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Abstract

Thermal effects in freestanding ferromagnets have been studied. The nec-
essary preparation technique and a laser-based heating setup have been
developed. The anisotropic magnetoresistance and the conventional See-
beck effect as well as the anomalous Nernst effect have been found in
these structures. A transverse spin Seebeck effect voltage was not resolved.
Large in-plane temperature gradients have been realized. In a second part
spin waves in multiferroic hybridstructures providing a magnonic crys-
tal have been investigated. Besides large spin wave group velocities, the
magnonic grating coupler effect has been found. Furthermore a prototype
spin wave multiplexer was realized.

In freitragenden Ferromagneten wurden thermische Effekte untersucht. Die
bendétigten Préparationstechniken und ein laserbasierter Heizaufbau wur-
den entwickelt. Der anisotrope Magnetowiderstandseffekt und der kon-
ventionelle Seebeck-Effekt, sowie der anomale Nernst-Effekt konnten in
diesen Strukturen nachgewiesen werden. Eine Signatur des transversalen
Spin Seebeck-Effekts konnte nicht gefunden werden. Es wurden hohe
Temperaturgradienten in der Probenebene realisiert. Im zweiten Teil wur-
den Spinwellen in multiferroischen Hybridstrukturen, die einen magnonis-
chen Kiristall bilden, untersucht. Neben hohen Gruppengeschwindigkeiten
der Spinwellen wurde der magnonische Gitterkopplungseffekt gefunden.
Desweiteren konnte ein Prototyp eines Spinwellenmultiplexers realisiert
werden.
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1. Introduction

In most conventional electronic devices used during the last decades the
spins of electrons were ignored and only their charge was relevant. More
recently a new field arised attributing the spins of electrons as a carrier
of information. This field is called spintronics [WolOll]. The aim of the
related research is to utilize spin-dependent effects and possibly combine
them with conventional electronics in order to create a new generation of
low power consuming devices. First effects are already used in modern
technologies, i.e. in read heads of hard drives or in non-volatile memories
called MRAM [Teh99]. There, effects like the giant magnetoresistance
(GMR) [Bai88, IBin89]], awarded with the Nobel prize in physics in 2007,
or the tunneling magnetoresistance (TMR) effect [Jul75,|Miy935] are used.
In order to realize more devices based on spintronics many research groups
contribute on several topics. We will introduce and address two topics in
the following, spin caloritronics and magnonics.

1.1. Spin caloritronics

Spin caloritronics ("calor’, Latin for heat [BaulOa]) deals with the inter-
action of heat currents and spins [Baul2]. This interaction was already
theroretically predicted in 1987 by Johnson et al. [Joh87|] but not in the
focus of research for many years. The research field was mainly fueled
by the discovery of the transverse spin Seebeck effect by Uchida et al. in
2008 [UchO8|], where the generation of a pure spin current in the pres-
ence of a temperature gradient in a magnetic material is key. The inverse
spin Hall effect [Sai06] can then be used to transform a pure spin cur-
rent [LO7, [Yan08] to a charge current. This could lead to an efficient
way to convert heat in electricity. Besides this many other thermal ef-
fects have been subject to intense studies [Bool4]]. Some examples are the
spin-dependent Peltier effect [[Flil2], the planar and anomalous Nernst ef-
fect [Schl3al [Yin13]] and the longitudinal spin Seebeck effect [Uchl10].
Besides the encouraging progress in the field of spin caloritronics it is
still under discussion in the community what is the origin of the trans-



1. Introduction

verse spin Seebeck effect. Especially the long-range character of the ef-
fect led to the assumptions that phonons in the substrate could play a role
[XialO, Jaw10, Jaw 11} [Uch12]. Accordingly experiments where the bulk
substrates were substituted by thin membranes have been performed. Here
the transverse spin Seebeck effect was not resolved [[Avel2]. In this the-
sis, we go a step further and investigate the transverse spin Seebeck ef-
fect while we exclude the substrate via a new preparation technique for
freestanding magnetic stripes with Pt contacts. Besides the exclusion of
phonons this has a second positive aspect for the investigations. As the
substrate cannot act as a heat sink anymore large temperature gradients are
expected. Large gradients provide the basis for pronounced spin caloric
transport effects.

1.2. Magnonics

Magnonics deals with the generation, manipulation and detection of spin
waves, also called magnons in the particle picture [Blo30, Neu09, Krul0].
Several techniques are used for the investigation of spin waves, i.e. elec-
trically detected ferromagnetic resonance [Gui07, |(GoeQ7], Brillouin light
scattering [Car97, IDemO01} Hil05] or vector network analyzer ferromag-
netic resonance [Kal06, [Bil07bl INeuOS8| [Neul0]. Recently, reconfigurable
magnonic crystals [Shi04, Tac10l Top10, [Top11}Dinl1} Din12] and meta-
materials [Hubl3b] were shown to be of great interest for the field of
magnonics. Magnonic crystals can be created either by the periodic pat-
terning of ferromagnets or by the implementation of periodic domains and
show artificially tailored band structures for magnons. It was recently
shown by Vogt et al. [Vog14] that magnonic devices can act as spin wave
multiplexers providing the possibility to control the propagation path of
spin waves. They might therefor provide the basis for future spin logic
devices. Additionally Yu et al. [Yul3] demonstrated a grating coupler in
a 2D periodic array of magnetic dots in a magnetic matrix that allows the
multidirectional emission of short-wavelength spin waves and might be es-
sential in spin wave based electronics. Often the properties of magnonic
crystals are controlled via quasi-static magnetic fields or by short field
pulses [Verl2]. However, the generation of a magnetic field typically
needs the flow of charge and leads to heat dissipation what is in contrast
to the need of low power consuming electronic devices. In order to realize
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1.3. Overview of the thesis

energy-saving devices a new approach might be key. Multiferroic mate-
rials [Eer06] are promising as they combine the possibility to control the
material properties either by magnetic as well as by electric fields. Exam-
ples for multiferroics are hybrid structures of piezoelectric or ferroelectric
substrates where a ferromagnetic film is attached [Khi08) (Goe(08| [Rov10].
The application of an electric field to the substrate leads to a strain that
causes anisotropies in the ferromagnetic film and changes the ferromag-
netic resonance [Bot06, Wei09]. It was recently shown, that ferroelectric
BaTiO3 substrates in the tetragonal phase that form a periodic pattern of
a; and ay domains provide a full pattern transfer to a ferromagnetic film
attached to the substrate via magnetostriction. A periodic stripe array of
alternating anisotropy was realized [Lahl1b, [Lahlla]. Additionally the
application of a large enough electric field was shown to induce a rotation
of the anisotropy axis in each stripe [Lah12, [Fral2]. So far, for the inves-
tigations crystalline magnetic materials like CoFe were used. However,
it was shown by Yu et al. [Yul2] that magnetically isotropic, amorphous
CoFeB is a promising material for magnonics and that it provides large
spin wave group velocities. In this thesis, we aim to merge the promising
properties of amorphous CoggFe 9Bog with ferroelectrics. The magnetic
material is therefor grown on BaTiOj3 substrates and we investigate the dy-
namic properties of the multiferroic system using the vector network ana-
lyzer ferromagnetic resonance technique. The periodic stripe pattern of the
hybrid structure is found to form a magnonic crystal without patterning the
homogeneous ferromagnetic film laterally. With this hybrid structure we
aim to combine the low power consuming features of multiferroic devices
with the intriguing characteristics of spin wave multiplexers and magnonic
grating couplers in one and the same sample.

1.3. Overview of the thesis

The thesis is arranged as follows. In chapter [2| we describe the theoreti-
cal background on magnetism, spin waves, magnetic and thermal effects
and ferroelectricity. In chapter [3] we introduce the materials used in this
study. Afterwards, we will continue in chapter ] with the explanation on
relevant preparation techniques, where we include a full description of a
newly developed process for the fabrication of freestanding ferromagnets.
In chapter [5] we explain the experimental techniques and methods. We

11



1. Introduction

introduce the all electrical spin wave spectroscopy, a laser-based heating
setup and magneto-optic Kerr microscopy. Later, in chapter [ we discuss
our investigations on laser-induced thermal gradients in freestanding fer-
romagnets. Chapter[7]addresses our findings on multiferroic hybrid struc-
tures and deals with the electric field controllability of magnonic effects.
We close this thesis with a summary and an outlook in chapter|[§]

12



2. Theory

In this chapter we present an overview on the theoretical background for
this thesis. In the beginning we will explain basic properties of magnetism
and define relevant energy contributions. We will then discuss the dy-
namic behavior of magnetization and spin waves. There we will present
relevant dispersion relations and an analytical model for spin waves. Af-
terwards we will give a short overview over thermoelectric and thermo-
magnetic effects and will end the chapter with a brief description on fer-
roelectricity. The following sections are described following mainly the
Refs. [BluO1l IGur96/ [Sta09, Kit99 [Hil02| [Hel76} [IMar00, [Sko08|, |Ash76,
Bil07al Neulla, [Diir12, [Hub13al, |Sch13b, Biel2} (O’H99| [Lah13]].

2.1. Magnetism

Ferromagnets are materials that show a spontaneous magnetization M al-
though there is no external magnetic field H applied.
In general materials are classified via the magnetic susceptibility x by

M = xH, (2.1)
where M is the sum of magnetic moments m per volume [[Cul09]

dm
M=—. 2.2
dv 22)
The susceptibility x is a tensor as M and H do not have to be collinear.
For an isotropic material (Y = x) the value of the susceptibility classifies

materials as follows [Hel76]:

13



2. Theory

x >>0 | ferro- or ferri- | Both materials show spontaneous
magnet magnetization without external field
applied. In a ferromagnetic lattice the
spins show a parallel alignment. The
ferrimagnet consists of two (differ-
ently orientated) ferromagnetic sub-
lattices where the overall magnetiza-
tion does not cancel out. Often fer-
rimagnetism is based on two lattices
of different atoms. Heated above the
Curie temperature 7¢ ferro- and ferri-
magnets get paramagnetic.

x>0 paramagnet Paramagnetic materials contain per-
manent magnetic moments that align
with the external field. The interac-
tion between the moments is negligi-
ble. Without an external field there is
no magnetization left.

x>0 antiferromagnet Here we have a similar set of sublat-
tices of magnetic moments, and the
magnetic moments cancel exactly out.
For T" — 0 and the field applied along
an easy axis of a crystal y =~ 0.

x <0 diamagnet Diamagnets have no permanent mag-
netic moments. With an applied ex-
ternal field a moment is induced in
the electronic shells of atoms that
counteracts the external field after the
Lenz’s law.

Table 2.1.: Classification of magnetic materials depending on the susceptibility x.

14



2.2. Static magnetization and energies in ferromagnets

In this study all magnetic materials investigated are ferromagnets (xy >>
0). Solids from the three elements Co, Fe and Ni are ferromagnetic at
room temperature. Their alloys are also often ferromagnetic. In this thesis
we use NiggFeqo and CogoFey 0Bsg (see chapter E]) Here, boron is added
for structural reasons. We aim at an amorphous and magnetically isotropic
material.

The magnetic flux density B is defined as

B=po(M+H) = (y+1)H. 2.3)

with L the permeability in vacuum. x + 1 is defined as permeability fi.

2.2. Static magnetization and energies in ferromagnets

The magnetization state of a ferromagnet is determined by an interplay of
several energy contributions that we discuss in the following. The know-
ledge about the magnetization state is essential to describe the dynamics
later on. We use the continuum model. There the magnetization is given as
the sum of the magnetic moments in the volume. Additionally we will give
some energy contributions in polar coordinates for a magnetic thin film in
the z-y-plane [Figure [2.1] (a)] with an uniaxial anisotropy in the plane of
the film. The polar coordinates are defined in Figure 2.1](b). The angles 0
and Ay mark the polar angles of the magnetization M and the external field
H, respectively. ¢ and ¢y are the corresponding azimuthal angles.

Zeeman energy

This contribution is based on the interaction between the magnetization M
and the external field H. The energy density is described by

&y =-22 [avM-H. 2.4)
The energy is minimal if the magnetization is aligned with the external

field. In polar coordinates and with [ the angle between H and M this
energy reads as:

15



2. Theory

Figure 2.1.: (a) Cartesian coordinate system. Here, the magnetic thin film extends
in the z- and y-direction. (b) Definition of the polar coordinates. The azimuthal
angle is ¢, the polar angle is 6.

&z = —uo/H[-[M]|-cosp (2.5)
= —uo/H|- M| - (cos @ cos by + sin g sin 6 cos(p — vn)).

Please note that in a large field in particular [M| = Mg, with My, being
the saturation magnetization.

Exchange energy

The exchange interaction has its origin in the Coulomb interaction on the
one hand and the Pauli exclusion principle on the other hand [Chi97].
Imagine two atoms with non-paired electrons approach each other. When
the spins of these electrons are antiparallel they are allowed to share an or-
bital state. This increases the Coulomb energy. If the spins are aligned par-
allel, the Pauli exclusion principle forbids a shared orbit. Separate orbits
are formed and the Coulomb energy is decreased. Consequently parallel
alignment of neighboring spins S; and S; is energetically favorable con-
cerning the exchange energy. The energy term for [V atoms can be written
as

16



2.2. Static magnetization and energies in ferromagnets

N
ow ==Y _ Jij(Si-$;) QZJ” (Si - S;) (2.6)
,J

1<J

where J;; is the exchange integral, that quantifies the strength of the inter-
action. As the interaction strength decreases rapidly with increasing dis-
tance between the atoms the summation is often limited to next neighbors.
Using the Stoner model [BIluO1] the ferromagnetism of itinerant ferromag-
nets is described. When the density of states D(FEk), with Er the Fermi
energy, is large enough the ferromagnetic ordering is energetically favor-
able as the increase in kinetic energy is overcompensated by the decrease
in Coulomb energy. This is valid for

Mok AscD(E) > 1, @.7)

where \g, is the average exchange field and ug = 2‘;’}
neton, describing the magnetic moment of an electron. With a Taylor ap-

proximation one can derive an expression for the exchange energy from
Eq. 2.6)to be [Gie05]

éoem =

V (V-M)2dV, 2.8)

with Ag, the exchange stiffness.

Demagnetization energy

This contribution comes from the long range dipole-dipole interaction be-
tween spins. It reads as

o
i =~ [ AVME) - Hacn(1), 2.9)
where Hgem (1) is the corresponding position-dependent demagnetization
field that is also often called shape anisotropy field as the shape of the

body itself is responsible for this contribution. Starting from the Maxwell
equations one finds

V-B=poV  (M+Hgen) =0 and (2.10)

17



2. Theory

V X Hgem = 0. (2.11)

In the general case the calculation of the demagnetizing field is not trivial.
However, for the special case of a uniformly magnetized ellipsoid [Aha06]
one finds

Hyw = NM and & = %MNM. (2.12)

Choosing an appropriate coordinate system the demagnetizing tensor N
can be diagonalized and reads

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

The sum of the diagonal elements of the dimensionless tensor is N+ N, +
N, = 1. Throughout this thesis we are solely interested in the special case
of an infinitely extended film in the z-y plane [Fig. @] (a)] where the
elements are given as NV, = N, = 0 and N, = 1. With this we express
the demagnetization energy as

Erom = %Mfat cos? 6. (2.14)

Uniaxial anisotropy energy and magnetoelastic energy

A further volume anisotropy contribution might originate from an uniaxial
anisotropy term that depends on the direction of the magnetization M. A
uniaxial anisotropy can be induced in several ways, i.e. by stresses and
inverse magnetostriction (see below). At this stage we state the uniax-
ial anisotropy constant K, to be a phenomenological parameter. If we
choose the x-axis as the direction of the uniaxial anisotropy axis, the en-
ergy density is expressed as

Euni = —Kuim?, with m, = M- e,. (2.15)

For Ky < 0 the x-axis is a so called hard-axis direction, meaning that the
magnetization tries to align in a perpendicular direction. For Ky, > 0 the
z-axis gets an easy-axis direction and an alignment of the magnetization

18



2.2. Static magnetization and energies in ferromagnets

with the x-axis is energetically favorable.
In polar coordinates the energy density reads

Evmi = —Kuni sin? 0 cos? ©. (2.16)

Let us now pick one possible reason for a uniaxial anisotropy, i.e. a me-
chanical stress giving rise to a magnetoelastic anisotropy. This effect is
also known as inverse magnetostriction. The strength of the magnetoe-
lastic anisotropy constant Ky, depends on the stress o to the magnetic
material and on the material parameter A; which is the magnetostriction.
Following Ref. [O’H99] the anisotropy constant for an isotropic material
is given as:

3
Kpe = —50/\5. 2.17)

Most amorphous materials are isotropic in the sense of magnetoelastic
anisotropy [Lac82]]. The stress ¢ is connected with the total strain e
via

Erot = ELM + %)\5(00327 — %)’ (2.18)
where Ey; is the Young’s modulus for fixed magnetization controlling the
pure elastic strain (first term). The second term is the magnetostrictive
contribution, where v is the angle between the magnetization and the di-
rection of the strain.

For Ay > 0 and o > 0 the magnetization is, at least for this contribution,
favorably orientated in the direction of the stress. If one of the two param-
eters is negative the magnetization preferably tilts away from the direction
of the stress.

Surface anisotropy energy

Besides the volume anisotropies there exist surface anisotropies. These
do usually not occur in bulk ferromagnets but become important for thin
films. The anisotropy originates from the fact that atoms lying close to the
surface of a magnetic material face a different energetic landscape as atoms
in the center of the magnetic material as for surface atoms neighbors in one
direction are missing. This anisotropy becomes more and more important

19



2. Theory

with a decreasing film thickness. The energy density is given as

K, ,
——m?
with the film thickness d and the surface anisotropy constant K ;. For
ultra thin films (d < 1 nm) the surface anisotropy can be the dominating
contribution and the magnetization turns out of the plane for K| > 0. This
contribution in polar coordinates looks like

& = (2.19)

K
& = —TL cos? 0 (2.20)

Total energy

Summing up all contributions we find the total energy density

@(()tot = éOZ + @@ex + gdem + guni + é(l- (221)

In a ferromagnet the magnetization will align in a way that the total en-
ergy is minimal. Thus, the equilibrium position of the magnetization can
be calculated. The total energy allows to define an effective field Heg as
[G1104]

1
Her = —— VMSior- (2.22)
Ho

In the static case the magnetization M is collinear with the effective field
H.. We will see in the next section that a displacement of the magneti-
zation leads to a precession of the magnetization. The precession axis is
collinear with the direction of the effective field Heg.

2.3. Magnetization dynamics

2.3.1. Landau-Lifshitz-Gilbert equation

In the previous section we discussed static effects in ferromagnets and in-
troduced the effective magnetic field Heg. Let us now introduce a dynam-
ical model. We consider all the magnetic moments to be represented by
a macrospin, i.e. the magnetization vector M. An equation proposed by
Landau and Lifshitz in 1935 [Lan335] is given as:

20



2.3. Magnetization dynamics

Figure 2.2.: The macrospin precesses around the effective field Hesr (a). Adding
the phenomenological damping causes the macrospin to align with the effective
field in a spiral way (b). The length of vector M is assumed to be constant.

% = —yuoM x Heg (2.23)
with v = gle|/(2m.) = 176 - 10° GHz/T being the gyromagnetic ratio for
a free electron. e and m, are the charge and the mass of a free electron and
g ~ 2.002 is the electron g-factor. A displacement of the magnetization
from the direction of the effective field results in a torque and a continuous
precession of the magnetization (cf. Fig. [2;2] (a)). However, this behavior
is not observed in the real sample. Instead, relaxation takes place. A phe-
nomenological damping term is introduced. Landau and Lifshitz proposed
the modified precession equation as:

dM A
E = —’}/pL()M X Heff — M M x (M X Heff) (224)
sat

where A is a damping parameter. Additionally to the precessional torque on
the macrospin, a torque component points towards the center of the circular
motion. The resulting picture is a spiral-like precession [cf. Fig. [2.2](b)],
so that the magnetization aligns with the effective field after a certain time.
However, it was found that the Landau-Lifshitz damping term is not valid
for large A\. Hence, Gilbert suggested another phenomenological damping
term [G1104]. This results in the Landau-Lifshitz-Gilbert equation:

M o
dt 1+ a?

YHo
M (1 + a?)

M x Hef — M x (M x Hyr)  (2.25)

21



2. Theory

with « the damping parameter. For low damping equations [2.24] and 2.25]
are equal. A simplification for Eq. [2.23]is valid for low damping:

dM YU
—_— = M x Hegr —
dt YHoM X Hegf M

M x (M x He) . (2.26)

All materials used in this thesis show low damping (o =~ 1072 — 1073).

