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CHAPTER ]_

Introduction

Terahertz (THz) electromagnetic radiation is loosely defined by the frequency range of 0.1-
30 THz. [1] It is located in the electromagnetic spectrum between the microwave and the
mid-infrared bands and has, in historical context, also been referred to as far-infrared or sub-
millimeter radiation (see figure 1.1). [2] Applications for this frequency band can be found, for
example, in wireless communication technologies [3-5] and security imaging [6-8], for which
typically continuous THz sources are applied. On the other hand, also a great variety of
applications are enabled by pulsed broadband THz sources. [9] In many materials, molecu-
lar rotations and vibrations, as well as phonons in crystalline materials, can be excited by
THz radiation. [10] Thus, the specific absorption spectra offer a fingerprint of certain ma-
terials [2] and, in particular, make THz time-domain spectroscopy (THz-TDS) a powerful
characterization tool that can be applied for biomedical applications [10, 11], industrial pro-
cess monitoring [12-14], and for fundamental studies of condensed matter [15]. Recently,
also several studies on nonlinear THz responses of materials have been realized by using
strong THz fields. [16-19] Such experiments can, for example, offer new insights into spin-
lattice coupling [20, 21] or open a novel way for the manipulation of the magnetic order in a
material [22, 23].

The first investigations in the THz frequency regime can be traced back to measurements of

the solar spectrum by astronomers in the late 18" century with the bolometers newly invented
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Figure 1.1: Comparison of the frequencies, energies, and wavelengths of the electromagnetic spec-
trum from radio frequencies to y-rays.



1 Introduction

back then. [24, 25] Despite the great variety of possible applications, until the end of the 19th
century, THz spectroscopy has been mainly used by astronomers and Earth scientists for
remote sensing of thermal emission lines of light molecules. [26] This is owed to the fact that,
in contrast to the neighboring frequency bands, emitters and detectors for the THz band
have been rather limited. The well-established emission and detection techniques based on
electronic devices work efficiently only up to frequencies in the high gigahertz regime. On the
other hand, optical techniques that are based on interband transitions can be used down to
several tens of THz. Thus, for a long time, the intermediate band has been referred to as the
so-called THz gap. [10] In the last decades, this gap has been gradually filled by a variety of
different emitter types. As continuous-wave sources, quantum cascade lasers [27-29], as well
as, for the lower THz regime, Schottky-diode-based multipliers [30, 31], photomixers [5, 32],
and transistor-based integrated circuits [33, 34] have been established. Furthermore, since
the development of the first photoconductive emitter driven by excitation with short optical
pulses in 1975 [35], also a great variety of pulsed broadband THz emitter systems, optically
driven by femtosecond laser pulses, has been developed. This progress in tabletop emitter
systems, which especially has been driven by improvements in the ultrafast laser technologies,
opened the way for THz-TDS [36] and also THz-TDS imaging [37]. An overview of the
approximate spectral coverage and the peak electric fields emitted by different emitter types
is shown in figure 1.2. THz emitting photoconductive antennas (PCAs) typically consist of
metal contacts deposited with a gap of several micrometers on photoconductive substrates
such as, for example, GaAs [38-43], InGaAs [44-46], or ZnSe [47]. Photoexcited charge
carriers that are accelerated by an externally applied bias field lead to the emission of THz
radiation. [48] A different class of pulsed THz emitters are nonlinear crystals such as inorganic
ZnTe [49-53], GaP [54], and LiNbO3 [55, 56], as well as organic compounds abbreviated by
DAST [57, 58], DSTMS [57, 59-61], and OH1 [57, 60]. The laser-excited THz emission of these
systems is based on optical rectification, a second-order nonlinear optical process, and was
first demonstrated in LiNbO3 in 1971. [62, 63] Another THz emission process is based on laser-
excited plasma generation and has been first demonstrated in 1993. [64] With this emitter
type, gapless bandwidths of more than 100 THz have been realized, which are limited only by
the length of the excitation pulses. [65, 66] Nevertheless, all of the emitter types mentioned
above suffer from different disadvantages [67, 68]: The polar semiconductors typically applied
in PCAs have strong optical phonon resonances in the THz regime, leading to gaps in the
emission spectra. Besides, PCAs have relatively high fabrication costs due to the necessary
microlithography. Omne of the key drawbacks of emitters based on optical rectification in
inorganic, nonlinear crystals is that the group velocity of the optical pump pulse needs to
match the THz phase velocity in order to achieve a high THz output. Furthermore, also
in these emitters, optical phonons cause a THz absorbing Reststrahlen band that leads to
substantial gaps in the emission spectra. In nonlinear organic crystals, vibrational absorption

bands lead to gaps in the frequency region from 0.1-10 THz. For THz generation based on
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Figure 1.2: Comparison between different laser-driven pulsed THz emitters based on optical rec-
tification (OR) in inorganic and organic crystals, laser-induced plasma generation in
liquids and gases, spintronic processes, and a photoconductive antenna (PCA). The
graph shows some of the highest reported values of the emitted peak electric fields as
well as the approximate spectral coverage of several exemplary systems, representing the
different emitter types. The spectral coverage refers to the width at 10% of the peak
amplitude. The short, black vertical lines indicate the approximate frequencies of the
spectral peaks. The values shown in this graph have been taken from the following ref-
erences: GaAs [69], ZnTe R1 [70], R2 [71], PCA (ZnSe) [47], LiNbO3 R1 [72], R2 [73],
R3 [56], spintronic [74], OH1 R1 [75], R2 [60], gas R1 [76], R2 [77], DAST [78], liquid [79],
DSTMS R1 [80], R2 [60]. The figure is adapted from [67].

laser-induced plasma generation, the major disadvantage is given by the high laser pump

fluences that are necessary for the generation of the plasma.

A novel THz emitter concept that is based on a laser-induced spin current excitation in ferro-
magnetic/non-magnetic thin film systems and a spin-to-charge current conversion via the
inverse spin Hall effect was proposed by Kampfrath et al. in 2013. [81] In the following years,
these so-called spintronic THz emitter systems have been drastically improved in power and
bandwidth. [82, 83] Even though spintronic emitters are still outperformed by different emitter
types with regard to the amplitude of the emitted field [67], they offer several advantages.
In contrast to most other emitter types, the spintronic emitters offer gapless broadband
emission spectra ranging from the high gigahertz regime up to several tens of THz. [82]
Furthermore, the emitter concept allows for control of the THz polarization by application of
external magnetic fields. [84] Another advantage compared to other typical emitter systems is
that the spintronic emitters can be cost-efficiently produced by standard thin film deposition

techniques without involving lithography steps and that they can easily be scaled up in
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THz emitters Key characteristics desired in a THz emitter
commonly used Electric field Bandwidth Gapless spectrum  Excitation with

in THz-TDS >100kV/cm > 10THz over 0.1-10 THz nJ pulse energies
4 GaAs v’ [39] v [40, 41] b 4 v’ [38, 40-43)]
@]
A InGaAs X X X v [44-46]
o ZnTe X v [49-51] b 4 v/ 49, 50, 52, 53]
&
0% GaP X X X v [54]
g
'_::( o
LiNbO5 v [55, 56] X b 4 b 4
DAST v [57] v’ [58] b 4 v [58]
O W
‘gD
go"i DSTMS v’ [57, 59, 60] v’ [59, 60 b 4 v [61]
o8
OH1 v’ [57, 60] v’ [60] b 4 b 4
Air plasma v’ [85] v’ [65, 66 v’ [65, 66] b 4
Spintronic v [74] V' [74, 82] v [74, 82] v [82]

Table 1.1: Comparison of some key characteristics that are desired for THz emitter systems used in
THz-TDS of different commonly used emitter types. The table is adapted from [68].

size. [74] Thus, spintronic emitters offer a promising alternative for THz-TDS applications.
Table 1.1 shows a comparison of some key characteristics that are desired for emitters in THz-
TDS of the different emitter types presented above. A more detailed comparison between

the different emitter types can be found in the review article by Fulop et al. [67].

As spintronic THz emission is a relatively new concept, many recent works focus on the
optimization of the emitter systems with regard to the amplitude of the emitted electromag-
netic waves, as well as on the functionality of the emitter systems, such as, for example, the
polarization control, but also on the investigation of the underlying microscopic processes
that finally lead to the emitted THz radiation. [68] Embedded in this context, the present
work shows studies of spintronic THz emitter systems that are based on different magnetic
thin films combined with Pt and W layers. The experimental studies can be divided into
two parts. The main goal of the first part was to investigate how the magnetic properties
of different ferromagnetic (FM) and in particular also ferrimagnetic (FI) materials are re-
flected in the THz emission properties of a spintronic emitter system. Therefore, thin film
bilayer systems consisting of FM Co,Fe;_,, or FI Tb,Fe;_, or Gd,Fe;_, alloy thin films
with varying composition (0 < & < 1), combined with Pt layers have been prepared. The



laser-excited spintronic THz emission has been investigated in dependence on the applied
magnetic field, and the results have been explained with regard to a detailed characterization
of the structural, magnetic, electrical, and optical properties of the samples. The second goal
of this work was set on the development of more functional emitter systems that allow for
the control of the THz emission amplitude between a high- and a low-amplitude state and
also might open the way for higher THz emission amplitudes. Based on the results of the
previously investigated bilayer emitter system employing compensated ferrimagnets, a new
concept of a THz emitter that can be switched by a temperature change from a high- to
a low-amplitude state has been developed. Additionally, the use of a magnetic spin-valve
system as a spintronic emitter system that allows for the switching of the emission amplitude

by small applied magnetic fields has been demonstrated.

The work is separated into the following parts. Chapter?2 gives an overview of the fun-
damentals of magnetism in solids with respect to the used material system. A review of
laser-induced ultrafast magnetization dynamics with the focus set on the spintronic THz
emission is presented in chapter 3. The experimental techniques used for the sample prepa-
ration and characterization are explained in chapters4 and 5. In chapters 6—8, the results on
the Pt/Co,Fe;_,, Pt/Tb,Fe;_, and Pt/Gd,Fe;_, bilayer studies are shown. The thermally
and magnetically switchable emitter systems are presented in chapters9 and 10, respectively.

Chapter 11 gives a short conclusion and an outlook on future works.






CHAPTER 2

Magnetism in thin film systems

This chapter gives a brief overview of some fundamentals of magnetism in solids (sections 2.1
and 2.2). Furthermore, an introduction to superparamagnetism (section 2.3), coupling mech-
anisms in magnetic multilayer thin film systems (section2.4), as well as a survey of the
magnetic properties of the FM Co,Fe;_, alloys (section 2.5) and the FI rare earth-transition

metal alloys (section 2.6) investigated in this work, will be given.

2.1 Fundamentals of magnetism in solids

The following introductory section is based on the books by Coey [86] and Blundell [87].

Besides the small magnetic moment of the atomic nucleus, there are three sources that can
cause the magnetic moment of a free atom. (i) External magnetic fields H give rise to an
induced diamagnetic moment, (ii) the electron spin s, and (iii) the orbital momentum of the
electron with respect to the atomic nucleus l of each electron can lead to a paramagnetic
contribution to the magnetic moment. The total angular momentum Jio of light atoms,
where the spin-orbit interaction is weak, with n electrons can be described by the so-called

L-S (Russel-Saunders) coupling:

n n

Jot =D li+Y si=L+8, (2.1)
i=1 i=1

with the total orbital angular momentum L and the total spin angular momentum S. For

heavier elements with stronger spin-orbit coupling, the spin and the orbital momentum of

each electron first couple to the angular momentum j. The total angular momentum for the

so-called j-j coupling is described by

n

Jiot = Z(l, +si) = Zn:], . (2.2)
i=1

=1



2 Magnetism in thin film systems

In solids, exchange interactions between the individual moments of the atoms can cause
a long-range magnetic order. The exchange coupling between the localized many-electron

atomic spins S7 and Sy can be described by the Heisenberg Hamiltonian [86, 88]:
H=—-2785, (2.3)

where the spins are represented by dimensionless spin operators S. The coupling between
the spins is described by the exchange integral J that has the dimension of an energy. For a
lattice, the Hamiltonian can be generalized by using the sum over all pairs of atoms on the

lattice sites ¢ and j [86]:

H=-2>J;88; . (2.4)

1>7
The exchange integral J;; simplifies to a single exchange constant J if only nearest-neighbor
interactions are considered. Figure2.1 shows some of the most prominent examples of the

alignments of magnetic moments.

For J > 0, a parallel alignment of the magnetic moments is energetically favored, and there-
fore the material is ferromagnetic below the so-called Curie temperature T¢. This leads to
a spontaneous magnetization without the presence of an applied magnetic field. The strong
magnetic stray fields lead to the formation of magnetic domains with different orientations
of the magnetic moments that are separated from each other by domain walls. In order to

minimize the Zeeman energy, the domains tend to align along an applied magnetic field H.

For J < 0, an antiparallel alignment of the moments is energetically favored. This leads to
antiferromagnetic (AFM) materials that are characterized by two magnetic sublattices with
equal absolute moments that are aligned antiparallel. Therefore, the net magnetization is
zero. The critical temperature up to which the antiferromagnetic order exists is called Néel

temperature Ty.

FI materials also exhibit two magnetic sublattices with an antiparallel alignment. However,
the magnetic moments of the sublattices do not cancel out each other entirely, and therefore,
similar to ferromagnets, a non-zero spontaneous net magnetization arises for temperatures

below the Curie temperature 7. As the temperature dependence of the magnetic moments

M L v

ferromagnet antiferromagnet ferrimagnet

Figure 2.1: Schematic of three prominent alignments of magnetic moments in solids. The blue and
red arrows symbolize the magnetic moments of the atoms of the different magnetic
sublattices.



2.2 Magnetic anisotropy

is in general different for the two magnetic sublattices, some ferrimagnets exhibit a magnetic
compensation temperature Tcomp, where the net magnetization is zero. Also for ferrimagnets,

the magnetic stray fields lead to the formation of magnetic domains.

The Heisenberg model only describes the direct exchange coupling between the spins. There-
fore, it fails for a correct description of a large variety of materials, especially for systems in
which the total angular momentum is dominated by the orbital momentum rather than by
the spin angular momentum. Thus, for many systems also coupling of the magnetic moments
due to, for example, superexchange [89, 90], Dzyaloshinsky—Moriya interaction (DMI) [91,
92], Ruderman—Kittel-Kasuya—Yosida (RKKY) [93-95] interaction or double exchange [96]
has to be considered. Furthermore, for the description of the magnetic coupling in metals,
interactions of the delocalized electrons also have to be included. An overview of the different

coupling mechanisms is, for example, given in [86] and [87].

