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Abstract

In magnonics the key idea is to use spin waves for information processing. The
excitation of spin waves using pure spin currents induced by the spin Hall effect
shows great prospects for the design of power efficient, fully planar magnonic devices.
By means of experimental microfocus Brillouin light scattering spectroscopy and
numerical micromagnetic simulation we have investigated the effect of a pure spin
current on a multi-mode spin wave system. Contrary to theoretical predictions we
find that several modes can be excited simultaneously. Although the spin current
is spatially uniform we observe that it affects spin waves in a spatially non-uniform
way. Using these results we demonstrate the power efficient excitation of a spin wave
mode and the mode selective excitation of one single mode using a pure spin current.
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1 Introduction

Magnetic nanostructures have attracted a lot of interest of researchers and engineers
alike when magnetic hard disks found their way into every day computers during
the last decades [1]. The discovery of the giant magnetoresistance (GMR) effect by
Grünberg and Fert once more boosted storage capacities and was rewarded with the
Nobel prize in 2007 [2, 3]. It was also the starting point for spintronics [4, 5]. In
spintronics not only the charge of an electron is used as a carrier of information, but
also the spin.

In recent years researchers have been working on the idea of magnonics to go one
step further [6–9]. In magnonics, spin waves or their quasiparticle analogon magnons
are used for information processing. In general, magnonics deals with the excitation,
manipulation and detection of spin waves.

Spin waves were introduced by Bloch in 1930 to explain the temperature depen-
dence of the static magnetization of ferromagnets at low temperature [10]. A spin
wave is the precession of magnetic moments in a magnetic material with a coherent
phase relation [7]. Spin waves can be excited using rf magnetic fields [11], ultra-
short laser pulses [12] or spin-polarized electric currents [13–15]. In the latter, an
electric current typically flows through a trilayer made up of a non-magnetic layer
sandwiched between two ferromagnetic layers. The current is spin-polarized in the
first magnetic layer, which can destabilize the magnetization in the second layer. The
term spin-torque nanooscillator has been coined for these structures [16].

Recently it was discovered that magnetization dynamics can also be excited by pure
spin currents without an electric current flowing in the magnetic structure at all [17–
20]. This allows for the design of fully planar devices. The devices are also expected
to be less affected by heating due to the current. The experiments in many cases
utilize the spin Hall effect in non-magnetic materials with large spin-orbit coupling
[21,22]. It has been shown that pure spin currents can excite ferromagnetic resonance
(FMR) [19, 23], reversibly switch the magnetization [18], modify the damping of a
magnetic system [17, 24–26] and control parametric excitation of spin waves [27].
Fundamental modes in confined structures were also investigated [23, 28]. Above a
threshold coherent auto-oscillations can also be excited, if the spin current is spatially
non-uniform [20,29–35]. These systems are referred to as spin Hall nanooscillators.

However, those samples were treated as single-mode systems where only one spin
wave mode exists. It is well known, however, that the confinement of magnetic
structures leads to a rich mode structure due to an inhomogeneous internal mag-
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netic field [36]. Such multi-mode systems have great potential for technical applica-
tions [37]. Theory for spin-torque induced magnetization dynamics predicts that only
one single spin wave mode should be stable in the steady state regime and the simul-
taneous excitation of two modes is impossible in most situations [38,39]. The reason
for this is that the two modes compete for the same energy source, namely the spin
current. Most experiments in spin-torque nanooscillators and spin Hall nanooscilla-
tors have confirmed this prediction (see [38] for a review). In some experiments mode
hopping was observed in the steady state, that means the system switched between
two oscillation states on a sub-nanosecond time scale [40, 41]. The coupling of two
modes was also reported [42]. To investigate a system that supports more than one
spin wave mode can therefore be considered to be of interest for both fundamental
physics as well as technical applications.

In this thesis we report the investigation of a multi-mode spin wave system excited
by pure spin current. We have studied the magnetization dynamics in an equilateral
Permalloy (Ni80Fe20) triangle both experimentally and by means of micromagnetic
simulations. First, we discuss the basic equation of motion for a ferromagnet under
the influence of damping and a pure spin current in Chapter 2. In Chapter 3 we give
details on the experimental technique and sample as well as the simulation framework
and the micromagnetic models under investigation. In Chapter 4 the results are
presented. We discuss the experimental findings and develop the micromagnetic
model, gradually approaching the experimental situation. In Chapter 5 we review
experiment and simulation and point out possibilities for future research.
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2 Theoretical considerations

In this Chapter the theoretical tools needed to analyse the magnetization dynamics
at hand are presented. The aim is rather to summarize the main ideas behind these
tools than to provide a rigorous derivation. First, the magnetization dynamics in thin
films is discussed. Then, Gilbert damping is introduced and, finally, the influence of
a spin current is included.

In general, the magnetization dynamics in a ferromagnet under the influence
of damping and a spin current can be described by the Landau-Lifshitz-Gilbert-
Slonczewski equation:

∂ ~M

∂t
= ~τH + ~τG + ~τS, (2.1)

where ~τH describes the conservative motion, ~τG describes damping on a phenomeno-
logical basis and ~τS describes the action of the spin current [38].

2.1 Conservative motion

2.1.1 Equation of motion and energy contributions

Let us rationalize the conservative part ~τH of the above differential equation. In
classical mechanics the evolution of the angular momentum ~L of a body is given by

d~L

dt
= ~τ , (2.2)

where ~τ is the torque acting on the body. On the other hand, the torque acting on
a magnetic moment ~m in a magnetic field ~H reads [43, p. 84]

~τ = ~m× ~H. (2.3)

The magnetic moment and the angular momentum are connected by the relation
~m = −γ~L, so that [43, p. 85]

d~m

dt
= −γ ~m× ~H. (2.4)
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2 Theoretical considerations

The gyromagnetic ratio γ for an electron is given by

γ =
egµ0

2me

, (2.5)

where e > 0 is the modulus of the electron charge, g is the g-factor, µ0 is the vacuum
permeability and me is the electron mass. In the framework we are going to use we
can regard γ as a material constant.

To describe the dynamics of a ferromagnetic sample instead of a single magnetic
moment we introduce the continuous, macroscopic magnetization ~M = ~M(~r, t) by
summing over all magnetic moments in the sample [44, p. 9]:

~M =

∑
i ~mi

V
, (2.6)

where ~mi are the magnetic moments in the volume V . In general, these magnetic
moments comprise contributions from the spin as well as the orbital angular momen-
tum of electrons and, hereby, incorporate the atomic structure of the ferromagnetic
sample [44, p. 3]. If all magnetic moments within a sample are aligned the mag-
netization reaches its maximum value, the so called saturation magnetization MS.
With the definition (2.6) we get the differential equation for the dynamics of the
magnetization using Equation (2.4):

∂ ~M

∂t
= −γ ~M × ~H. (2.7)

In the case of a static magnetic field ~H this equation of motion describes the right-
hand precession of the magnetization ~M about ~H with the Larmor frequency ω = γH
[43, p. 85]. For many magnetic materials, including Permalloy used in this thesis,
γ ≈ 2.8 MHz/Oe. Hence, for fields between 10 Oe and 1000 Oe, which can easily
be achieved experimentally, the frequency of precession lies between 28 MHz and
2.8 GHz. The fact that the frequency can be continuously tuned by the magnetic field
remains valid for more complex systems and is a central advantage of magnonics [8].

By introducing an effective magnetic field ~Heff not only static external fields but
many other influences on the magnetization dynamics can be included into Equation
(2.7). The field can be derived from the free energy volume density W [44, pp. 32]:

~Heff = −δW
δ ~M

. (2.8)

Here, δ denotes to the variational derivative. In situations relevant for this thesis W
has four important contributions [45]:
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2.1 Conservative motion

H

τH

M

τG

τS

Figure 2.1: Torques influencing the magnetization M in the framework of the Landau-
Lifshitz-Gilbert-Slonczewski equation. τH is caused by the effective magnetic field, τG by
damping and τS by a spin polarized current. For the assumptions underlying the picture see
text.

• Zeeman energy: This term describes the interaction of the magnetization
with an external field ~H. It is given by: WZ = − ~M ~H. The Zeeman energy is
minimal for an alignment of the magnetization with the field.

• Demagnetizing energy: This term arises due to the finite lateral dimensions
of magnetic samples. At the surfaces fictitious magnetic charges appear, be-
cause they cannot be compensated by neighbouring magnetic moments. These
charges are the origin of the demagnetizing field ~Hdemag within the sample and
the stray field outside of the sample [43, pp. 49]. The demagnetizing field is
always directed opposite to the magnetization. It depends on the sample shape
and can be inhomogeneous in space. Often, the external and the demagnetizing
field are combined to give the internal field: ~Hint = ~H + ~Hdemag. The internal
field plays an important role in defining the frequency and spatial profile of
spin waves in confined structures.

• Exchange energy: The exchange energy has its origin in the quantum me-
chanical Pauli exclusion principle and was first described by Heisenberg [46].
It favours an alignment of neighbouring spins. The strength of the exchange
energy is characterised by the exchange constant A, which can again be re-
garded as a material parameter. The exchange energy becomes important
for spin waves when the wavelength λ is of the order of the exchange length

lex =
√

A
2πM2

S
[47]. The exchange length in Permalloy is lex ≈ 6 nm.

• Anisotropy energy: This term describes the fact that many ferromagnets can
be magnetized in one direction more easily than in another [48, pp. 83]. The
most common anisotropy is magnetocrystalline anisotropy originating in the
crystal structure of the magnet. In Permalloy, magnetocrystalline anisotropy
is negligible.
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Figure 2.2: Coordinate system used for the infinite thin film dispersion relation. An
infinite film with thickness L and magnetization M is shown. Plane waves travel along ζ
enclosing an angle ϕ with the z-axis.

With the effective field we finally get the conservative part of the Landau-Lifshitz-
Gilbert-Slonczewski equation (2.1):

~τH = −γ ~M × ~Heff. (2.9)

We see that ~τH stands perpendicular on both the magnetization and the effective
field. This situation is depicted in Figure 2.1 assuming that the equilibrium direction
of the magnetization coincides with the field. In this picture ~M precesses about the
field ~H.