2.3.2. Dynamic susceptibility and ferromagnetic resonance

The dynamic susceptibility connects the dynamic magnetization m(¢) with
the excitation magnetic field hy(t):

m = Y (w)hy = (¥ —ix")hy . (2.27)

In the following we need some assumptions: First, the static parts, the
magnetization and the magnetic field, lie in the x direction. Second, the
absolute value of M is constant and the dynamic parts are in the y and z
direction:

Hext M
He = | hy(t) , M= [ my(t) . (2.28)
h.(t) m(t)

We consider a thin film without anisotropies except for demagnetization
effects. The effective field then reads Hegr = Hex — NM. For now, we will
not use the simplified demagnetization tensor for a thin film. Instead, we
use the general diagonalized form. We get the effective field as

Hext - NrM%at
Hei = [ hy(t) — Nymy(t) | . (2.29)
h.(t) — Nym,(t)

If we assume harmonic time dependencies h(¢) = h exp(iwt) and m(t) =
m exp(iwt) and consider equations[2.26 2.27|and [2.29|together with Ref.
[G1e035] the following expressions for the real and imaginary parts of the
susceptibility (exemplarily for the y-components) can be given:
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2.3. Magnetization dynamics

wir (Wi — w?)(wy + (N, — Ny)war)
(wg — w?)? + a?w? 2wy + (N, + N, — 2N, )wnm
o?w? 2wy + (Ny + N, — 2N, )w]
(WE — w?)2 4+ a2w? 2wy + (N, + N, — 2N, )wn]”

X{‘/"/ = ]2
(2.30)
Jr

and

(w§ — w?)
(W — w?)? + a2w? 2wy + (N, + N, — 2N, )wn]
(wi + (N, — Np)war) 2w + (Ny + N — 2N, )war)
(W — w?)? + a2w? 2wy + (N, + N, — 2N, )wn]”

1"
Xyy = QWWr

(2.31)
Here, we use wn; = vpuo Mgy and wy = Yo Hext-
wy 1is defined as:
wi = (wg + (Ny — No)war)(wi + (N, — Ny)war) - (2.32)

The imaginary part can be approximated by a Lorentzian function. The
full width half maximum (FWHM) A f of this Lorentzian is linked with
the damping parameter ae. We will discuss this dependency later.

The frequency fi.s Where the Lorentzian exhibits a maximum is called the
ferromagnetic resonance (FMR) frequency. By rewriting Eq. 2.32] we state
the Kittel formula:

fres = %\/(Hext + (Ny - Nz)Msat)(Hext + (Nz - Na:)Msat) .

(2.33)
This formula is valid for homogeneously magnetized ferromagnets. For
the case of a thin film in the x-y plane and the external magnetic field
as well as the magnetization pointing in the film plane we get the FMR
frequency by inserting the demagnetization tensor (N, = 0, N, = 0 and
N, = 1) in Eq. For the case of an external magnetic field pointing
perpendicular to the film plane we would have to adjust Eq. [2.28] and redo
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the whole formalism. Or, even simpler, we rewrite the demagnetization
tensor according to N, = 1, Ny = 0and N, = 0.

For the two different geometries we get the following resonance frequen-
cies:

In-plane magnetic field:

fres = % Hexl(Hexl + Msat) (234)

Out-of-plane magnetic field larger than the saturation magnetization:
fres = %(Hext - Msat) (235)

In the presence of a surface anisotropy the relevant magnetization term
in the above-noted expressions changes from the saturation magnetization
Mgy to the effective magnetization Mg = My — d# j‘; [Bil07al].

Linewidth and damping

The relation between A f and « can be given following Kalarickal et al.
[KalO6l. For the out-of-plane geometry the Kittel formula is provided by
Eq. 2.35] The linewidth Af for a frequency-sweep experiment is con-
nected to the linewidth A H observed in a magnetic field sweep experiment
by [Kal06]:

6fres( exl) h’l

Af=AH 5 (How) =5 M woAH . (2.36)
This equation has been discussed by Patton [Pat68]] and by Kuanr et al.
[KuaO3]. Equation [2.36] would have to be extended by a field-dragging
term [Farl3] if magnetic anisotropies are present. The additional contri-
bution depends on the angle between the magnetization and the external
field. However, even in the case of an anisotropy the angle between M
and H vanishes if the field is applied in an easy or hard axis direction (cp.
Figure[2.5). The field-dragging term can then be neglected. In general the
linewidth AH in equation [2.36] consists of two parts:

draf

AH = AHy+ (2.37)
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2.4. Spin waves

The linewidth can be separated into the frequency (/) independent linewidth
AH, and an intrinsic Gilbert-like contribution [Liu03]. AH, consists of
several contributions:

AI{O = AI{mae + A}Imos + A}Iinhom + AH&k + AI—[2magnon +... (2.38)

where A H . is attributed to the magnetic anisotropy. A H,s is the con-
tribution of mosaicity. This part has to be considered if the magnetic ma-
terial is no mono-crystal. All the materials investigated in this thesis are
not mono-crystalline. A Hjynom can be caused by inhomogeneities in the
external magnetic field. AHg occurs when the excitation is not limited
to a single wave vector but consists of a finite distribution of several wave
vectors. We will see later, that in our specific case the excitation is not lim-
ited to a single wave vector. The last contribution we discuss is A Homagnon
which is caused by two-magnon scattering. This originates in a scatter-
ing process where a uniform precession magnon (k = 0) is annihilated
and a k # 0 magnon is created [Bil07a]. Bland and Heinrich [Bla05]] and
Landeros, Arias and Mills [LanO8|] have however shown, that for a large
magnetic field perpendicular to the film plane the two-magnon scattering
contribution can be neglected.

Inserting Eq. in Eq. 2.36) we get:
Af = %MOAHO 1 2af . (2.39)

The frequency linewidth A f is linearly increasing with the resonance fre-
quency f. The damping parameter « is given as half the slope of a straight
line when plotting A f as a function of f. The y axis intercept of the cor-
responding straight line provides the frequency independent contributions
to the linewidth shown in Eq. [2.3§]

2.4. Spin waves

So far, we addressed the uniform magnetization precession. The magnetic
moments precess at the same frequency and same phase. This corresponds
to a wave with infinite wavelength, i.e. wave vector £ = 0. Now, we
focus on excitations with finite wavelength. This collective excitation of
spins is called a spin wave, or in a quantized scheme magnons. A sketch
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2. Theory

of a spin wave with finite wavelength is given in Fig. [2.3] We will give a
short introduction on magnetostatic spin waves. In the following we will
neglect exchange interaction as the wavelengths we consider in this thesis
are much larger than the relevant length scale for the exchange interaction.

NARNRA AR

cOO000TGLLOOBO

¢ »
L P

Asw

Figure 2.3.: Spin wave in a one-dimensional chain of spins. The wavelength Asw
and the direction of £ are defined for M_Lk.

We start with the Maxwell equations in the magnetostatic limit [Gur96|:

VxH=0; V-B=0; VxE=-B. (2.40)
The magnetic induction is given by:

B =01+ Y)H . (2.41)

Introducing the magnetostatic scalar potential ¥ with H = —VW, we can
write [Wal57, Sta09]:

9T 92U 9PV
(1+x) {aﬁ + a;ﬁ} 57 =0 (2.42)

where y is assumed to be position independent. Equation is based
only on the magnetostatic equations (first two equations in Eq. [2.40).
Therefor solutions of Eq. [2.42] are usually called magnetostatic modes.
However, please note that they are not totally static as high frequency vari-
ations are taken into account. Assuming that U o exp(ik - r), it follows
the connection between the susceptibility (that depends on the frequency)
and the wave vector:

(+x)(k2+ k) +k2=0 . (2.43)
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2.4. Spin waves

Hereby, we assume the component k, perpendicular to the expansion di-
rection of the film to be quantized due to the confinement in the thin film
of thickness d:

7r
7
We will only consider waves in the x-y plane and therefor set n = 0.
We determine the group and phase velocities of the waves as

k.]=n—,neN . (2.44)

0
Vgroup = a—: i Uphase = % , with w =27f . (2.45)

In the following we will give an overview on three special kinds of mag-
netostatic waves given by Ref. [Sta09]]. The modes are determined by the
angle between the magnetization and the film plane and the angle between

the magnetization and the in-plane wave vector (k” =./k2+ ki) Here,

we neglect anisotropies and again exchange interaction.

20

15 —MSFVW
—DE
—MSBVW

frequency (GHz)
=

)]

P

5 10
wave number (104 rad/cm)

Figure 2.4.: Calculated spin wave dispersions for three magnetostatic waves. The
parameters, used for calculation are: po Mg = 1.41 T, Hey = 0.1 Tand d = 47
nm.

o Magnetostatic Surface Waves (MSSW):
As these waves were described by Damon and Eshbach for the first
time [Dam6ll], they are also called Damon-Eshbach (DE) modes.
These modes occur when the magnetization is perpendicular to the
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2. Theory

wave vector k| and lies in the film plane. The dispersion relation is
given by [Sta09]:

2
whssw = wir(wn + war) + OJTM(I —eT2hudy  (2.46)
For the case k| — 0 we find Eq. The MSSW is called a sur-
face mode as the wave amplitude is not distributed equally through
the whole film. Instead, the amplitude decays exponentially with in-
creasing distance to the surface of the film. As the group and phase
velocities point in the same direction, this wave is a forward wave.

e Magnetostatic Backward Volume Waves (MSBVW):
These waves appear when the magnetization lies in the film plane
and points parallel to the wave vector. These are called backward
waves as the group and phase velocities point in opposite directions.
The wave is called a volume wave as the amplitude is distributed
throughout the whole volume of the sample. The dispersion relation
reads [Sta09]:

) 1—ehid
WMsBVW = WH |WH + Wir 7]{‘@ . (2.47)

Again, for k| — 0 we find Eq.

o Magnetostatic Forward Volume Waves (MSFVW):
These modes occur when the magnetization is perpendicular to the
film plane. They are also called forward waves because the group
and the phase velocity point in the same direction like for a MSSW.
The wave amplitude is distributed through the whole volume (vol-
ume wave). The dispersion does not depend on the direction k| if
anisotropies are not relevant. The wave propagates isotropically in
the plane of the film. The dispersion relation w(k) reads as [Sta09]:

2 1—e Fud
Wyskvw = WH (Wi T war | 1 — W . (2.48)

The aforementioned three special cases are plotted in Fig. We see that
the MSFVW and DE modes increase in frequency with rising k (positive
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2.4. Spin waves

group velocity) while the BVMSW shows a negative velocity. These three
special cases are helpful for the investigation of isotropic ferromagnetic
thin films. However, if we want to model spin waves in films with arbi-
trary anisotropies we follow a different formalism. Hillebrands [Zhu05,
Car0Q] therefor introduces an effective energy density & consisting of
all anisotropies except the demagnetizing field. For the discussion later in
chapter [7] the relevant contributions are given as

Eett = Euni + 1. (2.49)

In general a formalism describing spin wave dispersions with arbitrary
anisotropy is not trivial and needs numerical methods. However, in the
case of in-plane magnetized thin films, where d - k|| < 1 is valid, an ana-
Iytical formula is given by [Hil05]:

2
w 1 62&&‘ 2Aex
_ — Hx . _ 7k2
<7> (M ggz  Hewcosle om0

1 1 9%,
+ AT M f - (1 — 2k|d) > X (]\Lac’ﬁff + Hex cos( — ¢n)
sal
2Aex 5 , . 9 1 (026’
—k 2 Mo f k) d — - — .
L e af k) dsin®(p — on) 32\ 600

(2.50)
Here, k? = kﬁ + k2 is the total wave vector and f’ is the demagnetizing
factor with f/ ~ 1 for the film thicknesses used in this thesis. f’ is dif-
ferent from 1 only for ultra thin films on the order of a few mono layers
[Hei88]. Please note that the equation has been reproduced in cgs units
whereas all previous equations are defined in SI units.

&y 06, 0%&;
The terms 5 egff, 5 ;ff and 5 aeff can be calculated with Eq. [2.16}[2.20
¥ ¥
and2.49

2.4.1. Plane film model

The formalism given in equation[2.50]has been introduced to determine rel-
evant anisotropy constants from measured spectra [Hil05]]. This formalism
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2. Theory

requires the knowledge about the angles ¢ and 6. They are calculated by
minimizing the total energy density given in equation[2.2T]for both angles.
In the presence of a uniaxial anisotropy the direction of the magnetization
depends on the strength and the direction of the external field as well as the
strength of the anisotropy. In the following we show an example of a pos-
sible dependency ¢(p g ). Let us assume a 47 nm thick ferromagnetic film
in the z-y-plane and the external field applied in the plane of the film. The
uniaxial anisotropy axis is along the z-axis and K,,; > 0. Consequently, ¢
and 6y are both close to 90°. First, we define the anisotropy field H,y; as
[Gur96]

K uni
M

In Figure 2.5| we plot the angle ¢ of the magnetization as a function of the
external field angle ¢y for several ratios of Hex/ H ;-

Huni =

2.51)

8of |—2
—4 H
60} |—8
C —oq
S 40
20
0
0 20 40 60 80
@ ()

Figure 2.5.: Angle of the magnetization ¢ as a function of the magnetic field angle
m for several ratios of Hex/Huni. Field and magnetization are in the plane of the
sample. The dashed line stands for a configuration that is not realized as domains
are likely to form [Gur96].

For an infinitely large field ¢ (@) is a straight line. The magnetization
points in the same direction as the external field. If the external field is
decreased the magnetization direction varies from the direction of the field
for angles 0° < ¢ < 90°. The deviation gets large for small fields. Only
if the field is applied along an easy or a hard axis M coincides with Hext
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2.4. Spin waves

if Hexi/Hun > 2 [Gur96]. The dashed line in Figure indicates that
this solution is not relevant as no uniform magnetization is given for these
values. Instead domain formation takes place [Gur96].

With the knowledge about the magnetization direction we can use Eq.
to calculate the resonance frequencies for in-plane fields. Hereby, we have
three free parameters: the external field angle ¢z, the field strength Hy,
and the in-plane wave vector k. In general we choose one parameter as
a sweep parameter while the other two values are fixed. The plane-film-
model is valid for an infinitely extended film and does not consider any
contributions of the shape of the ferromagnet except the finite thickness.

2.4.2. Micromagnetic simulations

In this thesis micromagnetic simulations are shown that were performed
by Sampo Hémailédinen from the group of Prof. S. van Dijken at Aalto
University, Finland. In the following we will give a short overview on the
simulations.

The calculations were done by the simulation software OOMMEF (Object
Oriented Micromagnetic Framework). The ferromagnet is divided into a
mesh of simulation cells within each the magnetization is uniform. An
external field and anisotropies can be added for each simulation cell and
boundary conditions can be chosen. First of all, the equilibrium position of
the magnetization M(r) is calculated for each cell by minimizing all energy
contributions. This enters the LLG equation (Eq. as the ground state.
For the dynamic simulations the LLG equation has to be solved numeri-
cally. An excitation pulse (here a step pulse) is added for a fixed time that
displaces the magnetization vector in each cell. The drop time of the pulse
is set to 20 ps making simulations up to 26.5 GHz - like achievable in the
experiment - possible. After the application of the pulse the dynamic sim-
ulations are performed for 5 ns. A data set M(r, t) is generated. The time-
dependent simulation results are transformed to the frequency domain in
order to be compared with experimental results. A phase-sensitive Fourier
transformation of the out-of-plane component of the magnetization is per-
formed providing amplitude and phase of the magnetization oscillation in
each cell.
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2.5. Magnetic and thermal effects

So far, we have concentrated on energies in ferromagnets and the effect
of high frequency displacement of the magnetization. In the following we
focus on the Anisotropic Magnetoresistance (AMR), the Seebeck effect,
the Spin Seebeck effect (SSE) and close this section with the Anomalous
Nernst effect (ANE).

2.5.1. Anisotropic Magnetoresistance

Pl

resistivity

Figure 2.6.: AMR resistivity as a function of the angle between current direction
and magnetization. The resistivity is at maximum if the current is collinear with
the magnetization. On the right side, the orbitals are sketched that are relevant for
the assumed spin-dependent scattering.

In 1865 W. Thomson found in a piece of nickel that in the presence of a
magnetic field, the conductivity of the metallic magnet depended on the
relative alignment of field and electric current [ThoS7]. It was found that
the resistivity reached a maximum for a collinear orientation of the mag-
netization M and the current density j and a minimum if they pointed per-
pendicular (Fig. [2.6). The dependency is described by [McG75]]

pe) = po + (p| — pr) cos®&, (2.52)

where ¢ is the angle between the direction of the current j and the direction
of the magnetization M. The change in resistance can be on the order of
some percent of the total resistance. Today there is a descriptive explana-
tion for the AMR effect. The origin lies in the spin-orbit coupling. For
3d-ferromagnets the charge distribution in the orbitals is not a sphere but
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2.5. Magnetic and thermal effects

is deformed in one direction (cp. right side of Fig. [2.6). The orientation
of these orbitals in space depends on the direction of the spin. The origin
of the AMR is now based on the scattering cross section that is different
for electrons approaching the deformed orbitals from different directions.
This varies the relevant scattering cross section as a function of angle &.

2.5.2. Thermoelectric effect (Seebeck effect)

The Seebeck effect was discovered in 1821 by Thomas Johann Seebeck
when he found that a compass needle was deflected by a pair of two met-
als that touch in two points. The two junctions however were at different
temperatures. As Seebeck did not realize that this effect is due to an elec-
tric current he called the finding thermomagnetic effect. Later the term was
corrected in thermoelectric effect. The origin of the effect is the follow-
ing: If a metal is heated at one side the Fermi-Dirac distribution function is
broadened at the hot side [Baul2|]. Energy states above the Fermi energy
are occupied by hot electrons. Furthermore holes remain below the Fermi
energy. Both hot electrons and hot holes diffuse to the cold side. The
conductivity is however dependent on the energy and is larger for higher
energy. This leads to a net charge flow towards the cold side as the electron
current is larger than the hole current. The increase in charge at the cold
end causes an electric field between the two ends. Then the electric field E
can be given as [Ash76]:

E=SVT (2.53)

where S is the Seebeck coefficient or Thermopower and VT is the tem-
perature gradient. S can be written as:

2 1.2 /
_ T RpT o

3 e o

S:

(2.54)

Here, kp is the Boltzmann constant, o is the conductivity and ¢’ is its
derivative after the energy.

Although the Seebeck effect is present in a single piece of metal, it is hard
to be measured on the individual material due to the following reason.
Imagine a single metal rod, hot at the one end, cold at the other. If you
would like to measure the voltage along the rod, it has to be contacted for
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Metal 2
Metal 1

Figure 2.7.: Seebeck effect: Two metals exhibiting different Seebeck coefficients
are in contact at two places. One junction is heated, the other one is connected via
a voltmeter. A net voltage is measured.

example by two metal probe tips connected to a voltmeter. However, the
probe tips would experience different temperatures and exhibit the Seebeck
effect themselves. Instead a thermoelectric device usually consists of a pair
of metals, i.e. a thermocouple (Fig. 2.7). There two different metals are
connected at two points. One junction is heated (75) and the cold sides (77)
are connected via a voltmeter. The measured voltage is given by [Hel76]

T
V= —/ (Sl — Sz)dT (2.55)

T

with S; and S, the Seebeck coefficients of metal 1 and metal 2. For small
enough temperature gradients and a constant Seebeck coefficient equation

[2.55] simplifies to

V =—(51 — S2)AT, where AT =T, —T1. (2.56)
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2.5.3. Transversal spin Seebeck effect

The transversal spin Seebeck effect (TSSE) was introduced in 2008 by
Uchida et al. [UchO8|] and gained remarkable interest in the commu-
nity. The authors stated that in a thin film ferromagnet that is subject
to a heat gradient VT in the plane of the sample there is a spin current
J, generated along the temperature gradient. A spin current is defined
in analogy to a charge current as a flow of spin angular momentum. A
pure spin current therefor means that there is a transport of spins with-
out a net flow of charge. As a spin current can not be detected directly,
the measurement is based on the inverse process of the Spin Hall effect
[Sai06l [Kim07, Mos10]. Therefor a piece of normal metal (NM) is at-
tached to the ferromagnet. The conversion of spin to charge current takes
place when the spin current with the spin polarization vector o5 ||M enters
the NM and follows the equation

Jo = DisHg js X 0. (2.57)

Digyg is a measure for the conversion efficiency that depends on the spin-
orbit coupling in the material. Often Pt is used for an NM as it shows a
large DISHEo

Uchida et al. [UchO8] explained the spin Seebeck effect due to the fact
that spin-up and spin-down conduction electrons exhibit different scatter-
ing rates and densities and thus concluded that this is equivalent to different
Seebeck coefficients for the two different kinds of spin. Consequently the
effect was called spin Seebeck effect. More precise they postulated that
the spin current resulted from a difference in the chemical potential for
spin-up and spin-down electrons at each end of the ferromagnet due to the
temperature gradient. In Fig. [2.8](a) we show an excerpt of the original
publication of Uchida et al. by which the authors aimed at explaining the
observations. The spin current is generated along the temperature gradient
in the sample plane. At the cold and the hot end, Pt stripes are attached
perpendicular to the temperature gradient. The spin current diffuses into
the Pt layer and is spin dependently separated (ISHE). As there is an im-
balance in the ratio of spin-up and spin-down electrons at each side the
electric field built up in the Pt stripes is opposite for the cold and the hot
end respectively. As it can be seen from equation the measureable
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voltage along the Pt stripes depends on the cross product of spin current
direction and spin polarization direction. The relevant spin current always
flows out of the sample plane across the boundary of NM/FM. The spin
polarization direction is dependent on the magnetization direction. Imag-
ine an external field large enough to fully saturate the magnet in the plane
of the sample. When rotating the field both the magnetization and the
spin polarization vector follow the external field. When the field is applied
along the temperature gradient, so perpendicular to the long axis of the Pt
stripes, the electric field due to the ISHE is along the Pt stripe. Hence the
measureable voltage value is at its maximum [Fig. (b)]. By rotating
the magnetic field by 90 degree, Ejspg is pointing perpendicular to the Pt
stripes and is therefor not detectable along the long axis. A full rotation
of the magnetic field therefor yields a sinusoidal response in the voltage
signal. At the two ends of the FM, so with a temperature gradient pointing
in the opposite direction, the detected voltages are opposite.