2.2 Magnetic anisotropy

The FM or FI domains are usually naturally aligned along one or more directions that are
energetically preferred. In thin film systems, the direction perpendicular to the film plane,
which is referred to as out-of-plane (oop) within this work, and any of the directions that
lie in the film plane, which are referred to as in-plane (ip), are often of particular interest.
The energetically favored direction for the alignment of domains is called easy axis, whereas
the unfavorable direction is referred to as hard axis. The energy that is needed to align the
magnetic domains along the hard axis is represented by the effective magnetic anisotropy en-
ergy density Keg. [97] It can be calculated from in-plane and out-of-plane magnetic hysteresis

loops by using the area that is enclosed by the two loops:

HS,oop HS,ip
Ko :/0 MoopMOdHoop —/0 Mip,UOdHip ) (25)

with the vacuum permeability pg, and the magnetization measured in out-of-plane direction
M,op and in-plane direction M;j, with respect to the applied magnetic fields Hoop and Hip,
respectively. The saturation magnetic fields are denoted with Hs oop and Hg j,. For the
determination of Keg, the hysteresis of the loops has to be removed by averaging the branches
of the loops. [97] Schematic hysteresis loops measured in the hard and easy axis direction
with the area representing Kg are displayed in figure 2.2. According to equation 2.5, systems
with Keg < 0 have an in-plane magnetic easy axis whereas systems with K.z > 0 have an
out-of-plane magnetic easy axis. A detailed discussion of the determination of K¢ values
from superconducting quantum interference device-vibrating sample magnetometry M (H)

loops and the related uncertainties is given in subsection 5.4.3.
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easy axis MA Figure 2.2: Schematic hard and easy axis
M(H) loops. The shaded area

hard axis
7 Keff// represents the effective magnetic
7 anisotropy Kog.
A

TV

The main sources of the magnetic anisotropy are the magnetic dipolar interaction and the
spin-orbit interaction. In the following, a brief introduction to the main contributions to the
magnetic anisotropy focusing on thin FM films will be given. More detailed explanations can
be found, for example, in the book by Fernando [98] or the review paper by Johnson et al. [97]
on which this section is mainly based. A discussion of the magnetic anisotropy in amorphous

FI rare earth-transition metal alloys is given in subsection 2.6.3.

2.2.1 Magnetic dipolar anisotropy (shape anisotropy)

One of the most important sources of magnetic anisotropy, especially in thin films, is given
by long-range dipolar interactions. This contribution is closely related to the sample shape
and, therefore, often referred to as shape anisotropy. In general, it can be described by the

magnetostatic energy density [97, 98]
Ho
Fo=—— | M- -HydV 2.
d oV / d ; ( 6)

with the magnetization M, the volume V', and the demagnetization field Hy. The demag-
netization field is described by Hy = —AN M, with the shape-dependent demagnetization
tensor A. An analytical solution of A/ can only be achieved for simple geometries. For thin
films, the calculation can be simplified by setting all tensor elements, except the direction
perpendicular to the film, to zero and Nyop = 1. Thus, the magnetostatic energy density is
given by [97, 99]

1
Eq = §N0MSQ cos? @, (2.7)

with the saturation magnetization Mg and the angle 6 between the out-of-plane direction
and the direction of the magnetization M. Therefore, Eq is minimized for the saturation of
the sample in the in-plane direction (6 = £90°). The difference between Ey4 for the magnetic
saturation of the sample in the in-plane (§ = £90°) and out-of-plane (6 = 0°) direction

describes the shape anisotropy of thin FM films [99]

1
Kshape = _§HOMS2 . (28)

10



2.2 Magnetic anisotropy

Due to the dependence on MSQ, the shape anisotropy typically leads to an in-plane magnetic
easy axis for films with high Mg. Within the thin film limit, Kape is independent of the
layer thickness t. However, it should be mentioned here that for very thin films of a few
monolayers, the film should not be treated as a magnetic continuum any more but rather
as discrete magnetic dipoles on a regular lattice. Calculations by Draaisma and Jonge [99]
demonstrated that depending on the symmetry of the interface, the dipolar anisotropy of the
outer layers of thin films can be significantly lower compared to the inner layers. However,
the contribution of the dipolar interface anisotropy is often small compared to interface

anisotropies caused by spin-orbit interaction.

2.2.2 Magnetocrystalline anisotropy

In FM or FI crystals, another contribution to the magnetic anisotropy is caused by the crys-
tal structure of the material, leading to a preferred magnetization alignment along certain
crystallographic orientations. [100] The so-called magnetocrystalline anisotropy has its origin
in the spin-orbit interaction that causes spheroidal charge distributions of the atoms that are
dependent on the crystal structure and on the spin directions. Thus, for the different crys-
tallographic orientations, the overlap of the electron distributions is different. Consequently,
a rotation of the electron spins with an applied field leads to a change of the exchange energy
as well as of the electrostatic interaction energy. An example of the different magnetization
axes in an fcc crystal and schematic M (H) loops measured along these axes are shown in
figure 2.3.

2.2.3 Magnetoelastic anisotropy

External stress or strain that is applied to a magnetic material can lead to changes in the lat-

tice parameters and, as a consequence, also to variations in the magnetocrystalline anisotropy.

(a) (b)

M/Mg A easy direction <111> <111>
14 § mm—r— i easykams
”‘ <110> i
et : medium ™,
. % hard : \
059 /7 .-°% direction axis 4'
./',»Crpedltl:lm <100> Pn
/e irection -
< <1105 <1005 8
0 > hard axis ,
H fcc unit cell

Figure 2.3: (a) displays schematic M (H) loops for the possible magnetization axes in an fcc crystal
shown in (b). In the example, the <111> direction is the easy magnetization axis,
whereas the hard axis lies in the <100> direction. The figure is based on [98].

11



2 Magnetism in thin film systems

The inverse of this magnetoelastic anisotropy is the so-called magnetostriction, which de-
scribes the variation of the sample dimensions by an alternation of the magnetization direc-
tion. The energy density for an elastically isotropic medium with isotropic magnetostriction
can be described by [97]

Fre = —Kpe cos?0 (2.9)

with K, = —3/2Ao. Here, o describes the stress, A is the magnetostriction constant, and 6
is the angle between the magnetization direction and the applied stress. The stress can be
applied externally but also be induced by the film growth. For thin film systems, the strain
induced by the lattice mismatch at the interface between two layers of different materials
is of particular interest. The resulting magnetoelastic anisotropy in that case consequently
also shows a dependence on the layer thickness. Thus, the magnetoelastic anisotropy plays
an important role in magnetic multilayers with thin layer thicknesses. In certain systems,
the magnetoelastic anisotropy overcomes the shape anisotropy and, therefore, can cause a

magnetic easy axis in the out-of-plane direction. [97, 101-103]

2.3 Superparamagnetism

The following explanations are mainly following the book by Blundell [87].

For FM (or FI) particles that are sufficiently small (typically with diameters between 10 nm
and 150 nm, depending on the material [104]), a single domain state becomes energetically
preferred. [105, 106] Such particles typically exhibit a magnetic easy axis along a certain di-
rection due to magnetocrystalline anisotropy, shape anisotropy, or magnetoelastic anisotropy.
Thus, the energy density of a particle contains the term K sin 6, with the anisotropy density
with regard to the magnetic easy axis K and the angle between the magnetization direction
and the magnetic easy axis 6. The energy is therefore minimized for # = 0 and 6 = 7.
The energy AE = KV, with the volume of the particle V, is necessary to flip the domain
between the two energetically preferred states (see figure2.4a, solid line). For sufficiently
small particles, for which kg7 > KV, the magnetization can be easily flipped by thermal
fluctuations. If a magnetic field is applied along the magnetic easy axis, one of the minima
becomes energetically favored (see figure 2.4a, dashed line). Therefore, AE and consequently
also the switching probability becomes different for the two switching directions along the

magnetic easy axis.

An ensemble of such (uncoupled) particles behaves like a paramagnet and is therefore called a
superparamagnet. In contrast to a normal paramagnet, the independent magnetic moments
are not atomic but the magnetic moments of the FM particles. At high temperatures, the

magnetic moments fluctuate on a short time scale (compared to the measurement time).
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2.3 Superparamagnetism

(c)
---ZFC
— FC

SP \ :PM
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Figure 2.4: (a) shows the magnetic potential energy F of a small FM particle as a function of the
angle 6 between the magnetization direction and the magnetic easy axis in the absence of
an applied magnetic field (solid line) and in the presence of an applied magnetic field H
along the anisotropy axis (dashed line). (b) displays schematic zero-field cooled (ZFC)
and (FC) M(T) curves of a superparamagnetic sample. For temperatures T' below the
blocking temperature T}, the sample is in a blocked (BL) state, for Ty, < T < Tg,
the sample is in a superparamagnetic (SP) state, and for T' > T, the sample is in a
paramagnetic (PM) state. (c) shows a schematic comparison between the M (H) loops
of these different sample states. (a) is adapted from [108].

Therefore, a non-zero average magnetic moment in that state can only be observed if a mag-
netic field is applied that induces an energetically preferred magnetization direction. For
temperatures below the so-called blocking temperature T3, the probability for the switching
of the magnetic moments by thermal fluctuations becomes small (with respect to the mea-
surement time), and the particles appear to be locked in one of the energetic minima. In this

so-called blocked state, the sample shows hysteretic behavior in the magnetization reversal.

The blocking temperature can be determined by performing zero-field cooled (ZFC) and field
cooled (FC) M (T') measurements in the following way: The sample is first cooled down with-
out an applied magnetic field. Then, a small magnetic field is applied, and the magnetization
is recorded while the temperature is increased (ZFC curve). Afterward, the sample is cooled
down with the field still applied, and the magnetization is again measured for increasing
temperatures (FC curve). The maximum of the ZFC curve is at the blocking tempera-
ture Ty,. [107] The temperature at which the ZFC curve departs from the FC curve is called
irreversibility temperature T, [107] Figure 2.4b shows schematic ZFC and FC M (T') mea-
surements of a superparamagnetic sample. A comparison between schematic M (H) loops of

a superparamagnetic sample in its different magnetic states is displayed in figure 2.4c.

Superparamagnetic states can also be observed in sufficiently thin rough magnetic films with
layer thicknesses ¢ < 3nm for which the films become (partially) discontinuous. [109-112]
Within this work, superparamagnetism could be observed in Pt(2.5nm)/Co,Fe;_;(1nm)
(see section 6.3) as well as in a Pt(5nm)/Gdg sFep 7(1 nm) thin films (see section9.2).
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2 Magnetism in thin film systems

2.4 Coupling effects in magnetic multilayer systems

Several coupling phenomena can be observed between different magnetic layers in multilayer
thin film systems. This section gives an overview of coupling effects leading to a ferromag-
netic alignment (subsection 2.4.1) and interlayer exchange coupling (subsection 2.4.2) between
magnetic layers that are separated by an interlayer as well as on the exchange bias effect (sub-
section 2.4.3).

2.4.1 Coupling mechanisms leading to ferromagnetic alignment

In bilayer systems consisting of FM (or FI) and non-magnetic metal (NM) layers (the term
non-magnetic metal is used within this work for all metals that do not exhibit a spontaneous
magnetic order, i.e., paramagnetic or diamagnetic materials), it has been demonstrated that
close to the FM/NM interface, the NM film can become magnetized due to the so-called
magnetic proximity effect. [115-118] In FM/NM/FM trilayers (or multilayer systems) with
thin NM interlayers, the induced magnetic moments can lead to the ferromagnetic coupling
between the FM layers (see figure 2.5a). [113, 119] The coupling strength Jye ~ 1/ sinh(txm)
between the FM layers is dependent on the NM layer thickness ¢ty [113]

Another direct coupling mechanism is given by discontinuities in the NM layer, so-called
pinholes. The direct contact between the FM (or FI) layers given through the pinholes leads
to a ferromagnetic coupling between the layers (see figure 2.5b). This mechanism is strongly
dependent on the film preparation method and can appear in sputtered multilayers with
thicknesses below 2nm. [114]

Furthermore, correlated rough interfaces can also lead to the ferromagnetic so-called orange
peel coupling, which is based on dipolar interactions between the magnetostatic charges that
appear at the interfaces (see figure2.5¢). [114, 120] The coupling strength J,, is dependent
on the saturation magnetization Mg, the height hy and the period L of the terraces, and the
NM layer thickness ¢ty and can be described by Jop ~ (M3hZ /L) exp(—tnm/L). [114, 121]

(b)

Figure 2.5: Schematics of different coupling mechanisms leading to a ferromagnetic coupling be-
tween two FM layers that are separated by a thin NM layer with the thickness tnu.
(a) shows the coupling by induced magnetic moments, (b) the coupling due to ferro-
magnetic pinholes, and (c) the so-called orange peel coupling. The red arrows mark the
magnetization M. The height and the period of the terraces in (c¢) are denoted with h
and L, respectively. (a) is based on [113], (b) and (c) are adapted from [114].

14



2.4 Coupling effects in magnetic multilayer systems

2.4.2 Interlayer exchange coupling

Besides the ferromagnetic coupling described above, also an indirect magnetic exchange cou-

pling between FM (or FI) layers that are separated by thin NM layers can occur.

In 1986 Griinberg et al. [122, 123] demonstrated the antiparallel coupling of two thin Fe
layers that are separated by a Cr spacer layer with a thickness of 0.4nm < tc, < 0.8nm.
Parkin et al. [124] showed that the coupling of the FM layers in Co/Ru, Co/Cr, and Fe/Cr
multilayer systems follows an oscillatory behavior with respect to the Ru and Cr spacer
layer thicknesses. Several theoretical models have been proposed to describe this coupling
behavior. [125, 126] One of the most prominent approaches is given by the extension of the
RKKY spin coupling theory [93-95] to the interlayer exchange coupling [127, 128]. This leads
to a coupling constant Jrxky (txm) ~ —sin(tnm)/ty [125, 129] that is dependent on the
interlayer thickness txy. Detailed discussions of different theoretical approaches are given,
for example, in [125, 130].