2.1.2 Spin waves in thin films

The Landau-Lifshitz equation ∂ ~M/∂t = ~τH has been analysed for numerous geome-
tries and taking into account different energy contributions. An overview is given
in [44]. Of particular importance for applications is the analysis of spin waves in an
in-plane magnetized, thin film [43, p. 52]. Such a film is sketched in Figure 2.2.

Kittel derived the frequency for the uniform magnetization precession, i.e. the
wave vector k = 0, in such a film [49]. The corresponding Kittel formula is given by

ω0 = γ
√
H(H + 4πMS). (2.10)

Damon and Eshbach extended the analysis to spin waves with k > 0, however,
still neglecting the exchange energy [50]. To include this energy contribution and
calculate the full spin wave spectrum is mathematically demanding [51–53]. Here,
we focus on the relevant results for this thesis. We mainly follow [51].

Consider a ferromagnetic film with thickness L in the x-direction and unbound in y-
and z-direction (Figure 2.2). The film is magnetized to saturation by an external field
H in z-direction. In the calculations the Landau-Lifshitz equation is linearised and
the magnetostatic approximation of the Maxwell equations and exchange boundary
conditions [54] are taken into account. The spin wave is assumed to be a plane wave
along the ζ-direction enclosing an angle ϕ with the z-axis:

~m(ζ, t) ∝ exp
[
i(ωt− kζζ)

]
. (2.11)
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2.1 Conservative motion

Figure 2.3: Spin wave dispersion for a thin film. Spin wave frequency and group velocity
as a function of wave vector k as well as decay length as a function of frequency for spin
waves travelling parallel to the magnetic field, k ||H, and perpendicular to it, k⊥H, in a thin
film. Parameters: γ = 2.8 MHz/Oe, A = 1.3 × 10−6 erg/cm, 4πMS = 10053 G, H = 600 Oe,
L = 5 nm, αG = 0.02.

Then, for the case that the distribution of the dynamic magnetization across the film
thickness is uniform, an approximate dispersion relation can be derived:

ω2(k) =
[
ωH + ωM

(
1 + l2exk

2 − P
)][

ωH + ωM

(
l2exk

2 + P sin2(ϕ)
)]

with ωH = γH, ωM = γ4πMS and P = 1− 1

kL

(
1− exp(−kL)

)
. (2.12)

Figure 2.3 shows the dispersion relation for a Permalloy film with a thickness L =
5 nm and H = 600 Oe for the cases k||H (ϕ = 0◦) and k⊥H (ϕ = 90◦). Below, the
group velocity

vg(ϕ = ϕ) =
∂ω(ϕ = ϕ)

∂k
(2.13)

is shown. We outline the characteristic features of the dispersion:

• The frequency lies in the GHz range, the group velocity is of the order of
1µm/ns.

7



2 Theoretical considerations
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Figure 2.4: Internal field in a Permalloy rectangle. z-component of the internal field in a
10 nm×2000 nm×1730 nm Py rectangle subject to an external field along z with Hext = 600 Oe.
Field was calculated with MuMax3.

• Both branches meet at k = 0 at the cutoff frequency f0 = ω0/2π ≈ 7.1 GHz.
Waves with a frequency lower than f0 are exponentially damped in the film.

• For k||H the group velocity is negative until k ≈ 0.2 × 105 cm−1. This is why
these waves are called backward volume waves [55, pp. 158]. The minimum
of the dispersion is much more pronounced in thicker films. However, for L =
5 nm nearly the whole spectrum is dominated by the exchange energy and the
frequency rises roughly quadratically with increasing k.

• For k⊥H the group velocity is always positive and higher compared to k||H. In
thick films these waves are located at the surface of the film and their dynamic
amplitude decreases exponentially away from the surface, so they are referred
to as surface waves [55, pp. 162].

2.1.3 Spin wave confinement

The lateral confinement of spin waves in all three dimensions has two main con-
sequences: The internal field Hint becomes strongly inhomogeneous and the wave
vector of the modes become quantized.

Inhomogeneous internal field

The confinement of spin waves leads to additional magnetic charges at the surfaces.
In magnetic elements where the thickness is much smaller compared to the lateral
dimensions this leads to an inhomogeneous demagnetizing field and consequently
to an inhomogeneous internal field [56]. As an example the internal field in a Py
rectangle subjected to an external field of Hext = 600 Oe along the z-direction is
shown in Figure 2.4. The plot is the result of a micromagnetic simulation (see
Chapter 3). We see that the internal field is nearly constant in the center of the
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2.2 Damping

rectangle. There it has a value of Hint ≈ 580 Oe. However, at the edges along the
z-direction a strong decrease is observed until the field is zero.

This decrease leads to the appearance of a new class of modes: so called edge or
localized modes [57–60]. They get their name from the fact that they are localized
at the edges of a sample. We can rationalize this by assuming local validity of the
dispersion relation (2.12) [59]. However, instead of the external field now the internal
field enters the expression. At the edges this field is lower, hence, the frequency of
edge modes is lower compared to usual modes in a thin film. Also, these modes
cannot extend into the center of the film, because they are exponentially damped
due to their low frequency.

In the center of the sample the consequences of the inhomogeneous magnetic field
are less severe. As the internal field is lowered by 20 Oe compared to the infinite film
case the frequencies in the center will be lower as well.

Quantized wave vector

If spin waves in a magnetic element can propagate from end to end of the sample it
becomes a magnetic resonator [61]. Then, only standing spin waves can exist. Due to
the lack of propagation the rigorous definition of a wave vector is difficult. However,
one can still introduce a characteristic wave vector which will be quantized. In a
simple quantization scheme a sinusoidal dependence of the dynamic magnetization
is assumed [59]. If the spin wave is localized in an area with side lengths of lz and ly
in z- and y-direction, respectively, the corresponding characteristic wave vectors are
given by

kz =
(n+ 1)π

lz
and ky =

(m+ 1)π

ly
, (2.14)

with m,n = 0, 1, .... Here, ly,z are called localization lengths. The dispersion relation
(2.12) can then still be used as a good approximation with k =

√
k2
y + k2

z and ϕ =

arctan
(
ky
kz

)
.

2.2 Damping

The Landau-Lifshitz equation describes the conservative motion of the magnetization
- if the effective field is constant, the magnetization precession goes on forever. This is
in contradiction to physical reality, where damping leads to a decrease of the preces-
sion angle. In 1955 Gilbert developed a theory that allows for the phenomenological
description of damping [45]. This model was generalized by Slavin and Tiberkevich
in 2007 to account for a precession with larger precession angles [62]. These models
do not contain any information about the physical origins of the damping, which
in general are magnon-magnon interactions, energy transfer to phonons or to the
conduction electrons [45].
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In the phenomenological approach a torque ~τG is added to the Landau-Lifshitz
equation [62]:

∂ ~M

∂t
= ~τH + ~τG (2.15)

with ~τG =
α(ξ)

MS

(
~M × ∂ ~M

∂t

)
. (2.16)

Here, ξ is given by

ξ =
(∂ ~M/∂t)2

ω2
MM

2
S

. (2.17)

For finite precession angles the expression for α can be expanded into a Taylor series

α(ξ) = αG(1 + q1ξ + q2ξ
2 + ...), (2.18)

with qi ≈ 1. If only the zeroth order is considered the traditional Gilbert damping
torque is recovered:

~τG =
αG

MS

(
~M × ∂ ~M

∂t

)
. (2.19)

Here, the dimensionless αG is called Gilbert damping parameter and typically αG � 1
holds. In the case of Permalloy on Pt αG ≈ 0.02. The Gilbert torque is depicted
in Figure 2.1. It stands perpendicular on the field ~H, the magnetization ~M and the
conservative torque ~τH and leads to a reduction of the precession angle.

If αG is small, which is the case for all materials at interest in magnonics, damping
can be included into the analysis in Section 2.1 by substituting ωH → ωH + iαGω and
the dispersion relation (2.12) can still be used [44, p. 19]. However, the frequency
then becomes imaginary ω = ω′ + iωr, where ω′ is given by Equation (2.12) and the
relaxation rate ωr is given by [44, pp. 167]

ωr = αGω
′ ∂ω

′

∂ωH

. (2.20)

This means that in resonance experiments the linewidth of a spin wave resonance
will be broadened due to damping [44, pp. 17].

On the other hand, one can also define an imaginary wave vector k = k′ + ik′′.
k′′−1 has the physical meaning of a decay length and is given by

k′′−1 =
vg

ωr

. (2.21)
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2.3 Spin current

Figure 2.5: Cartoon showing the basics of the spin Hall effect. A charge current jc flows
through a Pt layer. Due to spin-orbit coupling spin is accumulated at the boundaries. This can
be described as a spin current jS that can interact with the magnetization M of e.g. Permalloy.
Figure from [17].

In Figure 2.3 the decay length is shown as a function of spin wave frequency for the
thin Permalloy film with αG = 0.02. One sees that the decay length is of the order
of 1µm in such a film.

2.3 Spin current

We give a short introduction into the spin Hall effect and describe how it can be
included in the above analysis.

2.3.1 Spin Hall effect

The main idea of the spin Hall effect is that an unpolarized charge current ~jc flowing
through a conductor can be accompanied by a spin current ~js [22]. This was first
discovered in semiconductors [63] and later extended to paramagnetic metals [21].

The situation is depicted in the cartoon in Figure 2.5 for the spin Hall effect
in Pt. A charge current ~jc flows through the layer. Scattering of the electrons
at impurities [64] in combination with strong spin-orbit coupling results in a spin
imbalance across the layer. This is analogous to a spin current perpendicular to the
charge current, ~js⊥~jc. In general, this is a three dimensional problem, but in this
thesis a spin current in only one direction is of importance.

