz and relaxation time τ+ = (2.2± 0.1)ns. V0, t0, φ+

denote the voltage offset, the initial time and the initial phase,
respectively. The subscript + refers to the +Q mode. We re-
strict the fitting algorithm to the region after the transient re-
gime (red), in which a strong initial spike does not allow to
perform the analysis based on Eq. (5.4) (see Section 2.4 for more
details).
The data obtained with the sample perpendicular to the CPW
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Figure 5.9: (a) Long-lasting oscillation measured in sample E,
placed parallel (0◦) and perpendicular (90◦) to the broad CPW
at 5K and 0mT. A fit curve is shown in blue. Inset: Fourier-
transformed data revealing the corresponding resonance fre-
quency. (b) Data of the 90◦-placement recorded for a longer
time interval. A fit curve is shown in red.

(90◦) exhibit a significantly longer relaxation time and a nar-
rower FT peak (inset) compared to 0◦. To investigate this in
detail, we measured the dynamics for a longer time interval.
This is shown in Fig. 5.9 (b). We observe a ringing for several
tens of ns with a pronounced feature at t = 16ns. The latter is
present both in the reference and subsequently recorded wave-
forms. The microwave pulse takes 8ns to travel from one port
of the DSA to the magnetic specimen. We attribute the feature
in our data to the second excitation of the spin system by the
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reflected pulse at port 1 of the DSA. After applying a fit (red)
to the data for t < 16ns, we obtain f− = (3.97± 0.03)GHz and
τ− = (9.5± 0.2)ns for the −Q eigenmode. f− agrees with the
FT data in the inset.
In Fig. 5.10 (a), (b), we extend the comparison among the two
sample placements for different fields within the conical phase
at 5K. To show the full dataset, we replot the data for 0◦ of
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Figure 5.10: Data obtained in sample E placed (a) parallel (0◦)
and (b) perpendicularly (90◦) on the broad CPW at 5 K and dif-
ferent fields. (c) Extracted relaxation time τ (filled symbols) and
effective damping parameter αeff (open symbols). Blue squares
and red circles correspond to 0◦ and 90◦, respectively.

Fig. 5.9 (a) and for 90◦ of Fig. 5.9 (b) in Fig. 5.10 (a) and Fig. 5.10

(b), respectively. The data for 90◦ in Fig. 5.10 (b) contain a
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slowly varying nonlinear background signal that levels off above
t ≈ 3ns. As outlined in Section 2.4, the data shown here res-
ult from the subtraction of two step pulse signals of relatively
large amplitude (250mV). For 0ns< t < 3ns, the magnetically
induced signal is superimposed on the step slope of the pulse,
hence small field-dependent drifts (e.g. of the microwave tips)
induce the above-mentioned background.
In Fig. 5.10 (c) we show the manually extracted relaxation times
for each mode. We see that τ− (filled red circles) is system-
atically larger (up to four times) compared to τ+ (filled blue
squares) at the same field.
We apply a FT on the data of Fig. 5.10 (a), (b) to obtain the res-
onance frequency and determine the effective Gilbert damping
parameter αeff according to Eq. (1.35). The results are shown in
Fig. 5.10 (c) (open symbols) for both sample placements.
The field evolution of the waveforms in Fig. 5.10 (a), (b) dif-
fer significantly. In Fig. 5.10 (a), the decay is characterized by
a single characteristic oscillation, whereas in Fig. 5.10 (b) for
µ0H = 60mT, a beating pattern is resolved. This is because
the +Q mode gains spectral weight with increasing field (see
Section 5.1) and is excited simultaneously with the −Q mode.
In the aim of obtaining a more pronounced beating and study-
ing this phenomenon in more detail, we need to optimize the
measuring parameters. On the one hand, there is an optimum
external field value, at which the eigenfrequencies of the con-
ical modes have similar spectral weight. On the other hand, the
absolute splitting (in GHz) among the conical eigenfrequencies
scales with the critical field Hc2, as shown in Fig. 1.11. With
increasing temperature, Hc2(T) decreases (Fig. 1.7) and hence
the frequency splitting is reduced. Finally, the induced signal
strength in our CPWs decreases with increasing temperature.
Considering all the above issues, we recorded data at 20K and
70mT on sample A placed perpendicularly on the broad CPW
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(Fig. 5.11). We observe a pronounced beating pattern in V(t) and
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Figure 5.11: Sample A measured at 20K and 70mT placed per-
pendicularly on the broad CPW. The fit (magenta) is in agree-
ment with the resonance frequency of the prominent ±Q modes
resolved in the FT data.