2.4.3 Exchange bias effect

The following brief introduction of the exchange bias effect is mainly based on the review
article by Nogués and Schuller [131].

The most common exchange bias (EB) systems are bilayers consisting of an AFM and a FM
layer. When such a bilayer is field cooled from above to below the so-called blocking tem-
perature T}, of the AFM layer (with the Curie temperature T¢ of the FM layer being higher
than T}, ), an exchange anisotropy is induced in the FM layer. [132] The blocking temperature
is related to the Néel temperature Ty of the AFM layer but can also be lower (7}, < Tn),
especially for thin films. Since the first observation of the exchange bias effect by Meiklejohn
and Bean in 1956 [133] the effect has been demonstrated in a great variety of thin film and
nanoparticle systems. [134-136] Qualitatively, the exchange bias can be understood by as-
suming an exchange interaction at the AFM/FM interface. [132, 134] A schematic displaying
the magnetic states of an AFM/FM bilayer for the setting of the exchange anisotropy is
shown in figure 2.6a. At temperatures Ti, < T' < T¢, an external magnetic field H is applied,
and the magnetic moments of the FM layer align according to this field, whereas the AFM
layer stays in a disordered state. When the system is cooled down below T3, with the field
still applied, in the AFM layer, the moments order antiferromagnetically and couple at the
interface to the FM layer (in the image, a ferromagnetic coupling at the interface is assumed).
As the AFM layer is in a compensated magnetization state and, therefore, independent of
the external magnetic field, a unidirectional magnetic anisotropy is induced in the FM layer
due to the exchange coupling at the AFM /FM interface. A schematic magnetization loop of
the system after the field cooling procedure is shown in figure 2.6b. At high magnetic fields,
the system is saturated (1). At (2), the external field is sufficiently high to overcome the
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Figure 2.6: Phenomenological schematic of the exchange bias effect. (a) shows the setting of the
exchange anisotropy. In (b), the schematic loop of an exchange-biased FM layer and the
magnetic states of some characteristic points in the loop are displayed. A more detailed
discussion of the image can be found in the main text. The figure is based on [131].

exchange coupling at the AFM/FM interface. The loop shift field Hg, is called exchange
bias field. Coming from the saturated state in positive field direction (3), at a certain pos-
itive field (4), the exchange bias field overcomes the external magnetic field and causes the

magnetic moments in the FM layer to reorientate.

Although the described simple model gives an intuitive picture of the exchange bias, different
aspects, such as the influence of the interface roughness [137-139] and the spin configurations
at the interface [137, 139-141] on the exchange bias effect are neglected. Furthermore, in this
simple picture, an uncompensated spin configuration at the AFM surface would be necessary.
However, the exchange bias effect has also been demonstrated in various systems with a
compensated spin configuration at the AFM surface. [137-142] Especially on the microscopic
level, the effect is still not fully understood. A detailed review of the role of the different
parameters for the exchange bias effect (such as the spin configuration at the interface,
interface disorder, roughness, crystallinity, AFM grain size, interface impurity layers, training
effect, blocking temperature) can be found in [131]. Nevertheless, concerning this work, the

simple phenomenological picture is sufficient.

The exchange bias effect has been shown in many different studies to be approximately
inversely proportional to the thickness tgy of the FM layer (down to thicknesses for which the
film becomes discontinuous), Hep, ~ 1/tpy. [142-148] The correlation between the exchange

bias field and the thickness of the AFM layer is more complicated and dependent on the
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2.5 Magnetic properties of Co,Fe;_, alloys

microstructure of the AFM layer and the temperature. [142, 146, 147, 149] For small AFM
layer thicknesses, T} is usually below room temperature, and therefore the exchange bias
only appears at low temperatures. Above a certain AFM film thickness on the order of
10nm the exchange bias often is thickness independent. [142, 146, 147, 149-151] However,
in some systems, also a maximum of the exchange bias at a certain thickness [142, 146, 150]
or a decrease in the exchange bias for large AFM thicknesses [142, 146, 149, 150] has been
observed, which might be due to microstructural changes in the AFM layer. Besides the
loop shift, usually, also an increase in the coercivity of the FM layer can be observed for
T < T; that becomes largest for small anisotropies of the AFM layer. [142, 144, 147, 151]

Consequently this effect is large for temperatures close to T,.

One application of the exchange bias effect are spin-valve AFM/FM; /IN/FM, systems con-
sisting of a “pinned” ferromagnetic layer FM; that is exchange-biased by an AFM layer and
a second “free” ferromagnetic layer FMs which is magnetically decoupled from FM; by a
metallic interlayer IN. [152-155] The most prominent usage of such layer stacks is given by
the giant magneto-resistance (GMR) effect. [156, 157] Depending on the relative magneti-
zation alignment of the two FM layers, the resistivity of the system will either be high (for
an antiparallel alignment) or low (for a parallel alignment). Therefore, these systems can be
used in sensor applications. In this work, the usage of spin-valve systems as magnetically

switchable spintronic THz emitters is demonstrated (see chapter 10).

2.5 Magnetic properties of Co,Fe;_, alloys

This section is mainly based on the review article by Scheunert et al. [158] and on the book
by Coey [86].

Soft magnetic Co,Fe;_, alloys are well known for their high saturation magnetization as
well as their high Curie temperature and low magnetocrystalline anisotropy. As early as
1912, Weiss [159] reported that Co,Fe;_, alloys with small Co content = possess a signifi-
cantly higher saturation magnetic moment than pure Fe. Since then, many experimental and
theoretical studies confirmed an unchallenged high saturation magnetization at room temper-
ature, reaching values of Mg ~ 1900kA/m for Co contents of 0.2 < x < 0.4. [160-163] This
makes the material an interesting choice for applications like, for example, in high moment

magnetic recording heads. [164—166]

The magnetic properties of the FM 3d transition metals (Fe, Ni, Co) are mainly based on
the delocalized moments of the 3d valence electrons. In solids, the orbital moments of the
electrons are mostly quenched by the crystal field. Thus, the magnetic moment is mainly
given by the total electron spin S = Y7 ; s;. The interatomic coupling between the magnetic

moments of the neighboring atoms can be described by a direct (Heisenberg) exchange of the
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Figure 2.7: Calculated densities of states N for the majority (1) and minority (]) electrons of (a)
Fe and (b) Co with respect to the energy E. The Fermi energy is denoted by Er. The
densities of states were calculated by Ivan Rungger. The figure is adapted from [86].

wave functions of the 3d electrons, leading to a parallel alignment of the spin moments. The
strong direct coupling results in high Curie temperatures of, for example, T p. = 1044 K for
pure Fe and T, ¢ = 1360 K for pure Co. [86]

In terms of band ferromagnetism, the high magnetic moments can be explained by the sponta-
neous spin splitting of the energy bands close to the Fermi level. Figure 2.7 displays calculated
densities of states for the majority- and minority-spin electrons in Fe and Co. Here, unsplit
sp bands are superposed by the spin-split 3d states. The magnetic moment per atom can be
described with the magnetic valence model. The magnetic moment m of a 3d metal atom is

then given by
m = (Nt — Nyps = 2N+ — Z)us (2.10)

with the numbers of majority- (1) and minority-spin ({) valence electrons per atom N, the
valence of the atom Z = N; + N, and up denoting the Bohr magneton. The magnetic
valence is defined as Z,, = 2Nq 4+ — Z, with Ng 1 denoting the number of majority-spin d

electrons per atom. The magnetic moment of the atom can then be rewritten as
m = (Zu + 2N, )i - (2.11)

with 2Ny, 4+ describing the number of unpolarized electrons in the 4 sp band (with typical
values of 0.6 < 2Ny, + < 0.7). The average magnetic moment (m) of any strong FM 3d
metal alloy based on Fe, Co, and Ni can then be estimated by replacing Z,,, with its weighted

average (Z;,) over all atoms in the alloy
(m) = ((Zm) + 2Nsp, 1) - (2.12)

The magnetic valence of Fe Z, ro = 10 — 8 = 2 would therefore lead to an average atomic
moment of (mp.) ~ 2.6up, whereas for Co the magnetic valence of Zy, ¢co = 10 -9 =1

would lead to an average magnetic moment of (mco) ~ 1.6up, assuming 2Ny, 4+ =~ 0.6. Thus,
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Figure 2.8: The displayed Slater-Pauling curve shows the average atomic moment in dependence on
the number of the 3d and 4s valence electrons for binary 3d transition metal alloys. The
figure is adapted from [86].

the magnetic valence model clearly overestimates the experimentally found average atomic
moment of Fe ((mpe) ~ 2.2up [158]), whereas it leads to a good estimation of the atomic
moment in Co. The reduction of (mg.) is due to Fe being a weak ferromagnet (with the 3dt
band only partially filled, see figure2.7a), rather than a strong ferromagnet (with the 3df
band pushed completely below Er) as is the case for Co (see figure 2.7b) and Ni. Theoretical
calculations [161, 162] and experimental studies [160, 167] showed that the average Fe atomic
moment is increased in the vicinity of Co atoms. This leads to the mentioned maximum in
the saturation magnetic moment of Co,Fe;_, alloys for 0.2 < x < 0.4. The Slater-Pauling
plot (named after Slater and Pauling due to their pioneering works on magnetic 3d metal
alloys [168, 169]) displayed in figure 2.8 shows a comparison of the average magnetic moments
per atom of different binary 3d transition metal alloys with respect to their valence electrons

per atom.

2.6 Amorphous ferrimagnetic rare earth-transition metal al-

loys

For a long time, it was believed that only materials with a long-range crystalline order can
exhibit a spontaneous magnetization. However, since the mid of the 20'" century, many
different amorphous material systems have been found to exhibit a magnetic order. [170, 171]
An interesting class within these amorphous magnetic materials are the FI rare earth (RE)-
3d transition metal (T'M) alloys. These alloys allow the tuning of the magnetic properties
like the magnetic anisotropy, the coercivity, the saturation magnetization, as well as the

compensation temperature by varying the alloy composition. [171-173]
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2 Magnetism in thin film systems

In this section, a general introduction to the magnetic coupling in RE,TM;_, alloys (sub-
section 2.6.1) and the temperature dependence of the magnetization of FI RE,TM;_, alloys
(subsection 2.6.2) will be given. Furthermore, the specific properties of the amorphous FI
Th,Fe;_, and Gd, Fe;_, thin films that were used within this work will be discussed (sub-
section 2.6.3).

2.6.1 Magnetic coupling of rare-earth elements with ferromagnetic 3d tran-

sition metals

The following explanations are mainly based on the article by Rhyne and McGuire [174] and
the book by Trémolet de Lacheisserie et al. [114].

In contrast to the FM 3d transition metals, the magnetic moment of the RE elements is
mainly given by the 4f electrons. Due to the strong spin-orbit coupling, the total angular
momentum of an atom can be described according to Hund’s rules by Jio = |L — S| for light
RE elements with a half- or less than half-filled 4f shell and by Jiot = |L + S| for heavy
RE elements with a more than half-filled 4f shell. The 4f electrons are localized close to
the atomic nucleus and shielded by the 5s, 5p, 5d, and 6d valence electrons. Therefore, no
direct interatomic coupling between the 4f electrons is possible. However, an indirect coupling
via the 5d and 6d valence electrons that are spin-polarized by the 4f electrons occurs. As
this coupling is relatively weak compared to the direct exchange coupling in FM 3d transition
metals, the magnetic ordering temperatures of pure RE elements are below room temperature
(e.g., Tc,ca = 293K [175], T, b = 237K [176]).

In RE,TM;_, alloys, an interatomic exchange coupling between the magnetic moments of
the RE and T'M atoms occurs due to a hybridization of the T'M 3d electronic states with
the RFE 5d states. A schematic of this hybridization is shown in figure 2.9a. In this schematic
picture, it is assumed that an RE “impurity” is embedded in a FM TM matrix. The RFE
5d band is energetically higher than the T'M 3d band. However, a part of the 3d states of
TM atoms surrounding the RE atom is transferred to the RFE 5d states. This hybridization
is stronger for smaller energy differences between the bands. The energy difference between
the TM 3d| band and the RE 5d] states is smaller than between the T'M 3dt{ band and
the RE 5dt states. Thus, the 3d|-5d| hybridization is stronger compared to the 3d1T—5d{
hybridization, leading to an effectively antiparallel coupling between the T'M 3d and the
RE 5d spins. The intraatomic parallel coupling between the RE 5d and the RE 4f spins
results in an antiparallel coupling between the T'M 3d spins and the RFE 4f spins. This
coupling mechanism is strong compared to the indirect coupling in pure RE elements, and
therefore high ordering temperatures can be observed for certain RE,T M;_,-based systems.
As for light RE elements (e.g., Pr, Nd, Sm) the coupling between the spin and orbital

momentum is antiparallel, the coupling between the T'M and RE magnetic moments is
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Figure 2.9: Coupling of the magnetic moments in RE,TM;_, alloys. (a) schematically shows the
hybridization of the 5d atomic electron states of a RE impurity, which is embedded in a
3d T'M matrix, with the 3d electronic bands of the TM matrix. (b) and (c) display the
coupling of the TM and RE spin and orbital moments for light and heavy RFE elements,
respectively. The figures are adapted from [114].

parallel (see figure 2.9b). Among the class of these ferromagnetic RE, T M;_,-based magnetic
materials are high moment permanent magnets such as NdaFe 4B [177], and SmaCo;7 [178].
For heavy RE elements (e.g., Gd, Tb, Dy), the parallel coupling between the RE spin and
orbital momentum leads to an antiparallel coupling of the TM and RFE magnetic moments
(see figure2.9c). Therefore, these materials are ferrimagnets with RE and T'M magnetic

sublattices.