The ratio of spin and charge current defines the efficiency of the spin current
generation and is called spin Hall angle φH. For Pt the reported values of φH differ
by one order of magnitude, probably due to different measurement techniques. We
find φH = 0.01 [65], φH = 0.11 [66] and φH = 0.076 [19] in the literature.

If a ferromagnet is brought into contact with the conductor the electrons scatter
at the interface and hereby transfer angular momentum from the conducting to the
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magnetic layer (or vice versa). This can be described in a phenomenological way
by a spin transfer torque (STT) acting on the magnetization in the magnet [67].
Magnetization dynamics in that layer can then be excited or suppressed [28,68].

2.3.2 Slonczewski torque

The idea of spin transfer was introduced by Slonczewski and Berger in 1996 [69–71].
However, they did not look at spin transfer induced by the spin Hall effect but
rather at magnetic multilayer structures consisting of a ”fixed” magnetic layer, a
non-magnetic spacer and a ”free” magnetic layer. Following [38], a charge current I
gets spin-polarized in the fixed layer with an efficiency ε in the direction of the unit
vector ~ep. This spin-polarized current then exerts a torque

~τS =
σ0I(~r)

MS

[
~M ×

[
~M × ~ep

]]
(2.22)

on the magnetization in the free layer. Here, σ0 is given by

σ0 =
εgµB

2eMSLS
, (2.23)

where g is the spectroscopic Lande factor, µB is the Bohr magneton, e is the modulus
of the electric charge, MS is the saturation magnetization, L is the thickness of the
free layer and S is the area of the current-carrying region, so that the charge current

density is jc(~r) = I(~r)/S. The current can in principal be spatially inhomogeneous.
However, if not marked otherwise, we will assume a spatially homogeneous current
I(~r) = I in this thesis.

The torque ~τS can also be used for STT induced by the spin Hall effect, because
the above equations do not explicitly model the fixed layer, but only incorporate the
characteristics of the spin-polarized current. By substituting the efficiency ε with the
spin Hall angle φH, spin Hall effect induced dynamics can be considered.

Let us define

~M =

 mx

my

MS

 , ~Heff =

 0
0
H

 , ~ep =

 0
0
1

 . (2.24)

Then, for mx,my � MS and small αG we can substitute in the damping torque ~τG

the exact time derivative by the conservative torque ~τH. This yields

~τG ≈
γαG

MS

~M ×
[
~Heff × ~M

]
= −αGωH

 mx

my

0

 and ~τS = −σ0I

 mx

my

0

 . (2.25)
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2.3 Spin current

We see that the damping torque and the spin transfer torque are collinear. Hence,
the spin transfer torque can either enhance or suppress magnetization dynamics,
depending on the sign of the current I. Therefore, the spin current is sometimes
referred to as ”negative damping”. Figure 2.1 shows the different torques for a small
angle precession of the magnetization. Note that in a film, in the above expression
αGωH has to be replaced by ωr (Equ. (2.20)) [72].

If the current I exceeds a threshold Ith enough I > Ith, it can completely compen-
sate the damping and enable auto-oscillation of the magnetization [20, 29, 31, 33, 34,
73–75].

In this thesis we are interested in the dynamics below the compensation point
I < Ith. Following [38], for the excitation of a single spin wave mode it is convenient
to rewrite the Landau-Lifshitz-Gilbert-Slonczewski equation in terms of a complex
spin wave amplitude

c =
mx − imy√

2MS(MS +mz)
, (2.26)

where ~M = (mx,my,mz). We then get a differential equation

dc

dt
+ iω(p) · c︸ ︷︷ ︸

Conservative motion

+ Γ+(p) · c︸ ︷︷ ︸
Gilbert damping

− Γ−(p) · c︸ ︷︷ ︸
Spin transfer torque

= f(t)︸︷︷︸
External force

, (2.27)

where p = |c|2 is the power and f(t) is some external driving force, e.g. a magnetic
field or a thermal bath. The remaining expressions are only considered in the weakly-
nonlinear regime (p� 1) and are given by

ω(p) ≈ ω(p = 0) +Np, (2.28)

Γ+(p) ≈ ωr(1 +Qp) and (2.29)

Γ−(p) ≈ σ0I(1− p). (2.30)

Here, N characterises a possible non-linear frequency shift with increasing power and
Q determines how the damping evolves with rising p. For an in-plane magnetized
film Q incorporates the expansion of the damping coefficient α (Equ. (2.18)) up to
first order, i.e. α(ξ) ≈ αG(1 + q1ξ).

Without any external driving force, one can find the threshold current for auto-
oscillation from Equation (2.27):

Ith =
ωr

σ0

. (2.31)

Physically this corresponds to the situation where the current exactly compensates
the losses of the system.

If thermal fluctuations according to the fluctuation dissipation theorem [76] are
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Figure 2.6: Inverse power as a function of current. Current dependence as predicted by
Equ. (2.32).

considered as the external driving force, one can calculate the mean power p. In this
thesis, we will usually analyse the inverse power normalised at zero current instead.
The theoretical expression for I < Ith is given by

p(I = 0)

p(I)
= 1− Γ−(p = 0)

Γ+(p = 0)
= 1− σ0I

ωr

. (2.32)

In this approximation we get a linear dependence of the inverse power on the current
(Figure 2.6). The slope is given by

σ0

ωr

=
εgµB

2eMSLSωr

. (2.33)

As this expression relies on an expansion around p = 0 we expect it to fail for I in
the proximity of Ith. Instead a more complicated expression is found for the whole
range of bias currents, that is given by Equation (84) in [38].
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3 Methods

Our study is motivated by experiments done with an equilateral triangle made of
Permalloy. We describe the experimental technique used to obtain these results and
the sample. Then we introduce micromagnetic simulation and present the models
investigated in this thesis.

3.1 Experiments

3.1.1 Micro-Brillouin Light Scattering Spectroscopy

Microfocus Brillouin light scattering spectroscopy (microBLS) was used to investigate
the magnetization dynamics in a Permalloy triangle. BLS in general builds upon the
fact that light can be inelastically scattered by magnons [78]. In this scattering
process the total energy and the total momentum are conserved. From the energy
difference between the incident and scattered light the frequency of the spin wave
and from the difference in momentum the wave vector of the magnon can be inferred.
One can show that the intensity of the scattered light is proportional to the intensity
of the dynamic magnetization [79].

In microBLS a higher spatial resolution compared to standard BLS is achieved by
sacrificing the sensitivity for the wave vector. The setup is shown in Figure 3.1 and
described in detail in [80]. Laser light with a wave length of 532 nm is first linearly
polarized. The beam is then formed using an expander and a diaphragm. Afterwards
the light is focused onto the sample which is mounted on a x-y-z-stage. The laser
spot has a diameter of 250 nm. Permanent magnets allow for the application of a
static external magnetic field.

The backscattered light is directed into an interferometer with a polarizing beam
splitter. Here it is exploited that the polarization direction of the light is rotated
by 90 degrees when it scatters of a spin wave. Also, this fact makes it possible to
distinguish magnetic excitations from other collective excitations such as phonons
where no rotation takes place. White light in combination with a CCD camera is
used to control the position of the sample and the laser spot.

microBLS can be operated in different measurement modes. BLS spectra can
acquired at the position of the laser spot with a frequency resolution of 100 MHz. To
investigate the two dimensional spatial structure of spin wave modes, the frequency
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Figure 3.1: microBLS setup. Laser light is focused onto a magnetic sample and inelastically
scattered by a magnon. The scattered light is analysed in an interferometer. Figure used by
courtesy of Henning Ulrichs [77, p. 33].

can be fixed and the laser spot is then scanned across the sample using the x-y-z-
stage. Finally, the excitation pulses can also be synchronized with the interferometer
to measure the time development of the spin wave intensity with a time resolution
of 1 ns.

3.1.2 Sample

The sample is depicted in Figure 3.2. An equilateral triangle made out of Permalloy
(Py), Ni80Fe20, with a side length of 2µm and a thickness of 5 nm was fabricated on
top of a 9 nm thick Pt stripline as in detail described in [81]. The test device was
produced1 on sapphire substrates by a combination of room-temperature magnetron
sputtering in ultrapure Ar and e-beam lithography. Before deposition, the substrate
was annealed in air at 1300 ◦C, resulting in an atomically smooth surface. In all
of the processes involved in the device fabrication, the temperature was kept below
150 ◦C to minimize interdiffusion at the interfaces.

A magnetic field of H = 600 Oe was applied perpendicular to one side of the
triangle as shown in the Figure. The field ensures that the ferromagnet is magnetized
to saturation. In equilibrium the magnetization then points along the field direction
with deviations only at the edges of the sample.

For excitation of the magnetization a dc current I was applied to the Pt layer
underneath the Py triangle. The spin Hall effect (SHE) in Pt gives rise to a spin

1by S. Urazhdin of Emory University, Atlanta, USA
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a)

H=600 Oe

M

I

Py triangle

Pt stripline

b)

5 nm

9 nm

2 mm

Figure 3.2: Sample. An equilateral triangle with a side length of 2µm was placed onto a
Pt stripline. The width of the stripline is not drawn to scale. The dc current produces a spin
imbalance across the Pt layer due to the spin Hall effect.

imbalance perpendicular to the current direction [21, 22, 63]. The current had mag-
nitudes ranging from 0 to 19 mA.

No experimental imaging, e.g. scanning electron microscope images, was avail-
able for the sample. Hence, there was no way to verify the sample shape and its
dimensions.

3.2 Micromagnetic simulation

3.2.1 Basics

In many cases that are interesting for applications analytical theory of spin waves re-
quires approximations of the nonlinear Landau-Lifshitz-Gilbert-Slonczewski (LLGS)
equation [44]. Instead, in micromagnetic simulations the full equation is considered.
The basic idea is to map the LLGS onto a discrete mesh and numerically compute
the time evolution of the system. Introductions with a focus on nanoscale elements
can be found in [82,83].