However, the microscopic origin of the detected voltages is still not un-
derstood and was strongly debated in the community for the last years.
Especially the long range character of the detected signal that is orders of
magnitude larger than the spin diffusion length gives rise to the assump-
tion that the effect is based on phonons in the substrate [Jaw10, Jaw]1,
XialO, [Uchl12| [Hual2]. A second assumption is that another effect, the
anomalous Nernst effect (see next section) that is based on an out-of-plane
temperature gradient, is mimicking the TSSE signal. Both effects show
the same field and angular dependencies if the field is applied in the plane
of the sample. However, for the anomalous Nernst effect an out-of-plane
temperature gradient is relevant, while for TSSE in-plane gradients con-
tribute to the voltage. Both assumptions were subject to further investi-
gations. A common experiment is based on thin membranes taken as a
substrate [Avel2, |[Sch13a]. This should reduce the influence of phonons
in the substrate and the influence of the substrate as a heat sink. The latter
should prevent unwanted temperature gradients in the out-of-plane direc-
tion. However, in such experimental approaches a TSSE was not resolved.
This even more fueled the discussion if the TSSE works like predicted or
if it exists at all. In chapter [6] we will contribute a piece to the puzzle by
completely excluding the substrate in the heated region. We will show data
on freestanding ferromagnets and perform investigations on the TSSE.
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Figure 2.8.: (a) Sketch of the transverse spin Seebeck effect geometry. Pt stripes
(blue) are attached to the ferromagnetic film (grey) that is subject to a tempera-
ture gradient VI'. (b) The voltage measured along the Pt stripes depends on the
orientation of the magnetization. At the lower and the higher temperature end the
resulting voltage is opposite. Pictures taken and adapted from Ref.

2.5.4. (Anomalous) Nernst effect

The Seebeck effect that we previously explained is a thermoelectric effect.
We now focus on a thermomagnetic effect, the Nernst effect (NE) [Ner87].
We start from a metal that is subject to a temperature gradient V7T'. Equiva-
lent to the Seebeck effect (section[2.5.2) the heat gives rise to a broadening
of the Fermi-Dirac distribution. This leads to a net flow of charge from one
end to the other. These charges are electrons from energy states above the
Fermi energy as well as holes below the Fermi energy. If we now apply a
magnetic field H perpendicular to the gradient the Lorentz force will act
on the moving charge carriers and separate the holes from the electrons.
The upcoming electric field can be written as:
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Exg = N woH x VT, (2.58)

with IV being the Nernst coefficient.

If the metal is ferromagnetic the heat gradient gives rise to an electric field,
too. However the separation of the charge carriers is dependent on the
magnetization M instead of the external field. This effect is called Anoma-
lous Nernst effect (ANE). Equation 2.58]then changes to

Eane = Nang poM x VT (2.59)

with Nang being the anomalous Nernst coefficient. Even if the phenomeno-
logical description of NE and ANE might offer similarities, the origin is
different. It was recently shown, that the ANE is of the same origin as
the anomalous Hall effect (AHE) [Miy07]. The AHE however generates
a voltage perpendicular to both, the current in a ferromagnet and the field
applied normal to the current. It is based on the transverse Hall conductiv-
ity oxy. The reasons for the AHE are of intrinsic (inter-band effect
and skew scattering [Smi58]) and extrinsic (side-jump and
Berry phase [Mac04]) nature. For a detailed consideration of microscopic
aspects the interested reader is referred to Ref. [NagI(]. For data analysis
we will make use of equation [2.59]

o€

—p

Figure 2.9.: Sketch of the anomalous Nernst effect. A ferromagnetic metal is
subject to a temperature gradient. Holes and electrons diffuse from the hot to the
cold side and the charges are separated due to the Lorentz force. An electric field
builds up perpendicular to M and VT'.
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2.6. Ferroelectricity

In the following basic characteristics of ferroelectric materials are dis-
cussed. So far, we have discussed the response of a material subject to a
magnetic field. If we apply an electric field to a material positive and neg-
ative ions might be displaced causing dipole moments. The polarization
P (in analogy to the magnetization) is defined as the vector sum of mi-
croscopic dipole moments per volume. A polarization is shown by every
material. A spontaneous polarization is observable in crystals belonging to
special symmetry classes [Hel76]]. 20 of the 32 point groups do not have
an inversion center and show an electric polarization under the influence
of a mechanical distortion. They are piezoelectric. This also means that
they show a mechanical deformation when an electric field is applied to
the material. 10 of these 20 classes have exactly one polar axis and ex-
hibit macroscopic polarization without an applied electric field or strain.
The spontaneous polarization depends on the temperature known as pyro-
electricity. The polarization of some of the pyroelectric materials can be
switched by a sufficiently large electric field E applied in the opposite di-
rection. These materials are called ferroelectric. A typical example for a
ferroelectric material is BaTiO3 (see chapterE]). The ferroelectricity has an
upper temperature limit, the ferroelectric Curie temperature 7¢. Further-
more, specific temperatures exist below T where the crystal phase and the
electrical properties change.

In general for piezoelectric materials the components of the polarization P
are given as [Jos93]

P; = dijp Xjn + xi5Ej, (2.60)

where ¢ € {z,y, 2z} and the summation of j and k runs over z, y, 2. d; ;i is
the 3-dimensional piezoelectric strain coefficient tensor, X j; is the applied
mechanical stress tensor, x;; is the dielectric susceptibility tensor and £
is the external electric field component.

In section[2.2] we discussed stress-induced contributions to the total energy
of a ferromagnet entering the effective field H.y and thereby modifying
the spin dynamics. In the course of this thesis we investigated ferroelec-
tric/ferromagnetic heterostructures to implement electric-field control of
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magnonic properties. We will discuss in chapter [3|the special properties of
the ferroelectric BaTiOg substrates used in this thesis in detail.
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In this chapter we will give an overview over the materials used in this
thesis. We will start with a description of the ferroelectric material barium
titanate. Furthermore we will introduce the magnetic materials permalloy
and cobalt iron boron.

3.1. Barium titanate

3.1.1. Structure

Barium titanate (BaTiOs3) is a material that is ferroelectric, pyroelectric
as well as piezoelectric. Due to its large dielectric constant, BaTiOj3 is
often used in capacitors. Above 1460°C it is of a non-ferroelectric hexag-
onal form [Jaf71]]. Below this temperature it crystallizes in the perovskite
structure (Figure[3.T) which is ferroelectric for certain temperatures. In the
center of the cube there is a Ti*T ion, on the corners Ba2t ions are located
and in the center of the faces there are O%~ ions. The crystal shows some
phase transitions from the cubic structure to the tetragonal, orthorhombic
and rhombohedral structure depending on the temperature. The forms of
the unit cell and the temperature-dependent phase transition diagram are
shown in Figures [3.2] and [3.3] respectively.

Above about 120°C the relevant form is the cubic structure with edge
length a. If the temperature is decreased the cell of the perovskite elongates
along one edge (c > a) and forms a tetragonal lattice. The polarization P
points parallel to an edge of length c. Cooling down even further the next
transition takes place around 0°C. The structure gets orthorhombic as the
unit cell elongates along a face diagonal (b’ = ¢’ > a) and the polarization
P points in the same direction. At even lower temperatures below -90°C
the crystal elongates along a room diagonal and forms a rhombohedral
structure where all edges are of length a. The polarization is orientated
along the room diagonal.
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Figure 3.1.: Sketch of the perovskite structure of BaTiOs. The center of the cube

is a Ti*T ion, on the corners there are Ba®>t ions in the center of the faces O~ ions
are located.
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Figure 3.2.: Sketch of the four structures that occur in BaTiOs. The cubic structure
shows no polarization, for the tetragonal, orthorhombic and rhombohedral case the

polarization direction is drawn with a black arrow. The deviation of the cubic
structure (black) is drawn as a red cell.
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Figure 3.3.: Phase transitions of the BaTiOg crystal as a function of temperature.
The relevant lattice parameters are given. Figure taken and adapted from Ref.
[Kay49].

3.1.2. Ferroelectric domains and ferroelectric/ferromagnetic
hybridstructures

In ferroelectric substrates it was shown that it can be energetically favor-
able to form domain patterns [Pom93]. A domain describes a region in a
ferroelectric material where the polarization P in neighboring cells is par-
allel. If several domains with different orientation of P exist in a substrate
the polarization has to change the direction at some point. The change
does not take place abruptly between neighboring cells but the direction
changes successively over a few cells. The area between neighboring do-
mains where the polarization change takes place is called ferroelectric do-
main wall.

There are several possible domain configurations, i.e. 180° domain walls
[Per95]] where the polarization is out-of-plane and is rotated by 180° in
neighboring domains or 90° domain walls [P99] where the in-plane po-
larization is organized in a head-to-tail configuration with an angle of 90°.
The BaTiOg substrates used in this thesis belong to the latter case and form
aregular pattern of a; and a3 domains with a domain width of 5—8 pm (see
Figure[3.4). The polarization of both a; and a, domains enclose an angle
of 45° with the domain boundary, the domain wall. P originates in an elon-
gation of the lattice in the tetragonal phase which amounts to about +1.1%
(cp. Figure[3.3). If a magnetic film is attached to the ferroelectric substrate
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the strain due to the lattice elongation might induce a uniaxial anisotropy
in the magnetic film because of magnetostriction (cp. section [2.2). The
ferroelectric regular domain patterning is transferred to the ferromagnet.
Ferromagnetic domain walls exist as well but are not under investigation
in this thesis. However, the ferromagnetic domain walls are wider than the
ferroelectric domain walls and can be charged, if the magnetization points
head-to-head, or uncharged, if the magnetization points head-to-tail. The
kind of domain wall can be changed by the magnetic history.

ay-domain

Figure 3.4.: Schematic picture of the domain wall between a; and a; domains.
The lattice elongation in each domain amounts to about +1.1%. The polarization
directions in neighboring domains enclose an angle of 90° between each other and
45° with the domain boundaries.

3.1.3. Application of an electric field

In order to influence the ferroelectric domain structure an electric field can
be applied across the thickness of the BaTiOg substrate. For large enough
fields the a; and a, pattern in the ferroelectric substrate then switches to a
uniform c-domain. The polarization vector is pointing out-of-plane. It is
important that the field can be applied also during AESWS measurement
(cp. section[5.1)). In Figure 3.3 we show a sketch of the board used for the
application. On a copper square with the size of the sample the substrate
side of the sample is mounted with double-sided conductive tape. The
side of the ferromagnetic film is bonded to another copper contact. The
two copper contacts can be connected with cables. As we want to perform
AESWS measurements in flip chip geometry the sample has to be mounted
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face down on the conducting CPW which is connected to the VNA. The
application of large DC voltages (up to several hundreds of volts) to the
sample could therefor endanger the sensitive ports of the VNA. We fol-
lowed three points to secure the ports:

e The CPW is insulated with Al,O3 deposited by atomic layer depo-
sition as well as a second layer of sputtered SiOs.

e DC blocks are mounted in front of the two ports of the VNA.

e The side of the sample that is directly facing the CPW - the ferro-
magnetic side - is grounded, while the other side is set to a positive
voltage.

Another aspect to be considered is that the ferroelectric substrate experi-
ences structural changes during the application of an electric field. There-
for the electric field has to be applied very carefully during the experiment.
The maximum sweep rate during application is set to 30 V/min. Then the
lattice has enough time to relax preventing a cracking of the whole sample.

20 mm
< >
bond
e L +
o CoFeB r—
o .
N J:‘_ \ Cu
substrate

Figure 3.5.: Sketch of the board used to apply large electric voltages to the BaTiOs
substrate. The sample is positioned on a conductive copper plate connected to pos-
itive voltage source. The ferromagnetic side of the sample is bonded to a grounded
copper plate.

3.2. Permalloy (Nig Fey)

Permalloy is an alloy of the two magnetic elements nickel and iron. In lit-
erature permalloy is described as "an alloy of remarkable magnetic prop-
erties" [[Arn23|]. The material shows a large permeability which reaches a
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maximum close to a nickel content of 80%. This large permeability led
to the name permalloy. Furthermore the alloy provides small coercivity,
near zero magnetostriction and a significant anisotropic magnetoresistance
[Nah1Q]. The low magnetostriction makes permalloy an interesting ma-
terial for industrial purposes where variable stresses would otherwise dis-
tort the magnetic properties too much. The alloy is often used as a spin
injector in spin valve experiments as it shows reliable spin-polarized cur-
rents because of a high asymmetry in the itinerant d-electron spin density
[BocO7, [Vog09, INah10]. In ferromagnetic resonance experiments the in-
trinsic damping parameter for a thin film is on the order of 0.005 [Pat75].

3.3. Cobalt iron boron (CosoFe  B2g)

Cobalt is known as the only element that increases the saturation magne-
tization and the Curie temperature if it is alloyed with iron [Jil98, [Cul09].
This makes these alloys interesting for some applications. They exhibit
a high permeability and low anisotropies. Additionally it was shown that
CoFe alloys show large magnetostriction [Wil32]]. CoFe alloys are usually
given in a crystalline structure. If boron is added to a certain extent the
resulting alloy is amorphous and can be sputtered. Soft magnetic prop-
erties can be improved by a low-temperature annealing. Furthermore, if
a magnetic field is applied during annealing it is possible to induce an
anisotropy. The dynamic magnetic properties of CoFeB are good as it
shows low damping parameters between 0.01 and 0.001. Especially in
the field of tunneling magnetoresistance (TMR) experiments CoFeB alloys
gained a lot of interest as amorphous CoFeB guarantees smooth surfaces
on an atomic scale [HelOl [Liull]]. It was found that the boron atoms that
were initially substituted interstitially in the CoFe lattice are depleted dur-
ing annealing and the layer forms a bcc lattice of CoFe [Rum10].
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In this chapter we show the preparation steps of the samples investigated
in this thesis. First we will explain several preparation techniques we used
and finally we give an insight on a complete fabrication procedure of a
suspended ferromagnet with integrated platinum contacts.

4.1. Lithography

In order to produce micro- or nanostructures on a given substrate one has
to apply certain techniques to define a mask and deposit material on the
wafer in a controlled manner. One technique is called lithography whereof
we introduce two types in the following.

4.1.1. Photo lithography

The CPWs described in section [5.1.2] and one freestanding ferromagnetic
bridge layout (later in section {4.2.1)) are fabricated via photo lithography.
Typical preparation steps are the following:

e Create an optical mask using a laser writer
o Clean the piece of substrate with acetone using ultrasonic
e Rinse strongly with isopropanol and dry with nitrogen

e Coat the sample with LOR 5A photo resist using a spin coater at
4500 rpm for 60 seconds and bake the sample on a hot plate for one
minute at 180 °C

e Coat the sample with S1813 photo resist using a spin coater at 6000
rpm for 60 seconds and bake the sample on a hot plate for one minute
at115°C

e Bring sample and optical mask in close contact and expose with UV
light of power density 12 mW/cm? for 3.5 - 4 seconds depending on
the feature size
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e Develop the exposed sample in MF26-A developer for 25 seconds,
rinse with deionized water and dry with nitrogen

e Deposit the specific material in the evaporation chamber

e Do a lift-off process by putting the sample into 1165 remover, use
ultrasonic if necessary, rinse with isopropanol and dry with nitrogen

Au

Figure 4.1.: Sketch of the double layer resist undercut structure before (a) and after
(b) deposition of i.e. Au. Due to the undercut design tear-off edges are avoided. (c)
Colored microscope picture of the 2 pm wide signal line of a coplanar waveguide
prepared with a double layer resist.

This technique is a fast way to deposit material on the sample in a defined
way and is used for structures with a minimum feature size of 2 pm. The
position accuracy with the lithography device available for this thesis is
estimated to be on the order of 5 um.

As shown above the sample is coated with two different kinds of photo
resist. Thereby the resist coated first is more sensitive to UV light than
the top layer resist. Hence after exposure and development of the double
layer resist an undercut geometry is created [Fig. 1] (a)]. The resulting
advantage is that material that is deposited on the substrate in the prede-
fined region has no direct contact to any resist layer [see Fig. @(b)]. This
improves the edge roughness of the fabricated features as tear-off edges
are avoided. Figure ff.T](c) shows a colored scanning electron picture of
the signal line of a 2 um wide CPW.

4.1.2. Electron beam lithography
For electron beam lithography (e-lit) the individual steps read as follows:
e Draw a mask with the lithography software

e Clean the piece of substrate with acetone using ultrasonic
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e Rinse strongly with isopropanol and dry with nitrogen

e Coat the sample with PMMA 50K resist using a spin coater at 4500
rpm for 60 seconds and bake the sample on a hot plate for five min-
utes at 160 °C

o Coat the sample with PMMA 950K resist using a spin coater at 4500
rpm for 60 seconds and bake the sample on a hot plate for five min-
utes at 160 °C

o Expose the sample with a dose of about 200 uC/cm? by moving the
focused electron beam (acceleration voltage 20 kV) according to the
mask designed before

e Develop the exposed sample in AR-600-56 developer for 65 sec-
onds, rinse with isopropanol and dry with nitrogen

e Deposit the specific material in the evaporation chamber

e Do a lift-off process by putting the sample into 1165 remover, use
ultrasonic if necessary, rinse with isopropanol and dry with nitrogen

Again the two-layer resist provokes an undercut structure and tear-off edges
are avoided. Using this approach minimum feature sizes on the order of
100 nm can be realized.

4.2. Ferromagnetic freestanding bridges

One main goal of this thesis was to investigate ferromagnetic thin-film de-
vices subject to temperature gradients in ferromagnets. In order to narrow
these gradients to the in-plane direction of the film and to exclude possible
contributions of the substrate itself the aim is a completely freestanding
ferromagnetic stripe over a certain distance of several micrometer. Addi-
tionally in order to be able to measure the expected physical effects we
integrate thin platinum contacts to this ferromagnetic bridge that are also
freestanding over a certain distance. Due to the small thicknesses of the
structures this is a very challenging preparation process and needs to be
done very carefully. In the following we will describe two different ways
how to realize such freestanding thin-film devices. We discuss advantages
and disadvantages of the different processes.

First we discuss the basic challenges of this sample preparation:

49



4. Preparation technique

e In order to get self-supporting structures we intend to fabricate the
corresponding materials on a flat substrate and take away the sup-
porting wafer in a final step. Using etchants to remove the substrate
is one possibility. However most etchants that are suitable for wafers
etch the ferromagnetic material as well. Because of this it has to be
ensured that the bridge materials are not in touch with the etchant.

e Due to the large aspect ratio, i.e. the large freestanding length com-
pared to the small thicknesses, any mechanical stress and electric
discharge during the preparation process have to be avoided.

e The structure consists of a 40 - 65 nm thick ferromagnetic stripe with
15 nm thick Pt contacts which are crossing the FM perpendicularly.
In order to increase the stability height variations in the crossing
region have to be minimized.

4.2.1. Preparation based on GaAs

In this section we describe the optimized fabrication cycle to establish a
freestanding bridge on a GaAs substrate. We will give an overview over
the single steps as well as some explanations on the background of specific
steps. In order to follow the necessary height-leveling and protection of
the FM from the etchant we use aluminum in the following. This has the
advantage, that it can be easily solved by the standard photo lithography
developer MF-26A.

e Clean a piece of GaAs with acetone and isopropanol.
e Deposit 21 nm Al on the whole sample.

e Define the Pt contact structure consisting of four 5 um wide stripes
by photo lithography (described above) on top of the Al layer, but
use only a single layer S1813 and develop 75 seconds to solve the
Al at the predefined areas. The single layer resist is used to avoid
that the developer dissolves Al in a wider area than necessary (cp.
undercut described above).

e Refill the etched area with 6 nm of Al and 15 nm of Pt [Fig. 2] (a)].
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e Define the Py stripe by photo lithography (double layer resist), but
develop only 13 seconds. This duration is long enough to just de-
velop the resist completely but sufficiently short to not solve the Al
below the Py area. Before deposition of 40 nm of Py the surface
is cleaned in-situ via Ar milling for 25 seconds. During evapora-
tion the sample is swiveled with the rotation axis perpendicular to
the long axis of the permalloy stripe in order to cover small steps
homogeneously, that could remain from the underlying layers.

e Define etch windows next to the Py stripe via photo lithography and
develop 75 seconds to solve the Al in this area. This gives access for
the etchant to the substrate.

e Put the sample in the etchant (42 ml HyO, 18 g citric acid and 4
ml H50,) for approx. 60 minutes. The exact etching time depends
on the position of the etch windows and has to be checked optically
during etching in solution. The sample is carefully taken out of the
etchant, put into water and checked with a water droplet on top un-
der the microscope. We take care that the sample doesn’t dry. This
prevents mechanical stresses due to surface tension that would very
likely destroy the sensitive bridge. Etch until the bridge is com-
pletely freestanding [Fig. {.2](b)].

e Solve the resist by carefully putting the sample into acetone and
afterwards in isopropanol.

e Take away the Al layer by solving in developer until the layer is
obviously gone [typically 90 seconds].

e Put the sample into water then into isopropanol for some minutes.
Let the sample dry at air.