2.6.2 Temperature dependence of the magnetization

In general, the temperature dependence of the RE magnetic sublattice in a FI RE,TM;_,
alloy is stronger compared to the T'M magnetic sublattice due to the weaker exchange cou-
pling between the RE magnetic moments. Figure2.10 schematically shows the temperature
dependence of the magnetization of the RE and T'M magnetic sublattices as well as the
resulting net magnetization My for FI RE, T M;_, alloys with different RE content x. For
RE rich samples (a), Mye is RE-dominated for all temperatures up to the Curie tempera-
ture Tc. Samples with a medium RE content (b) can show a magnetic compensation point
at the temperature Teomp. Here, Mo switches from a RE-dominated state for 7' < Teomp, to
a T'M-dominated state for Teomp < T' < Tc. For low RE contents (¢) Myet is T'M-dominated

for all temperatures up to 1.
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Figure 2.10: Schematic of the magnetization M of the RE (blue, positive values) and T'M (red, neg-
ative values) magnetic sublattices in FI RE,TM;_, alloys in dependence on the tem-
perature T. My describes the net magnetization. The Curie temperature is denoted
with T. For the case of high RE contents x, displayed in (a), Myt is RE-dominated
at all temperatures up to Tc. For medium RE contents (b) My is dominated by
the RE magnetic sublattice up to the compensation temperature Tcomp wWhereas it is
T M-dominated for Teomp < 1T < T For low RE contents, Myt is T M-dominated at
all temperatures T' < Tc. The figures are based on [86].

2.6.3 Magnetic properties of amorphous Tb,Fe;_, and Gd, Fe,_, alloys

For Th,Fe;_, and Gd,Fe;_, alloys with low RE content (0.105 < z < 0.333) four stable
crystalline phases (TbaFei7, ThgFeas, TbFes, ThFey, and GdFey, GdFes, GdgFeas, GdaFe;r)
can be achieved for bulk material by cooling down from the liquid phase. [179-181] However,
all Th,yFe;_, and Gd, Fe;_, alloys investigated in this work were thin layers deposited by
magnetron co-sputtering from elemental targets at room temperature (see section4). It is well
known that for this preparation method, the alloys are in a stable amorphous state at room
temperature, as the kinetic energies of the deposited particles and thermal fluctuations in the
films are not sufficient to allow the diffusion that is necessary to form a crystalline film. [172,
174, 182-184] Annealing of the films at temperatures T 2 500 K leads to the formation of
crystalline phases (Vittoria et al. [185] reported the crystallization of a 0.85 pm thick GdFey
film at T = 723K, Sato et al. [186] found crystallization temperatures 490K < T < 520K

for 1 pum thick Th,Fe;_, films with varying compositions).

As for this work, the samples were not heated up above the crystallization temperatures, the

following discussion will focus on the properties of thin amorphous alloy films.

Magnetic order and anisotropy

Amorphous materials usually do not exhibit a long-range structural or chemical order. Due
to this disorder, the local environment (“crystal field”) is different for each atom, leading
to varying single-site anisotropies. The magnetic order can be described by a competition

between the local single-site anisotropies and exchange interactions, which describe the cou-
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Figure 2.11: Alignment of the RE (blue) and Fe (red) magnetic moments in RE,Fe;_, alloys. (a)
displays the collinear ferrimagnetic order in amorphous Gd,Fe;_, alloys, whereas in
(b), the sperimagnetic order in Th,Fe;_, is shown. The averaged distributions of the
Tb and Fe magnetic moments are described by the fanning cones with the angles aTy
and ape. The figures are based on [187] and [188].

pling between the magnetic moments of atoms in different positions. [171, 187, 189] For
an amorphous system with two magnetic sublattices, the coupling can be described by the
Hamiltonian [187]

H=— ZDaiSZQ,ai —ZDbjSibj —ZJM/SG.SG, —Z JabSa'Sb_Z Joy Sy Sy . (2.13)
i J

a,a’ a,b b,b’

Dg;, Dy, describe the local (single site) anisotropy and S, 4,, Sz 5, the spin parallel to the
magnetic easy axis of the atoms a; and b; of the two magnetic sublattices. Juq/, Jpy, and
Jup denote the exchange interactions between the spins Sy, Sy, Sp, and Sp. The magnetic
order of the system depends on the strength and sign of the exchange interactions. Dominant
exchange interactions with respect to the single-site anisotropies lead to a collinear FM or
FI alignment of the magnetic moments. This is the case for Gd,Fe;_, alloys, which exhibit
a ferrimagnetic order (see figure2.11a). [171, 187] However, systems with strong single-site
anisotropies exhibit a non-collinear so-called sperimagnetic alignment of the magnetic mo-
ments. This is the case for Th,Fe;_, alloys, which show a distribution of both the Fe as well
as the Th magnetic moments (see figure 2.11b). [187-190] The averaged distributions of the
Fe and Tb magnetic moments can be described by the so-called “fanning cones” with the
angles atp, and ap.. The stronger interatomic magnetic exchange coupling with respect to
the single-site anisotropies between the Fe magnetic moments compared to the Tb magnetic
moments leads to a larger distribution of the Th magnetic moments compared to the Fe
moments (arp > ape). The Fe fanning cones in Th,Fe;_, alloys can be directly measured by
Méssbauer spectroscopy using " Fe ions. [191-193] For alloys with Tb content 0.1 < x < 0.5,
Ruckert et al. [193] reported Fe fanning cone angles 21° < ap, < 29° that are almost in-
dependent of the temperature 7' (for 20K < 7' < 300K) and of the film thickness ¢ (for
50nm < ¢ < 190nm). In contrast to ape, a strong temperature dependence of ayp, has been
observed for 10K < T < 300 K. [194] Hebler et al. [188] also observed a strong decrease in ap
with increasing film thickness ¢ for ¢ < 30nm in Th,Fe;_, alloys with 0.15 < z < 0.38. This
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2 Magnetism in thin film systems

leads to stronger contribution of the Tb magnetic sublattice to the net magnetization for
higher film thicknesses. [188]

Amorphous Th,Fe;_, and Gd,Fe;_, thin films exhibit an out-of-plane magnetic easy axis in
a certain composition range. [172, 173, 183, 184] The origin of this perpendicular magnetic
anisotropy can be attributed to a short-range chemical order that is induced by the film
growth. [195-197] Several different effects leading to an anisotropy in the local atomic envi-
ronment like a structural column formation [198], surface-induced ordering [199, 200], and
pair ordering due to selective resputtering [201-203] have been proposed. These short-range
orderings can lead to magnetoelastic [204, 205] and dipolar contributions [206, 207] to the
magnetic anisotropy, as well as to a contribution due to interactions with the local crystal
field on the RE sites [203].

Especially for sputtered Tb,Fe;_, thin films, atomic pair ordering seems to play a dominant
role. It has been shown that the next neighbor distances and coordination numbers for Th-Tb,
Fe-Fe, and Th-Fe pairs are different for the in-plane and out-of-plane direction. [203, 205, 208,
209] Hufnagel et al. [208] and Harris et al. [203] reported an increased number of Th-Fe pairs
along the growth (out-of-plane) direction for sputtered films. The observed preferred out-of-
plane orientation of the magnetic moments for a certain composition range can be accordingly
explained by the interaction of the Tb 4f orbital, which has a disk-like shape [190], with the
local crystal field. [210] In contrast to that, studies by Prados et al. [209] and Hernando
et al. [205] showed a preferred Th-Fe pair alignment in the film plane. Hernando et al. [205]
attribute the perpendicular magnetic anisotropy to an interaction of the Tb 4f electron clouds
with positive Fe ions, whereas Prados et al. [209] propose that the perpendicular magnetic
anisotropy is caused by magnetostatic interactions between the Th-Fe pairs. The dominating
contribution to the anisotropy is, therefore, most likely depending on the film preparation
method as well as on the layer thickness. Mimura et al. [172] observed an out-of-plane

magnetic easy axis for 900 nm thick Tb,Fe;_, in a composition range 0.15 < z < 0.28.

For Gd,Fe;_, films, the weak spin-orbit coupling of Gd (L = 0) that is caused by the 5d
electrons results in a less pronounced single-ion anisotropy contribution (compared to Tb in
Tb,Fe;_, alloys). [211] Therefore, most probably, the main contribution to the perpendicular
magnetic anisotropy is given by dipolar interactions or for thinner film thicknesses by a
magneto-elastic anisotropy. [204, 212-214] An out-of-plane magnetic easy axis can be observed
in a narrow composition range close to the magnetic compensation point, where the thin film

shape anisotropy contribution is sufficiently small.

The perpendicular magnetic anisotropy of both, Gd,Fe;_, and Tb,Fe;_, films can be reduced

in a controlled manner by noble gas ion implantation [212] or annealing [205, 208].
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2.6 Amorphous ferrimagnetic rare earth-transition metal alloys

Magnetic compensation point and Curie temperature

As described in subsection 2.6.2 the net magnetization of FI RE,TM;_, alloys can be dom-
inated by either the TM or the RE magnetic sublattices depending on the composition and
temperature. Figure2.12 shows the saturation magnetization with respect to the temper-
ature of Gd,Fe;_, and Tb,Fe;_, alloys deposited by evaporation with different rare-earth
content x. For the Gd,Fe;_, alloys, a magnetic compensation temperature close to 300 K
can be observed for x = 0.255. For the Th,Fe;_,, alloys a magnetic compensation tempera-
tures of approximately 340 K and 385 K can be observed for rare-earth contents of x = 0.243
and x = 0.271. Mimura et al. [184] reported magnetic compensation temperatures between
100K and 360K for sputtered Gd,Fe;_, films (with thicknesses 1.20pm < ¢ < 1.39pm)
with 0.23 < 2z < 0.27 and compensation temperatures between 180 K and 330 K for sputtered
Th,Fe;_, films (with thicknesses 0.72 um < ¢ < 0.96 pm) with 0.195 < = < 0.22. However, as
described above, especially for thin Th,Fe;_, films the compensation temperature has been

shown to be strongly dependent on the film thickness. [188]

The Curie temperatures reported by Mimura et al. [184] for Gd,Fe;_, with 0.15 < z < 0.35
are in the range of 420K < T gare < 500K. For Tb Fei_, with 0.12 < x < 0.47 they
reported Curie temperatures of 340 K < T thre < 420 K. For higher RE contents, the Curie

@ (b)

Gd,Fe,,, 400 -~ \ X =0.360 Tb,Fe,, ]
'€ 1250 = calculated A € .- calculated
5 1000 1 g o T
= Curie o
o 750 2N\ . [}
5 temperatures T S, 200F i
g N P g -
c 500 ' e c
.9 P RS
i i T 100} -
=] '
£ 250 : %’“
n e n
0 1 ~-\T‘~-- 3 S AT 0 1 1 NS %
0 100 200 300 400 500 0 100 200 300 400
Temperature (K) Temperature (K)

Figure 2.12: Saturation magnetization Mg in dependence on the temperature of (a) Gd,Fe;_, and
(b) Tb,Fe;_, alloys with different rare-earth content z, reported by Hansen et al. [173].
The Mg values of the Gd,Fe;_, alloys with x < 0.255 are dominated by the Fe magnetic
sublattice, for x > 0.255 Mg is Gd-dominated. For x = 0.255 a magnetic compensation
temperature Tcomp close to room temperature (marked in red) can be observed. The
Curie temperatures T are marked with the dashed blue lines. The Mg values of
the Tb,Fe;_, alloys with x > 0.271 are dominated by the Th magnetic sublattice.
For x = 0.243 and = = 0.271 a compensation point above room temperature can be
observed (marked in red). The figures are adapted from [173].
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2 Magnetism in thin film systems

temperatures strongly decrease with increasing RE content (see also the curves for z > 0.45
in figure 2.12a). [173]

Fanning cone compression and spin reorientation transitions

At high applied magnetic fields, the configuration of the magnetic moments in Tb,Fe;_,
films is determined by the interaction of the fanning cones with the applied field. For samples
with a Th-dominated net magnetization, a compression of the Tb fanning cone leads to an
increase in the magnetization at high applied magnetic fields (see figure2.13a). [188, 215]
Close to the magnetic compensation point, the sperimagnetic configuration leads to satellite
hystereses (see figure 2.13b) that are caused by irreversible spin reorientation transitions, so-
called spin-flops [215]. A detailed discussion on the magnetization reversal of Th,Fe;_, films
with different compositions at varying temperatures can be found in [215]. Also in the FI
Gd,Fe;_, films, spin-flop transitions at high applied magnetic fields can lead to increasing

net magnetizations (see figure2.13c). [212]

In the context of this work, the configuration of the magnetic moments at high applied
magnetic fields is especially important for the estimation of the effective magnetic anisotropy

from M (H) loops that is discussed in detail in subsection 5.4.3.
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Figure 2.13: Excerpts of room-temperature M (H) hysteresis loops of (a) a sub./Pt(5nm)/
Tho.40Fe0.60(20nm)/Co(2nm) sample measured in out-of-plane direction, (b) a sub./
Pt(5nm)/Thg 22Fep.78(20 nm) /SizN4 (5 nm) sample measured in out-of-plane direction,
and (c) a sub./Pt(5nm)/Gdg.25Fep 75(20 nm) /SigN4 (5 nm) sample measured in in-plane
and out-of-plane direction. The black arrows mark the field sweep direction.
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CHAPTER 3

Laser-induced ultrafast magnetization dynamics

A promising way to manipulate the magnetic order in a material on a very short time scale
is given by the use of optical pulses. The breakthrough experiment that opened the way for
the emerging research field of ultrafast laser-induced magnetization dynamics was done by
Beaurepaire et al. [216] in 1996. In time-resolved magneto-optical Kerr effect measurements
performed on a thin Ni film after excitation by 620 nm laser pump pulses with a pulse duration
of 60fs, they could show that the Kerr signal drastically drops within less than 1ps and
recovers on a larger time scale. The short demagnetization time gave evidence for the direct
interaction of excited, so-called hot electrons with the spin system without the involvement
of the lattice, as electron-phonon interactions happen on a time scale of several picoseconds
[217-219]. Since then, numerous studies on ultrafast magnetization dynamics have been
performed. Besides investigations on the ultrafast demagnetization of different FM [220-
225] and FI [223, 226] thin films, also laser-induced all-optical magnetization switching in
different FI [188, 227-231] and FM [232-236] systems has been demonstrated. Furthermore,
studies on the emission of THz radiation caused by ultrafast demagnetization [223, 237—
239], as well as on the generation of ultrafast spin currents [240-242] have been performed.
The fundamental studies on ultrafast magnetization dynamics also opened the way for the
development of spintronic THz emitters [81], on which the main focus of this work is centered.
However, despite the large variety of experimental results, there are still many open questions
regarding the underlying microscopic mechanisms. Detailed reviews on laser-induced ultrafast

magnetization dynamics are given, for example, in [243-246].