In finite-difference simulations the sample is represented by a regular mesh of
N = Nx · Ny · Nz prismatic cells n1...nN . This is schematically shown in Figure
3.3. The side length of these cells should be of the order of the exchange length
lex, because in each cell the saturation magnetization MS as well as the exchange
constant A and the Gilbert damping parameter αG are assumed to be constant [84].
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Figure 3.3: Scheme for micromagnetic simulation.
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3.2 Micromagnetic simulation

The different energy contributions to the LLGS (see Section 2.1.1) are included
in a discrete formalization [84, 85]. In this thesis we use MuMax3, an open source
micromagnetic simulation code. Details of the implementation can be found in [86].
We note that the calculation of the dipolar field utilizes spatial Fourier transformation
and can therefore be accelerated using graphic cards instead of CPUs [87]. This is
the case in Mumax3. Also, the Gilbert damping (2.18) is included up to zeroth order.

We now present the typical steps in micromagnetic simulation and post-processing
of the data. Post-processing was done programming the software Wolfram Mathe-
matica [88]. The steps are schematically shown in Figure 3.3. First, the material
parameters are set to the typical values for Permalloy: A = 1.3 × 10−6 erg/cm,
MS = 800 G (equivalent to 4πMS = 10053 G), γ/2π = 2.8 MHz/Oe [58, 89, 90]. The
Gilbert damping constant is set to the typical value for Py on Pt of αG = 0.02 [17,19].
This is larger than the standard value of αG = 0.008.

Next, the equilibrium orientation of the magnetization is obtained. For this, a
constant external field is applied and an internal relaxation routine of MuMax3 is
used before the system is left to relax for 10 ns with an artificially high damping of
αG = 1. From this the internal field ~Hint can be extracted.

Then, depending on the application, the system is excited by an external magnetic
field and/or a spin transfer torque. The system is evolved according to the LLGS for
the time t and the time development of each cell is saved at equidistant time steps
∆t.

What follows is a generalization of the micromagnetic spectral imaging technique
[91]. The time development of each cell m1(t)...mN(t) is Fourier transformed to
obtain the so called local spectra: mi(f) = F [mi(t)]. According to the sampling
theorem the maximum frequency is given by fmax = 1

2∆t
and the frequency spacing

is given ∆f = 1
t

[92]. If not stated otherwise, t = 10 ns and fmax = 10 GHz.

From the Fourier transformation of each cell two-dimensional maps of the squared
absolute value, in short FFT intensity, and the Fourier phase are produced. An
integrated spectrum is calculated using

|m(f)|2 =
1

N

N∑
i=1

|mi(f)|2, (3.1)

which is a measure for the overall strength of a frequency f in the sample.

Spin wave modes appear as peaks in the spectra. The power or energy of a mode
can be calculated by numerically integrating over this peak. We then obtain for each
cell p1...pN , which can be again mapped onto a two-dimensional plot. By averaging
over the values we get the mean mode power.

In this thesis, two applications are most relevant: eigenmode spectra and the mode
power as a function of applied current.
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Eigenmode spectra

Here, the system is excited by a field pulse ~h∼⊥ ~M with a length of approximately
15 ps. This excites many modes simultaneously which then exponentially decay due
to damping. Each cell is saved every ∆t = 50 ps. The integrated spectrum is then
analysed and the FFT intensity as well as the phase is mapped out in two dimensions.

Mode power as a function of current

To determine the influence of a current on a mode with frequency f1 this mode is
linearly excited using an rf magnetic field ~h∼⊥ ~M with a time dependence sin(2πf1t)
and a magnitude of h∼ = 0.1 Oe. The influence of the current is included using the
Slonczewski torque ~τS with a polarization direction ~ep = (1, 0, 0) and a spin Hall
angle φH = 0.1 [32, 93, 94]. The system is evolved for 5 ns to reach an equilibrium
state and then the magnetization is saved for 10 ns. From this the mode power is
obtained as explained above.

3.2.2 Models

In this thesis we have analysed three different micromagnetic model samples that are
presented in the following. All models share the typical material parameters of Py.
Also, it was verified for each model that a refinement of the mesh did not lead to
significant deviations for several test cases. All three models are sketched in Figure
3.4a-c.

Model 1: Square

Model 1 is a square with dimensions of 5 × 250 × 250 nm3, that was descretized
into 1 × 64 × 64 cells. Hence, each cell had a size of 5 × 3.9 × 3.9 nm3. A field
of H = 1000 Oe was applied along the z-direction. Model 1 has the purpose of a
reference: The eigenmodes of this geometry are well known and the size is certainly
smaller than the decay length as seen in Figure 2.3 [60].

Model 2: Rectangle

Model 2 is a rectangle with dimensions of 10×2000×1730 nm3, that was descretized
into 1× 256× 256 cells. Hence, each cell had a size of 10× 7.8× 6.8 nm3. A field of
H = 600 Oe was applied along the z-direction with a slight deviation of 1 degree to
avoid degeneracy [93]. Model 2 serves as intermediate between model 1 and model
3. It already has the dimensions of the experimental sample but the geometry is still
well known.
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Figure 3.4: Model samples used in this thesis. a) Square b) Rechtangle c) Triangle d) For
comparison: Scanning electron micrograph of 300 nm wide, 9 nm thick Py triangle with an
average rounding of 70 nm. Figure d) from [95].

Model 3: Triangle

Model 3 comes closest to the experimental sample. It has dimensions of 5× 2000×
1730 nm3 and was descretized into 1× 256× 256 cells. Hence, each cell had a size of
5 × 7.8 × 6.8 nm3. A field of H = 600 Oe was applied along the z-direction with a
slight deviation of 1 degree to avoid degeneracy [93].

However, the shape is not a triangle in the mathematical sense as the sharp vertices
would not be physical. In the fabrication process vertices with a finite edge radius will
be produced as can be seen in Figure 3.4d where an edge radius of 70 nm was found.
As no experimental imaging was available we cannot determine the edge radius of
our sample and therefore for simplicity assume an edge radius of r = 50 nm.
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4 Results

In the first part of this Chapter we analyse and discuss the experimental data. Then,
we develop a micromagnetic model, gradually approaching the experimental situa-
tion.

4.1 Experiments

We discuss the spin wave spectrum and investigate how the energy of the spin current
flows into different modes.

4.1.1 Spin wave spectrum

The thermal spectrum, meaning the BLS spectrum acquired without any current
applied to the sample, is shown in Figure 4.1. We recall that the BLS intensity
is proportional to the intensity of the dynamic magnetization. Both spectra are
normalised separately. At the center of the triangle (black dots) we see a peak at
f = 7.2 GHz. The peak is not Lorentzian. It is asymmetric with the slope on the
left of the maximum being steeper than on the right of the maximum. Also, we see
a small shoulder at about 6.0 GHz. This already indicates that this peak originates
not from one single spin wave mode but from a superposition of several modes.

At the edge of the sample a new, much larger shoulder appears at frequencies below
6.2 GHz with a maximum at f = 5.4 GHz. From the dispersion relation (2.12) for a
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Figure 4.1: Thermal spectrum. Normalised BLS spectra at the edge (red) and in the center
(black) of the triangle.
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Figure 4.2: BLS spectra as a function of charge current. Pseudocolour logarithmic map
of the BLS intensity versus frequency and current. The BLS laser spot was positioned at the
edge of the triangle as indicated in the cartoon on the left.

thin film shown in Figure 2.3 we know that the minimum cutoff frequency for this
sample should lie at roughly 7.0 GHz. Hence, such low frequencies seen here cannot
exist in the center of the triangle. This as well the appearance of the shoulder at
the edge gives evidence that the shoulder belongs to the band of edge modes in this
sample [57].

Hence, in contrast to most previous studies the triangle is a multi-mode spin wave
system which in the following will be subjected to a spin current.

4.1.2 Effect of the spin current

Spectrum

When a charge current with the correct polarity, the one for which the magnetic
moments in the spin current are antiparallel to the magnetization, is applied to the
sample both edge and center modes can be amplified. This is shown in Figure 4.2.
In contrast to theoretical predictions both types of modes are present over the whole
current range from 0 to 19 mA. In this range their intensity increases by three orders
of magnitude.

However, the behaviour of the intensity as a function of current is quite different
for both mode systems. At I = 0 mA the center modes are stronger than the edge
modes. This difference is compensated at I = 10 mA. Between 10 mA and 18 mA the
edge modes show a stronger intensity - with the maximum difference being about
one order of magnitude at I ≈ 17 mA. Above 18 mA the situation is again reversed
with the center modes being strongest.
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Both edge and center modes exhibit a redshift of the central frequency with the
strongest for currents I > 15 mA. The shift is stronger for center modes.

Spatial behaviour

Two-dimensional mode profiles were recorded by scanning the BLS laser spot over
the sample with a step size of 0.1µm whilst keeping the frequency fixed. Figure
4.3 shows the resulting maps at the edge modes (left) and the center modes (right)
peak frequencies for currents of I = 15 mA, I = 17 mA and I = 19 mA. The mode
profiles confirm the assignment of the low frequency peak to edge modes and the
high frequency peak to center modes.

The edge modes are situated at the edge that is perpendicular to the magnetic
field direction and in the cross section a peak about 0.3µm away from the edge can
be seen. With increasing current the modes profile changes from a triangular shape
to a more sinusoidal one. In the direction perpendicular to the magnetic field the
modes show two peaks, each being about 0.4µm away from the closest vertex. In
the middle there is a dip that gets less pronounced with increasing current.

The center modes are extended across the whole of the triangle. Along the direction
of the field the intensity increases from the apex to the edge and has a maximum
0.6µm away from the edge. For increasing current this peak gets more pronounced.
In the direction perpendicular to the field a dip is seen in the middle that vanishes
for I = 19µm. We stress that the center modes do not show three-fold symmetry
and therefore cannot be described by the eigenfunctions of the triangular geometry
in contrast to the center modes in rectangular elements [60,96,97]. A more detailed
discussion will be presented lateron.