peaks of almost equal height in the FT data (inset). The spike at
5.3GHz corresponds to a spurious resonance due to connector
mismatch, identified also in the VNA-SWS data in Fig. 5.12.
We fit the sum of two exponentially decaying functions

V(t) = V0 + e
−(t−t0)/τ+ · cos(2π f+(t− t0) +φ+) (5.5)

+ e−(t−t0)/τ− · cos(2π f−(t− t0) +φ−)

(magenta line in Fig. 5.11) restricted to the region after the tran-
sient regime (red) and within the time range, where the os-
cillation is clearly resolved. We get frequencies f+ = (4.22 ±
0.02)GHz and f− = (3.23± 0.03)GHz, in agreement with the
FT data (inset). The fitted relaxation times read τ+ = (0.90±
0.03)ns and τ− = (1.5± 0.1)ns.
Interestingly, the FT data in the inset of Fig. 5.9 suggest the pres-
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Figure 5.12: VNA-SWS spectrum recorded at 20K and 70mT
with sample A placed perpendicularly on the broad CPW.
Arrows and square mark the resonances of the ±Q modes
at 3.31GHz and 4.25GHz and the spurious resonance at
≈ 5.3GHz, respectively.

ence of higher-frequency oscillations above the main mode. On
the one hand, domains ringing at a slightly different resonance
frequency due to e.g. varying cubic anisotropy might contrib-
ute to this observation. On the other hand, the nonuniform
excitation provided by the CPW (see Fig. 2.8) might play a role,
leading to the generation of spin waves with finite k vector in
the magnetostatic regime [GM96]. To examine the latter hy-
pothesis, we place sample E perpendicularly on the antenna
CPW [Fig. 2.13 (b)]. In Fig. 5.13, we observe a short relaxation
time τ− = (0.29± 0.01)ns at 0mT and 5K, i.e. approximately 30
times less compared to Fig. 5.10 (b). The corresponding reson-
ance curve measured by VNA-SWS (inset) is remarkably broad
and shows a clear deviation from a Lorentzian lineshape (green
line).
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Figure 5.13: Data recorded with sample E placed perpedicularly
on the antenna CPW at 0mT and 5K. A single exponential de-
cay fit (orange) yields τ− = (0.29± 0.01)ns. The inset shows
the corresponding VNA-SWS data, and a Lorentzian lineshape
(green line) for comparison.

Discussion
The lowest effective damping parameter estimated for the spin
helix amounts to 0.004 [Fig. 5.10 (c)]. We believe this value to be
an upper limit for the intrinsic Gilbert damping αintr, because
of extrinsic damping contribution by the inhomogeneous excit-
ation field of the CPW. This hypothesis is supported by the fast
decay obtained with the antenna CPW, which generates a signi-
ficantly broader distribution of wavevectors k transferred to the
sample compared to the broad CPW (see Section 2.2.2). We ex-
plain the fast decay in the measurements with the antenna CPW,
in that the excited spin waves dephase and cancel the overall in-
duced voltage signal. Note that we did not observe a significant
change in τ as a function of temperature while using the an-
tenna CPW. This suggests that dephasing of the spin ensemble
is the dominant extrinsic damping mechanism present under an
inhomogeneous excitation.
In their study on optically-excited, time-resolved dynamics in
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Cu2OSeO3, Ogawa et al. measured waveforms with beating pat-
terns [OST15]. The authors performed a Fourier analysis of their
data to study the dynamics of each conical eigenmode. In the
framework of this thesis, we have shown how to separately ad-
dress the ±Q modes. By this means, we found that the −Q