In the following, a short introduction to the ultrafast demagnetization of magnetic materials
after excitation with short laser pump pulses will be given (section3.1) and the emission of
THz radiation directly caused by ultrafast demagnetization will be explained (section 3.2).
Furthermore, the concept of spintronic THz emitters will be introduced, and a summary of
the properties of spintronic THz emitters and the current stage of development will be given

(section 3.3).
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3 Laser-induced ultrafast magnetization dynamics

3.1 Laser-induced ultrafast demagnetization

The following explanations are based on the review papers by Kirilyuk et al. [243] and
Walowski et al. [245] and on the book chapter by Carva et al. [246].

The processes that happen when a system is excited with a short optical laser pulse can
be described with the phenomenological three-temperature model. [216] In this model, the
electrons, the spins, and the lattice are described as separate reservoirs that are characterized
by their heat capacities cel, csp, Clat and their temperatures Ty, Tsp, Tiat, respectively. The
reservoirs are connected by different interactions. Figure 3.1a shows a schematic of the inter-
actions with respect to the time scale for a FM system that is excited with a femtosecond
laser pulse. The evolution of the temperatures with respect to the time 7 in that model can

be described by three coupled differential equations [216]:

T,

Cel 6:1 = —Gel-tat(Tel — That) — Gel—sp(Ter — Tsp) + P(7) ,
T,

Cspai’j'p - 7Gel_sp(TSp —Te ) - Gsp—lat (TSP - j—iat) ’ (31)
Ty

Clat?at = —Gel—tat(Tat — Te1) — Gsptat(Tlat — Tep)

where P(7) describes the optical input. The coupling coefficients Gei—sp, Gel—lat, and Ggp_at
are phenomenological parameters that represent the strength of the interactions between the
reservoirs and are strongly dependent on the material. The time evolution of the tempera-
tures calculated for the demagnetization of a Ni film [216] is displayed in figure3.1b. The
processes leading to the demagnetization can be understood in the following way: (i) The
laser beam hits the sample and creates electron-hole pairs (hot electrons). (ii) A relaxation of
the electronic and the spin system at elevated temperatures Tt and Ty, takes place. In this
time regime, incoherent processes lead to the demagnetization. The spin temperature Ty, is
defined as the temperature corresponding to the achieved magnetization in an equilibrium
M (T) curve. (iii) For longer delay times (after the laser excitation), the spin and electronic

excitations decay via interactions with the lattice.

However, the underlying microscopic processes are still under debate. [246] The spin angular
momentum conservation leads to the necessity of an ultrafast dissipation channel for the
spin angular momentum. Therefore, different mechanisms that allow spin flips of excited
electrons, such as an Elliott-Yafet-type of phonon scattering [248, 249], spin flip Coulomb
scattering [250], laser-induced spin flips [251, 252], or relativistic quantum electrodynamic
processes [247] have been proposed. A different explanation approach is given by the spin-
dependent transport of laser-excited electrons [240, 241, 253] that can lead to the generation

of ultrafast spin-polarized charge currents and will be discussed in detail in subsection 3.3.1.
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3.2 Terahertz emission directly caused by ultrafast demagnetization
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Figure 3.1: Time evolution of (a) the laser driven interactions and (b) the temperatures of the
three reservoirs T. Subfigure (a) is adapted from [247] and [245]. In (b) the calculated
temperatures for the laser-induced demagnetization of a Ni film, presented in [216] are
plotted on a logarithmic scale for a gaussian laser pump pulse with a duration of 100 fs
centered at the time 7 = 100 fs.

3.2 Terahertz emission directly caused by ultrafast demagne-

tization

As mentioned in the introduction, the ultrafast laser-induced demagnetization of thin mag-
netic films has been shown to lead to the emission of electromagnetic radiation in the THz
frequency regime. The first experiments, were performed by Beaurepaire et al. in 2004 [237]
on 30nm thick Ni films. Since then, THz spectroscopy studies on different magnetic 3d
transition metals (Fe [239, 254], Co [223, 238, 239], Ni [239], NiFe [255]) and rare earth-3d
transition metal alloys [223], have been published and the measured THz signals have been
directly compared with time-resolved magnetization measurements [223, 238]. The emission
of the THz electric field can be interpreted with regard to the classical Maxwell theory as an

excitation of elementary magnetic dipoles in the film, resulting in a time-varying magneti-
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3 Laser-induced ultrafast magnetization dynamics

zation. [237] In the far field, the emitted electric field propagating in the y-direction can be
described as [237]:

0> M,(T)

EX(T) 67_2 ’

(3.2)

where Fy is the x-component of the electric field and M, the magnetization in z-direction.
The polarization of the THz radiation has been shown to be perpendicular to the magneti-
zation direction [223, 237, 238, 255] and independent of the polarization of the pump laser
pulse [237]. With regard to the results presented in this work, it is important to keep in
mind that for all of the discussed spintronic THz emitter systems also a contribution to the
THz signal caused by ultrafast demagnetization is expected. A discussion of this contribution
for sub./Pt(5nm)/Gd,Fe;_,(20nm)/SisN4 (5 nm) spintronic emitter systems is presented in
chapter 8.

3.3 Spintronic terahertz emitters

The concept of spintronic THz emitters was first proposed by Kampfrath et al. [81] in 2013.
The most basic spintronic THz emitters are bilayers consisting of a FM layer and a NM
layer, usually with a high spin Hall angle. Typical film thicknesses are on the order of a
few nanometers. Figure 3.2 displays a schematic emitter system and the processes that lead
to the emission of THz radiation. FExcitation of such a bilayer with a short optical laser
pulse on the order of 10 to 100 fs leads to the generation of an ultrafast spin-polarized charge
current with the density Js [240, 242, 256] that flows from the FM layer toward the NM
layer. In the NM layer, the spin-polarized electrons are deflected due to effects related to the
spin-orbit coupling that leads to a transverse charge current pulse with the density J.. For
most spintronic THz emitter systems, the spin-to-charge current conversion is attributed to
the inverse spin Hall effect [257]. As all these processes happen on the time scale of a few
picoseconds, the charge current J. leads to the emission of electromagnetic radiation in the
THz frequency regime. The processes leading to the THz emission will be discussed in more
detail in the subsections 3.3.1-3.3.3. Furthermore, an overview of the properties of spintronic
THz emitters in general and some recent developments in this research field will be given in

subsection 3.3.4.

3.3.1 Generation of ultrafast spin currents

The first experiments demonstrating the laser-excited transport of spin angular momentum
were carried out by Malinowski et al. [253] in 2008 with [Co/Pt],,/Ru/[Co/Pt],, multilayer sys-
tems, indicating the importance of this process for the ultrafast demagnetization. More direct

measurements of laser-induced ultrafast spin currents were performed by Melnikov et al. [256]
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3.3 Spintronic terahertz emitters

H

fs laser pulse

THz

Figure 3.2: Schematic of a spintronic THz emitter. Excitation of a FM/NM bilayer leads to the
formation of a spin-polarized charge current Js from the FM toward the NM layer. The
red and blue arrows denote the direction of the magnetic moment of the majority- and
minority-spin electrons, respectively. In the NM layer, the electrons are deflected due to
the inverse spin Hall effect in different directions according to their spin and therefore
form a transverse charge current J. that leads to the emission of THz radiation. The
figure is adapted from [82].

in Fe/Au systems and by Rudolf et al. [242] in Ni/Ru/Fe trilayers, demonstrating that the
spin currents reach their maximum within a few hundred fs after the optical excitation. Af-
terward, the systems relax back to an equilibrium state on the ps time scale. The exact
relaxation times depend on the used materials. A theoretical approach was given by Battiato
et al. [240, 241] with the proposed concept of a superdiffusive spin current generation in FM
3d transition metals. A schematic displaying the laser-induced generation of superdiffusive
spin currents in a FM/NM bilayer is shown in figure3.3. By absorption of a near-infrared
(=~ 800nm, ~ 1.55€eV) photon, an electron in the d band can be lifted to an excited state
above the Fermi level Er. It is assumed that the excitation process is spin-conserving. In
a magnetized FM layer, the excited majority-spin electrons have mainly an sp-like character
with higher velocities and lifetimes compared to the minority-spin electrons that are excited
in d-like states with smaller velocities and shorter lifetimes. [258] For iron, the velocities of the
excited electrons with an energy of /' — Er = 1.5¢eV are on the order of v g, ~ 0.75- 106111/ S
for majority-spin and v e ~ 0.07 - 10%m /s for minority-spin electrons and the respective life-
times are 7| po ~ 7fs and 7 pe &~ 5fs. [258] Therefore, the relative difference in the inelastic
mean free paths of excited majority-spin and minority-spin electrons by a factor of ~ 15 is
mainly caused by the different velocities. In contrast to that, the relative difference of the
inelastic mean free paths of excited majority-spin and minority-spin electrons in nickel is by a
factor of ~ 3 smaller compared to Fe and mainly dominated by the difference in the lifetimes
rather than by the velocities. [258] The excited electrons are assumed to move in random
directions until they undergo an elastic or inelastic scattering event (for example, with other
electrons, phonons, or impurities). In an inelastic scattering event with another electron, a

part of the energy will be transferred to this electron, leading to its excitation. As the mean
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3 Laser-induced ultrafast magnetization dynamics

(a)
H

fs laser pulse

Figure 3.3: (a) illustrates the motion of laser-excited electrons on the femtosecond timescale in a
FM/NM bilayer for an applied magnetic field H. The red and blue arrows denote the
direction of the magnetic moment of the majority- and minority-spin electrons, respec-
tively. After the laser excitation, the hot electrons move in a random direction until they
undergo elastic (1) or inelastic (2) scattering events (marked with the yellow stars) that
lead to deflections in different directions. Inelastic scattering events also lead to the ex-
citation of other electrons above the Fermi level. Some of the hot electrons also cross the
FM/NM interface. The higher velocities and lifetimes of excited majority-spin electrons
compared to the minority-spin electrons lead to the generation of a spin current from the
FM toward the NM layer. (b) shows a schematic of the bandstructure close to the Fermi
level (at the x-axis) for the laser excitation of a magnetized Fe layer. Slow majority-spin
d electrons (red) are excited into fast sp-like states, whereas the minority-spin electrons
(blue) are promoted to slow d-like states above the Fermi level. (a) is adapted from [240]
and [241], (b) is based on [81].

free path of the electrons of a few nanometers [258, 259] usually is several orders of magnitude
smaller than the laser spot size (= mm), only a movement in the y-direction is considered.
For sufficiently thin FM/NM bilayers, some of the electrons will cross the interface to the NM
layer. Due to the different transport properties of the excited majority-spin and minority-spin
electrons, statistically, more majority-spin electrons will move into the NM layer, resulting
in a superdiffusive spin-polarized charge current J; = J5| — Jg from the FM toward the NM
layer, and consequently to a temporary demagnetization of the FM layer. Js and Jg denote
the charge current densities caused by the majority- and minority-spin electrons, respectively.

The spin-polarized charge current Jg will be referred to as “spin current” within this work.

The concept of superdiffusive spin transport was first used in 2013 by Kampfrath et al. [81]
to explain the spintronic THz emission in FM/NM bilayers. More recently, Nenno et al. [260,
261] applied the approach to Boltzmann transport calculations to model the spin transport
and the resulting THz radiation in FM/NM samples. Besides the discussed superdiffusive
spin transport, also a laser-induced heat gradient in the y-direction can cause a contribution
to the spin current due to the spin(-dependent) Seebeck effect (SSE) [262-265]. However,
recent studies by Sasaki et al. [266] and Rouzegar et al. [267] strongly indicate that the
SSE only plays a minor role in metallic FM/NM layer stacks and Rouzegar et al. [267] also
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3.3 Spintronic terahertz emitters

demonstrated that the ultrafast demagnetization and the ultrafast spin transport share the
same driving force. Nevertheless, laser excitation of non-metallic yttrium iron garnets leads

to ultrafast pure (magnonic) spin currents driven by the SSE. [268]

3.3.2 Spin-to-charge current conversion

Some of the key aspects in the emerging field of spintronics are the generation, manipulation,
and detection of spin currents. [269] In this regard, relativistic spin-orbit interactions that
give rise to a coupling between spin and charge currents in conducting materials are of great
importance. [270] Especially the different spin-dependent Hall effects [271, 272] that describe
the spin-to-charge current conversion and vice versa in bulk material are widely used for
spintronic devices. Also, material systems with Rashba interfaces that allow spin-to-charge
current interconversions by the Rashba effect and inverse Rashba-Edelstein effect (IREE) [273,
274] gained a lot of interest. [275] In contrast to the (bulk) spin-dependent Hall effects, the
IREE is a pure interface effect. A prototype Rashba system is the Ag/Bi interface. [276,
277) However, it is still under debate whether the spin-to-charge current conversion in that
system can really be attributed to the IREE or to the inverse spin Hall effect. [278] As the
IREE is expected to play a minor role in the material systems investigated in this work,
this subsection will focus on the diverse spin-dependent Hall effects. However, these are still
complex up-to-date research topics. Therefore, only a short introduction describing some of
the key aspects will be given here. The interested reader is referred to the review article by
Hoffmann et al. [271], on which this subsection is mainly based on. Other detailed reviews
on the topic are given in [272, 279, 280].

In contrast to the classical Hall effect [281], the spin-dependent Hall effects describe the gener-
ation of transversal spin currents from charge currents and vice versa without the application
of external magnetic fields. In figure 3.4 schematics of the spin-dependent Hall effects are

displayed.

The anomalous Hall effect [280, 283] displayed in (a) has its origins back at the end of the
19*" century in experiments carried out by Hall [283]. It describes the transversal deflection
of electrons in a FM or FI material depending on their spin when a charge current with the
density J. is applied. Due to the different amounts of majority and minority-spin electrons
in a magnetized FM or FI material that contribute to J., this leads to a transversal spin-
polarized charge current with the density JSAHE and therefore to the accumulation of spin-
polarized electrons on the sample edges. Thus, a transversal voltage drop can experimentally

be measured.