In the end a freestanding Py/Pt hybrid structure remains [Fig. @] (c) and
(d)]. The advantage of this preparation technique is that all stripes are
leveled and smooth. However the yield of this way of preparation is not
very high. The main reason except mechanical stresses could conceivably
be that during the embedding of Pt in Al a small gap remains between the
two materials where later on the etchant can reach the FM. This assumption
is supported by the fact that in many samples the thinner Pt stripe stayed
undamaged but the Py stripe was broken at the edge to the Pt stripe.
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(b)

underetched region

Figure 4.2.: Sketch of the preparation cycle for a freestanding ferromagnetic
bridge based on GaAs. (a) In a first step the Pt stripes are embedded in an Al ma-
trix. (b) A Py stripe is defined on top. Etch windows are put next to the Py stripe
so that the etchant can access the substrate. The whole Al/Pt/Py hybrid structure is
underetched. (c) Resist and Al are taken away, a freestanding ferromagnetic bridge
with Pt contacts remains. (d) Photography of a freestanding bridge. The Py stripe
is 10 um wide.

4.2.2. Preparation based on silicon on insulator

In the last section we mentioned that although protected by Al the FM is
probably attacked by the etchant. We therefor developed another technique
where any wet etchants that could harm the FM are not needed. We use a
silicon on insulator (SOI) wafer instead of GaAs. This wafer consists of
bulk Si followed by a 3 um thick SiO2 layer which has on top a 220 nm
thick Si layer. The main idea of this preparation process is to embed an
Al layer in the top Si layer, prepare all the structures on top of this and
solve the Al later on with the standard developer. The single steps plus
explanation read as follows:

e Define a marker system on the SOI wafer via photo lithography and
etch the markers through the Si top layer with reactive ion etching
(RIE): reactive gases C4Fg and SFg for 80 seconds.

e Define a square of 20x20 pum? by e-lit and etch the top Si layer via
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RIE. The buried SiO4 layer acts as a etch stop layer as its etch rate is
a factor of about 10 lower compared to the rate of Si. Atomic force
microscopy (AFM) data show that the averaged surface roughness
in the etched region amounts to 2 to 4 nm [Fig. @] (a) and (b)].

Refill the etched area with Al in order to get a planar surface that
is as flat as possible. We therefor choose a very slow evaporation
rate of 0.4 A/s as this should decrease the grain size of the Al layer
[Bor12]]. AFM data show that a nominal Al layer thickness of 230
nm is needed to planarize the substrate again [Fig. [4.3](c)]. However
especially on the edges the Al surface is grainy and shows grain
heights of mostly 20 to 60 nm and partly up to 100 nm [Fig.
(d)]. The highest topological features are located close to the edge
of the Al region.

Define four Pt stripes (5 um wide, 23 um long) via e-lit on top of the
SOI-Al-plane. For height-leveling reasons the Al/SOI is etched via
Ar milling before the deposition of Pt. The etch rate is determined
to be 2.5 nm/min resulting in a total etching time of 6 minutes. Af-
terwards a 15 nm thick Pt layer is deposited.

For stability reasons the previously defined Pt stripes are covered
by 65 nm thick Pt contacts that reach almost to the Py stripe that
is defined in the next step. This should increase the stability of the
freestanding structures.

Prepare a 65 nm thick, 10 pm wide Py stripe on top. The surface
is cleaned with ion milling. Rotate the sample during evaporation
between +45° and -45° with the rotation axis perpendicular to the
Py stripe.

Solve the underlying 230 nm thick Al layer with diluted developer
MF-26A:H>0 1:1 to decrease the dissolution rate and decrease pos-
sible stresses.

Using this technique the yield for freestanding devices has been increased.
The leveling of the single layers is guaranteed. Still the roughness of the Al
layer (especially in the edge region as described above) affects the topogra-
phy of the hybrid structures on top. The electrical and magnetic properties
of such devices will be discussed below. To improve the planarization one
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might start from thinner Si top layers (e.g. 50 instead of 220 nm). Then
the Al layer is expected to be smoother.
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Figure 4.3.: Color-coded height profiles recorded by atomic force microscopy for
the sample (a) after RIE and (c) after Al deposition. (b) and (d) show the corre-
sponding height profiles taken at the position of the blue line in (a) and (c) respec-
tively.

4.3. Magnetron sputtering

The samples investigated in chapter [7] are grown by magnetron sputtering
[Kel00, [Lah13]. In a vacuum chamber Ar gas is inserted and ionized in an
electric field (Fig. . Aris used as it is an inert gas. The Ar™ plasma is
concentrated in the region above the target by a magnetic field generated by
permanent magnets placed below the target. Via an electric field the Ar™-
ions are accelerated and the target plate is bombarded with ions. Target
atoms are ejected and condense - among others - at the substrate. A thin
film is grown. The growth speed can thereby be controlled via the pressure
of the Ar gas and the strength of the electric field applied. Typical pressure
values are on the order of 1072 — 10~* mbar. The growth rate for the
CoFeB films used in this thesis is about 0.12 nm/s. During the growth of
the film the BaTiOg substrate is heated to a temperature of 300°C.
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Plasma

magnets

Figure 4.4.: Sketch of the magnetron sputtering chamber. Target atoms are
knocked out by Ar™ ions and deposited at the heated substrate. Permanent magnets
confine the plasma.
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In this chapter, we give an overview on the experimental methods and
techniques used throughout this thesis.

5.1. All Electrical Spin Wave Spectroscopy (AESWS)

5.1.1. Vector network analyzer setup

In order to perform investigations on ferromagnetic resonance we need a
technique allowing a high-frequency excitation of the magnetic system.
The AESWS setup therefor consists of the following parts [Fig. [5.1]|.

1. The heart piece of the setup is a vector network analyzer (VNA)
from Agilent PNA N-5222A. It provides four ports, each with the
possibility to emit and detect a microwave. The microwave is a con-
tinuous wave with a frequency between 10 MHz and 26.5 GHz. If
e.g. port 1 emits a microwave all the other ports including port 1
itself can detect a microwave at the same frequency. A typical mi-
crowave power used here is 0 dBm (1 mW).

2. For the investigations an external magnetic field is needed. For the
AESWS measurements we use two different magnetic field sources:

e In-plane setup: Four coils mounted pairwise perpendicular to
each other provide a magnetic field of up to pgd = 100 mT. A
Kepco bipolar current source supplies the coils (maximum cur-
rent 4 A). The bipolarity ensures that the field can be applied
in opposite directions during the measurement without chang-
ing the wiring. Yokes are enhancing and guiding the magnetic
field to the position of the sample.

e Out-of-plane setup: Due to strong demagnetizing fields in thin
films (cp. section [2.2) a larger field in the perpendicular di-
rection is needed. We therefor use a superconducting field
coil cooled with liquid helium and providing a field of up to
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Figure 5.1.: Photograph of the setup that provides in-plane magnetic fields. (a)
The sample is connected via microwave probes and hf cables to the VNA. The
probes can be moved by micropositioners. (b) Zoom-in of the sample region. The
sample is placed between four yokes in flip chip geometry.
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microwave prole

Figure 5.2.: Photograph of the setup that provides out-of-plane fields. It consists
of six probe arms. The sample is placed in the center and contacted with probe
tips. Temperature shields are necessary to reach low temperatures down to 4.2 K.

HoH = 2.5 T in both directions (Fig. [5.2). Additionally this
setup provides the possibility to set the sample temperature be-
tween 4.2 K and 400 K.

3. In both magnetic field setups the field is actively controlled. In the
in-plane setup Hall sensors are positioned as close as possible to
the specimen. They are part of a control-cycle that is adjusting the
output of the current source in order to get a stable field.

4. The electrical contact to the device under test (DUT) is established
via microwave cables and probes. The probes consist of three paral-
lel tips where the outer two are the ground lines and the center one
is the signal line. The connection is impedance-matched in order
to avoid reflections of the microwave at the contacts. Mechanical
motion has to be avoided as the probe is attached. The setups are
therefor mounted on a vibration cushioned table.

5. The AESWS setup is fully controlled by a computer program. The
magnetic field is set to a desired value and the data acquisition is
performed fully automated.
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5.1.2. Coplanar waveguides

y

Figure 5.3.: Schematic cross section of a coplanar waveguide consisting of two
ground lines (G) and a signal line (S) in the center. The excitation field A, sur-
rounds the metallic lines. Relevant size parameters are given.

The microwave generated by the VNA has to be guided to the ferromag-
netic sample. We therefor use a so-called coplanar waveguide (CPW). It
consists of three conducting lines of thickness ¢ placed parallel on a sub-
strate with a thickness ¢, and a dielectric constant €, (Fig. [5.3). The center
line (width wicw) is the signal line whereas the outer two lines (width
wocw) act as ground lines. The signal and ground lines are separated by
air. The air gap is of width s. The microwave that is propagating through
the CPW structure is traveling in areas of different dielectric constants. On
the one side there is the substrate on the other side there is air. The wave
is therefor no pure TEM mode, but can be approximated as quasi-TEM.
When a microwave current flows through the conductors a high-frequency
magnetic field is surrounding each line. The CPW has to be tailored in a
way that the high-frequency impedance matches 50 Q2. This is essential as
an impedance mismatch of microwave components leads to reflections at
the corresponding junctions. Following Refs. [Wad91} the impe-
dance of a CPW can be calculated via:

30r K (k)
Zo = 5.1
0= e K (ko) G-

The relevant subequations are given as:
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where some terms are corrected for the thickness ¢ which is essential for
good results. K and K’ are the complete elliptic integrals of the first kind
and its complement and b = wicw +2s. We find, that the impedance can be
adjusted mainly via the geometry of the CPW itself, i.e. the ratio of wicw
and b. This means that keeping this ratio constant causes the impedance
to stay approximately constant too. This fact is used to tailor the CPWs
as the contact pads connected with microwave probes show a pitch of 250
pm. The parallel conducting lines show a smaller pitch making a tapering
necessary.

5.1.3. Microwave excitation

The CPWs are used to excite the ferromagnetic system via a high fre-
quency excitation field. This field has its origin in the microwave current
generated from the VNA and sent via cables and probe tips to the CPW.
The VNA used here is therefor emitting microwaves of frequencies be-
tween 10 MHz and 26.5 GHz. The VNA excites a sinusoidal voltage signal
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V(z,t) = V(z)exp(jwt). (5.8)

In the following we will use the assumption of a transmission line compris-
ing two conductors separated by a dielectric. We consider a short element
of this line dx that is mainly characterized by the series resistance R and
the series inductance L as well as the shunt conductance G and the shunt
capacitance C' [Bil07a]. This is however only practicable in the approxi-
mation of TEM waves. Furthermore we presume that dz is much smaller
than the wavelength of the microwave. The change in voltage V' and cur-
rent I in both lines can be written for a infinitely small dx as:

v _ o1

oo = —(RI+ L) (5.9)
oI oV
= —(GV+Co) (5.10)

One can show that we get the telegrapher’s equations [Sar43|]

92V 021

_ 277 _ 27
where +y is the propagation constant defined as
v =+V(R +jwL)(G + jwC). (5.12)

Equations[5.11]can be solved with a linear combination of waves traveling
forward and backward [Bil07a]]

V(z) = V*texp(—vyz) + V~ exp(yz) (5.13)

I(z) = I exp(—vz) + I~ exp(yz), (5.14)

where \7+, I +, ‘N/*, I~ are integration constants. Finally, we can define
the characteristic impedance Z,. of the transmission line to be

= ~
= ‘i—:—‘i—. (5.15)
I+ 1=

The CPW is used to excite the ferromagnetic material. For data analysis

2.
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5.1. All Electrical Spin Wave Spectroscopy (AESWS)

the knowledge of the wave vector excitation spectrum of a specific CPW
is key. While finite element simulations can be used to simulate the spatial
excitation we can use an approximation to determine the excitation spec-
trum [[Cou04al, [Ken07, Neul 1a]. The high frequency field surrounding the
CPW is sketched in Fig. The component of h,y that is relevant for the
excitation of the ferromagnet is Acty. Ayt is small as the CPW is consid-
ered to be very long and h, can be shown to be much smaller than A,
as the CPW is very thin [Neulla]. As the direction of the current in the
ground lines is opposite to the signal line A, varies strongly as a function
of y. Furthermore the field value underneath the ground lines is assumed
to be half the field value underneath the signal line. We can now perform
a Fourier transformation of the spatial current distribution in the CPW and
get the excitation spectrum in the k space. In Fig. we plot the excita-
tion amplitude as a function of the wave vector for a CPW with wicw = 20
pum and s = 11 wm. The spectrum shows several maxima. For the mea-
surements in this thesis the most relevant wave vector is the first maximum
located at kcpw = 0.097-10* rad/cm. We find a finite wave vector distribu-
tion around kcpw. This distribution Ak enters also the frequency linewidth
described in section[2.3.2] There are two approximations for the maximum
wave vector k., of the first excitation peak. The first one is given in Ref.
[Coul4all by kax ~ 7/wicw = 0.16- 104 rad/cm. The second one is given
in Ref. [Ken07] as kmax =~ 27/ (wicw + 25) ~ 0.15 - 10* rad/cm. These
values are both lower than kpy,x = 0.20 - 10% rad/cm extracted from Fig.
54

In Ref. [Sch13b] finite element simulations were performed for a nomi-
nally identical CPW like used in this thesis. The value of kcpw was deter-
mined to be 0.096 - 10* rad/cm and is very close to the value determined
above. However, for the data analysis we will use the value from Ref.
[Sch13bf| as it is supposed to be more accurate as it considers the finite
skin depth.

5.1.4. Scattering parameters

In the case of non-TEM modes the voltage and current at high frequen-
cies are hard to detect. Instead, we use so-called scattering parameters, or
S-parameters, to give a relation between the incident and reflected waves.
The VNA used in this study directly measures the S-parameters. The scat-
tering matrix for a device with n ports is defined as [Bi1l07a]
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Figure 5.4.: Excitation spectrum of a CPW with wicw = 20 um and s = 11
pm determined by the Fourier transformation of the assumed spatial current distri-
bution. The amplitude is normalized on the maximum value.

Vn + chln Vn - chIn
= b, = T 5.16
2\/ ch 2\/ ch ( )

Here, a,, and b,, are the complex normalized wave amplitudes and

Qn

an — by,
Voo = /Zon(an +by) , I, =" 5.17
Entering equations [5.13|and [5.14] into equation [5.16|one gets
VE V-
ay = Z:n exp(—yz) , b, = ZT:n exp(vyx). (5.18)

We see that the a,, parameter describes the incident wave, whereas the b,
parameter is related to the emitted wave. If we now restrict to the case of
two ports, the parameters a1 2 and by o are linked via four S-parameters as

follows:
b1 S Si2) (a1
= 5.19
(bz) (»921 S22> (az) ( )

In Figure [5.5] the definition of the four S-parameters is sketched by refer-
ence to the device under test. S7; and Sy, describe the signal reflected
from the DUT with the wave originating from port 1 or port 2 respectively.
Consequently S2; and Spo are the signals transmitted through the DUT
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from one port to the other.
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Figure 5.5.: Definition of the four S-parameters. S11 and S22 mark the reflected
signals at port 1 and 2. Sa; and Si2 correspond to the transmitted signals through
the DUT.

5.1.5. Two-port measurement in flip chip geometry

Let us now consider a ferromagnetic sample that is placed face down on
a substrate including a CPW. The ferromagnetic metallic film is mounted
close to the CPW. An insulating layer is therefor not needed as the air gap
caused by unevenness of the two surfaces is enough to prevent a short of
the CPW’s signal and ground lines. For simplicity we consider only a short
piece of ferromagnet (Iength dx) that is solely covering the inner conductor
of the CPW. We have already shown in section [5.1.2] that the microwave
traveling through the conductor lines generates a high frequency magnetic
field surrounding the lines. For a CPW with wicw >> t we can state that
the field is parallel to the CPW plane close above the center of the signal
conductor, i.e. it has only a y-component. First of all we want to estimate
the strength of the hf-field surrounding the CPW for a typical VNA mi-
crowave power used in this thesis of 0 dBm = 1 mW. For an impedance of
Z. = 50 €2 the microwave current 7 is then given as ¢ ~ 4.5 mA. Accord-
ing to Refs. [Cou04bl [Bil07a] the field amplitude generated by the CPW
can be estimated by h = ¢/2wicw. For the CPW used mostly throughout
this thesis wicw = 20 pm. This leads to a field of pph = 141 uT. Com-
pared to the external field of up to 100 mT this field is orders of magnitude
smaller allowing a linear approximation as the magnetization’s displace-
ment angles are small [Cou04al]. In fact, the field & is expected to be even
smaller, as losses in the cables and contacts are neglected here.

Following Refs. [Cou04bl |Cou04a, [Pai199] the susceptibility is given as
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X(w) = AZ2wicw/ (iwpodm L), (5.20)

with AZ the change in line impedance Z at a frequency w due to the
magnetic material of thickness dp,. L is the length of the waveguide. We
want to remind the reader that the impedance directly enters the scattering
parameters. For the reflection the scattering parameter, i.e. S11, can be
written as

AZ
Sll:AZJrQZC' (5.21)
'10 L T T
_poH =100 mT, a =90°
'12 N —_ — No° T
= _poH—55mT,0(—0
= 14f
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Figure 5.6.: (a) S2;1 for a 47 nm thick CoFeB film for both a field of 55 mT applied
along the long axis of the CPW, a = 0°, and a field of 100 mT applied perpendic-
ular as a reference. For a« = 90° the signal strength is small. (b) Subtracted data,
a1, for the data of (a). The signal-to-noise ratio is increased, the small peak from
the reference spectrum can be observed.
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Next, we discuss spectra taken by the VNA in a typical measurement. We
therefor show data taken with a 9 mm long CPW, wicw = 20 pum, while a
47 nm thick CoyoFe40B2g film attached to a SrTiO3 substrate is mounted
with the film side down on the CPW. In Figure [5.6] (a) we show Ss; in
decibel (dB) for both the in-plane external field applied along the long axis
of the CPW, i.e. a = 0° at iy H = 55 mT, and applied perpendicular with
a strength of 100 mT, i.e. @ = 90°. In general the S-parameters in dB are
given as

S;;1dB] = 201og (227) , (5.22)
with 7,7 = 1,2,...,n for a VNA with n ports (here n = 2). We find,
that for most frequencies So; is on the same order for both angles. Solely
around 7 GHz the two spectra clearly deviate from each other. In order to
increase the signal-to-noise ratio we use a difference method and subtract
every spectrum from a reference spectrum. In most cases it is most feasible
to use a spectrum taken at & = 90° as a reference. The reason for this is
the following: Imagine a film with no in-plane anisotropy on top of a CPW.
The magnetization follows the external field and we measure the S3; pa-
rameter. If we now apply the external field perpendicular to the long axis
of the CPW the magnetization M becomes parallel to the in-plane compo-
nent of the excitation field h,¢ generated by the CPW (cp. section [5.1.2).
The torque acting on the magnetization is therefor minimum and the signal
strength is small. The magnetic independent parts of S3; behave the same
for @ = 0° and @ = 90° and their influence to the measurement signal can
be reduced by subtraction. In Figure [5.6] (b) we plot the subtracted data
taken from Figure[5.6|(a). The subtraction is calculated as

g = 10S21,a=0° /20 _ 10521,04:900/20. (523)

We see, that the signal-to-noise ratio is increased. The spectrum is smoother
as errors that occur in both spectra are eliminated. What remains is a peak
around 7 GHz marking the resonance frequency of the ferromagnetic field
at 55 mT. At about 9.5 GHz a second small peak is visible showing op-
posite sign if compared to the peak at 7 GHz. This can be attributed to
the resonance frequency in the reference spectrum, i.e. the resonance fre-
quency for a = 90° and 100 mT. The peak is small for the above stated
reasons.
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As mentioned before in section 2.3.1] the detected signal consists of an
imaginary part 3(a;) and a real part R(az1). In Figure[5.7] we show the
real and imaginary part of ag; as well as the absolute magnitude |az; |
for the 47 nm thick CoFeB film at « = 0° and pgH = 5 mT. The real
part shows two extrema symmetric around the resonance frequency, the
imaginary part is of Lorentzian shape with the maximum at the resonance.
The magnitude can be calculated via |ag1| = /R2(a21) + 32(aa1). The
ferromagnetic resonance linewidth A f can be extracted from the full width
at half maximum (FWHM) of the imaginary part or from the FWHM of
the magnitude scaled by a factor of 1/+/3 [Sta09, [Sch13b].

X 19'3

_Re(a21)

a,, (arb. units)

2 4 6 8 10
frequency (GHz)

Figure 5.7.: Real and imaginary part of a1 for a 47 nm thick CoFeB film at a
field of 5 mT and o = 0°. The imaginary part of the resonance at about 2 GHz
follows closely a Lorentzian shape. The linewidth A f is defined as FWHM of the
imaginary part. The magnitude |a21] is plotted.