mode exhibits a long-lasting oscillation with τ− = (9.5± 0.2)ns
at 5K and 0mT. This is about a factor of four larger than τ+.
Ogawa et al. reported τ− ≈ 6 τ+ at 40K [OST15]. Our value
τ− = (9.5 ± 0.2)ns at 5K is the largest reported so far for
Cu2OSeO3. For comparison, we note that typical values for the
relaxation time τ of Ni81Fe19 and YIG lie in the 1-3ns and ms
range, respectively [Kor04; Sil99; SL60].
In this work, we estimated the effective damping parameter
based on the relaxation times via Eq. (1.35). This approach is
based on the phenomenological framework of Gilbert damp-
ing [Sta93], where it is assumed that all the relevant damp-
ing mechanisms are well-described by a single damping para-
meter αintr. As a first step towards understanding the difference
between τ+ and τ−, we propose to include the Gilbert damp-
ing in the theoretical description of the dynamics in chiral mag-
nets as a small perturbation and draw a comparison to our ex-
perimental findings. At the microscopic level, the relaxation
of the dynamic magnetization into the thermal bath (phonons)
is usually considered as the main contribution to the Gilbert
damping. However, scattering within the magnetic subsystem,
i.e. interactions between magnons (magnon-magnon scattering)
or between magnons and impurities may also take place in gen-
eral [Len06]. In case the spin helix relaxation process is dom-
inated by such contributions, one needs to go beyond the phe-
nomenological approach of Gilbert damping. In particular, the
question arises whether the difference in the relaxation times of
the ±Q modes is related to their linear polarization or handed-
ness of precession (see Section 5.1). For example, the decay of
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the −Q mode into a spin wave with finite wave vector might
take place at a lower rate compared to the +Q, because of con-
servation of the sense of precession. In order to summarize the
contribution of different effects to the overall relaxation time τtot

measured in experiments, we suggest the use of Matthiessen’s
ansatz [Dav98]

1

τtot
=

1

τph
+

1

τmm
+ ... (5.6)

as a first approximation. Here, τph and τmm describe the contri-
bution from individual scattering processes (magnon-phonon,
magnon-magnon and others). Note that this approach is valid
only if individual scattering processes do not interfere with each
other.
Finally, we also performed TDT measurements in the antenna
CPW setup [Fig. 2.13 (b)], but did not observe a ringing in V(t)
that would indicate travelling spin waves in the noncollinear
spin phases of Cu2OSeO3. The 3µm grain size of the silicon
carbide paper used to polish our samples is large compared to
the decay length of the dynamic field amplitude above the an-
tenna (see Fig. 2.7). Hence, we attribute the absence of the indic-
ation of travelling spin waves to the weak coupling among our
mechanically polished sample and the antennae.

141





6 Summary and Outlook
In the framework of this thesis we measured the spin dynamics
in bar-shaped specimens of Cu2OSeO3 using vector network
analyzer-based spin wave spectroscopy (VNA-SWS). Hereby,
we showed that the average dynamic magnetization is linearly
polarized at an unexpectedly small frequency of about 2GHz
and zero magnetic field. This results in linear dichroism, the
phenomenon of polarization-dependent absorption of electro-
magnetic waves. While this effect is routinely exploited in
applications as diverse as structure determination of DNA mo-
lecules or polarization filters in optical technologies, it was not
observed in magnetic excitations in the few GHz frequency
regime for more than eight decades. Unlike optical filters, we
found that tiny variations of the bulk sample shape allow one
to switch the polarization plane of a given mode by 90