The spin Hall effect displayed in (b) describes the same effect in non-magnetic metals or
semiconductors. When a charge current is applied, electrons with opposing spins are deflected

in opposite transversal directions. This leads to a pure transversal spin current JSSHE and
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3 Laser-induced ultrafast magnetization dynamics

(a) (b) (c)
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Figure 3.4: Illustration of the spin-dependent Hall effects. The arrows representing the initially
applied currents are marked with white frames. The red and blue arrows denote the
direction of the magnetic moment of the electrons. The anomalous Hall effect (AHE)
shown in (a) describes the spin-dependent deflection of electrons when a charge current
J. is applied to a FM or FI material with the magnetization M. This leads to the
transversal spin current JAHE. As J_ is spin-polarized in an FM or FI layer, JAHE
describes a spin-polarized charge current. The spin Hall effect (SHE) displayed in (b)
describes the same effect in a non-magnetic metal. As J. is not spin-polarized here,
the resulting JSH® is a pure spin current. The inverse spin Hall effect (ISHE) describes
the conversion of a pure spin or a spin-polarized charge current Js that is applied to
a non-magnetic or ferromagnetic metal into a charge current JSHE. (c) displays the
ISHE for a spin-polarized charge current Js that is applied to a non-magnetic metal.
The different amounts of incoming majority-spin and minority-spin electrons that are
deflected in opposite directions lead to the transverse charge current JSHE. The figures
are adapted from [282].

therefore to a spin accumulation at the transversal sample edges. In contrast to the anomalous
Hall effect, no charge accumulation takes place, and consequently, also no transversal voltage
drop can be measured. The spin Hall effect has been theoretically predicted by Dyakonov
and Perel [284] in 1971. However, it took more than 30 years until the effect could be
experimentally observed by Kato et al. [285] and Wunderlich et al. [286] in 2004. The spin
current density can be described by [282]:

h
JSSHE = Osn (_%> Jexo, (33)

with the reduced Planck constant A, the elementary charge e, and the spin polarization o. The
spin Hall angle 6y, is a material-dependent factor that describes the magnitude of deflection
of the electrons. Depending on the material, g, can take positive (e.g., in Pt, Pd, Au) or

negative (e.g., in Ta, W, Mo) values. [271]

The inverse spin Hall effect has first been experimentally observed in 2006 by Saitoh et al. [257].
It describes the spin-dependent deflection of electrons when a pure spin current or a spin-

polarized charge current is applied to non-magnetic or FM material. [282] A schematic of the
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3.3 Spintronic terahertz emitters

inverse spin Hall effect for the case of a spin-polarized charge current Js that is applied to a
NM layer is shown in (c). The incoming spin-polarized electrons are deflected according to
their spin in opposite directions perpendicular to the direction of Js, leading to the charge

current JISHE. The charge current density can be described by [282]:

2
JISHE _ g <_he> J.xo . (3.4)

Different microscopic mechanisms that can lead to the spin-dependent deflection of the elec-
trons and, therefore, to the spin-dependent Hall effects have been discussed in the literature.
In general, it can be distinguished between extrinsic contributions that are caused by scat-
tering events at impurities [287-289] and an intrinsic contribution that leads to the deflection
of the electrons in between the scattering events [290]. The three main mechanisms that can

contribute to the spin-dependent Hall effects are schematically shown in figure 3.5.

The intrinsic deflection displayed in (a) can be described by an additional contribution to the
velocity of the electrons perpendicular to J., that is given by the cross product of the electric
field E giving rise to J. and the so-called Berry curvature. [279, 290] The contribution is
proportional to the spin-orbit polarization at the Fermi level, and therefore, following Hund’s
rule, it is expected to be positive for transition metals with more than half-filled d bands and
negative for transition metals with less than half-filled d bands. [271]

The spin skew scattering displayed in (b) is caused by an effective magnetic field gradient
within the scattering plane that is based on spin-orbit coupling at an impurity in a crys-
tal. This leads to a net force toward or away from the scattering center, depending on the
spin direction. [288] The spin Hall angle caused by spin skew scattering is independent of
the impurity concentration and tends to dominate for high-purity samples at low temper-
atures. [271] As the effect depends on the contrast between the spin-orbit coupling of the
host and impurity, it is expected to be large for light element impurities embedded in heavy

element hosts and vice versa. [271, 291]

The side jump scattering shown in (c) is caused by a spin-dependent acceleration and deceler-
ation of the electrons during scattering events at an impurity, caused by spin-orbit interaction.
For repeated scatterings, this leads to transverse displacements of the electrons. [289] This
contribution is usually small compared to the two other mechanisms. [292]. However, as it
is proportional to the number of impurities, it may become important for samples with high

impurity concentrations. [293]

A detailed summary on the spin Hall angles of different materials is given in [271]. For the
THz emitter systems investigated in this work, Pt (+1.2% < fg, pe < +11% [271, 294, 295])
and W (—33% < 0sn, w < —7% [296]) were chosen as NM layers with large spin Hall angles.
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(a) (b) (c)
intrinsic deflection skew scattering side jump

Figure 3.5: Illustration of the main mechanisms that can contribute to the spin-dependent Hall effect.
(a) shows an intrinsic deflection of electrons due to an anomalous velocity perpendicular
to the electric field. The anomalous velocity is related to the Berry phase curvature. (b)
displays the asymmetric skew scattering of electrons at an impurity due to an effective
spin-orbit coupling. (c) shows a side jump scattering at an impurity that is caused by a

spin-dependent acceleration and deceleration upon approaching and leaving the impurity.
The figure is adapted from [280].

3.3.3 Outcoupling of the terahertz radiation

The first description of the emitted radiation in the THz frequency regime by spintronic
systems was given by Kampfrath et al. [81] and later on modified by Seifert et al. [82, 297],
on which the following explanations are based. The diameter of the pump laser beam for most
of the experiments shown in this work had a full width half maximum of 4 mm. Therefore,
it is large compared to the thicknesses of the spintronic layer stacks (3.5nm < ¢ < 20nm)
and a plane-wave propagation of the THz electric field along the y-axis can be assumed (see
figure 3.2). The emitted electric field E(y,w) generated by the charge current density J.(w)
is polarized along the x-axis (E||J¢). Therefore, the following equations are written without
using a vector notation. In the frequency domain F(y,w) can be described by the wave

equation [298]
(07 + K (y, w)) E(y,w) = ZowJe(w)/ic , (3.5)

with the vacuum impedance Zy = 3772, the vacuum speed of light ¢ and the wave vector
k(y,w). It is assumed that the emitter system with the thickness ¢ is placed at the position
y = 0 in between an infinite substrate half space (y < 0) with the refractive index n; and
an infinite air half space (y > t) with the diffraction index no ~ 1. The wave vector can
then be described by k?(y,w) = k3(y,w) + A(k?)(y,w), with the wave vector ko(y,w) =
n(y,w)w/c of the system without the spintronic layers and the perturbation A(k?)(y,w)
describing the influence of the spintronic metal films. ko(y,w) is given by ko(w) = njw/c
for y < 0 and ko(w) = ngw/c for y > t. The perturbation A(k?)(y,w) can be described
by A(k?)(y,w) = iZyo(y,w)w/c with the electrical conductivity of the spintronic layer stack
o(y,w). Equation 3.6 can be analytically solved for a thin emitter system (k(y,w)t < 1) by
using a Green’s function (the interested reader is referred to [81, 82, 298]) resulting in the

emitted electric field directly behind the spintronic films [82]

E(w) = —Z(w)Je(w) , (3.6)
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in which the impedance Z(w) is described by

1 ni(w) + na2(w) /t
= + | o(y,w)dy . 3.7
Taking into account the spin-to-charge current conversion by the ISHE described in the
previous subsection (see equation3.4) and including the influence of the laser pump pulse
absorption and the spin relaxation length in the NM layer, equation 3.6 can be modified for
a laser-excited FM/NM bilayer to [297]

B(w) ~ C() (5 ) @) (3.8)

with the spin current density Js (propagation in y-direction and polarization in z-direction),
the spin Hall angle g}, of the NM layer and the relaxation length of the spin current within the
NM layer A.;. Multiple reflections at the interfaces of the spintronic layers can be neglected
due to the small spin relaxation lengths on the order of 1nm. All sample parameters that
are not directly connected to the spintronic properties are included in the formula [297]

At A

C(w) = (@) + m2(@))/ Z0 [ o)y = ?Z(w) , (3.9)

with A/t describing fraction of the laser pump pulse that is absorbed by the spintronic layers.

The function C(w) is called emission efficiency within this work.

The THz signals are emitted from the NM layer in the direction of the substrate and the
capping layer. In most of the THz spectroscopy experiments performed for this work, the
emitters were excited from the capping-layer side. Due to multiple reflections of the emitted
THz radiation and the excitation laser at the substrate-air interface as well as on the interface
between the substrate and the spintronic layer stack, several time-delayed echo signals can
be detected in the experiments. However, as these will not be further discussed in this work,
the interested reader is referred to the PhD thesis of Dr. Robert Schneider [299].

3.3.4 Properties of spintronic terahertz emitters and current developments

Since the development of the spintronic THz emission concept in 2013, numerous studies
on the properties and on the optimization of the emitters have been performed in the last
few years. Besides the possibility of an easy and cost-efficient preparation by magnetron
sputter deposition (see chapter4), spintronic emitters have been demonstrated to be scalable
in size [74] and can even be fabricated on flexible substrates [300]. In the following, an
overview of the properties of spintronic emitter systems and recent developments in the field

will be given. Detailed reviews of the topic can also be found in [68, 301-305].
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Polarization and spectrum of the emitted terahertz radiation

The polarization of the emitted THz radiation is parallel to the charge current J. and there-
fore perpendicular to the spin current Jg and the polarization o of the spin-polarized electrons
that contribute to Jg. In soft magnetic 3d transition metal films, the spin polarization of the
contributing electrons is proportional to the magnetization M. Thus, the direction of the
charge current can be described by J. ~ Os,Js x M /|M|. Consequently, the polarization of
the emitted THz radiation of FM/NM bilayers can be controlled by changing the magnetiza-
tion direction of the FM layer with an applied magnetic field within the sample plane [83, 306]
and the THz amplitude follows the M (H) loop for different applied magnetic fields H [306].
Furthermore, inverting the layer stack (or exciting the emitter from the opposite side) leads
to an opposite direction of Js and therefore to an inversion of the THz signal. [81, 82, 300]
In contrast to that, THz radiation that is caused by the ultrafast demagnetization of the FM
layer is independent of the inversion of the layer stack. Therefore, experiments with different
excitation direction can be used to prove the spintronic origin of the emitted THz radiation

of a sample. Figure 3.6a shows the THz electro-optic signals (see section 5.6 for details on
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Figure 3.6: Room-temperature THz emission spectroscopy results (see section5.6 for information
measurement technique) of a sub./Pt(5nm)/Fe(20nm)/SizN4 (5 nm) sample. The change
in the delay time upon reversing the sample stems from different propagation of THz
radiation and the excitation laser through the substrate. (a) shows the THz electro-
optic signal for laser excitation from the capping-layer side with applied magnetic fields
poH = +200mT and pgH = —200mT and for excitation from the substrate side with
woH = +200mT. (b) displays the corresponding normalized frequency spectrum (excita-
tion through the capping layer, uoH = +200mT) determined by Fourier transformation.
Note that the bandwidth is limited by the used 1nm ZnTe detector crystal of the THz
spectroscopy setup to frequencies below 3 THz. The real bandwidth of spintronic emit-
ters exceeds 10 THz. [81, 82] The THz spectroscopy measurements were performed by
Dr. Robert Schneider at the University of Miinster.
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Figure 3.7: THz emission of a thickness-optimized W(2nm)/Cog 4Feg 4Bo.2(1.8 nm)/Pt(2nm) spin-
tronic trilayer THz emitter in comparison to the emission of GaP(110)(0.25 mm) and
ZnTe(110)(1 mm) crystals as well as of a photoconductive switch. (a) displays the THz
signals and (b) the corresponding frequency spectra. The figures are adapted from [82].

the measurement technique) of a Pt/Fe sample for different excitation directions and applied
magnetic fields. The corresponding frequency spectrum for excitation from the capping-layer
side is displayed in figure 3.6b. Besides, the polarization can also be turned by 180° by using
a NM material with an opposite sign of the spin Hall angle 6y,. [81, 82, 300]

Recently, also the polarization control of the spintronic THz emission by applying a mag-
netic field along the magnetically hard axis of a magnetic layer with a uniaxial in-plane
magnetic anisotropy and using the spin-reorientation transition has been shown. [307, 308]
By using piezoelectric substrates and suitable magnetic layers with a high magnetoelastic
anisotropy contribution, the magnetization direction, and therefore also the polarization of
the THz radiation, can also be varied by the application of a voltage to the substrate that
leads to an in-plane tensile strain in the magnetic films. [309] Furthermore, it has been
demonstrated that the magnetization direction and, therefore, the THz polarization can be
switched by sufficiently high laser pump fluences under small applied magnetic fields. [310]
Also, the adjustability of the chirality, azimuthal angle, and ellipticity of the spintronically
emitted THz radiation by non-uniform applied magnetic field distributions has been demon-
strated. [84, 311] The polarization can further be modulated by applying time-dependent
magnetic fields. [312]

The frequency spectrum of spintronic emitter systems is dependent on the transport prop-
erties of the excited spin-polarized electrons and, therefore, on the used materials [81]. Fur-
thermore, the amplitude is influenced by the duration of the laser pump pulse. [260, 261]

Several studies also showed that the THz spectra can be tuned by using patterning tech-
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niques. [83, 313, 314] Another method for the efficient tuning of the spectra that has been
presented by Wang et al. [315] is to use multiple laser excitation pulses with varying time
delays. Seifert et al. [82] showed that an optimized spintronic emitter system can cover a
frequency range from 1 to 30 THz. In contrast to other THz emitter systems, the frequency
spectra of spintronic emitters are gap-free. Figure3.7 displays a comparison of the signal
and the corresponding frequency spectrum of an optimized spintronic THz emitter (details
on the optimization are discussed in the following paragraphs) with GaP(110)(0.25 mm) and
ZnTe(110)(1 mm) crystals as well as a photoconductive switch. Chen et al. [316] demon-
strated that a hybrid photoconductive-spintronic emitter system can be used to unite the
advantages of the two emitter concepts. Furthermore, Nandi et al. [317] showed that antenna
structures can be employed to optimize THz outcoupling and frequency range of spintronic

emitters.