5.2. Laser-based heating setup

For the investigations on heat gradients in ferromagnetic structures shown
later in chapter[f]a new measurement setup had to be designed in the course
of this thesis (Fig. [5.8). For the generation of local temperature gradients
we developed a heating setup allowing us to focus a laser spot on the sam-
ple. We thereby followed an approach introduced by Gravier et al. [Gra06]
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5.2. Laser-based heating setup

and applied by further groups [M10, Bie13,[Weil2]. In Figurewe show
a general overview on the setup. It consists of a laser that is mounted in
front of a beam splitter, transmitted through two further beam splitters and
focused by a moveable objective on the sample. During the time of this
thesis the setup was constantly improved and adjusted. We can mainly di-
vide the states of the setup into two cases that we call setup 1 and setup
2:

e Setup 1:
Here the laser is a Lasertack diode pumped solid state (DPSS) laser
of a wavelength of 532 nm and a maximum power of 912 mW. The
three beam splitters 1-3 are 50:50 beam splitters. The ratio is a mea-
sure for the amount of light that is deflected in the perpendicular
direction compared to the amount of light that can pass the beam
splitter straight.

e Setup 2:

The laser is replaced by a Toptica iBeam smart diode laser at 407
nm wavelength. The maximum power is 300 mW. Compared to the
laser of setup 1 this laser offers better controllability and a better
beam profile. Additionally the 3 beam splitters are replaced. Splitter
1 is a 90:10 splitter, meaning 90 % of the light is reflected to the
perpendicular direction and splitter 2 and 3 are 10:90. We therefor
increased the ratio of light power that is reaching the sample to light
power emitted by the laser.

We will mention in chapter [6] which setup is currently used. Both se-
tups have the remaining parts in common. The objective (100x Mitutoyo
Plan APO SL) that focuses the laser light on the sample is moveable in
z-direction to adjust the focus point. We use an objective positioner MI-
POS 500 from piezosystem jena. The laser light is collimated when it
comes from the laser. If the objective has the correct distance to the sam-
ple the light is focused and partly reflected from the sample. Light that
is backreflected at the focus point is parallel after the objective again. It
is redirected at beam splitter 2 and focused by a lens on a pinhole that is
mounted in the focus point of the lens. If the incoming laser light is colli-
mated, the amount of light coming through the pinhole is at maximum. If
the light is not parallel - because the sample is not in the focus of the ob-
jective - the intensity through the pinhole is smaller. Behind the pinhole a
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Figure 5.8.: Sketch of the laser-based heating setup. The laser light is redirected
by a beam splitter and focused by a movable objective on the sample. An LED
illuminates the beam path. The reflected light is transmitted to a camera and a
combination of a pinhole and a photodiode. The whole optics is mounted under a

XY-nanopositioning system.
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photodiode is mounted. The signal of the photodiode is therefor a measure
for the focus point that is thereby automatically adjusted.

Additionally, the light reflected from the sample is redirected at beam split-
ter 3 and focused on the chip of a CCD camera. In order to get a picture of
the sample the whole beam path is illuminated by a LED positioned on top
of beam splitter 1. All the optical components are assembled via a cage
system from Thorlabs (cp. Fig. [5.9). The whole optics is mounted under a
two-axis nanopositioning system (Aerotech ANT130-060-XY-PLUS, Fig.
[5.9). Not only the focus is adjusted automatically but also the = and y
position of the laser spot is controlled. We therefor use a commercially
available positioning software (TFPDAS4-MICRO). For the active posi-
tion control one detail on the sample surface is marked such as a marker
or equivalent structure. The software uses the picture of this detail as a
reference and compares all the following pictures that are taken by the
CCD with the reference one. If there is a drift, the software operates the
nanopositioner and moves back to the desired position. Thermal drifts can
be eliminated. Additionally, we can define an array of points that should
be scanned with the laser spot. The deviation from the original reference
position is calculated and a raster scan is performed. In general the posi-
tioning accuracy can be estimated to a few tens of nanometer.

A magnetic field is available up to 100 mT rotatable in the plane of the
sample and is designed equivalent to the in-plane setup for AESWS. The
sample is mounted to a chip carrier and contacted with bonds between the
sample and the chip carrier. Wires connect the chip carrier with the elec-
tronics. The whole setup is mounted in a box of aluminum for two reasons.
First, this acts as a shield for disturbances from the outside and second it
grants safety for the work with the lasers. In order to reduce further distur-
bances the setup is mounted on a vibration cushioned table.

We note that the positioning accuracy would be better if the sample was
moved and not the whole optics. However, we designed the setup in a way,
that AESWS measurements can be combined with laser heating. Therefor
microwave probe tips can be connected and the sample may not be moved.

5.2.1. Determination of the laser spot size

The laser mounted in the setup is focused on the sample surface. The size
of the laser spot can be determined by a so-called knife edge experiment
[Dur]. Let us assume a laser beam with a Gaussian intensity profile that
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Figure 5.9.: Photograph of the laser-based heating setup. The laser, the objec-
tive, the CCD camera and the nanopositioning system can be seen. Additionally,
microwave probes can be integrated and positioned by a probe manipulator. Field
coils underneath the sample provide in-plane fields of up to 100 mT.

propagates in the z-direction:

I(z,y) = Ioe*%Q/wi e~ 2wy, (5.24)

Here, w, and w,, correspond to radii where the intensity amounts to 1/e?
of the peak intensity I in the two directions. We move the laser spot across
a sharp edge that separates two regions of strongly deviating reflectivity.
The laser spot thereby moves in the z-direction. The position-dependent
power P(U) of the reflected beam is given as
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U

P(U) = Py — I /

— 00

e 2wl dw/ e~ Midy, (525

where P, is the total power of the beam. It follows:

Py, Yo
P(U) = ;t—\/ilowy/o e 2 Wi g, (5.26)

Introducing the error function it can be shown that [Durl]

1 —erf ({EU)

In Figure [5.10] we plot the signal of the photodiode that is proportional
to the reflected laser power while the spot is moved across a sharp edge.
The edge was created by reactive ion etching. The signal is normalized to
the maximum value. We find a large signal almost constant from 0 pum to
about 4 pm. From 4 pm on the signal drops to about 35% of the maximum
value and stays almost constant again. The laser spot is swept from a flat
Si surface (grey region in Fig. [5.10) to the SiO, area (green region) lying
220 nm below and showing transparency in the visible wavelength regime.
The reflected intensity is therefor considered to be significantly smaller
in the SiO4 region. The laser spot size is determined by two definitions
and for both setup 1 and setup 2 (cp. section[5.2). The first definition is
a 10% — 90% criterion where the spot size is given by the two positions
where the intensity is at 10% or 90% between the maximum and minimum
value. For laser setup 1 we determine a spot size of 1.1 um. Laser setup 2
shows an improved spot size of about 0.5 pm.

A second definition of the spot size is to fit equation to the position-
dependent data. For laser setup 2 we find w, ~ 0.4 pm. The signal is not
that constant when the laser spot is placed completely in the SiO5 region if
compared to the Si region. The reason for this might be the rough surface
of the SiO5 and reflections at the surfaces.

PU)

Ptot
= . 5.27
5 (5.27)
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Figure 5.10.: Data taken in a knife edge experiment (circles). The left part (grey)
marks the Si substrate that lies in the focus plane of the laser, the right part (green)
is the SiO2 that lies topologically deeper. The 10% — 90%-criterion is sketched.
The red line is a fit of equation[5.27]to the data.

5.2.2. Lock-in technique

The signals investigated with the laser heating setup are usually small,
meaning on the nanovolt scale. DC measurements based on a conventional
voltmeter provide a non-satisfactory signal to noise ratio. Instead we make
use of the lock-in technique. In the following we give a brief description
of this method following Ref. [Sys|]. In order to distinguish small signals
from the noise pure amplification is not enough. Assume an AC signal at
10 kHz and an amplitude of 10 nV. A low-noise amplifier with an input
noise of 5 nV/v/Hz, a bandwidth of 100 kHz and a gain of 1000 will lead
to a signal of 10 1V and a noise level of 5 nV/v/Hz-1/100 kHz-1000 = 1.6
mV. The signal-to-noise ratio makes a detection of the signal impossible. A
lock-in uses therefor a phase-sensitive detector (PSD). This detector works
at a frequency of 10 kHz with a bandwidth of 0.01 Hz. The signal level is
the same as above but the noise level is now reduced to 0.5 V. A signal-
to-noise ratio of 20 allows for a detailed signal analysis.

For the PSD a reference frequency is needed. This may come from a func-
tion generator that drives the experiment and is linked with the lock-in
amplifier, i.e. the experiment is excited with a sine wave at a certain fre-
quency w,. The function generator sends e.g. a square wave at the same
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Figure 5.11.: Sketch of the external reference signal that excites the system (top).
The signal detected by the input of the amplifier has a certain phase shift 6, (cen-
ter). An internal reference is generated by the amplifier with O (bottom). Figure
adapted from Ref. [Sys].

frequency via the sync output to the lock-in amplifier (Figure top).
The signal Vg sin(w,t + 6s;y) coming from the experiment to the lock-in
follows the excitation and is of sine shape (Figure[5.TT]center). V5, is the
amplitude and 6, is the phase. The lock-in generates an internal reference
Vi sin(wpt + Oref) locked to the external reference (Figure bottom).
The signal is amplified and multiplied with the lock-in reference by the
PSD. The PSD output is

%sd = ‘/;igVL sin(w,.t + Hsig) sin(th + Orer (5.28)
= %‘/;igVL COS[(wT — wL)t + Qsig — Gref} (5.29)
—%VsigVL cos[(wr + wr)t + Osig + Oref] (5.30)

This output corresponds to two AC signals at the difference frequency
(wy —wy,) and at the sum frequency (w, + wy). With a low pass filter
the AC part is removed. If w,, = wy, a DC signal that is proportional to the
signal amplitude remains from the difference frequency part.

1
V;)sd = i‘éigVL Cos(esig - eref) (5.31)

For 0 = 0gg — Ot = 0O the signal amplitude V;;, can be measured. For
6 = 90° the output is zero. By adding a second PSD that multiplies the
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signal with a reference signal shifted by 90° the phase dependency can be
eliminated. This is called a dual-phase lock-in. The two outputs of the two
PSD can then be written as

X =Vigcosf, and Y = Vigsin6. (5.32)

These can be understood as the signal given as a vector. The magnitude R
does not depend on the phase and is given as

R=+vVX24+Y2="1V,. (5.33)

The phase reads as

0 = arctan(Y/X). (5.34)

Many lock-in amplifiers provide the possibility to use an internal reference
generator, that can be used for the excitation of the device under test instead
of an external function generator.

5.3. Magneto-optic Kerr effect

In this thesis we will show data of Magneto-optic Kerr microscopy. These
measurements were performed in the group of Prof. Dr. Sebastiaan van Di-
jken at the Aalto University School of Science, Finland. We will therefor
give a short introduction on the underlying effect. For a detailed consid-
eration the reader is refered to Ref. [Hub98|]. The magneto-optic Kerr ef-
fect (MOKE) [Ker77,[Ker78] describes changes in polarized light reflected
from a magnetized surface. These changes can be the rotation of the po-
larization, an introduction of ellipticity or the change in intensity [Oak05]].
There are mainly three geometries (cp. Figure[7.3):

e transverse: The magnetization points perpendicular to the plane of
the incident and reflected light and lies in the plane of the sample.

e logitudinal: The magnetization is collinear with the plane of the
incident and reflected light and lies in the plane of the sample.

e polar: Here, the magnetization points out of the sample plane.
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In general a MOKE setup contains a polarizer and an analyzer. Laser light
is sent through the polarizer and polarized in a specific way (linear, cir-
cular, elliptical). The reflected light is sent through an analyzer (a second
polarizer) and the light intensity is measured behind it. If the analyzer is
orientated in the same direction as the polarizer and the light experiences
no change on its way the intensity after the polarizer is maximum. If their
polarization axes enclose an angle of 90° with each other the light intensity
would be zero. However, if the light is reflected from a magnetic surface
the anisotropic dielectric permittivity ¢ causes a change to the light de-
pending on the magnetization direction. The change in polarization and
with this in light intensity after the analyzer is a measure for the magne-
tization direction. In combination with an optical microscope the MOKE
effect can be used to image magnetic domains with a spatial resolution on
the order of a um and better.

transverse longitudinal polar

Figure 5.12.: Sketch of three MOKE geometries depending on the magnetization
direction. The incident plane of light is sketched by a grey rectangle.
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6. Laser induced thermal gradients in
freestanding ferromagnets

In this chapter we investigate the influence of temperature gradients on a
ferromagnetic material. We therefor start to characterize the ferromagnetic
material by the anisotropic magnetoresistance and will afterwards discuss
laser-heating induced effects.

Samples investigated in this chapter

Each sample investigated here was prepared like explained in chapter [
and consists of a Py stripe that is crossed by four platinum stripes (cp. Fig.
[.2). The following table gives an overview of the samples investigated in
this chapter and their properties:

sample name || substrate | suspended | wpy Wpy tpt tpy
[pm] | [wm] | [nm] | [nm]

SC028 GaAs no 5 10 15 40
SC030 GaAs yes 5 10 15 40
SCSOI_42tr SOI no 5 10 15 65
SCSOI_42br SOI yes 5 10 15 65

Table 6.1.: Definition of sample names and basic properties of each sample. w
and ¢ stand for the width and the thickness of the single materials, respectively.

6.1. Anisotropic magnetoresistance

To explore the magnetic properties of suspended bridges we performed
AMR experiments. In Fig. [6.1] (a) we plot the field-dependent resistance
of sample SC030 measured between the outer two Pt stripes [cp. contacts
1 and 4 in Fig. (a)] by applying an ac current of 100 nA at a frequency
of about 1 kHz along the Py stripe. The voltage is detected with a lock-in
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Figure 6.1.: Field-dependent (left row) and angle-dependent (right row) resistance
variations. In the left row black (red) arrows mark the up (down) sweep. The field
is applied along the Py stripe (8 = 0°). In the right row the red lines represent sine
fits from which relevant data are extracted. The data are taken on sample SC030
[(a) and (b)], sample SCSOI_42br [(c) and (d)] and sample SCSOI_42tr [(e) and
(f)]. The resistance drift in (c) and (e) is attributed to temperature variations in the
lab and heat generated by the magnetic field coils.
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amplifier (see section[5.2.2). The external field points along the Py stripe,
i.e. B = 0°, and is swept in steps of 0.5 mT between -20 and +20 mT for
the up sweep (black) and between +20 and -20 mT for the down sweep
(red). In the regime of po|H| > 10 mT the resistance is almost constant
while the magnetic field is swept. When applying an opposing magnetic
field in the up (down) sweep the resistance drops by approximately 0.25 2
towards the minimum at about +3 mT (-3 mT). The minima are assumed to
indicate the coercive field. The field position can be explained by a shape
anisotropy due to the limited width of the Py stripe. The relevant demag-
netizing field is a bit smaller than the value reported in Ref. [Biel3|] where
Py from the same evaporation plant was taken and deposited on a MgO
substrate. Following Ref. [DemO1]] one can estimate the demagnetizing
field of a ferromagnetic stripe via poHgem = jfuppy HoMs = 2.5 mT with
tpy = 40 nm the thickness, wpy = 10 um the Widyth and pgM, = 097 T
[Neullb]. This value for the demagnetizing field is in a good agreement
with the coercive field determined by the fieldsweep above. Additionally
the resistance is investigated by rotating a fixed magnetic field of 70 mT
[Fig. [6.1)(b)]. The angle of 0° marks the direction along the Py stripe. The
resistance follows the cos?-dependency described in section The rel-
ative change in resistance amounts to 0.63 % in the anglesweep but only
0.44 % in the fieldsweep. This fact can be explained as the ferromagnet
is very likely to fall into domains close to the coercive field in order to
minimize stray fields [Ash76]. As a consequence the resulting overall re-
sistance is not minimal as some domains might point along the direction
of the electric current. The MR ratio itself is smaller than the values of
2.0 — 4.0 % reported in literature [WanO6]. However the reported values
strongly depend on the thickness and the surface quality of the thin film.

We obtained similar findings on sample SCSOI_42br. The AMR ratio is
extracted to be about 0.56 % [Fig. (d)]. The coercive field amounts to
approx. +1 mT (-1 mT) [Fig. (c)]. However, the overall resistance is
about a factor of five higher than in sample SC030. This could possibly
have several reasons: As shown in section [4.2.2] the roughness of the alu-
minum layer during preparation of SCSOI_42br is quite large. This affects
of course the roughness of the Py layer prepared on top. As shown in Refs.
[PIo06, Ros04] an increased surface roughness influences the resistance
of a ferromagnetic thin film. Additionally very high topological features
at the surface (as they occurred especially in the edge regions of the Al

81



6. Laser induced thermal gradients in freestanding ferromagnets

layer) could lead to a drastically thinned FM causing higher resistance in
a short segment. This segment adds to the overall resistance in series and
could dominate. As a last contribution a crack in the Py could reduce the
effective width of the Py stripe and add a segment of increased resistance
in series. Importantly we do not find the relative AMR effect to be reduced
significantly compared to sample SC030.

In order to verify that the Al roughness and suspending process is responsi-
ble for the enlarged resistance we perform the same experiment on sample
SCSOI_42tr. This sample is prepared on the same chip as SCSOI_42br so
that the Py and Pt materials are deposited in one and the same evapora-
tion step. In Fig. (e) and (f) we plot the field-dependent and angle-
dependent resistance. The field direction of (e) is along the Py stripe, the
field strength in (f) is 30 mT. We find that the overall resistance is a factor of
approx. 11 smaller compared to the freestanding SOI-based device. This
fact supports the explanation that the roughness provoked by the underly-
ing Al layer is responsible for the increased resistance. The AMR ratio in
the not underetched sample is higher and amounts to about 1.07 %. The
reason for this can be found in the surface of the Py that is supposed to
be smoother as Py is deposited directly on the smooth Si wafer. In both
measurements shown in Fig. @] (c) and (e) we find that the initial value of
the overall resistance (black data point at -35 mT) is different from the end
value of the back sweep (red data point at -35 mT). This drift in resistance
is attributed to temperature variations through both, variations in the lab
temperature and heat produced by the magnetic field coils.

6.2. Laser-induced Seebeck effect

The investigation of spin caloric transport effects [Uch08| Wall 1, |Qul3|
requires the possibility to generate large enough temperature gradients in
a ferromagnet. Due to size limitations the occurring absolute temperatures
and temperature gradients can usually not be measured directly and have to
be determined in a different way. We therefor scan in a further experiment
a laser spot over the suspended bridge while detecting voltages at specific
contacts in a similar way like in Ref. [Biel3]. In Ref. [Biel3] however
thick Au was used for electrical contacts attached to Py. Thus, the ISHE
(cp. section and possible heat-induced spin currents were not stud-
ied. The voltage is detected with a lock-in amplifier (see section [5.2.2)
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while the laser is modulated with a square wave of a frequency of 171
Hz. In Fig. [6.2] (a) we show data taken along Pt wire 2 on sample SC030
with no current applied. Here, we use laser setup 1 (cp. section[5.2). The
laser with a nominal output power of about 8 mW is scanned in the region
marked with a red dashed rectangular. The centers of the Pt stripes in x-
direction are located at x = 10, 20, 30, 40 pum, respectively. The plot
includes the spatial information in the z- and y-direction and the voltage
value is plotted color-coded. Large positive (negative) voltage means red
(blue) color. The measured power reaching the sample is about 660 LW.
We find that large absolute voltages occur when the laser is positioned in
the contact region where Pt stripe 2 contacts the Py stripe. Roughly at the
center of the Py stripe the sign of the voltage changes. These voltages are
attributed to the Seebeck effect. The Py/Pt hybrid structure forms a ther-
mocouple as Py and Pt exhibit different Seebeck coefficients Spy and Spy.
An asymmetrical heating of this thermocouple results in a net voltage. At
the top side of the contact region the maximum voltage amounts to 140
pV. This voltage difference is a direct measure for the temperature varia-
tion within the contact region. This specific temperature can be estimated
following Ref. [Biel3]] via an effective Seebeck coefficient given as Segr =
(O'P[Spt + O'pySpy)/(O'P[ + Upy) = —6.57 wV/K, using op; = 9.44 x 106
S/m [NDTI, opy = pp,! = 1.1 x 10% $/m, Sp, = —5 uV/K [Moo73] and
Spy = —20 uV/K [Slalll]. The effective Seebeck coefficient is then used
to calculate the temperature rise AT = 140 uV/(Sp — Ser) = 89.2 K
across the width of the Py stripe [i.e. between the top and bottom side of
the contact region in Fig. [@] (a)]. In order to estimate a rough number for
the in-plane temperature gradient in y-direction we assume the gradient to
be linear over the 10 pm wide bridge and get a temperature gradient of
VT ~ 9 K/um. In z-direction we can estimate the gradient if we take
into account that the substrate (e.g. under Pt wire 1) acts as a perfect heat
sink. The maximum distance to the substrate region is also 10 pm. With
this the gradient in z-direction is at least as large as the estimated gradient
in y-direction and could be even larger if the bottom side of the contact
region from wire 2 is heated above room temperature while the laser spot
is located at the top side.