From these spatial BLS measurements we can conclude that the spatially uniform
spin current influences the modes in a spatially non-uniform way - at least in the
current range from 15 to 19 mA. There are two explanations at hand. We recall that
we are most likely imaging a superposition of several spin wave modes. The changes
in the profile might originate from a different amplification of different modes, thus
altering the superposition, or from a true change in the spatial mode structure. This
point is discussed further lateron.

Quantitative analysis

To quantify the behaviour of the current excited modes we fitted the BLS spectra.
From the fits we extracted the area under each peak, which is proportional to the
power of the modes, and the central frequency. All fits were performed using the
software Fityk employing a least-square method [98]. Fits with simple Lorentzian
curves did not produce satisfying results as they were not able to incorporate the
asymmetry seen in the peaks [99]. Instead we used a split pseudo-Voigt function
that is often utilized for spectroscopic analysis [100]. The pseudo-Voigt function is
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Figure 4.3: Spatial BLS maps. BLS intensity across the triangle at the edge modes peak
frequency (left) and the center modes peak frequency (right) at currents of a)I = 15 mA, b)
I = 17 mA and c) I = 19 mA.
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Figure 4.4: Fitting of the whole spectrum. Normalised BLS spectra at the edge of the
triangle for different currents. Solid lines show fits with a superposition of two split Pseudo-
Voigt functions.
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Figure 4.5: Separate fitting of center and edge modes. Normalised BLS spectra at the
edge of the triangle for different currents. Solid lines show fits where each peak is separately
fitted with a split Pseudo-Voigt function.
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Figure 4.6: Fitting of center modes at the center. Normalised BLS spectra at the center
of the triangle for different currents. Solid lines show fit to the center mode peak with a split
Pseudo-Voigt function.
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given by the superposition of a Gaussian and and a Lorentzian function:

PV (fc, I0,A, η) = I0

[
(1− η) exp

(
−
(

ln(2)(f − fc)
σ
√
π

)2
)

+ η
1

1 +
(
f−fc
σ

)2

]
(4.1)

with σ =
2A

I0π
.

Here, I0 is the intensity at the central frequency fc and A is the area. η determines
the shape with η = 1 meaning completely Lorentzian and η = 0 meaning completely
Gaussian. A split Pseudo-Voigt function is then used to describe the BLS intensity:

IBLS(f) =

{
PV (fc, I0,A1, η1) for f < fc

PV (fc, I0,A2, η2) for f ≥ fc.
(4.2)

We have used three different fitting procedures:

1. We have fitted the spectra obtained at the edge of the triangle (red dot in
Figure 4.1). Each spectrum was fitted as a whole. Hence, a superposition
of two split pseudo-Voigt functions was assumed, IBLS = IEdgeBLS + ICenterBLS . In
Figure 4.4 the spectra and corresponding fit functions are shown. The data
can be described well by the assumed model. The largest discrepancies are
seen for small currents I < 10 mA, because thermal noise is still visible. Also,
we see that the edge mode shoulder evolves into a single peak and not all edge
frequencies are amplified, which makes the fitting at small currents difficult.

2. As an alternative approach we have fitted the spectra obtained at the edge
(red dot in Figure 4.1) with two separate functions, one for the edge and one
for the center modes. The results are shown in Figure 4.5. Again we find
good agreement between model and data. However, this approach is likely to
overestimate the area under the edge peak, because the tail of the center peak
is incorporated in there.

3. We have fitted the center peak in the BLS spectra obtained at the center of the
triangle (black dot in Figure 4.1). A fitting of the edge peak was not possible,
because the edge modes were only present in a limited current range. Figure
4.6 presents the data and the fits, again showing good agreement.

Figure 4.7 compares the fitting procedures 1 and 2 for the spectra obtained at the
edge. On the left the inverse power is shown given by the inverse area normalised
at zero current. For all modes and in both fitting procedures we see a similar trend.
From 0 to 5 mA the inverse power sharply decreases. Between 5 mA and 16 mA the
decrease is roughly linear, sometimes slightly concave. Also, the central frequency
decreases with increasing current. The non-linear decrease originates from the re-
duction of the effective magnetization due to the excitation [28].
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Figure 4.7: Fitting results of spectra at the edge. Normalised inverse power and central
frequency fc as a function of current as determined from the fitting of the BLS spectra acquired
at the edge of the triangle: a) edge and center modes fitted together and b) edge and center
modes fitted separately. Solid green lines are linear fits.
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Strictly speaking, the non-linear auto-oscillator theory presented earlier (Equation
(2.32)) is no longer valid, because the assumption that only one spin wave mode is
excited no longer holds. Still we observe the linear decrease predicted by Equation
(2.32) in a limited current range. We can extrapolate these linear regions to 0 using
linear fits and extract Ith. However, we stress that these are collective thresholds for
all center modes and for all edge modes, which are probed by the microBLS setup.
No conclusion can be made for the threshold of a single mode.

For the edge modes we find Ith = 16.5 mA for fitting procedure 1 and Ith =
17.0 mA for fitting procedure 2. For the center modes we find Ith = 18.6 mA and
Ith = 18.5 mA. The ratio of these values is given by

ρexp =
Icenterth

Iedgeth

18.55 mA

16.75 mA
≈ 1.11, (4.3)

where we have used the average value for both mode systems. On the other hand,
from the theoretical Equation (2.31), assuming that σ0 is equal for all modes, we see
that the ratio of threshold currents solely depends on the relaxation frequencies:

ρthe =
ωcenterr

ωedger

=
αGω

center ∂ωcenter

∂ωH

αGωedge
∂ωedge

∂ωH

≈
f center∆fcenter

∆H

f edge∆fedge

∆H

≈ 1.25. (4.4)

Here, the field dependence of the mode frequencies was extracted from a BLS mea-
surement at H = 1000 Oe yielding ∆H = 1000 Oe− 600 Oe = 400 Oe and

∆f center = f center(H = 1000 Oe)− f center(H = 600 Oe) = 9.2 GHz− 7.1 GHz = 2.1 GHz
(4.5)

and ∆f edge = f edge(H = 1000 Oe)− f edge(H = 600 Oe) = 7.6 GHz− 5.4 GHz = 2.2 GHz.
(4.6)

Qualitatively, the idea that modes with a higher frequency have a higher threshold
current (due to ωr ∝ ω) is confirmed by the data. Quantitatively, the values differ by
about 13 % and the different thresholds cannot be explained by different frequencies
alone.

In Figure 4.8a the inverse power and central frequency for fitting procedure 3
for the center modes measured at the center of the triangle are shown. We find a
linear dependence for I ≥ 5 mA yielding a threshold current Ith = 19.5 mA. Hence,
the threshold current of the center modes depends on the position. However, the
different central frequencies, f = 7.1 GHz at the edge and f = 7.2 GHz at the center,
already indicates that different modes are probed, so a comparison is difficult. The
central frequency also shows a strongly non-linear decrease.

All fitting results are compared in Figure 4.8b. We point out that the central
frequencies obtained from the spectra at the edge of the triangle (procedure 1 and 2)
are independent of the fitting procedure indicating that the fits converge in a robust
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manner. The result that the edge modes are affected differently compared to the
center modes holds regardless of the fitting procedure. Over a wide current range
up to I = 18 mA the inverse power of the edge modes lies below the center modes
showing that the relative growth of the power of these modes has been stronger. The
difference is larger for fitting procedure 2, because as mentioned it overestimates the
area under the edge mode peak and therefore enhances the effect. The effect cannot
be explained by different relaxation frequencies alone.

When the current approaches Ith for both mode systems auto-oscillations should
be excited [38]. Instead the power of the modes saturates as previously observed in
other non-local spin injection geometries [23,27,28]. The reason for this is that close
to Ith additional relaxation channels are created through which the energy decays,
mainly scattering with large wave vector, exchange dominated spin waves, which
occupy a rather large phase volume.
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Figure 4.8: Fitting results of spectra at the center and comparison of all results. a)
Normalised inverse power and central frequency fc as a function of current as determined from
the fitting of the BLS spectra acquired at the center of the triangle. Solid green line is a linear
fit. b) Comparison of fitting results for all three fitting procedures. Symbols and colours are
the same as used in Figure 4.7 and 4.8a.
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4.2 Micromagnetic simulation

We describe the results of the micromagnetic simulations of spin wave spectra and
current excited dynamics for the models discussed in the Chapter 3.

4.2.1 Spin wave spectrum

Spin wave spectra are obtained using the method described in Section 3.2.1.

Square

We use model 1 to show the capabilities of the micromagnetic spectral imaging tech-
nique [91]. In Figure 4.9 all dynamics were excited with a field pulse ~h∼⊥ ~H with
an amplitude of h∼ = 40 Oe. The spatial profile of the exciting field was varied
to be able to excite higher order modes, which otherwise cannot (or only with low
efficiency) be excited with a uniform field [91]. The spatial profiles, assuming that
the origin of the coordinate system lies at the center of the square, are given by:

a) ~h∼ = h∼ cos

(
π

lz
z

)
cos

(
π

ly
y

)
~ey,

b) ~h∼ = h∼ sin

(
π

lz
z

)
sin

(
π

ly
y

)
~ey,

c) ~h∼ = h∼ cos

(
π

lz
z

)
cos

(
3π

ly
y

)
~ey.

In a) we get the typical result for the fundamental mode which has no nodal lines.
The frequency is given by f1 = 9.8 GHz. The intensity has a single peak at the center
and the phase is constant throughout the sample meaning that all magnetic moments
precess in phase.

For b) we find a frequency of f2 = 11.4 GHz. The mode has one nodal line in each
direction. We see that the lobes oscillate in phase in groups of two with a phase
difference of π between the two groups.

The third mode c) has a frequency of f3 = 12.8 GHz with two nodal lines in
y-direction and no lobes along the field direction. Top and bottom lobe oscillate
in-phase, the middle lobe is out of phase by π.