Influence of the pump laser wavelength, fluence, and polarization

So far, for most of the studies, Ti:sapphire lasers with a wavelength of 800 nm were used.
The transport properties of the laser-excited electrons are dependent on the wavelength of
the excitation laser. However, first studies with different excitation wavelengths ranging from
400 to 1550 nm showed little influence of the wavelength on the emitted THz spectra and on
the emission amplitude. [318-320] The reason for these findings is that not only the directly
laser-excited electrons contribute to the spin current, but also electrons that are excited by
scattering with so-called first-generation electrons. [318] As the electron-electron scattering
lifetimes significantly decrease for high energies, the first-generation electrons will partially
transfer their energy to secondary electrons. The intermediate-energy electrons will then
contribute to Js. For higher wavelengths, these intermediate-energy electrons can be directly
excited by the laser. Therefore, the emitted THz radiation is mainly dependent on the total
energy that is transferred to the system by the laser pulse rather than by the excitation
wavelength. In contrast to that, Adam et al. [306] stated that the THz amplitude can be
significantly increased if an excitation wavelength of 400 nm is used instead of 800 nm. How-
ever, their measurements for the different pump wavelengths were performed with strongly

different laser pump powers and, therefore, lack comparability.

Different studies showed that for small laser pump fluences, the THz amplitude increases
linearly with the pump fluence until it saturates for high pump fluences. [74, 81-83, 297, 300,
318, 321-323]

Furthermore, as expected for an emission due to the ISHE, the THz radiation of spintronic
emitters has been demonstrated in several studies to show a negligible influence on the po-
larization of the laser pump pulse [81, 82, 300, 321, 324].
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Dependence on the materials, layer thicknesses, and NM/FM interface

Several studies investigated the material dependence of spintronic emitters by comparing
the THz emission of different combinations of FM [82, 83, 266, 300, 325] and NM [82, 300,
321] materials in NM/FM bilayer systems. For the NM layer, the emission amplitude mainly
scales with the spin Hall angle 6g,. Therefore, so far Pt layers provide the highest THz signals
of materials with 64, > 0 whereas W provides the strongest signals for 6y, < 0. Regarding
the FM layer, the main factors to gain high THz amplitudes are an efficient spin current
generation and a small conductivity. So far, the highest signals have been achieved with
CogzFei1_;Bo.2o layers [82, 266]. Figure 3.8 shows a comparison of the THz emission amplitudes
of FM/NM bilayers with different FM and NM materials reported by Seifert et al. [82].

Besides the investigations on FM/NM bilayers, also some studies using FI rare earth-transition
metal alloys instead of FM layers have been performed. [297, 326, 327] Huisman et al. [326]
and Chen et al. [327] demonstrated that the emitted THz signal of laser-excited FI/NM bi-
layers with Gdg.25(Feg.875C00.125)0.75 or Gd;Coj_, FI layers is mainly caused by the Co and
Fe 3d electrons. However, Huisman et al. also showed an indication of a contribution of spin-
polarized Gd electrons of the Gdg.a5(Fep g75C00.125)0.75 layer to the THz signal. [326] In this
work at hand, a similar behavior has been shown for Th,Fe;_, (see chapter 7) and Gd,Fe;_,
(see chapter 8) alloys. Recently, Qui et al. [328] demonstrated that also antiferromagnetic
NiO layers can be used for the generation of ultrafast spin currents in AFM/NM spintronic

THz emitter systems.

The dependence of the emitted radiation on the layer thicknesses has been investigated in
different FM/NM emitter systems. [82, 83, 300, 321-323, 329, 330] Studies with fixed NM

thicknesses and varying FM layer thicknesses tgpy showed maximum signals for 0.6 nm <
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Figure 3.8: Comparison of the THz emission of various FM/NM bilayer spintronic THz emitters.
(a) shows the dependence of the emitted THz amplitude on the FM material X in a
sub./X (3nm)/Pt(3nm) system, whereas (b) displays the dependence of the amplitude

on the NM material Y in a sub./Cog 4Feq 4Bo2(3nm)/Y (3nm) bilayer.

The negative

amplitude values correspond to NM materials with 65, < 0. The figures are adapted

from [82].
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tpym < 3nm. [83, 300, 322, 329] Strongly decreasing signals for smaller tpy; can be attributed
to the loss of the magnetic order. [322] For higher thicknesses, the signals decrease again, a
finding that can be attributed to the dependence of the emitted THz radiation on the electrical
conductivity (see equation 3.9). For the NM layer, the thickness dependence is closely related
to the relaxation length A, of the spin current in the NM material. [82, 83, 297, 322, 323,
330] Seifert et al. [330] demonstrated that for Pt, W, and Cugglrgo NM layers, the A\
values of the THz spin currents agree well with spin relaxation lengths measured by DC
experiments. The thickness dependence of the emitted THz electric field can be qualitatively
described by E ~ tanh(tnn/2Mrel)- [82, 322]. As for the FM layers, the impedance of the layer
stack becomes dominant for higher thicknesses. For Pt, the most prominent NM material in
spintronic emitter systems, different studies observed maxima of the emitted THz amplitudes
for thicknesses in the range of 2nm < tpy < 6 nm. [83, 300, 322, 323, 330]

Furthermore, several studies investigated the influence of the FM /NM interface on the emitted
THz radiation. [260, 322, 324, 329-331]. Torsyan et al. [322] and Nenno et al. [260] showed
that the THz amplitude of Fe/Pt emitter systems is significantly increased for epitaxially
grown layers compared to polycrystalline growth. Nenno et al. explain these results by
the reduced defect density and, therefore, a larger electron-defect scattering lifetime for the
epitaxial growth. Moreover, Li et al. [324] demonstrated that the THz emission of Co/Pt
emitters can be increased by a factor of 4.2 by the introduction of a Pty 75C00.25(1nm)
interlayer. A theoretical study by Lu et al. [332] suggested that additional spin filter layers
between the FM and NM layers might be used to improve the THz emission amplitudes.
Recently, Gueckstock et al. [331] demonstrated that besides the bulk ISHE, interfacial skew
scattering at imperfections at the FM/NM interface can lead to a significant spin-to-charge

current conversion in systems with NM layers that show a weak bulk spin-orbit coupling.

Spintronic multilayer emitter stacks

Besides spintronic bilayer emitters, also several multilayer emitter stacks have been proposed.
Seifert et al. [82] demostrated that a thickness-optimized W(2nm)/Cop4Fep4Bo2(1.8 nm)/
Pt(2nm) system can be used as a highly efficient broadband THz emitter (see figure3.7).
The working principle of the emitter is displayed in figure 3.9a. The laser pump pulse leads
to the formation of the spin currents Jg from the FM layer toward the neighboring NM layers.
As NM layers, two materials with opposite spin Hall angles 6,, for example W and Pt are
used. Due to the opposite signs of g, the spin currents Jg are transformed via the ISHE
into charge currents J. with the same direction, following J. ~ 6gJs x M /|M|. Therefore,

both charge currents J. contribute constructively to the emitted THz radiation.

Likewise, FM 1/NM/FM 2 trilayer systems with opposite magnetization directions of the two

FM layers can be used (see figure 3.9b). Here, the two spin currents Jg contribute construc-
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Figure 3.9: Emitter concepts of different multilayer spintronic emitter stacks. (a) shows a trilayer
emitter system with a FM layer in the middle and NM layers with opposite spin Hall
angles 65, on each side of the FM layer. Due to the opposite signs of 6, of NM 1 and
NM 2, the two spin currents Js lead to charge currents J. with the same direction that
contribute constructively to the emitted THz radiation. (b) displays a trilayer emitter
system with a NM layer in the middle and two FM layers with opposite magnetization
directions on each side of the NM layer. Due to the opposite magnetization directions
of FM 1 and FM 2, the spin currents Js contribute constructively to J. leading to a high
THz signal. (c) displays a stacked bilayer emitter system consisting of two FM/NM
bilayers that are separated by an insulating interlayer and contribute constructively to
the emitted THz radiation. (a) is adapted from [82], (c¢) is adapted from [83].

tively to J., leading to a high THz signal. However, for the usually used thin layer thicknesses
on the order of a few nm the FM layers with an in-plane magnetic easy axis typically have very
small coercivities and the magnetizations of FM 1 and FM 2 will align parallel to an applied
magnetic field. One option to realize an antiparallel magnetization alignment is to use anti-
ferromagnetic interlayer exchange coupling (see subsection 2.4.2). Recently, Zhang et al. [333]
and Ogasawara et al. [334] demonstrated that synthetic antiferromagnets with Ru or Ir inter-
layers show a high THz signal in their antiparallel ground state when no external magnetic
field is applied, whereas the signal is low for the parallel magnetization alignment in high ap-
plied magnetic fields. However, the NM interlayers in the synthetic antiferromagnets cannot
be optimized for the use as an efficient THz emitting NM layer, as only certain materials of
a suitable thickness allow for the necessary antiferromagnetic RKKY coupling between the

two FM layers.

In this work, two other concepts that can be used to achieve an antiparallel relative mag-

netization alignment are presented. In chapter 9 an emitter system that uses an antiparallel
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alignment of the Fe magnetic sublattices of FI Gd Fe;_, layers with different Gd content x
is presented. The usage of a spin valve AFM/FM/NM/FM system in which one of the FM
layers is exchange biased by an AFM layer is presented in chapter 10.

Another concept that can be used to increase the THz emission amplitude is to use stacked
bilayers that are separated by insulating layers. The concept is displayed for two stacked
bilayers in figure 3.9c. As the layer thicknesses are thin compared to the wavelengths of the
THz radiation, the charge currents J. contibute constructively. In 2016, Yang et al. [83]
demonstrated the concept with thickness-optimized Fe/Pt bilayers that were separated by
insulating MgO layers. They achieved the highest amplitudes for a [Pt(2nm)/Fe(1nm)/
MgO(2nm)],, system with three repetitions. Furthermore, Feng et al. [335] showed that high
THz emission amplitudes can be achieved by (NM 1/FM/NM 2)—dielectric photonic crystals.
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CHAPTER 4:

Sample preparation by magnetron sputter deposition

All thin film samples discussed in this work were prepared by magnetron sputtering, which
is a thin film deposition technique. Due to the high deposition rates that can be achieved, as
well as the possibility to fabricate large-area samples, this technique is not only of interest for
fundamental research but also widely used in commercial applications. [336] A short overview

of the technique and some device-specific characteristics will be given in the following.

Sputtering is a physical vapor deposition technique that has its origin in the middle of the 18"
century when the improving vacuum technologies and researches on gas glow discharges lead
to the invention of the technique. [337] A detailed historical description of the development
from the very beginning to state-of-the-art sputtering techniques can be found in [338]. The
sputtering process is based on highly energetic gas ions that are accelerated toward a target
material. The gas ions hit the target surface and sputter parts of the material. The sputtered
atoms then settle on a substrate material and form a film. However, the deposition rates
in such a conventional sputtering chamber are rather low, and gas pressures on the order of
10~2 mbar are necessary to stabilize a gas plasma. [339] In the late 1970s, these disadvantages
were overcome by the invention of magnetron sputtering. [340] Here, a magnetic field parallel
to the target surface is applied in order to control the electron movement by the acting
Lorentz force and therefore confine the gas plasma. In that way, higher plasma densities
close to the target can be achieved, which allow for the use of lower gas pressures on the
order of 1073 mbar. Therefore, higher deposition rates can be achieved. The magnetrons are

usually placed in an ultra-high vacuum chamber.

A schematic of a magnetron is shown in figure4.1. A high voltage is applied between the
anode and the cathode in order to form a gas plasma by glow discharge with the working
gas that is introduced to the chamber. For non-reactive sputtering, usually noble gases are
used, whereas, for reactive sputtering, atmospheres containing reactive gases like oxygen
or nitrogen are applied. The gas ions are accelerated toward the target that serves as the
cathode if a metallic material is used. The gas ions partially transfer their energy to neutral

sputtering gas atoms. Both, accelerated neutral gas atoms, as well as a part of the gas ions,
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Figure 4.1: Schematic cross-section view on a magnetron during a sputtering process. The mag-
netron is rotationally symmetric. The dashed black line marks the axis of rotation.

collide into the target. This leads to the emission of sputtered atoms but also of secondary
electrons. The electrons are accelerated by the high voltage and also contribute to the
plasma by ionizing neutral gas atoms. The sputtered atoms can move freely, settle down on
the substrate (sub.) material that is placed next to the magnetron and form a film. The
kinetic energy impact of the sputtered atoms on the substrate, and therefore the film growth
can be adjusted by the working gas pressure and also by the applied voltage. Besides the
mobility of the incoming atoms on the surface of the substrate, also the resputtering has
to be considered. The rates for the resputtering of previously deposited materials from the
substrate are significantly lower than the original sputter rates. However, they are strongly
dependent on the binding energies of the deposited materials. Thus, the resputtering can have
an impact on the local order of sputtered alloys, such as for the Tbh,Fe;_, and Gd,Fe;_, alloys
investigated in the chapters 7-9. Further control parameters are the material and temperature
of the substrate. The choice of suitable parameters is strongly dependent on the geometry of
the used sputtering chamber. The permanent magnets which are placed underneath the target
material are arranged in order to apply a magnetic field that localizes the gas plasma in a torus
above the target material. Figure4.1 displays a balanced magnet configuration [339] where
the strength of the outer magnet poles is similar to the pole in the middle of the magnetron.
Even higher growth rates can be achieved by using an unbalanced magnet configuration where
some of the magnetic field lines point toward the substrate. [339] By using radio frequency
(RF) sputtering with frequencies in the MHz range instead of direct current (DC) sputtering,

also insulating materials can be deposited by this technique. [336]

All the films prepared for this work were sputtered with a magnetron sputtering system from

Bestec (project number 450) with eight magnetrons, each of which can be run with either
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Figure 4.2: Schematic cross-section view of the Bestec 450 sputter chamber with two exemplarily
shown magnetrons (the red circles mark the positions of the chamber openings for three
of the other six magnetrons). The sputtering angle « can be adjusted according to the
size of the substrate. The figure is based on engineering drawings of the Bestec sputter
chamber [341].

a DC or a RF power supply. The magnetrons are positioned in a circle with equal distance
from each other and are designed for the use of planar targets with a diameter of 5.08 cm
(2in). Each of the magnetrons is provided with a shutter. The substrates are placed on
a rotatable, heatable holder with a diameter of 10.16cm (4in) in the middle of the circle
above the magnetrons that can also be covered by a shutter. A schematic cross-section of
the magnetron configuration in the Bestec sputter chamber for two exemplary magnetrons
that are placed opposite each other is displayed in figure 4.2. The film depositions take place
under ultra-high vacuum conditions with a chamber base pressure po, < 8.5-1078 mbar. The
distance between the magnetrons and the substrate is 187 mm for a sputtering angle a of 15°.
The angle « of the magnetrons can be adjusted between —10° and +20° according to the size
of the substrates to achieve homogeneous films. Furthermore, different sputtering angles for
the magnetrons involved in the co-sputtering of alloys can be used to achieve strongly different
sputtering rates of the used materials. The magnet configuration of four of the magnetrons
in the Bestec system can be adjusted by replacing the center magnet of the magnetron with
a nonmagnetic material, which is necessary for the sputtering of FM materials. Further

information about the Bestec sputter chamber can be found in the instruction manual [342].