In Fig. [6.2](b) we show voltage data taken along the Py wire while the laser

is scanned over the structure. Please note that the scanned area slightly dif-
fers from the one in the previous graph. The laser parameters are identical.
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Figure 6.2.: Color-coded position-dependent voltages (left row) with the corre-
sponding measurement geometry (right row). The voltage data is plotted red (blue)
for positive (negative) values. Sample SC030: (a) voltage detected along Pt lead
2 while laser (setup 1) is scanned over the area marked by the red rectangle. (b)
Almost the same scanning region, but voltage recorded along the Py stripe. Grey
dashed lines mark the centers of the Pt stripes. (c) Lineplot from (b) marked by a
black dashed line. Sample SCSOI_42br: (d) voltage along Pt wire 2 (laser setup
2).
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We find a periodic voltage pattern while scanning over the Py/Pt hybrid
region. When the laser spot is positioned on the left side of the crossing
region of the Py wire and Pt wires 2 or 3, we find a negative voltage along
the Py wire. On the right side we detect a positive voltage respectively.
This again is a proof that the assumption of an effective Seebeck coeffi-
cient holds for the crossing region of Py and Pt. Otherwise no voltage
would be expected in this geometry as the voltage is measured along one
and the same Py wire. In Fig. [6.2] (c) we show an exemplary lineplot for
a fixed y-value marked by a black dashed line in Fig. [6.2] (b). We find
the periodic voltage signal around the inner two Pt stripes at 20 and 30
pm. With increasing x-value we find a trend towards slightly increasing
positive voltages. We attribute this to thermal drifts over time as the plot is
taken while the laser is scanned from small x-values to large z-values and
at each x the y-values are swept. The time difference from small to large
z-value of the plot is several hours. Additionally, we find that the large
voltage values only occur close to the inner two Pt stripes, although the
laser scans also over the outer two ones in the same way. This is explained
if we assume the substrate as an efficient heat sink. The temperature dif-
ference between the left and the right side of a Pt stripe is expected to be
large, when the heat has to flow in the in-plane direction. This causes a
large Seebeck voltage. In the case of a not-underetched Pt stripe, most of
the heat is supposed to flow directly to the substrate. The in-plane tem-
perature difference between the left and the right side is then expected to
be small. We can give a rough estimation of the variation in temperature
difference for the underetched and not-underetched case if we have a look
at the voltage values. Around Pt stripe 2 (around z = 20 um) the voltage
changes from -6.8 uV to +6.2 uV amounting to 13 puV. If we assume the
same distances from the center position of the Pt for stripe 1 and evaluate
the voltage difference it amounts to about 0.4 V. We can therefor expect
the temperature difference between the left and right side of Pt wire 1 to
be in a rough estimation at least a factor of 33 times smaller than for stripe
2. This confirms that the underetching helps to get large temperature dif-
ferences over a reasonable distance. Please note that the voltage difference
of 0.4 uV close to stripe 1 would be even lower if we would subtract the
thermal drift discussed above. On the left side of Fig. [6.2](c) we find that
the voltage starts to decrease with decreasing x. This starts just when the
laser leaves the Pt/Py/Al structure and reaches the pure Py/Al region on
the GaAs substrate. The metal thickness is then 61 nm instead of 76 nm
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in the Pt/Py region. We therefor attribute this voltage to a photovoltage as
more photons reach the substrate through the thinner metal layer.

Figure [6.2] (d) shows a comparable data set where the laser is scanned on
sample SCSOI_42br in a region again marked by a red dashed rectangu-
lar. For this measurement not only the sample is changed but also the
improved laser setup 2 with a wavelength of 407 nm and a nominal laser
output power of 0.5 mW is used (cp. section[5.2). The absolute voltage
value is again found to be maximal when the laser spot is positioned on
the top/bottom side of the contact region. However the voltage in the ar-
eas outside the contact region is not zero in this case but shows a positive
base value. The averaged base voltage amounts to 48 puV and is attributed
to a photo voltage due to photons reaching the semi-conducting substrate
through the illuminated thin bridge [Biel2|]. Reasons for the larger base
voltage compared to [6.2] (a) might be as follows. In each case the sub-
strate is a semiconductor. In sample SC030 GaAs is used showing a direct
band-gap of 1.42 eV. Laser setup 1 provides photons of 2.3 eV energy. For
SCSOI_42br the underlying substrate consists of Si exhibiting an indirect
band-gap of 1.1 eV and a direct band-gap of 3.4 eV. Laser setup 2 provides
photons of 3 eV energy such that direct interband transitions should not
play a vital role. In general direct interband transitions are more efficient
as indirect transitions as for the latter case phonons have to be involved for
the absorption of a photon. We suppose the reason for the increased base
voltage in Si to be found in the distance between the place where photons
are absorbed in the semiconductor and the place where the electrical con-
tacts are located. For the GaAs-based sample SC030 the underetching of
the metallic stripes is on the order of 5—10 um deep. Photons are absorbed
in this depth and the distance to the metallic leads is large. For sample SC-
SOI_42br 230 nm underneath the Py bridge there is SiO2 showing a rough
surface. As a consequence photons are reflected diffusively and illuminate
the semiconducting side walls of the underetched region. There a photo
voltage is generated. The distance to the metallic leads is 20 — 40 times
shorter if compared to the GaAs sample.
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6.3. Spin Seebeck effect and anomalous Nernst effect

As described in section [I.T] the freestanding bridges were developed in
order to investigate the origin of the predicted transverse spin Seebeck ef-
fect [Uch08]. One indication for the spin Seebeck effect is the angular
dependency that is depicted in section [2.5.3] Accordingly we have taken
angle-dependent data along one Pt stripe for different samples. In Fig. [6.3]
(a) we plot the corresponding results on Pt wire 2 of sample SC030 while
the laser of setup 1 is centered on lead 3 [see Fig. [6.3](d)]. The voltage
is again detected with a lock-in amplifier (see section[5.2.2). An external
magnetic field of 70 mT is externally applied and rotated in the plane of the
sample. We find a cosine like behavior with an amplitude of 19 nV with a
certain offset voltage of -11 nV. The offset voltage is attributed to a remain-
ing Seebeck voltage and a photo voltage (cp. section[6.2). The maximum
values are observed at 5 = (n + 1) x 180 degrees with n = —2,0,2. At
these positions the magnetic field is orientated parallel to the ferromagnetic
stripe and perpendicular to the Pt stripes. The measured signature fits to the
TSSE (cp. section[2.5.3)). However, the sign of the voltage should change
if the in-plane temperature gradient direction is changed by 180 degrees.
In Fig. [6.3] (b) we show the relevant data for the same laser position like
in (a) but this time the voltage is detected on the opposite side of the laser
spot, namely at lead 4. Again, a cosine-like voltage with an amplitude of
23 nV plus an offset voltage of 439 nV is detected while the magnetic field
is rotated. Nevertheless the sign of the oscillatory part of the voltage does
not change. Additionally, as lead 4 is located directly on the substrate one
would expect a smaller amplitude as the in-plane temperature gradient is
expected to be much smaller. These facts rule out the TSSE as an origin
for the detected voltage and supports the findings in experiments on fer-
romagnets on thin membranes [[Avel2, [Schl3al. In the above-mentioned
publications the planar Nernst effect is found instead. This is however not
the case here due to the symmetry that we observe in our experiment. One
further effect that might explain the detected voltages is the longitudinal
spin Seebeck effect [Uch10, Baul2|]. Here, the voltage is generated by an
out-of-plane temperature gradient in a stack of a ferromagnet and a suit-
able normal metal, i.e. platinum. The contact region of Py and Pt together
with a remaining out-of-plane gradient could lead to the voltage signature
described above. Such a temperature gradient is especially very likely to
occur in the contact region of the Py and Pt stripe as the Pt acts as a heat
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Figure 6.3.: Angle-dependent voltages for different samples and sketch of the
particular contacts. (a) and (b) Sample SC030, voltages V2 and V4 while the laser
spot is positioned on the center of wire 3. The magnetic field strength is 70 mT. (c)
Sample SC028, voltage V2 while the laser is positioned next to wire 2, Hexy = 70
mT. (d) Sketch of the contacts. (e) and (f) Sample SCSOI_42br, voltages Vag

while the laser heats on the left or right side of wire 2. (a)-(c) laser setup 1, (e)-(f)
laser setup 2.
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sink for the bottom side of the Py while the upper side is on air. However,
as the LSSE scales linearly with the area of the FM/NM stack subject to
an out-of-plane temperature gradient [Baul2|] we can rule out the LSSE as
an origin because of the following reason. For the voltage along Pt lead 2
the whole area of the Py/Pt stack can contribute to the LSSE as this stripe
is underetched and an out-of-plane gradient is very likely to exist in the
whole area. Lead 4 however is attached to the substrate that is supposed
to act as an efficient heat sink (cp. simulations in section [6.4). The heat
is conducted to the substrate over a short distance. This means that only a
small part of the Py/Pt stack is supposed to be subject to an out-of-plane
gradient. As the voltage scales linearly with the area where the heat gradi-
ent exists we would expect the voltage at lead 4 to be significantly smaller
as the one at lead 2. In fact the voltage is 23 nV for lead 4 and 19 nV for
lead 2. This rules out the LSSE.

Instead we attribute the detected voltage to the anomalous Nernst effect
[Ner87] based on the remaining out-of-plane temperature gradient (section
@). Taking into account an anomalous Nernst coefficient of Sypy =
Rx x Spy with Ry = 0.13 [SIal0] and Sp, from section@]the calculated
difference in temperature across the thickness of the Py stripe is 7 mK for
the above-mentioned amplitude of 19 nV and 9 mK for the amplitude of
23 nV respectively. The voltage detected on the other Pt leads showed the
same behavior.

As areference we investigate the not underetched sample SC028 and record
the voltage along Pt lead 2 while the laser spot is positioned next to wire
2 [see Fig. [6.3] (d)]. The angular-dependent data are shown in Fig. [6.3]
(c). As before a cosine-like behavior is observed. The amplitude voltage
and the offset voltage amount to 3.5 uV and -3.6 1V respectively. These
enlarged amplitude and offset values are explained by a larger ANE and
photo voltage. The underlying out-of-plane temperature gradient is likely
to be enhanced as the ferromagnet is in direct contact with the substrate
which acts as an efficient heat sink.

As a control experiment we perform additional measurements on sample
SCSOI_42br using laser setup 2. We compare the voltage recorded at lead
2 while we change the external field angle when the laser is placed on the
left side [Fig. [6.3](e)] and on the right side [Fig. [6.3] ()] of wire 2. The
magnetic field strength is set to 30 mT. Again, we do not see a signature
of the TSSE and find a cosine-like voltage that is independent from the
in-plane temperature direction. However, the absolute voltages are larger
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compared to sample SC030. We record an amplitude of 680 nV (950 nV)
and an offset of 17.2 uV (46.6 uV) for the laser spot positioned on the left
(right) side of Pt lead 2. The enhanced amplitude can be explained by a
more inhomogeneous heating of the 65 nm thick Py bridge that is addition-
ally very likely to show a certain roughness. The calculated temperature
gradient amounts to 262 mK (365 mK) across the thickness of the Py stripe
for the laser positioned on the left (right).

6.4. Simulated temperature gradients

Simulations with Comsol Multiphysics are performed to monitor the heat
distribution in the suspended structure and evaluate the expected tempera-
ture gradients. Therefor we use the following material parameters:

Material Cp P A
/(g K)] | [103 kg/m3] | [W/(m K)]
Pt 0.13 21.45 72
GaAs 0.35 5.32 46
Py 0.45 8.74 30
Al 0.90 2.7 160

Table 6.2.: Heat capacity C'p, density p and thermal conductivity A for the materi-
als used in the model. The values are taken from the Comsol Multiphysics material
library and Refs. [Schl Biel2].

For the simulations the diameter of the laser spot of 1.1 um is taken from
the knife edge experiment with laser setup 1 described in section[5.2] The
laser heating is modeled as a heat source following a Gaussian distribu-
tion. The diameter is entering the Gaussian function via a definition of the
diameter namely d = 40, where o is the standard deviation. The heating
in z-direction across the thickness of the Py stripe is modeled via the pen-
etration depth of the light. The resulting position dependent heat source is
givenas P(x,y,z) = (1—R)- Py -gp(x)-gp(y) - exp(—ay, - z) with R the
reflectivity, P,, the incoming power, gp(z) and gp(y) a Gaussian distribu-
tion in  and y direction and o, = 3.0 - 10° cm~! [Smi63] the attenuation
coefficient in Py for light at 500 nm.

Of course some amount of light is reflected from the metal surface and
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does not contribute to heating. Therefor we need to determine the reflec-
tivity of Py at a wavelength of 532 nm. The refractive indexes of Py are
taken from Ref. [Neu04] and are given as n = 1.75 and xk = 2.75. The re-

flectivity R can then be calculated via R = m% ~ 0.54 [K98]. The
averaged laser power is detected with a laser power meter while the laser
is modulated. The measured power value is 330 pW. However the power
meter is measuring with a refresh rate of 20 Hz which is much slower than
the laser modulation so that we assume that the power meter shows the av-
eraged value over time. The maximum value is then estimated to be double
the measured value meaning 660 pW.

The simulated temperature distribution is shown in Fig. [6.4] (a). The ge-
ometry is restricted to a 10 um wide, 40 nm thick Py stripe and one 5
pm wide, 15 nm thick Pt stripe for simplicity. The heights are leveled via
Al layers like in the real sample described in section 4.2.1] The tempera-
ture is shown color-coded. Yellow/white color means high temperatures,
(dark) red color depicts low temperatures. The center of the heat source is
positioned in the center of the Pt stripe and 0.5 um from the top edge of
the Py/Pt contact region. With increasing distance of the spot center the
temperature decreases in all directions. In order to evaluate the temper-
ature gradients further we extract the position-dependent values in three
directions. Along line 1 in the y-direction [white line in Fig. [6.4] (a)] we
can extract an averaged temperature difference of 93 K over a length of
9.5 um resulting in an averaged gradient of 9.8 K/um [Fig. (b)]. This
value is in a good agreement with the measured value of 9 K/um depicted
in section[6.2] The maximal gradient occurs between 0.2 and 0.8 pm away
from the center of the laser spot and amounts to 29.4 K/um. The relevant
region is marked by vertical dashed lines in Fig. [@] (b). In Fig. @] (c)
the position-dependent temperature is plotted along the blue line 2 describ-
ing the z-direction. The temperature decreases for increasing distance and
reaches room temperature at a distance of 10 pum to the laser spot. There
the substrate region starts that acts as an efficient heat sink. The averaged
temperature gradient amounts to 15.6 K/um. The out-of-plane tempera-
ture gradient in z-direction is relevant for the anomalous Nernst effect. In
the center of the spot the temperature variation over the thickness of the
permalloy stripe amounts to 381 mK [Fig. [6.4](d)]. This value is two or-
ders of magnitude larger than expected from the anomalous Nernst effect
measurement. Please note that convection is not considered in the simula-

91



6. Laser induced thermal gradients in freestanding ferromagnets

tions.

As a comparison we perform simulations with identical parameters on a
structure that is in direct contact with the substrate and not underetched.
We also assume Al layers underneath the structure to stay as close as pos-
sible to the previous simulations and for height leveling reasons. In Fig.
[6.4] (e) we show the simulated heat distribution in the structure. Again, the
heat source is positioned 0.5 pm from the top edge of the Py/Pt contact
region. Obviously the heated region is restricted to a much smaller area if
compared to the freestanding device. The maximum temperature is only
4.8 K above room temperature what is consistent with our previous expla-
nations that the substrate acts as an efficient heat sink. A more detailed
view is given in Figs. [6.4] (f) and (g) where we evaluate the temperature
distribution along the two in-plane directions, i.e. along line 3 and line 4.
We find that in both cases the temperature decreases from the top value of
297.95 K to almost room temperature within a short distance. For line 3
the maximum temperature gradient is extracted to be about 5.7 K/um. This
is more than a factor of 5 smaller than in the freestanding sample. The av-
eraged gradient over 9.5 um is about 0.5 K/pum, what is even a factor of
20 lower than the gradient in the underetched device. In both cases, along
line 3 and line 4 the temperature drops almost to room temperature within
a distance of two or three times the laser spot size. In Fig. [6.4] (h) the
temperature drop in z-direction in the center of the spot is shown. Within
the Py thickness of 40 nm the temperature is decreased by 797 mK. This
value is more than twice the one in the freestanding sample.

In summary we find in the simulations that the underetching of the fer-
romagnets developed in this thesis helps to increase in-plane temperature
gradients. Additionally the enlarged gradients exist over a larger area as
the substrate is lacking as an efficient heat sink.
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Figure 6.4.: (a) Comsol simulation data. Color-coded temperature distribution in a
suspended Py bridge with one Pt contact. (b) Temperature drop along the white line
1. (c) Temperature along the blue line 2. (d) Out-of-plane temperature distribution
across the thickness of the Py stripe. Taken at the crossing point of lines 1 and
2. (e) Simulation data for a Py/Pt device attached to the GaAs substrate. (f)-(h)
Temperature along line 3, line 4 and in z-direction in the center of the spot.
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7. Multiferroic grating coupler and prototype
spin wave multiplexer with electric field
controllability

In this chapter we investigate hybrid structures consisting of a 47 nm thin
ferromagnetic layer CoFeB attached to the ferroelectric substrate BaTiOs.
To prevent oxidation of the CoFeB layer a 5 nm thin layer of Au is at-
tached on top. We investigate the ferromagnetic resonance shown by this
system. We will discuss the influence of the ferroelectric substrate and the
application of external magnetic and electric fields on the properties of the
ferromagnetic layer. Thereby we find the magnonic grating coupler effect
[Yul3] and realize a prototype spin wave multiplexer [[Vog14]] with electric
field controllability.

We will start the chapter with an investigation on a nominally identical
ferromagnetic layer based on a SrTiO3 substrate showing no ferroelectric
properties. Therefor general characteristics of the FM thin film are dis-
cussed and the principle of ferromagnetic resonance experiments is illus-
trated.

The samples investigated in this chapter were grown and kindly provided
by the group of Prof. Sebastiaan van Dijken in Aalto University School
of Science, Finland. The quasistatic properties were investigated by K.
Franke. The simulation data shown here were performed by Sampo Hama-
lainen from the group of Prof. S. van Dijken.

7.1. Ferromagnetic resonance in thin film CoFeB based
on a SrTiO; substrate

In order to extract basic material properties we investigate a CogoFe49B2g
film with a thickness of d = 47 nm on a SrTiO3 (STO) substrate. The sam-
ple is investigated using the flip chip technique and a 20 pum wide, 9 mm
long CPW. In Fig. [7.1] (a) we plot color-coded field-dependent data for
the external magnetic field pointing along the long axis of the CPW, i.e.
1 = 0°. Dark contrast marks the detected resonances. The plot consists of

95



7. Multiferroic grating coupler and prototype spin wave multiplexer with
electric field controllability

N 10 N 25
e QO 20
g 5 315
g g °
= 0.1 0O 01 ¥ 2 41 0 1 2
field (T) field (T)
CPW ’I\T»]O ﬁ85
H -T H=005T| L ° c
O e 8 kCPV\I( )
18 5 § 7 0.05T
— g (b) g 6.5
CPW %= 100 0 100 <= 0 05 1
n (deg) k (104 rad/cm)

Figure 7.1.: (a) Color-coded field-dependent ferromagnetic resonance data taken
on the sample based on SrTiOs for n = 0°. Dark contrast marks the resonance.
The green dashed line marks the field dependence calculated with the plane-film-
model for po Mg = 1.41 T and Ky = 10 - 1073 J/m?2. (b) Angular-dependent
FMR data for an external field of 50 mT. (c) Calculated dispersion branches for DE
(blue) and BVMSW (green) configuration. The external field value is 50 mT. The
relevant wave vector of the CPW used here is marked. (d) FMR data in the perpen-
dicular field. An effective magnetization of 1.02 T is extracted. Inset: Linewidth
vs. frequency for the extraction of the damping parameter of 0.004.

many single spectra. One is shown exemplarily on the right side for a field
of 70 mT. There is a spectrum taken every 1 mT starting from -100 mT and
ending at +100 mT. We find one prominent mode exhibiting increasing fre-
quency with increasing absolute external field. We find no indication for
an anisotropy in this in-plane direction. This is further confirmed by the
angle-dependent data at an external field of 50 mT [Fig. [7.1] (b)]. The
maximum frequency is given for a field direction along the long axis of the
CPW. Like described in section [2.4] the configuration where the magneti-
zation is perpendicular to the wave vector is called the Damon Eshbach ge-
ometry. Approaching a magnetic field angle perpendicular to the CPW, the
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frequency decreases slightly and the signal strength is drastically reduced.
The case M parallel to k cpw is called Backward Volume Magnetostatic

Wave geometry. In the latter case the cross product ]\_4> X ﬁeff entering the
signal (cp. section [2.3.T) is minimal explaining the small signal strength.
The origin of the change in resonance frequency with external field an-
gle can be seen by regarding the dispersion branches f(k) for the two
field configurations mentioned above. In Fig. (c) we plot the DE and
BVMSW branches for an external field of 50 mT. The underlying formulas
were already discussed in section[2.4] The relevant parameters will be dis-
cussed below. For the DE branch the frequency increases with rising wave
number meaning a positive group velocity v, = ‘;—‘,‘;. For the BVMSW the
frequency decreases however causing a negative v,. At the wave vector
kcpw = 0.096 - 10* rad/cm excited by the CPW used here we get values
for vy = 12.7 km/s for DE and v, = —0.6 km/s for BVMSW, respectively.
Additionally the frequency at kcpw is about 0.2 GHz larger for the DE case
if compared to BVMSW. This explains the shape of the angle-dependent
mode shown in (b). Finally in Fig. (d) the sample is investigated in a
magnetic field pointing perpendicular to the sample plane. The CPW used
for the measurement is still the same. Again, one prominent mode oc-
curs. Above a field value of about 1 T the frequency increases linear with
the external magnetic field. Below 1 T the frequency exhibits a minimum
for zero field and is just increasing slightly for higher fields. Around 1 T
a local minimum occurs before the linear increase proceeds. The shape
anisotropy due to the small thickness of the magnetic film forces the mag-
netization to point in the sample plane without an external field applied.
With increasing field the magnetization is not completely pointing out of
the plane but has still an in plane component as long as the anisotropy field
is not overcome. This magnetic state will not be discussed in this work. At
the frequency minimum around 1 T the internal magnetic field is minimal
and with this the frequency is the lowest. We focus on the high field regime
above 1 T where the magnetization is orientated out of the sample plane. In
this regime the frequency is described by equation[2.35|considering the ef-
fective magnetization M.g. Mg is given by the crossing point of the linear
curve at high fields with the field axis. In this sample we find an effective
magnetization of po Mg = 1.02 T. Additionally we extract the gyromag-
netic ratio 7y = 28.2 GHz/T from the slope of the straight line. Following
section [2.3.2] the intrinsic damping value « can be determined by plotting
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the linewidth as a function of resonance frequency [inset in Fig. (d)].
As we plot the linewidth of the magnitude of S21, the linewidth is multi-
plied with a factor of 1/+/3 [Sta09, [Sch13b]]. The slope of the straight line
is two times the damping, resulting in a damping coefficient of o = 0.004.
This value is located at the lower edge of literature values of 0.013 [Xul2]]
and 0.004 [Con13|. The values for v and M. enter the plane-film-model
given in section [2.4.1] The latter value is used to determine the surface
anisotropy Ky via Meg = Mgy — % The saturation magnetization
oMy = 1.41 T is determined by Vibrating Sample Magnetometry per-
formed by the group of Prof. van Dijken in Finland (not shown). The
surface anisotropy is then calculated to be Ky, = 10 - 1073 J/m?2. We use
a value for the exchange stiffness A., = 28 - 10'2 J/m? [Bil06]. However,
in the relevant wave vector regime investigated in this thesis, the exchange
stiffness influences the resonance frequencies only slightly. Using these
values the field-dependent data in Fig. [7.1] (a) can be modeled via the
plane-film-model (green dashed line) with quantitative agreement.