We can rationalize the order of the modes in frequency space by looking at the
dispersion in Figure 2.3. Due to the small thickness (L = 5 nm) an increase of nodal
lines, meaning higher k, in the relevant range always leads to an increase of the mode
frequency. However, for nodal lines in the direction of the field ~k|| ~H this increase is

smaller than perpendicular to it, ~k⊥ ~H. This explains why f3 > f2 although both
modes have two nodal lines.
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Figure 4.9: Three different modes in the Py square. Averaged spectrum, intensity and
phase maps for a) the fundamental mode without nodal lines and b) and c) higher order
modes with two nodal lines. Dotted lines correspond to the cross sections shown in the line
plots.
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Rectangle

With model 2 we keep the mirror symmetry of model 1 along the y and z axis, but
already adapt the lateral dimensions of the triangle used in the experiments. For
the equilibrium magnetization of this structure in a field of 600 Oe we found a flower
state [101] regardless of the initial magnetization before relaxation. However, in
experiments this state is usually not observed and rather c-states are found [102–104].
The energy difference between the two states is small [59,101]. Also, the flower state
was unstable with respect to domain wall motion when a thermal fluctuation field
corresponding to a temperature T = 300 K was included. This domain wall motion
also showed up in T = 0 K simulations including a spin-transfer torque and absorbed
large amounts of energy as well as interfering with the edge modes. We therefore
artificially created a c-state by fixing the magnetic moments of the first and the last
column of simulation cells to be directed in the ±y-direction as shown in Figure 4.10a.
This effectively leads to a pinning of the magnetization, which for a large width-to-
thickness ratio is the correct boundary condition [105]. The c-state was stable with
respect to room temperature conditions. The same behaviour was observed for the
model of the triangle and therefore the simulation cells were also fixed in that model.

The internal field in the c-state configuration is shown in Figure 4.10a. The field
is nearly homogeneous along the y-direction and in the central region along the z-
direction. About 0.4µm away from the edge the internal field starts to decrease and
reaches zero at the edges as described in Section 2.1.3.

The dynamics were excited with a uniform field pulse ~h∼⊥ ~H. The corresponding
averaged spectrum is shown in Figure 4.10b. We see a peak at f = 7.1 GHz and and
shoulder reaching down to f ≈ 6.0 GHz. Compared to the square (model 1) these
frequencies are lower, which can be explained by the larger lateral size of model 2
as well as a lower static external field. The FFT intensity maps at f = 7.2 GHz and
f = 6.2 GHz are shown in Figures 4.10c and d, respectively. These correspond to
the strongest peaks in the local spectra at the center and at the right edge of the
rectangle.

The intensity at f = 7.2 GHz resembles the fundamental mode of model 1. The
phase map shows a constant phase across the region of homogeneous internal field
supporting this assignment. The intensity shows an approximately sinusoidal depen-
dence in both y- and z-direction. In z-direction several deviations from a cos2-profile
corresponding to the decrease of the internal field are seen. Also, the profile is asym-
metric, which is caused by the slight asymmetry of the external field. In general,
we find that model 2 and 3 are sensitive to even small misalignments of the external
field, probably due to the small thickness. We have kept the misalignment, because
the experimental data is also slightly asymmetric (Figure 4.3) and exact symmetry
is not to be expected from experiment.

At f = 6.2 GHz the intensity is located in the region of reduced internal field.
Hence, these are the lowest order edge modes [59]. Note that the strongest peak in
the local spectrum at the left edge of the sample lies at f = 6.1 GHz. This indicates
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Figure 4.10: Spectrum of the Py rectangle. a) Pseudocolour map of the z-component of
the internal field Hint . White arrows indicate the equilibrium orientation of magnetization in
the s-state. b) Normalised averaged spectrum. Red dots correspond to intensity and phase
maps at c) f = 7.2 GHz and d) f = 6.2 GHz. Dotted lines correspond to the cross sections
shown in the line plots.
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that the two modes are independent, which is further corroborated by the different
phase.

We now investigate the transition from a rectangular to a triangular sample by
decreasing the length of the left side of the rectangle (Figure 4.11). We lower the
damping to αG = 10−5 to be able to distinguish between different modes due to a
smaller linewidth. Dynamics were again excited using a uniform field pulse ~h∼⊥ ~H.
In Figure 4.11 we show, from left to right, the micromagnetic model and the FFT
intensity maps at the peak frequency in the local spectra at the left edge, the right
edge and in the center.

For the rectangle we reproduce Figure 4.10 with slight downwards shift of the edge
mode frequencies due to the smaller damping. The center mode now occupies less
area indicating that with αG = 0.02 we have actually been imaging a superposition
of modes rather than one single mode. By decreasing the length of the left side l the
intensity profiles and frequencies change:

• The left edge mode sees an increase in frequency from 6.0 GHz to 8.2 GHz.
This can be explained by the decreasing localization length of the mode in the
y-direction which leads to a larger characteristic wave vector. We see that for
l ≤ 0.25 µm the mode lies in the frequency range of center modes (meaning
above the FMR frequency f0 = ω0/2π ≈ 7.1 GHz). The mode continuously
evolves from an edge mode to a so called apex mode or corner mode [106].

• The right edge mode has a constant frequency. Its localization length also
decreases slightly, because with decreasing l the boundaries in y direction come
closer.

• The strongest center mode keeps its fundamental mode shape until l =
0.5µm. However, the peak intensity moves towards the apex of the triangle
and consequently the frequency increases from 7.2 GHz to 7.8 GHz due to a
smaller localization length and thus larger characteristic wave vector in the
y-direction. For l = 0.125µm the former center mode merges with the apex
mode. The strongest center mode peak is then found at f = 7.3 GHz. Whereas
before the development could be understood as a continuous evolution, we see a
distinct change in the mode profile. The mode has its peak at the same position
as the mode for l = 1.0µm, but now its intensity decays towards the base of the
triangle indicating that the spectrum has become quasi-continuous [106,107].
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Triangle

A quasi-continuous spectrum is found in the triangle (model 3). The internal field
is shown in Figure 4.12b. As before the internal field is maximal at the the center
with Hint,z = 585 Oe and decreases to zero at the apex and the base. We see that the
two other sides of the triangle suffer from a staircase artefact due to the prismatic
discretization of the shape. There the internal field shows unphysical jumps. As
we are not interested in the dynamics there we can neglect this. Compared to the
rectangle we see that the decrease of the internal field in z-direction is not symmetric
around z = 0 at the center. Towards the base the decrease of the field takes place over
a range of 0.4µm, towards the apex over only about 0.2µm. This is the manifestation
in the internal field of a fundamental symmetry breaking: Other than a rectangle a
triangle does not show mirror symmetry about the y-axis.

Due to the loss of symmetry it is already clear that the spin wave mode profiles
cannot be approximated by the sinusoidal profiles which are the eigenfunctions of
a rectangular geometry. One might try to approximate the profiles by the eigen-
functions of a triangle with Dirichlet boundary conditions, which show threefold
symmetry [96,97]. However, this threefold symmetry is broken by the magnetic field

and the approach fails as well. Only for an external field ~H = 0 the C3-symmetry is
seen in the normal mode profiles [106].

In our simulations the integrated spectrum of the triangle shows a single peak at
f = 7.2 GHz (Figure 4.12c). The peak has a full width at half-maximum of 1.1 GHz
which is nearly double the width of the fundamental mode peak of the square (Figure
4.9a). As the Gilbert damping in both models is the same (αG = 0.02), this increased
width has to be caused by a superposition of many modes. A linewidth of 1.1 GHz
is in good agreement with the experimental data at I = 0 mA.

This is confirmed by the intensity and phase maps in Figure 4.12d. We clearly
see a continuous spectrum from 6.7 GHz to 7.6 GHz. The peak intensity shifts in
position from the base at 6.7 GHz to the apex at 7.6 GHz. Away from the peak
position the intensity decays. The increase in frequency can hardly be explained
by the internal field profile but rather by the shrinking mode localization length in
y-direction. A clear phase relation can only be found for edge modes up to 6.8 GHz.
For higher frequencies distinct jumps can be seen even in areas with high intensity,
which provides evidence that this is not a standing wave spectrum.

The intensity profiles fit quite well to the experimental results. There we found
center modes to be present in the whole of the triangle with a peak towards the base.
In the simulation this is seen in a similar way for 7.0 GHz ≤ f ≤ 7.2 GHz.

The spectra depend on the position of extraction: At the center (blue) the peak
lies at 7.1 GHz, which is in good agreement with the experimental data (Figure 4.1).
At the edge (red) the peak lies at 6.7 GHz, which is considerably higher than edge
mode frequency in the experiment of f ≈ 5.4 GHz.

A mismatch between edge mode frequencies in experiment and simulation is quite
common [59, 108–111]. There can be several reasons for this, all of which originate
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Figure 4.12: Spectrum of the Py triangle. a) Sketch of the model. Coloured dots indicate
the points where spectra were extracted. b) Pseudocolour map of the z-component of the
internal field Hint . Dotted lines correspond to the cross sections shown in the line plots. c)
Spectrum averaged over all simulation cells (black) and acquired at the points indicated in a).
d) Intensity and phase maps at frequencies ranging from f = 6.7 GHz to f = 7.6 GHz.
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from a local variation of the system parameters at the edge. First, the thickness
of the sample is not a step-like function - it is however modelled as such in the
simulation. The modelling of a decrease in thickness is difficult, because it would
require a discretization of the sample along the x-direction and significantly increase
computation time. Second, an imperfect element shape can have a large influence.
Here, experimental imaging of the sample is necessary to model the sample correctly
[93,110]. Third, magnetic moments at the surface clearly have a different environment
compared to magnetic moments in the center. This can lead to surface or edge
anisotropies, which critically depend on the boundary conditions imposed in the
simulation [48, 84, 93]. Fourth, the fabrication of the sample can also lead to a
change of the chemical composition at the edge, e.g. an oxidation. This in turn
may influence magnetic parameters such as saturation magnetization MS or Gilbert
damping αG [93].

In our case no experimental data was available. As a guess we therefore adjusted
the saturation magnetization MS of the sample at the base. A physically correct
implementation of such an effect would require the adjustment of MS at all three
edges, but this is not possible using MuMax3.