◦.
We developed a sample holder with GHz cables that allowed us
to study magnetic resonances in a 2D vector magnet. Combin-
ing measurements with this apparatus and detailed simulations
of the high-frequency properties of our optimized coplanar
waveguides (CPWs), we have shown how to deliberately ad-
dress resonance modes of distinct symmetry in the Skyrmion
lattice (SkL) phase.
We addressed the Gilbert damping in Cu2OSeO3. In the field-
polarized phase we used two different optimized CPWs and
extracted αintr ≈ 1× 10−4 at 5K. This value is only three times
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higher than the best value known in yttrium-iron-garnet (YIG).
The numerous sharp resonances resolved in our spectra were
attributed to modes that are spatially confined across the mac-
roscopic sample and allowed for by the low damping.
The dynamics in the spin helix phase was additionally explored
by time-resolved pulsed induced microwave magnetometry
(PIMM). Based on our results regarding the polarization of the
spin helix eigenmodes, we addressed the dynamics of the +Q

and −Q mode individually. We found that the relaxation time
τ− ≈ 10ns of the latter is four times larger than τ+ at 5K and
0mT, which might be related to the handedness of the modes.
Using two different CPWs, we modified the wavevectors that
are transferred to the sample and observed a variation of τ− by
approximately a factor of 30 at 5K and zero field. We attribute
this finding to the dephasing of the spin wave ensemble excited
by the CPW.

Considering the results of our study, insulating chiral magnets
turn out to be promising candidates when exploring complex
chiral spin structures for high-frequency applications. On the
one hand, the small damping in Cu2OSeO3 highlights the rel-
evance of insulating chiral magnets for future applications in
magnonics and spintronics. On the other hand, our findings
on the linear dichroism shed a new light on magnetization dy-
namics in that spin helices induced by Dzyaloshinskii-Moriya
interaction (DMI) offer strict linear polarization for a broad
spectrum of sample and environmental parameters. This opens
up an unexpected perspective for the polarization control of
microwaves in frequency regimes that are key for modern tele-
communication networks, especially once room-temperature
insulating chiral magnets are realized. For example, a conven-
tional linear polarizer for free-space GHz radiation consists of
a large grid prepared from macroscopic metallic rods mounted
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on a large frame. Contrastingly, our results offer a field-tunable
magnetic polarizer based on a compact material. Magnon-
photon cavities is a future technology where DMI-induced lin-
ear dichroism offers novel, exciting perspectives for microwave
control with integrated magnetic components by boosting the
coupling between photons and magnons [Gor14; Hue13; Tab14;
Zha14].
The relatively long relaxation time τ of the spin helix is prom-
ising regarding the investigation of spin wave propagation in
the noncollinear spin phases of chiral magnets. Seki et al. re-
solved signals of travelling spin waves between two coplanar
antennae in the field-polarized phase of a bulk Cu2OSeO3
sample [Sek16]. We propose using meander-shaped antennae,
ideally integrated on top of chiral magnet thin films by evap-
oration, to perform spin wave transmission studies. This type
of antennae is characterized by a narrow distribution of the
wave vectors transferred to the sample [VB10], which might be
decisive to minimize dephasing of the excited spin waves and
thus resolve the corresponding signals. The use of integrated
antennae on thin films will improve the inductive coupling
between the microwave and the spins in the sample.
Finally, the sample rod designed in the framework of this thesis
combined with the 2D vector magnet is a valuable tool for
future studies. For example, in thin films of chiral magnets
[HC12; Kar10; Li13; Men13; PCM12; PGM14; Wil13; Yok14;
Zan11], the exact orientation of the SkL plane relative to the
film plane has been controversially discussed in the litterat-
ure (see Ref. [Wie14] and references therein). We expect the
SkL eigenmodes in thin films to exhibit characteristic features
similar to the ones known from bulk specimens. By applying
the magnetic field along specific directions relative to the film
plane and monitoring the excitation of modes with different
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symmetry (gyrational versus breathing), one may determine the
orientation of the SkL.
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A List of samples
The following table gives an overview of the samples used
in this work. The first column shows the identifier used
throughout this thesis and the crystallite identification where
this sample was cut from. The components of the demagnetiz-
ation tensor Ni were estimated according to Ref. [Aha98] based
on the sample dimensions. The sketches illustrate the crystallo-
graphic orientation of the samples.
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Name Dimensions Demag-
Sample ID x× y× z netization
Crystallite ID (mm) factors