7.2. Investigations on thin film CoFeB based on a BaTiO;
substrate

7.2.1. Basic properties and magnetization configuration

We will now focus on thin-film CoyoFe49Boy prepared on ferroelectric
BaTiOj3 substrates. The magnetic film is grown nominally identical to the
film in the last section. The BaTiOg substrate is in the tetragonal phase at
room temperature. It exhibits an in-plane polarization showing an almost
regular pattern of a; and as stripe domains. The width of the stripes is
between 5 — 8 um. The polarization of each domain encloses an angle of
about 45 degree with the domain boundary, i.e. the domain wall between
neighboring stripes. A sketch of the sample is shown in Fig. [7.2](a). The
ferroelectric domains induce spatially varying uniaxial anisotropies in the
ferromagnet due to inverse magnetostriction [Lahl1bl, [Lahlla]. We call
the corresponding areas in the ferromagnet a; and a; segments. Without
an electric and magnetic field applied, the magnetic easy axes also enclose
an angle of about 45 degree with the segment boundary and an angle of
about 90 degree between neighboring segments. If a large enough electric
field is applied across the thickness of the BaTiO3/CoFeB hybrid structure
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the polarization in the ferroelectric material points out of the sample plane
[Fig. [7.2] (b)]. It was shown that this causes each magnetic easy axis to
rotate by about 90 degree and that the strength of the uniaxial anisotropy

is significantly increased [Lah12, [Fral2].

metallic ferromagnet

,
wall | ““\\\

f
BOMOMENE] LA S

ferroelectric domains BaTiOs

Figure 7.2.: (a) Hybrid structure consisting of the ferromagnet CoFeB (yellow)
and the ferroelectric substrate BaTiOs (dark and light red). Magnetic stripe seg-
ments form on top of the ferroelectric a; and a» domains. The stripe pattern in the
ferromagnet is caused by strain transfer and inverse magnetostriction. The blue and
grey arrows mark the polarization direction in the ferroelectric domains. Green and
red arrows represent the direction of the magnetic easy axes in the ferromagnetic
stripe segments. (b) An electric field is applied across the thickness of the hybrid
structure. The polarization is rotated out of the sample plane, called c-domain con-
figuration. Strain transfer causes both an in-plane rotation of the magnetic easy
axes by 90 degree and an increase of the corresponding anisotropy strength. A
metal plate is used as a back electrode. Figure adapted from Ref. [Brai4].

7.2.2. Magneto-optic Kerr effect MOKE)

Magneto-optic Kerr effect measurements have been performed by Kévin
Franke at Aalto University to get insight into the static magnetization prop-
erties in the CoFeB film. Therefor an external magnetic field is applied in
a certain in-plane direction while simultaneously the magnetization direc-
tion is mapped by MOKE. In Fig. [7.3] we plot a set of data where the
magnetic field is applied with an angle of 45 degree with respect to the fer-
roelectric domain walls and is collinear with the easy axis direction of the
magnetic segment a;. At an external field of -60 mT the ferromagnetic film
is homogeneously magnetized. At this strength the applied field exceeds
the anisotropy field of the as segments and dominates the magnetization di-
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rection. The different magnetic segments are not resolved in MOKE as the
difference in the magnetization direction is very small. As soon as the field
strength is reduced the magnetization of the as segments rotates towards its
easy axis and the magnetic stripe pattern occurs. At zero field the magne-
tization direction is governed by the uniaxial anisotropies in each segment,
meaning an angle of 90 degree between the neighboring stripes. If the field
is then increased and applied in the opposite direction the magnetization
of the a; segment switches around 5 mT. The as segment magnetization
gradually aligns with the external field when the field strength is further
increased. It is found that the static magnetic anisotropy constants differ
slightly in both segments. One can determine the anisotropy constants by
the slope of the hard-axis hysteresis curves (not shown in this work). We
obtain values of K,» = 2.2 - 10% J/m® and K,; = 1.7 10* J/m®. This is
equivalent to anisotropy fields of 36.7 mT and 28.3 mT respectively.

7.2.3. Ferromagnetic resonance with and without electric field
applied

Comparable to section we position the BaTiOs-based sample on top
of the CPW in flip chip geometry [Fig. [7.4](a)]. The sample is orientated
in a way that the ferromagnetic stripe segments are perpendicular to the
long axis of the CPW. First, the external field is applied with an angle of
1 = 45° and swept between -60 mT and +60 mT in steps of 0.5 mT. Please
note that the angle is identical with Fig. The ferromagnetic resonance
data show, besides some weaker ones, two prominent modes [Fig. @]
(b)]. The origin of the modes with small intensity is not in the focus of
this thesis. We will concentrate on the two main modes in the following
sections. The upper branch (marked by red squares) shows increasing fre-
quency with rising absolute field values. This behavior is usually attributed
to a magnetic configuration where the external field is applied along an
easy axis. The lower branch (marked by green circles) however exhibits
two minima. This suggests that for this branch the field is pointing along
a magnetic hard axis. The scenario is comparable to the measurements in
the perpendicular field shown in section[7.1|but the origin of the anisotropy
is different. Here the anisotropy field points in a direction in the sample
plane and the frequency minimum at a field value of 24 mT also represents
the point of a minimal internal field. When we rotate the magnetic field by
90 degree the two sets of branches look similar at a first glance [Fig.
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-60 mT -9OmT 0mT

Figure 7.3.: MOKE microscopy images of the CoFeB film on top of the ferro-
electric BaTiO3 substrate. The external magnetic field is applied along the vertical
axis. The images in the upper (lower) row for each field value are taken with
the magneto-optical contrast axis orientated in vertical (horizontal) direction. The
magnetization direction in each segment is depicted by the arrows. Figure adapted

from Ref. [Bral4].

(c)]. Again there is an upper branch behaving like an easy-axis mode and a
lower frequency branch exhibiting two minima. By looking closer we find
that the minima positions are however shifted to slightly lower field val-
ues, i.e. 22 mT. This is indicative that the anisotropy field, and with this the
anisotropy constant, for the lower frequency branch in Fig. [7.4](c) is lower
than in the case of Fig. [7.4] (b). With this and together with the MOKE
data above it is obvious that in Fig. [7.4] (b) the upper (lower) branch has
its origin in the a; (az) segment. In Fig. [7.4] (c) the segment allocation is
opposite. Additionally we have investigated a nominally identical sample
based on BaTiO3 by AESWS. We find comparable resonance frequencies
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Figure 7.4.: (a) Sketch of the measurement geometry. The hybrid sample is placed
with the CoFeB (blue) face down on the CPW (yellow). The BaTiOgs substrate is
shown in red. The angle 7 is defined with respect to the long axis of the CPW. (b)
Field-dependent FMR data at an angle of 45°, i.e. H is collinear with the easy-
axis direction for the a; segment and the hard-axis direction for the a> segment.
(c) Field-dependent data at n = 135° consistent with the easy-axis (hard-axis)
direction for the az (a1) segment.

and the same mode profiles. We therefor will not show data on this sample
here, but in the appendix [A.2]

In the following we provide an overview on the angular dependency of the
two modes discussed above. This will give further insight on the mode
nature and their origin. We focus on fields larger than the anisotropy fields
and show data where the external field of 100 mT is rotated in the plane
of the sample between n = —180° and 7 = 180° in steps of 2° [Fig.
(a)]. Consistent with Fig. [74] there exist two main branches. Each branch
follows a two-fold symmetry and is shifted by 90° with respect to the other
branch. The angle showing the highest (lowest) frequency marks the easy
(hard) axis direction for modes of the respective branch. Looking closely
we find that the minimal frequencies fmina1 Of segment ay, i.e. atn = —45°
and 1 = 135° are higher than the minimum frequencies fmin a2 attributed
to segment as at n = —135° and n = 45°. These angles describe the
hard-axis directions of each mode. The larger the anisotropy is the lower
the resonance frequency is expected to be. In Fig. [7.3] (b) we plot the
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Figure 7.5.: (a) Angle-dependent FMR data on the BaTiO3-based sample for an
external field of 100 mT. Two prominent modes are visible. Maximum (minimum)
frequency values are located at easy-axis (hard-axis) directions. The red dashed
line marks the calculation by the plane-film-model (see section[Z4.T) for a mode at
kcpw assuming an infinitely wide film with magnetic properties similar to segment
a;. Relevant values are given in table [7.1} (b) Minimum frequency values for a;
and a2 segment in the 0 V case. (c) Micromagnetic simulations: Spatial plots of the
spin oscillation amplitude for an external field angle of = —135°. White color
means large amplitude black color marks no amplitude. Top (bottom) picture gives
the amplitude for the upper (lower) frequency branch in the angle-dependent data
for the specific angle, marked by blue (red) symbol. (d) Angle-dependent FMR
data at 100 mT while an electric field of 450 V is applied across the thickness of
the sample. Calculation for the a; segment is shown as a red dashed line.
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field-dependent minimum frequencies of the two modes that we attribute
to segments a; and a,. We find a frequency difference between 0.2 GHz
at high fields and 0.7 GHz at low fields. The frequency of the a; mode
is thereby always higher than as supporting the mode assignment together
with the anisotropy strengths from MOKE measurements. The increase in
the frequency difference at lower fields confirms that the anisotropy dom-
inates the frequency with decreasing external magnetic field.

In order to finally prove the mode assignment micromagnetic simulations
have been performed by S. Hamildinen at Aalto University to localize
the spin excitation in the investigated sample. In Fig. (c) we show
spatial plots of the magnetization amplitude for a fixed external field an-
gle of n = —135° and a fixed frequency. The relevant parameters are
noMgy = 1.4 T and an anisotropy constant of K, = 15 kJ/m3 for both
segments. The top picture illustrates the amplitude for the high frequency
branch at the considered angle [tagged by the blue pentagon in Fig.
(a)]. White contrast marks large spin oscillation amplitude, dark contrast
means no amplitude. We find the main excitation in channel 1 marking
the al segment, while in channel 2 there is a standing spin wave with a
transverse spin-wave vector given by the finite width w of the channel ac-
cording to k = ¢ with ¢ € N. In the bottom picture depicting the case
of the lower frequency mode [marked by the red star in Fig. (a)] the
scenario is different. Here, the maximum amplitude is given in channel 2
and almost no spin oscillation is seen in channel 1.

We now investigate how the application of an electric field influences the
ferromagnetic resonance. The corresponding angle-dependent data are
shown in Fig. (d). The symmetry of the branches is equivalent to
the case before the electric field was applied. However the frequency val-
ues change significantly. The maximum (minimum) frequency values for
each mode are higher (lower). This suggests a larger anisotropy for both
modes. Furthermore comparing the frequencies in the minima we find
that the angle positions of the absolute minima are shifted by 90° com-
pared to the data shown in Fig. (a). We can therefor state that in the
investigated sample changes in both orientation and strength of the uniax-
ial anisotropies take place. In each segment the uniaxial anisotropy axis
rotates by 90° (cp. section[7.2.1). This was also shown by MOKE experi-
ments in CoFe on BaTiOg3 [Lah12l [Fral2] and additionally in a nominally
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identical sample to the one investigated hereﬂ Using the plane-film-model
(see section [2.4.T) we can describe each mode and determine basic mag-
netic parameters (red dashed lines in Figs. (a) and (d), only shown
for mode a;). Please note, that the plane-film-model does not consider
that each segment consists of 5-8 pm wide stripes. Therefor an additional
transverse wave vector due to the finite width that would add up to kcpw
could be relevant. Furthermore neighboring domains might be coupled and
influence each other, i.e. via stray fields. However, the model is valid for
an infinitely extended film with the parameters of one stripe segment. The
extracted values from the model might therefor have a certain error bar.
We do the fitting for both the as grown sample and at an applied field of
450 V. The following table gives the relevant parameters for the best fits of
the a; and a; modes:

sample state || fundamental mode | oMy Kuni Ko
in segment [T] [kJ/m3] | [mJ/m?]

as grown a 1.53 13.8 0.1

as grown ag 1.53 14.6 0.5

450 V ay 1.53 36.1 3.9

450 V ao 1.53 37.5 4.5

Table 7.1.: Fitting parameters for the two states of the sample (as grown and sat-
urated at 450 V). For each mode the parameters for the saturation magnetization
to Msai, the uniaxial anisotropy constant Ky, and the surface anisotropy Ky, are
given. The fitting errors of each value are given with A(poMs) = £0.02 T,
AKuyi = +£0.3 kI/m® and AKg,r = £0.3 mJ/m”.

The values for the uniaxial anisotropy deviate from the ones extracted from
MOKE measurements in section [7.2.2] However the anisotropy constants
extracted from dynamic measurements do not have to be identical to the
ones in the static case [[Gur96]]. After the application of an electric field the
anisotropy constants increase by almost a factor of three compared to the
as grown values. The as anisotropy stays the strongest one. The satura-
tion magnetization of 1.53 T is slightly higher than the one observed in the
nominally identical CoFeB film based on SrTiO3 (1.41 T) from a separate

'MOKE data are not shown here. AESWS data on this nominally identical sample are
shown in appendix [A2]
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growth process. The saturation magnetization depends on conditions dur-
ing growth such as temperature, sputtering rate, etc. [Bil06,Jan11|Leel3].
We consider the discrepancy to be reasonable. Additionally we find that
during electric field saturation the surface anisotropy increases. During
switching from a;-as configuration to c-configuration (cp. section
the BaTiO3 crystal experiences structural changes. The lattice is distorted
and stresses are transferred to the magnetic film leading to the change in
anisotropy. Defects can occur at the surfaces of the magnetic film very
likely leading to an enhanced surface anisotropy [Bru88al, [Bru88bl |Ari99].

7.2.4. Spin wave group velocities

;:’\T L] 4mePW ' )
o e 160 um CPW H

5107 . :

g m O (a)
g— mm = °

g |e°®

<5

field (mT)

Figure 7.6.: (a) Resonance frequency as a function of the external field for n = 0°
and two different CPWs with inner conductor widths of 4 um and 160 um. (b)
Group velocities extracted from frequency values in (a) with the corresponding
error bars.

In the following we discuss spin wave group velocities in the ferromag-
netic film. Imagine the dispersion branches shown in section 2.4 The
group velocity is given by v, = 3—“,;. A CPW excites with the maximum
signal strength at a specific wave vector that depends mostly on the geom-
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etry of the CPW [ﬂ (see section . We therefor perform measurements
under conditions as identical as possible and use two different CPWs with
different wicw, i.e. 4 pm and 160 pm. The corresponding wave vector for
the CPW with wicw = 4 pm is kcpwa = 0.31- 104 rad/cm. For the second
CPW (wicw = 160 um) the wave vector kcpw,i60 is about two orders of
magnitude smaller and close to £ = 0. The wave vectors are numerically
calculated and consider also the finite skin depth [Sch13b]. We extract the
resonance frequencies for different field values in DE-configuration, mean-
ing the external field is applied perpendicular to the wave vector excited
by the CPW. In Fig. (a) we show the eigenfrequencies as a function of
the external field for the two different CPWs. We find a difference of a few
100 MHz over the whole field regime. If we consider a linear slope of the
dispersion branch we calculate the group velocity as

_2nAf
YT Ak

with Ak = kCPWA — kCPWylé() ~ kCPWA and Af extracted from Fig. (a)
The corresponding values are plotted in Fig. (b). The group velocities
vary between about 8 km/s and 14 km/s and v, is found to decrease with
increasing H. These relatively large velocities and the trend are consistent
with the findings on another CoFeB alloy [Yul2].
Now we compare the group velocity data with values from the plane-film-
model. The field is applied in a direction perpendicular to the wave vector.
The uniaxial anisotropy axis encloses an angle of 45° with both, the field
and k. We calculate the dispersion branches for different external field val-
ues and determine the slope at the wave vector excited by the CPW. Here,
we use the wave number for the CPW with wicw = 20 pum, that we used
throughout this study. The wave vector is kcpw2o = 0.096 - 10* rad/cm.
We plot the field-dependent group velocities for a plane film with the val-
ues of the a; mode for both, the sample as grown and at an electric field of
450 V (Fig. [7.7). The relevant parameters are hereby taken from table
We find vy = 11.5 km/s for a field of 100 mT in the case of the sample as
grown. With decreasing field the velocity first increases until it reaches a
maximum of 17 km/s at around 20 mT and decreases again towards zero

(7.1)

'In fact the CPW excites a distribution of wave vectors around the main peak and shows
some higher order excitations. The distribution of wave numbers also contributes to the
finite linewidth of the FMR data. The higher order peaks are sometimes seen in spectra
as modes of very weak intensity.
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Figure 7.7.: Group velocities calculated with the plane-film-model for the values
of a; for 0 V at several wave vectors [kcpwa = 0.31 - 10* rad/cm (red), kcpwoo =
0.096 - 10* rad/cm (green) and kcpw.160 ~ 0 (purple)]. The assumption of a linear
dispersion between kcpw4 and kcpw,ie0 is plotted in orange. For the 450 V case the
group velocity is plotted for kcpw20 (blue). The relevant parameters for the model
are taken from table[Z]1

field. We interpret this trend as follows: At high fields the magnetization
is almost aligned with the external field and the geometry is close to DE-
configuration. With decreasing field the anisotropy gets more dominant
and the magnetization rotates more and more towards the easy axis direc-
tion, i.e. 45° with respect to the wave vector. This is an intermediate state
between DE and BV configuration and the slope is flatter. For the voltage
of 450 V applied the group velocities are smaller all over the field regime.
We reach velocities of 9.4 km/s at 100 mT and 10 km/s at the maximum at
54 mT. We have seen before that with the application of the electric field
the anisotropy field increases significantly, shifting the maximum in group
velocity to higher fields. The calculated group velocities for the ap mode
(not shown) are slightly smaller than for a; but follow the same trend.

With the plane-film-model we want to additionally verify, if the assump-
tion of a linear dispersion between kcpwa4 and kcpw,.ieo 1S justified. We
therefor plot the group velocities calculated for the two wave vectors (red
and purple lines in Fig. [7.7). We find that the velocities follow the same
trend as the values for kcpw2o. For kcpwa the velocities are smaller, while
being higher for kcpw,160. If we now calculate the velocities via a lineariza-

108



7.2. Investigations on thin film CoFeB based on a BaTiOs substrate

tion between the two wave vectors as

vg = 27[f(kcpwa) — f(kcpwii60)]/ (Kcpwa — kcpw,i60)

we find that the resulting averaged v, (orange line in Fig. is close to
the velocities calculated for the 20 um CPW that we used throughout our
studies.

In a comparison of the data with the calculated velocities from the plane-
film-model we find that the experimental data suggest lower velocities and
that the trend towards zero field is different. In the experimental data we
don’t find a maximum around 20 mT but the velocities increase with de-
creasing field. We attribute the discrepancy especially at lower fields to the
fact that the plane-film-model does not consider the finite stripe width of
the ferromagnetic segments and segment interaction.