The saturation magnetization was only changed in direction of the field as shown
in Figure 4.13a. Instead of a sharp edge MS decreases with an arctan profile from
800 G to 0 G. The influence on the internal field is small with deviations only close to
the base (Figure 4.13b). The integrated spectrum in Figure 4.13c shows two changes:

• The center mode peak decreases to 7.0 GHz.

• An edge mode peak appears at 5.9 GHz. This is to be expected from the disper-
sion relation Equation 2.12 according to which a lower saturation magnetization
corresponds to a lower frequency. The profiles at the edge and mode frequencies
in Figure 4.13d show only slight changes compared to the sharp MS edge.

Although this model fits better to the experimental data than the sharp edge
model, agreement of the edge mode frequency is still not very good. We stress that
for the quantitatively correct modelling of the edge modes independent experimental
data is needed to characterise correctly the edges of the sample. Possible methods are
scanning electron microscopy or scanning probe techniques such as magnetic force
microscopy [112].
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Figure 4.13: Effect of lowering MS at the edge. a) Profile of the saturation magnetization
MS along the z-direction for the two models: sharp edge (black) and round edge (red). Corre-
sponding b) internal field and c) spectrum averaged over all simulation cells. d) Intensity and
phase maps at f = 5.9 GHz and f = 7.0 GHz. Dotted lines correspond to the cross sections
shown in the line plots.
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4.2.2 Effect of the spin current

We analyse the behaviour of different spin waves modes under the influence of a spin
transfer torque. Again, we start with a simple model, which is gradually adjusted to
the experimental situation.

Single-mode excitation in the rectangle

One of the advantages of micromagnetic simulations is that it allows one to do ceteris
paribus like experiments. One parameter of the system is changed while all others are
kept constant. Clearly this is not possible in experiments, because for example the
change of a magnetic parameter requires a new material - which in general, however,
will also change other parameters.

Here, we have started our analysis by looking at the influence of the saturation
magnetization, the mode frequency and the excitation amplitude on the fundamental
mode in the rectangle (model 2).

The fundamental mode frequency as a function of saturation magnetization is
shown in Figure 4.14a. The red line corresponds to the thin film dispersion relation
Equation 2.12. Here, the wave vector was given by k =

√
k2
z + k2

y with kz = π/lz
and ky = π/ly as well as ϕ = arctan(ky/kz). We see excellent agreement.

The dynamics of the spin transfer torque induced dynamics are analysed for charge
currents ranging from 0 to 20 mA. The mode power was extracted at the center of the
rectangle. As expected we see a non-linear growth of the power for larger currents.
The inverse power, however, does not show the linear behaviour of Equation 2.32 but
is slightly convex instead as indicated by the dotted lines. We see that the inverse
power decreases faster for smaller saturation magnetization which is in agreement
with Equation 2.31. This can also be directly inferred from the expression for the
Slonczewski torque.

However, as a smaller MS also leads to a smaller frequency it is not clear what the
main influence is: the saturation magnetization or the frequency? To differentiate
between those two effects we kept MS fixed and changed the external field to match
the four frequencies corresponding to the four different values of saturation magne-
tization. Figure 4.14c then shows that the frequency only has a small effect on the
decrease of the inverse power. Hence, it is not possible to explain large differences in
inverse power solely by frequency differences.

The center mode was excited using an rf magnetic field (see Section 3.2.1). The
influence of the excitation amplitude h∼ was investigated for MS = 700 G for am-
plitudes ranging from 1 to 100 mOe. Due to the linear relationship between the
amplitude of excitation and the amplitude of the dynamic magnetization [44, p. 14]
we expect a quadratic dependence between the excitation amplitude and the abso-
lute mode power. This was indeed observed as shown in Figure 4.14d and shows the
validity of our approach of measuring the mode power. When looking at the relative
power (as is always done in the inverse power plot) we see no dependence on the
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Figure 4.14: Dependence on saturation magnetization, frequency and excitation ampli-
tude. a) Center mode frequency as a function of saturation magnetization MS . Red line shows
theoretical expectation based on the spin wave dispersion for a thin film. b) Effect of the spin
current for different MS : power (top) and normalised inverse power (bottom). Dotted lines
are guide to the eye. c) Normalised inverse power for different frequencies and MS = 800 G
(open symbols) and MS = 700 G (solid symbols). d) Power (top) and normalised inverse power
(bottom) for different magnitudes of the excitation amplitude h∼.
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excitation amplitude at all. In the following we have used an amplitude of 100 mOe.
We now analyse the spatial dependence of the influence of the spin current. Figure

4.15a shows the investigation scheme. The mode power is extracted at three different
positions marked by coloured dots. The corresponding inverse power dependence in
Figure 4.16b shows a clear picture: The inverse power decreases faster in the center
compared to the edge. For I = 20 mA the relative difference is more than 100 %. At
the intermediate position an intermediate behaviour is seen. Also, the shape of the
inverse power changes: It is convex at the center, nearly linear at the intermediate
position and concave at the edge.

The spatially non-uniform behaviour corresponds to a change of the spatial profile
of the mode power. This is shown in the two-dimensional maps in Figure 4.16c. For
comparison the dotted blue lines in the cross sections show a profile

p = cos2(
π

lz,y
rz,y). (4.7)

Along y the mode power profile does not change much in this current range. Along
the field direction, for increasing current the mode power approaches the cos2 profile.
For I = 0 mA the profile is wider than the cos2 profile whereas at I = 20 mA we see a
good match. Hence, the mode power grows strongest at the position where it has its
maximum for zero current. It does not grow at all where it was zero for zero current,
for example at the boundaries. Put in more general terms, the mode power growth
at a position depends on the relative strength of the mode at this position for zero
current. It does not, however, depend on the absolute strength (see Figure 4.14d).

The same behaviour is seen for the edge mode in Figure 4.16. At the edge, where
the initial mode power is large, the decrease of the inverse power is large. At the
center, where the mode power is small, the decrease is small. The spatial profile of
the edge mode power is shown in Figure 4.16c for I = 0 mA and I = 20 mA. The
peak in the profile also becomes more pronounced with larger current, but this is less
visible compared to the center mode.

47



4 Results

0 5 1 0 1 5 2 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0 1

0

1

0 1

0

1

0 1

0

1

0 1

0

1

I = 2 0 m AI = 1 5 m A

c )
Inv

ers
e p

ow
er

C u r r e n t  ( m A )
H

I = 0 m A  

0 1
P o w e r

S i n 2

I = 1 0 m A

b )a )

 

 
 

 

 

 

1 . 7 3 µ m

2µ
m

Figure 4.15: Dependence on position for the center mode. a) Model indicating the points
where the mode power was measured. b) Normalised inverse mode power as a function of
current at the positions indicated by the coloured dots in a). c) Maps of the mode power
across the rectangle for different currents. White dotted lines correspond to the cross sections
shown in the line plots. Blue dotted lines show cos2 function reaching from one end of the
triangle to the other.

48



4.2 Micromagnetic simulation

0 5 1 0 1 5 2 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0 1

0

1

0 1

0

1

2µ
m

c )

Inv
ers

e p
ow

er

C u r r e n t  ( m A )
I = 0 m A

 

 
0 1

P o w e r

I = 2 0 m A  

 

b )

H

a ) 1 . 7 3 µ m

Figure 4.16: Dependence on position for the edge mode. a) Model indicating the points
where the mode power was measured. b) Normalised inverse mode power as a function of
current at the positions indicated by the coloured dots in a). c) Maps of the mode power
across the rectangle for different currents. White dotted lines correspond to the cross sections
shown in the line plots.

49



4 Results

Multi-mode excitation in the rectangle

In this Section we compare the growth behaviour of the edge and the center mode
power as function of position. Again we extracted the mode power at three different
positions across the rectangle marked (1)-(3) in Figure 4.17.

For auto-oscillations above the threshold current I > Ith theory predicts that only
one spin wave mode should survive in the steady state [38, 39]. The origin of this
effect is that the two modes compete for the same energy source, namely the spin
current. In our simulations we have compared the excitation of only one mode and
of the edge and center mode simultaneously (Figure 4.17c and d). We do not find
any difference between the two scenarios and the two modes seem to be completely
independent.

Therefore, we expect the results of the previous Section to be valid for simultaneous
excitation as well and indeed this is the case. Figure 4.17e shows that the center
mode’s inverse power decreases stronger at the center compared to the edge mode
and vice versa at the edge. At position (2) both modes show a similar behaviour and
the inverse power decreases linearly there.

As mentioned before the non-linear decrease of the inverse power is not in accor-
dance with Equation (2.32). However, the underlying theory assumes that a spin
wave mode can be described by a complex amplitude c. In principle, this does not
limit the theory to uniform modes, but it does require that the spatial profile of the
mode does not change as a function of current. As this is not the case in our simu-
lations (Figures 4.15-4.17) the theory is no longer valid. We expect some agreement
when averaging the power over the whole sample and indeed we then recover a linear
dependence of the inverse power for a wider current range as presented in Figure
4.17e.

Multi-mode excitation in the triangle

The results obtained in the rectangle (model 2) are now tested for triangular geometry
(model 3). Here, we found a quasi-continuous spin wave spectrum (Section 4.2.1).
To investigate the influence of the spin current we excited the system at f = 7.2 GHz
and f = 6.7 GHz, corresponding to a peak mode power at the center and at the edge,
respectively. For simplicity we refer to them as center and edge mode.

The spatial development of the mode power is shown in Figure 4.18. Both modes
show a change in the spatial profile, mostly visible along the field direction. At
I = 0 mA the center mode occupies a large fraction of the triangle. With increasing
current the peak near the center of the triangle becomes more pronounced and also
shifts slightly towards the base of the triangle. At I = 20 mA the mode occupies
a much smaller area. This behaviour is consistent with experimental spatial maps
of the center modes, which also showed the appearance of a more pronounced peak
with increasing current.