A 2.24× 0.38× 0.28 Nx = 0.07
SW_011 Ny = 0.40
VTG-1-10 Nz = 0.53

B 2.36× 0.39× 0.29 Nx = 0.07
SW_012 Ny = 0.40
VTG-1-9 Nz = 0.53

C 3× 0.49× 0.47 Nx = 0.07 [100]

[110]
[110]

VTG-1-11 Ny = 0.46
VTG-1-11 Nz = 0.47

D 2.40× 0.46× 0.34 Nx = 0.07
SW_002 Ny = 0.40
VTG-1-10 Nz = 0.53

E 1.9× 0.35× 0.17 Nx = 0.06
VTG-1-10 Ny = 0.32
VTG-1-10 Nz = 0.62
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B CPW dimensions

Figure B.1: Detailed design parameters of the lithographically
fabricated CPWs used in this work. Not to scale; all dimen-
sions in µm. The metallic leads are composed out of 4.5nm
Cr / 120nm Au.
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C Simulation parameters
For the implementation of the CPW layout in the software CST
Microwave Studio, we followed the approach of Ref. [WTM08]
and considered the suggestions available in the software docu-
mentation (user help files). In particular, appropriate port size
is a crucial factor for obtaining accurate results and avoid spuri-
ous electromagnetic modes in the simulation.
A bounding box with the condition E = 0 and background with
surrounding space distance of 1mm in all directions was placed
around the model. All material components were modelled as
real, lossy conductors and were imported from the software lib-
rary. We used the frequency solver.
A lot of care was invested in optimizing the 3D tetrahedral
legacy-type mesh. We aimed for the presence of a minimum
of three cells in the crossection of each current lead of the CPW.
This was achieved by explicitely defining local mesh proper-
ties for each conductor plate. Mesh cells with sharp edges may
arise from a coarse mesh and cause errors. Therefore, the as-
pect ratio of the tetrahedrons was verified visually by means of
cross-sections of the model.
To keep the number of cells low and accelerate the simulation,
the substrate thickness of the broad CPW was reduced com-
pared to the real structure. The minimum thickness is given
by the penetration depth of the electromagnetic fields and was
determined iteratively. In the case of the antenna-CPW pair, a
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simulation parameters

"mini-substrate" of about 1/10 of the entire substrate size is im-
plemented as an alcove inside the larger GaAs substrate, around
the CPW. This part serves as a transition element between the
coarse substrate and fine CPW mesh.
A detailed list of the mesh parameters used are summarized
in Table C.1. Simulation time is based on a 8-processor1 DELL

parameter \ CPW narrow broad antenna

approx. number of cells 415, 000 657, 000 1, 500, 000

approx. simulation time (h) 48 72 72

steps/wavelength (global) 20 10 12

min. step number (global) 20 20 20

max. step width (G) 100 350 7

max. step width (S) 20 350 7

max. step width (substrate) 0 0 0

max. step width − − 60

(mini-substrate)

Table C.1: Mesh parameters for modelling the electromagnetic
response of the CPWs used in this work. Global and local mesh
settings are given. G, S denote ground and signal lines, respect-
ively.

server with 24GB physical memory (RAM). Typical memory
allocation during simulation was as high as 18GB. Note that
memory, rather than processor power is decisive for fast and
large simulations.

1 Intel Xeon X5450.
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