7.2.5. Magnonic grating coupler effect

So far we discussed the overall behavior and found that the plane-film-
model in equation [2.50] allows us to remodel measured frequencies over a
wide parameter regime (angle, field value). Modeling the two segments
a; and ay as independent entities predicts the crossing of branches close
tonn = 0° and 7 = 90° due to symmetry reasons. We observe however
that a frequency separation ¢ is present at n = 90°. In order to get further
insight in the separation and the different behavior at n = 0° we perform
field-dependent measurements just at these angles. In Fig. (a) and (b)
we plot the corresponding data for = 90° and 1 = 0° respectively, both
for the as grown sample. In both cases we find that the resonance frequen-
cies increase with rising field. However, in the latter case we find only one
prominent branch whereas for 90° two branches are clearly visible. The
separation between the two branches is called &y for the as grown sample
and d450 for the electric field saturated sample. Figure (c) shows the
field-dependent frequency separations dg and d450. We find that both in-
crease when the field is lowered. Additionally no significant difference can
be found between the separation in the as grown and the saturated sample.
In the following we will discuss the origin of § and find a corresponding
model to describe the frequency separation.
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Figure 7.8.: Field-dependent FMR data for (a) n = 90° and (b) = 0° including
the definition of the frequency separation 6. (c) Frequency separation do (d450)
for the sample at 0 V (450 V). Blue line: Calculation of the frequency separation.
Green dashed line: Hypothetical assumption if angle between external field and
magnetization would be halved for each field value.

We perform micromagnetic simulations at 7 = 90° and find the frequency
separation there too. In order to learn about the microscopic origin of the
frequency separation we show spatial plots of the spin oscillation ampli-
tude A and the corresponding phase information ©. For the higher fre-
quency branch the spatial plots are shown in Fig. (a) for an external
field of 98 mT. The plots are arranged as follows: The first column is plot-
ted in the gray scale where light color means high value and dark color
means zero. The right column always gives a line plot as cross cut for a
fixed y value. In the top row the oscillation amplitude is shown for a fixed
frequency, in this case the higher frequency branch. In both kinds of stripes
the oscillation amplitude is high in the center of each stripe. Close to the
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Figure 7.9.: Micromagnetic simulation data of the spin precession amplitude A
and the corresponding phase information © for (a) the higher frequency and (b)
lower frequency mode of Fig. @l(a) for 98 mT. (c) Calculated dispersion branches
for the a; mode in DE configuration (green) and BVMSW configuration (red). The
DE branch is back folded for a periodicity of a = 16 um(broken lines). The
dispersion branches for the combined wave vector of first (second) order, keimi+G
(keLmk+26), are plotted in blue (magenta). § is defined at kcpw. Brown dashed line:
Back folded BVMSW branch.
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domain walls the amplitude decreases. The lower row of the plots depicts
the phase information. We find that the spins in each stripe of the same
kind oscillate in phase. There is a phase shift of 180° between neighbor-
ing stripes. Such kind of oscillation is known for example from phonons
and called optical mode [Hel76]. The overall signal strength for inductive
detection with a microwave antenna is expected to be weak as anti-phase
spin-precessional motion reduces the induced voltage in the CPW. The
simulation data for the lower frequency mode are given in Fig. (b).
We find that the spins precess in both stripes. Taking into account the
phase information (bottom row) the stripes oscillate almost in phase. The
phase difference amounts to ~ 75 degree and could indicate a forced non-
resonant oscillation in one of the two stripes. The behavior of in-phase os-
cillation can also be compared to phonons where this is called an acoustic
mode. The question now is what mechanism is responsible for 6 and why
it is not visible at 7 = 0°. We therefor consider the stripe-like periodic ar-
rangement of the ferromagnetic film investigated here. It was shown by Yu
et al. [Yul3|] for 2D magnonic crystals that the periodicity of a ferromagnet
influences the spin wave properties by adding an additional wave vector to
the excitation. This specific wave vector has its origin in the reciprocal lat-
tice vector G = 27 /a of the magnonic crystal with a the periodicity. We
may remind the reader of Fig. (a) where we defined the geometry. In
order to find a model describing the separation we imagine two scenarios.
First, for the lower frequency mode solely the wave vector of the coplanar
waveguide kcpw contributes to the excitation in the homogeneous film that
we model. kcpw points along the long axis of the ferromagnetic stripe seg-
ments and is collinear with the external magnetic field and - for large fields
- the magnetization. The corresponding spin waves are therefor Backward
Volume waves and are modeled by the plane-film-model [red dispersion
on the right side of Fig. (c)]. Second, for the upper mode however we
extend the plane-film-model to an empty-lattice-model (ELM) in analogy
to Ref. [Kral3]. Here, an artificial periodicity is introduced to the homo-
geneous material. The periodicity gives rise to a reciprocal lattice vector
G pointing perpendicular to the long axis of the ferromagnetic stripe seg-
ments and perpendicular to the external field and magnetization, meaning
DE configuration. The dispersion for this direction is given on the left side
of Fig. [7.9](c) and is for the first calculated by the plane-film-model for
wave vectors collinear with G. When we now use the ELM a combination
of the two wave vectors enters the model where G' adds up to kj|||kcpw
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to a combined wave vector kppm kg = kﬁ + G? pointing in a direction

between the two single wave vectors. This leads to additional frequencies
in the center of the Brillouin zone (k = 0). These frequencies correspond
to the values that we would get for spin waves with wave vectors at the
lattice vector G and its multiples. In the plot we show this correlation by
backfolding the pure DE dispersion at the Brillouin zone boundary, namely
at 27 /a. We choose a = 16 pm as period of the stripes (G = 0.3927 - 10*
rad/cm). The resulting dispersion considering kgpm k.G is plotted in blue
on the right side of Fig. (c). Please note that the combined wave vector
rotates more and more towards the direction of kcpw with increasing k. For

clarity we show the dispersion f (k) also for kgpmkiag = 4 /k|2| + (2G)2,

where we back fold at 2G = 4m/a. The frequency separation § is ex-
tracted by subtracting the frequencies of the BVMSW branch for k) from
the branch considering kgpmk+c, both at the specific wave vector value of
kepw = 0.096 x 10* rad/cm. At this wave vector the angle between the
combined wave vector kgpmk+G and kcpw is 76°.

We calculate these dispersion branches for the as grown sample for several
external field values and get the field-dependent frequency separation. We
therefor use the parameters for the a; segment. We compare the model
with the extracted values from the dataset [blue line in Fig. (c)]. We
find that the separation is the lowest at 100 mT, increases for decreasing
field, reaches a maximum at ~ 20 mT and lowers towards zero field again.
We find a good agreement with the model for high fields above 20 mT. If
we would assume a stripe width of only 5 um the correspondence would
be worse, as the calculated frequency separation would be larger by some
100 MHz. We therefor considered the upper limit of the stripe width (8
pum) determined by microscopy for the modeling. For lower fields the data
suggest an increasing separation while the model gives decreasing values.
We would like to remind the reader that the plane-film-model as well as
the ELM do not consider interactions between neighboring stripes. Espe-
cially for low fields, when the magnetizations in a; and a; segments rotate
away from each other there might be additional contributions like stray
fields from the next neighbors. In order to get a feeling for the extent of
deviation from the model we made a hypothetical assumption where we
change the following: Due to the anisotropy field the magnetization will
in general not point exactly in the direction of the external field when the
latter is not pointing in the easy- or hard-axis direction (cp. Fig. [2.5)). This
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"misalignment” of the magnetization is bigger for low external fields as
the anisotropy field has a greater influence. We now assume that the cal-
culated angle between the magnetization and the external field is halved
for every field value. We plot the result where we adjusted the magnetiza-
tion’s in-plane angle ¢ in Fig. [7.8](c) and find that the separation now
increases continuously for descending field. The correspondence with the
data is quite good.

One question remains: Why is the effect only visible for = 90° and not
for 7 = 0° although the symmetry of easy axis and external field is identi-
cal? The answer can be given by regarding Fig. (c) again. For n = 0°
the pure spin wave mode for kcpw is of DE character. The dispersion
branch for G however would be of BVMSW character. If we would then
generate the combined wave vector dispersion we would have to backfold
the BVMSW branch. As shown on the right side of Fig. [7.9](c) the back-
folding for G would generate only a very small frequency separation of 40
MHz (brown dashed line). As the typical linewidth of CoFeB is several
100 MHz this separation can not be resolved in the experiment.

T
p =

ﬁ..u

Figure 7.10.: Graphic of (a) the acoustic and (b) the optical mode in the ferro-
magnetic stripes for 7 = 90°. (a) An rf current through the CPW excites an spin
waves travelling along kcpw with wavelength Acpw. Spins in neighboring stripes
oscillate in phase, the wave fronts are parallel to the CPW. (b) The periodicity of
the 1D magnonic crystal contributes a wave vector GG. Spins in neighboring stripes
oscillate in antiphase. Waves with a wavelength A\com < Acpw travel under a finite
angle with respect to the CPW.

114



7.2. Investigations on thin film CoFeB based on a BaTiOs substrate

In order to summarize the physical meaning of the magnonic grating cou-
pler effect discussed above we would like to refer the reader to Fig.
Here we show a sketch of the hybrid structure of BaTiO3 and CoFeB with
an included antenna. In the first case of an acoustic mode all spins with
the same distance to the antenna are oscillating in phase in both kinds of
stripes. The antenna is exciting a spin wave where the wave front is parallel
to the antenna with a wavelength of Acpw = 27 /kcpw. In the second case
of an optical mode spins in one kind of stripe oscillate in anti-phase with
spins in the other kind of stripe while they have the same distance to the
antenna. The wave fronts travel away from the antenna under a certain an-
gle. The angle depends on kcpw and the periodicity a of the 1D magnonic
crystal. Here, the wavelength A\ .o, of the magnonic grating coupler spin
wave is much smaller than Acpw.

7.2.6. Prototype spin wave multiplexer with electric field
controllability

In|=12°+2°

)

4020 0 20 40-40 20 0 20 40
n (deg) n (deg)

Figure 7.11.: Blowups of the angle-dependent FMR data for 7 between -45° and
+45° for (a) 0 V and (b) 450 V. The resonances match for a fixed frequency of
11.25 GHz and external field angles of n = +12°. (c) Line plot of S21 versus
angle at a fixed frequency of f = 11.25 GHz. Discrete steps in branches of (b)
reflect the digital stepsize of the angle.

In section [7.2.3] we discussed the angle dependent data for the as grown
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sample and the electric field saturated sample. We have already shown
that the two prominent modes originate in spin oscillations in the a; and
ay segment respectively and that the two easy axes rotate by 90° when an
electric field is applied. Now we focus on the angle regime around 7 = 0°.
In Fig. (a) and (b) we show blowups for angles between = —45°
to 7 = 45° of the angle-dependent data for the sample as-grown and at
450 V respectively. In both cases one mode is continuously increasing in
frequency while the other one decreases. The two modes cross at about
n = 0°. In the case of 0 V the rising mode is the a; mode and the falling
one is the a, mode. At 450 V this is opposite. In the following we focus on
a fixed frequency of f = 11.25 GHz. We find that for the 0 V (450 V) case
at an external field angle of = —12° the resonance condition for the a;
(ag) mode and at n = +12° the condition for the a, (a;) mode is fulfilled
[cp. also Fig. (c)]. We have shown that each mode has its origin in a
large spin oscillation in the particular stripes. We now go a step further and
attribute the channels with large spin oscillation as active channels where
spin waves can propagate along the long axis of the segments, i.e. along
the wave vector kcpw. We consequently interpret the findings as switch-
able spin wave channels. Considering the fixed frequency we find that at
n = —12° the active spin channel is set to channel 1 [Fig. [7.12](a)]. This
means that spin waves travel along channel 1 only. As the configuration is
close to DE geometry we expect large group velocities. If we now rotate
the external field to n = +12° the active channel is switched to channel
2 [Fig. (b)]. Additionally, staying at the same frequency and at one
fixed angle, i.e. n = —12°, the application of an electric field of 450 V
leads to a switching of the channels too as the two modes are shifted by
90° like described above [Fig. (c)]. We thereby realized a prototype
spin wave multiplexer [Vogl4] where the propagation path of a spin wave
is controlled either by the rotation of the magnetic field or the application
of an electric field. The spin waves could thereby be excited by an inte-
grated microwave antenna driven at a constant frequency. Please note that
the polarization effect is up to now non reversible. Future materials may
give the possibility to reversibly switch spin channels by an electric field.

Remark: In electronics by definition a multiplexer is a device which is used
to selectable connect multiple inputs with one output. One input is chosen
and connected with the output. The counterpart is called a demultiplexer
that connects one input to one of several outputs. In the case of the proto-
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Figure 7.12.: Sketch of a prototype spin wave multiplexer based on the
BaTiO3/CoFeB hybrid structure. (a) At n = —12° the spin waves excited by
the antenna travel in stripes/channels 1. The channel can be switched to channel 2
either by (b) rotating the magnetic field to 7 = +12° or by (c) application of an
electric field of 450 V across the thickness of the sample. For the latter case a back
electrode is integrated.

A

117



7. Multiferroic grating coupler and prototype spin wave multiplexer with
electric field controllability

type spin wave multiplexer shown above one can think of both: One input
signal (microwave in the antenna that excites a spin wave) is selectable
connected to two different outputs (channel 1 and channel 2). In this sense
this would be a demultiplexer. However, the effect described above is bidi-
rectional, as one can also think of a spin wave propagating in channel 1
or channel 2 (two inputs) that is detected by the antenna (one output). We
stay therefor with the term multiplexer. Furthermore we want to point out
that the electric field does not have to be applied globally for the whole
sample. Instead the local application of an electric field for single or few
stripes could lead to a more sophisticated logic device.
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8. Summary and Outlook

In this thesis we have investigated two aspects of spintronics: spin caloritron-
ics in freestanding ferromagnets and magnonics in multiferroic hybrid struc-
tures. We will summarize these two topics and give an outlook separately
in the following.

8.1. Laser heating of freestanding ferromagnets

We investigated thermal effects in freestanding Py ferromagnets with Pt
contacts. We therefor developed new preparation processes to realize these
suspended structures. The implementation of the temperature gradients
was done by laser heating. The respective measurement setup was devel-
oped and created in the course of this thesis. We found the AMR effect
in the freestanding structures as well as the conventional Seebeck effect.
From the latter experiment we determined the in-plane temperature gradi-
ents to be on the order of 10 K/pm and found that the exclusion of the sub-
strate as a heat sink increases the in-plane temperature gradient. Initially
the experiments should address the transverse spin Seebeck effect (TSSE).
However, we found no evidence for the TSSE. Instead, we observed the
signature of the anomalous Nernst effect that occurs due to a small out-of-
plane temperature gradient on the order of 10 — 100 mK. We performed
simulations with Comsol Multiphysics to verify the order of magnitude of
the temperature gradients.

Although we could not observe the TSSE in the suspended ferromagnets
the results and techniques developed during this thesis can be used for fu-
ture experiments. Ferromagnetic nanotubes [R12] consisting of a GaAs
core with a diameter of about 100 nm that are coated with ferromagnetic
material either by evaporation, sputtering or atomic layer deposition have
already been shown to be interesting structures for spin caloritronics[ﬂ The
laser-based heating setup offers the possibility to implement local heat gra-
dients in the nanotube that might be used for the controlled movement of

'Measurements are already performed by the master students Johannes Mendil and Shengda
Wang
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domain walls exemplarily. Furthermore, the freestanding ferromagnets can
be interesting for further experiments in spin caloritronics where in-plane
temperature gradients are key and where the substrate as a heat sink has
to be avoided. Examples are given with the ferromagnetic nanomachines
presented in Refs. [Kov10), and the magnetic Seebeck effect that
has been reported for an insulting ferrimagnet so far [Bre13]. The latter ef-
fect is based on the coupling between a heat current and the magnetization
precession. A possible sample setup is sketched in Figure 8.1} An under-
etched ferromagnet is heated with a laser spot and the influence of the heat
current on the magnetization precession can be detected with a coplanar
waveguide. The preparation technique reported in this thesis combined
with the laser-based heating setup could be very helpful to promote the
corresponding research.

Figure 8.1.: Sketch of a possible sample design for experiments on the magnetic
Seebeck effect [Brel3].

8.2. Multiferroic hybrid structures

We investigated spin waves in a CoFeB plane film and in multiferroic hy-
brid structures consisting of a ferromagnetic CoFeB film on a ferroelectric
BaTiOg substrate. For the experiments we used the all electrical spin wave
spectroscopy technique. We determined a low damping parameter of the
CoFeB in perpendicular fields in a plane-film sample and investigated the
magnetization configuration with the magneto-optic Kerr effect in the hy-
brid structure. We found a periodic array of ferromagnetic stripe segments
a; and ap with uniaxial anisotropies pointing in the plane of the sample
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and rotated 90° between neighboring stripes. The application of an elec-
tric voltage of 450 V across the thickness of the ferroelectric substrate
caused a rotation of the uniaxial anisotropy axes by 90° and an increase
in anisotropy strength of about a factor of 3. Combining ferromagnetic
resonance experiments with micromagnetic simulations we could iden-
tify two main resonances that were attributed to the two different stripes.
We implemented a plane-film-model known from the literature which pro-
vides the possibility to calculate the resonance frequencies for arbitrary
in-plane anisotropies. Large spin wave group velocities up to 15 — 18 km/s
have been determined by both experimental techniques and the calculation
with the plane-film-model. The model was also used to extract relevant
anisotropy constants. For a large magnetic field orientated along the long
axis of the stripes we found a frequency separation that could be attributed
to the magnonic grating coupler effect due to the periodic anisotropy vari-
ation. Spin waves are therefor propagating not only along the wave vector
kcpw excited by the antenna but also along other directions given by a com-
bined wave vector of reciprocal lattice vector of the magnonic crystal and
kcpw. The plane-film-model was extended to an empty-lattice-model in-
cluding the corresponding reciprocal lattice vector. We closed the chapter
with the interpretation of the investigated hybrid structure as a prototype
spin wave multiplexer. The propagation path of spin waves at a fixed fre-
quency can be switched either by the rotation of the magnetic field or by
the application of an electric field. The magnonic grating coupler effect as
well as the prototype spin wave multiplexer that we combined in one and
the same sample here can be used for future spin wave based electronics.

Future experiments might address several aspects. New substrate materi-
als might provide the possibility to reversibly switch the polarization of
the ferroelectric. This would even more fuel the perspectives of the hy-
brid structure as a logic device. Additionally reversible phase transitions
of ferroelectric substrates could be used to create a new degree of free-
dom and further anisotropies in the ferromagnetic film by switching the
temperature between two phases. Furthermore an adjustable width of fer-
romagnetic stripe domains can provide omnidirectional spin wave propa-
gation due to the grating coupler effect and provide additional aspects for
future spintronics devices. In addition, if the application of a fast electric
field modulation could be realized the described hybrid structure could be
interesting for the excitation of surface acoustic waves in the GHz regime
that could drive the ferromagnetic resonance like described by Dreher et
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al. [Drel2].
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A.l. List of Abbreviations

Abbreviation | Explicit

PMMA polymethyl metacrylate

AESWS All Electrical Spin Wave Spectroscopy
ELM empty-lattice-model

VNA Vector Network Analyzer

Py Permalloy (NiggFesg)

CoFeB Cobalt Iron Boron (CoggFe4B2g)
CPW Coplanar waveguide

MSFVW Magnetostatic forward volume wave
BVMSW Backward volume magnetostatic wave
MSSW Magnetostatic surface wave

DE Damon-Eshbach

MC Magnonic crystal

BZ Brillouin zone

FM Ferromagnet

SEM Scanning electron microscopy

FMR Ferromagnetic resonance

e-lit electron beam lithography

SW Spin wave

1D one dimensional

2D two dimensional

3D three dimensional

f radio frequency

S-Parameter | Scattering parameter

MOKE Magneto-optic Kerr effect

123



A. Appendix

A.2. Second sample based on BaTiO3
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Figure A.l.: (a) Angle-dependent FMR data on a second BaTiO3-based sample
that is nominal identical to the first sample for an external field of 100 mT without
electric field applied. (b) and (c) Field-dependent data for n = 45° and = 135°.

A second sample based on BaTiOs3 that is nominal identical to the sample investi-
gated in chapter [7)is investigated. We find comparable resonance frequencies and
the same mode profiles. In Fig. [A1] (a) the angle-dependent data are shown for an
external field of 100 mT. A spectrum is taken every 2°. The two modes that can
be attributed to a; and a> segments are found. Furthermore, we find the frequency
separation § at n = +90° while this separation is missing at 7 = 0°. The color
scale is reduced by a factor of about 3 as the signal strength is smaller by this value.
The reason for this might be a dirt particle between the sample and the CPW. The
distance between the ferromagnetic film and the antenna is thereby increased and
the signal is smaller. Additionally close to = —180° the contrast is different.
We attribute this disturbance to a slight movement of the sample during the mea-
surement. With the plane-film-model we extract the relevant uniaxial anisotropy
parameters to be Kuja = 13.8 kI/m® for the a; segment and Ky = 13.5
kJ/m® for the as segment. The saturation magnetization and surface anisotropy
for both segments is extracted to be about pgMs = 1.47 T and Ky = 0.1
mJ/m?. We find that for this sample - in contrast to the sample in chapter - the
anisotropy is slightly larger for the a; than for the a; segment. The relevant physics
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we discussed in chapter [7]] however is supposed to stay unaffected from this small
difference. Solely the working frequency of the prototype spin wave multiplexer
might be adjusted slightly. In Fig. (b) and (c) we show field-dependent data
for external field angles of 7 = 45° and = 135°, respectively. A spectrum is
taken every 2 mT between -60 mT and +60 mT. We find the same two prominent
modes in both plots like discussed in chapter[7] The modes with weaker intensity
are again not discussed.

This sample has not been polarized with an electric field during AESWS. In-

stead the sample was taken to Aalto University, Finland to perform electric field-
controlled investigations there. Data on these experiments are not shown here.
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