The edge mode power shows a peak at the base and decays linearly towards the
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Figure 4.17: Comparison of edge and center mode enhanced by spin current. a) and
b) Power maps for the edge (left) and center (right) mode at I = 0 mA. c) Normalised inverse
power comparing the excitation of only one mode (red open circles) and both modes simulta-
neously (black squares). Left plot shows dependence for the edge mode where the power was
extracted at position (3) in a). Right plot shows dependence for the center mode where the
power was extracted at position (1). e) Normalised inverse power of the edge and center mode
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4.2 Micromagnetic simulation

center of the triangle. With increasing current this decay becomes less visible and
at I = 20 mA the edge mode shows the profile of the edge mode in the rectangle. In
y-direction, that means perpendicular to the external field, the mode profiles changes
as well. At I = 0 mA a dip is seen in the middle. This dip gradually transforms into
a peak for increasing current. This is also seen in the experiment.

Figure 4.18 shows that we are able to qualitatively reproduce using micromagnetic
simulation the spatial changes in the mode profiles seen in the experiment (Figure
4.3).

The mode growth in terms of the inverse power as a function of position is analysed
in Figure 4.19. We extracted the inverse power at three different positions. At
position (1) at the center the center mode’s inverse power decreases much faster
compared to the edge mode. At the edge, position (3), the opposite is seen. At
position (2) both modes show nearly the same behaviour. Interestingly, for I = 25 mA
the gap between the two modes is closed, regardless of the position.

Figure 4.19 shows that the conclusions made for the rectangle are also valid in
the triangular geometry: The influence of the spin-current on a spin wave mode is
spatially non-uniform. The mode absorbs more energy in regions where it is also
strong without any current applied. This is a remarkable result, because the current
distribution is spatially uniform. Non-linear auto-oscillator theory fails in this case,
because it requires a spatial profile of the spin wave, which does not change with
increasing current [38].
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4.2 Micromagnetic simulation

Power efficient mode enhancement

We use the result of the spatially non-uniform mode enhancement for two applica-
tions. First, we show using micromagnetic simulation that local spin injection can
be used for the power efficient enhancement of a mode. Second, we demonstrate that
the local injection geometry can be used to selectively excite certain modes.

From the previous Sections we know that modes are most efficiently enhanced in
areas where their zero current intensity is large. We use this for this for the power
efficient enhancement of the edge mode in the triangle (model 3). The basic idea is
that the effect of the spin current depends on the current density whereas the power
consumption of some device is given by the current itself (P = IU). Therefore, we
can increase the power efficiency by restricting the spin current injection to the area
of large mode intensity as shown by the dotted lines in Figure 4.20.

We can then reach the same mode power (in absolute and relative terms) with
only a tenth of the current (Figure 4.20a). In terms of current density we see in
Figure 4.20b that the local excitation is slightly less efficient. The reason for this
is that now radiation losses towards the center of the triangle have to be taken into
account [29, 113–115]. Nevertheless the overall efficiency is about ten times higher
compared to a non-local spin current injection.

Selective mode excitation

It is known that the shape of inductive (stripline) spin wave antennae can be pat-
terned to optimise the excitation of spin waves [116]. In a similar way it is possible
to pattern the spin current injection area to allow for the mode selective excitation
of spin waves, as we show by means of micromagnetic simulation in Figure 4.21. We
use the eigenmodes of model 1 for the demonstration.

To prepare the initial state we applied an rf magnetic field in such a way that the
modes at f = 9.5 GHz and f = 11.5 GHz are excited with the same intensity. This
is shown in the spectra at I = 0 mA. Then we apply the current.

With stripe 1 we apply the current in the region where the fundamental mode has
its maximum and the higher order mode has a minimum. The result is shown on
the left side of the Figure. Clearly the fundamental mode is selectively excited and
dominates the spectrum for the whole current range up to 1.2 mA.

On the other hand, the higher order mode can be selectively excited by injecting
the current in the area where this mode has its maximum as is the case for the
antenna stripes 2. In the spectra on the right the selective excitation can be clearly
seen.

55



4 Results

0 5 1 0 1 5 2 0 2 50 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0 5 1 0 1 5 2 0 2 50 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0 . 0 0 . 5 1 . 0 1 . 5 2 . 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0 . 0 0 . 5 1 . 0 1 . 5 2 . 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

( 2 )

a )

 

 
0

1

Po
we

r( 1 )
( 1 )

a r e a  o f  l o c a l  i n j e c t i o n

( 2 )

( 2 )

C u r r e n t  ( m A )

L o c a l  
i n j e c t i o n

b )

Inv
ers

e p
ow

er

C u r r e n t  ( m A )

L o c a l  
i n j e c t i o n

( 1 )

C u r r e n t  d e n s i t y  ( A / m ² )

L o c a l  i n j e c t i o n

( 1 )

Inv
ers

e p
ow

er

C u r r e n t  d e n s i t y  ( A / m ² )

L o c a l  i n j e c t i o n

Figure 4.20: Local injection of spin current for efficient mode excitation. Map shows
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Figure 4.21: Mode selective excitation of spin waves. The dotted lines show the local
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5 Conclusions

The aim of this thesis was the investigation of a multi-mode spin wave system sub-
jected to a pure spin current. By means of microfocus Brillouin light scattering
(microBLS) and micromagnetic simulation we have analysed how a spin current af-
fects the spin wave modes in a Permalloy triangle. Here, we compare the results of the
experiment and the simulation and point out possibilities for future investigations.

Spin wave spectrum in a triangle

The spin wave spectrum in an equilateral triangle with a side length of 2µm showed
at quasi-continuous spectrum, both in the experiment and the simulation. The fre-
quencies of the modes increased from the base towards the apex of the triangle due to
an increasing internal field and a decreasing localization length perpendicular to the
field direction. The spatial profile of the modes evolved from the typical edge mode
structure also seen in rectangles to center modes with an occupation of a large area
within the triangle and finally corner modes at the apex of the triangle. Due to the
low symmetry of the triangle subjected to a static field - only mirror symmetry with
respect to the field direction is given - the modes cannot be approximated by eigen-
functions of the rectangular or the triangular geometry. Our results agree reasonably
well with other investigations in triangles with smaller lateral dimensions [106,111].

The quantitative agreement between spin wave frequencies in experiment and sim-
ulation was good for center modes without any adjustments of the typical material
parameters for Permalloy. However, the edge modes showed quite large discrepancy
of more than 1 GHz. We discussed possible reasons for this disagreement in Section
4.2.1. Here, we stress once more that the correct description of edge modes in mi-
cromagnetic simulation requires detailed information about the sample parameters:
thickness, exact shape, edge roughness, rounding of the edges etc. Such information
is a pre-requisite for successful modelling of edge modes and should be determined
experimentally in future studies.

Effect of the spin current

Subjected to a pure spin current the multi-mode system showed two remarkable
effects.

First, experiment and simulation showed that more than one spin wave mode - most
probably even a multitude of modes - can be excited by spin current simultaneously.

59



5 Conclusions

This is contrary to theoretical expectations, which, however, mainly discuss the auto-
oscillation behaviour above the threshold current whereas we have looked at the
regime below the threshold [38,39]. For I < Ith the modes can be excited independent
of each other and no competing for the same energy source is observed. We also
found no evidence for mode hopping in the simulation [40, 41]. In the experiment
mode hopping on a sub-nanosecond time scale cannot be observed anyway due to
the time integrating character of the measurement.

Second, the spatial profiles of the spin wave modes changed with increasing current.
That means that a spatially uniform spin current enhances spin waves in a spatially
non-uniform way. As a consequence of the non-uniformity we believe that non-linear
auto-oscillator theory is no longer applicable [38]. The change in spatial profiles was
seen in both BLS measurements (Figure 4.3) and spatial power maps from simulations
(Figure 4.18). The modes absorb more energy in regions where they are also strong
without any current applied. In the experiment this was most obvious at the edge
of the sample where the edge mode intensity grew faster in a wide current range.
Qualitatively the same behaviour is seen in the simulations.

Nevertheless, a direct comparison of experiment and simulation is difficult. Most
importantly, the ”initial” state without any current applied is different. Whereas in
the simulation two distinct frequencies were excited by an rf magnetic field, in the
experiment many spin wave modes were present according to Bose-Einstein statistics.
Although it is in principle possible to include thermal fluctuations into the simulation,
this did not prove to be a promising approach during the course of this project.
Usually some low-threshold domain wall motion was excited, which absorbed all the
energy and prevented the analysis of spin wave modes [117, 118]. The excitation
by the rf magnetic field in the simulations also prevented the investigation of the
frequency shift seen in the experiment.

The excitation of many modes in the experiment made it impossible to compare the
behaviour of single modes. For example, when shifting the BLS laser spot from the
base towards the center the spectrum already shifted upwards by 0.1 GHz indicating
that at this position other modes were probed (in accordance with the increase of
the frequency from the base to the apex).

In general, it turned out that the triangular geometry was not very well suited
for the separate analysis of edge and center modes. This was mainly due to the
quasi-continuous spectrum caused by the low symmetry of the structure and its
large lateral size compared to the decay length as well as small thickness. In future
experiment one should choose a geometry with rather well separated modes. We
suggest a rectangular sample with a thickness of 10-20 nm and lateral dimensions of
about 1µm. Then one could expect a well known eigenmode spectrum described by
cos-like magnetization profiles in the center and rather simple edge mode profiles.
To reduce the influence of thermal noise at zero current one could also address single
modes using parametric excitation first and then investigate the influence of the spin
current [27,119,120].

Using non-local spin current injection geometries single-mode auto-oscillation of
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the magnetization has been demonstrated. In this thesis we have shown using micro-
magnetic simulation that the spatially non-uniform enhancement of spin wave modes
by spin current below the threshold of auto-oscillation can also be exploited using
non-local spin injection geometries. In a simple model we have demonstrated the
power efficient excitation of an edge mode and the selective excitation of one out of
two modes in a Permalloy square. The controlled suppression and enhancement of
spin wave modes might prove important on the road to novel magnonic devices.
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