For this work, different series of single or multilayer samples with varying compositions and
film thicknesses were prepared. All depositions were performed at room temperature. For all
materials except SizNy, argon (5.0) was used as the working gas, with a sputtering pressure
of par = 3.5pbar. For the deposition of SisNy, a mixture consisting of 96% argon (5.0) and
4% nitrogen (5.0) served as the sputter gas and a sputtering pressure pa, x = 1.5 pbar was

used. All target materials were pre-sputtered (sputtering with closed magnetron shutters)
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4 Sample preparation by magnetron sputter deposition

before the depositions to get rid of thin oxide films or other contaminations on the target
surfaces. To ensure the homogeneity of the films, the substrates (sub.) were rotated during
the sputtering process with a frequency of 0.5s7'. The sputtering rates were calibrated
before the depositions using a quartz balance that was placed in the same position where the
substrate holder was later on during the depositions. The Co,Fe;_, alloys of the samples
discussed in chapter 6 as well as the Th,Fe;_, and Gd,Fe;_, layers of the samples that
are discussed in chapters 7-9 were deposited by co-sputtering from elemental targets. The
sputter rates ¢ are defined as the deposited thickness ¢ in the time 7. By assuming that the
sputtered materials have the bulk values for their densities p, and by neglecting resputtering
effects, the sputter rates for a desired composition of an alloy X,Y7_, can be calculated by

the following equation:

o(X) _ a AX)p(Y)
oY) " T—z AY)p(X)

(4.1)

with A, denoting the atomic masses of the materials X and Y. The desired layer thickness

of the alloy is then achieved by adjusting the sputter time 7:

t
P(X) + oY)

T =

(4.2)

Especially for the co-sputtering of alloys it is important to verify the compositions and thick-
nesses after the depositions which was done in this work by Rutherford backscattering spec-

troscopy (see section5.1) and by energy dispersive X-ray spectroscopy (see section 5.2).

A full list of the samples used in this work with the applied sputter parameters can be found

in appendix A.1.
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CHAPTER 5

Measurement techniques and data processing

5.1 Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) is a non-destructive measurement technique
that is based on the interaction of highly energetic low-mass gas ions with the atoms of
the sample. For thin film samples, it offers information about the present elements, their
concentration, and their depth distribution. Here a short introduction to the technique,
mainly following the books by Ohring [343] and Verma [344] and the review article by Feldman
and Poate [345], as well as an example of a measurement that was done for this work will be

presented.

Figure 5.1 shows a schematic of the geometry in a RBS measurement device. Low-mass gas
ions (usually “He™ or 4Het™") are accelerated toward the sample with energies in the MeV
range. The light ions can penetrate up to a few microns into the film or substrate of the
sample and cause negligible sputtering of the surface atoms. The loss of kinetic energy of the
ions is mainly caused by electronic excitation of the sample atoms. Some of the ions, however,
come close enough to the nuclei of the sample atoms to be scattered by the Coulomb repulsion
between the ion and the nucleus (Rutherford scattering). A part of these backscattered gas

ions can be measured with a detector that is typically placed at an angle of 170°.

detector
1702

’ \\
Ill \\‘
o 1

4He+ o

ion source and sample sample
accelerator holder

Figure 5.1: Schematic geometry of a typical RBS setup. Accelerated light ions (typically *He*
or *Het™) are elastically scattered at a sample and measured with a detector that is
typically located at an angle of 170°.
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5 Measurement techniques and data processing

For an elastic scattering process of an incoming ion with the atomic mass A, ¢ and the
energy Fy at a target atom at the surface of a sample, it can be shown by energy and
momentum conservation that the energy of the ion after the scattering process Fgcattered 1S
given by [343]:

A2

u, target

— A2 sin® 0)'/2 4+ Ay cosf
Au, o+ Au,target

2
Escattered = <( ) Ey =: Kiarget Fo (5.1)
with Ay target denoting the atomic mass of the target atom and the scattering angle 0. Kiarget
is called the kinematic factor. If the gas ions and their energy Fy are selected, for a particular
scattering angle 0, Kiarget, and therefore the energy of the scattered ion is just dependent on
the atomic mass of the target atom. The scattering can happen not only at the surface of
the layer but also at any point within the sample. The energy loss rate —% of the ions due
to electronic excitation can be described by the Bethe-Bloch equation [346, 347]. However,
for thin film systems with layer thicknesses in the nm range and energies in the MeV range,
the energy loss of the incoming ions with energy Ejy while penetrating the film — (%)EO is
approximately constant. A schematic of the scattering events in a Rutherford backscattering
experiment with “He™ ions that happen in a thin alloy film consisting of the elements X
and Y is shown in figure 5.2. Ions with the energy Ej hit the film at s = 0nm. Most of the
ions penetrate the film and lose their energy in a linear behavior. However, a part of the ions
is scattered close to the surface. These scattered ions have the energy Fy, which is dependent
on the target atom (X or Y'). The scattering can happen at any film depth s up to the film

thickness t. To generalize equation 5.1 for a scattering process at the depth s, the energy Ejy

Eix=KxEo E>A
Eiy=KyEo E;x
E; = Ey- {{dE/dS)g,

E; x = Kx{(Eo - {(dE/ds)g,)

Esy = KWE,- {dE/ds)g,)

Eyx = KdEo - H(dE/ds)) - t/cos(6)(dE/dS)e, ,
E4y = KWEq- H{dE/dS)E) - t/cos(G)(dE/ds)Ew

Energy

E3,Y‘

s=t s=0nm Yield

Figure 5.2: Schematic of a Rutherford backscattering experiment on a thin alloy film consisting of
the materials X and Y with incoming “He™ particles under an incident angle o = 0°.
The figure is based on [348] and [343].
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5.1 Rutherford backscattering spectroscopy

of the incident ion has to be replaced by:

5 dE
Es = FEy— — , 2
07 cosa (d5>E0 (5.2)

with « denoting the incident angle of the incoming ion. The energy Fgqe; of the scattered

ion outside the target material on the detector side can then be derived by modification of

equation 5.1:

s dE S dF
. . dE B de . 5.3
det target ( 07 cosa ( ds >E0> cos ¢ ( ds )Escattered o

The first part of the equation describes the energy of a particle just after the scattering

event at depth s, whereas the second part describes the energy loss of the ion caused by
the passage through the target material after the scattering event. Thus, a variation of the
depth §s causes a variation of the energy § Eget. The minimum energies Eqe; that occur for
scattering events that happen at depths s close to the film thickness ¢ are denoted with F, in
figure 5.2, the energies of such an ion just before and after the scattering events are denoted
with Fy and Ej, respectively. AEyx and AFy denote the energy regions (limited by E; and
E,) for which ions scattered at the materials X and Y can be measured with the detector.
The depth resolution of the experiment is therefore determined by the energy resolution of
the detector as well as by the stopping power % and the geometry of the experiment. The
number of scattering events for a particular sort of target atoms is given by its scattering
do

cross-section oc. For Rutherford scattering processes, the differential cross-section {75 can
be described by [344]:

Au, target

Avo g2
\/1 (Au, target Sl 0)

with the solid angle {2 and the atomic numbers of the incoming ion Z; and the target

_( Au,0 Sin9)2+C089>2

; (5.4)

1
doc ( ZOZtarget62 )2 <\/

d? - 87T60E0 Sin2 0

atom Ziarget. Taking this into account, the number of detected ions d@Qx (which is given
by the area under a measured peak) for a sort of target atom X in a thin film system is given
by [344]:

dO’C7 X(EO) nXAt

d = QA
@x =@ dn cosa

(5.5)

with the detector solid angle Af2, the number of incident particles (), and the effective layer

At
cosa’?

which is given by

thickness

with the incident angle a. nx is the number of target atoms per unit volume,

nx = Napx/Au x » (5.6)
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Figure 5.3: Evaluated Rutherford backscattering spectrum of a Si/SiO2(100nm)/Pt(5nm)/
Tho.26Feg.74(20nm) /SisN4 (5 nm) sample measured with He™™ ions with an initial en-
ergy of 3MeV, an incident angle of 7°, and a detector angle of 170°. The red triangles
show the experimental data and the black line displays the calculated spectrum. The
colored lines show the contributions of the different elements to the calculated spectrum.

with the Avogadro constant N4, the mass density p;, and the atomic weight A, ;. Therefore,
by fitting a measured spectrum, the thicknesses of each sublayer as well as the compositions
of alloy films can be derived. However, the densities p; of the sputtered materials have to
be known for the evaluations. For thin films and especially for alloys, the assumptions for
the densities might lead to rather large errors in the film thicknesses as the densities in these
thin layers often deviate from the bulk values. Further details on the technique can be found
in [344].

All RBS measurements for this work were performed with a tandem ion accelerator system by
High Voltage Engineering Europa B.V. at an incident angle of 7° and a detector angle of 170°.
The accelerator allows energies of up to 6 MeV if “Het* ions are used. The data evaluation
has been done with the program SIMNRA [349, 350] (version 6.03). By fitting the measured
RBS spectra, the areal densities for the elements have been evaluated. Figure5.3 shows an
example of a measured RBS spectrum of a Si/SiO2(100 nm)/Pt(5nm)/Thg 26Feg.74(20 nm)/
SizN4(5nm) sample and the calculated spectra from which the deviations from the nominal
values were derived. For this example, the composition of the Th,Fe;_, alloy shows a devi-
ation of Az = —0.02 from the nominal value. The film thicknesses show deviations from the

nominal value of -10% for the Thq oFeg.74 layer and of -18% for the Pt layer.
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5.2 Energy-dispersive X-ray spectroscopy

5.2 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is a non-destructive measurement technique
that is based on the detection of the characteristic X-ray spectrum of a sample. For thin film
samples, the technique can be used to gain information about the film compositions and layer
thicknesses. A short introduction to the technique based on [351] and [352] will be given in
the following.

Excitation of inner-shell electrons of a sample to a high energy level leads to the emission of
characteristic X-rays, as the hole in the inner shell is filled by an electron from a higher orbital
(see figure 5.4a). The energy of the emitted photon depends on the shell from which the pho-
toelectron is emitted as well as on the shell in which the replacement electron has its origin

(see figure 5.4b). As the energy of these characteristic X-rays is element-specific, the elements

(a) (b)
@ electron 3d 5/2
o hole 3d 3/2

M 3p 3/2
& K

3p 1/2
incident

3s 1/2
a;0;B1B3B4Bs L series
X-ray /
electron

Yy | 2p 3/2
L ! YVYY 2p 1/2
2s 1/2

a,0, B1Bs K series

" photoelectron P
° (Arry 1s 1/2

2

0.0 1 1 1 1 1 1 1 1
6 8 10 12
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Figure 5.4: (a) Illustration of the generation of characteristic X-rays and (b) the relationship be-
tween the energy levels of the electrons and the generated characteristic X-rays (excerpt
of the K and L series in the Siegbahn notation). (c¢) Measured EDX spectrum of a
sub./Pt(5nm)/Gdg ¢Fep.4(20nm)/SizNy (5 nm) sample. The Pb Ly 2 peak is caused by
the shielding of the device. (a) is adapted from [352], (b) is based on [351].
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5 Measurement techniques and data processing

of a sample can be identified by the peak energies of the emitted photon spectra. Figure 5.4c
shows an exemplary EDX spectrum of a sub./Pt(5nm)/Gdg ¢Fep.4(20 nm)/SisNy (5 nm) sam-
ple. The contents of the different elements in the sample can be analyzed from the integrated
peak intensities. Details on the necessary data evaluation can be found, for example, in [351]
or [352]. For the excitation of the photoelectrons, either X-rays or electrons can be used.
The excitation with electrons is often used as an additional analysis technique for transmis-
sion or scanning electron microscopes. Here, the technique can be used for space-resolved
measurements to get elemental mappings or line scans of specific regions on the sample. The
EDX detection limit for a standard specimen has been estimated to be about 1at.%. [351].
However, in practical use, the errors of the calculated element contents depend on the fitting
of the peaks and on the applied background correction and can exceed this detection limit

even for measurements with a good signal-to-noise ratio.

For this work, a Shimadzu EDX-720-P energy-dispersive fluorescence X-ray spectrometer
with a rhodium tube (Rh-Ka1: 20.2keV) for the generation of the excitation X-rays was used
to determine the compositions and layer thicknesses of the sub./Pt(5nm)/Gd Fe;_,(20nm)/
SisN4(5hnm) samples discussed in chapter8. The software of the device (PCEDX-E ver-
sion 1.12 [353]) was used to fit of the measured spectra and calculate the compositions and
thicknesses. For the data evaluation, the Gd L., the Fe K., and the Pt L, peaks were
used. Additionally, EDX mappings and line scans of selected samples were measured by

transmission and scanning electron microscopy.

5.3 Magneto-optical Kerr effect magnetometry

The magneto-optical Kerr effect (MOKE) describes the magnetization-dependent change of
the polarity of light reflected by a magnetic sample. [354] Therefore, MOKE measurements
offer the possibility of fast optical measurements of magnetic hysteresis loops. Furthermore,
MOKE measurements can be used in pump-probe setups for investigations on ultrafast laser-
induced magnetization dynamics. [216] However, no absolute values of the magnetic moments
can be determined. At the chair Experimental Physics IV (EPIV) in Augsburg, a polar
MOKE (P-MOKE) measurement setup that can be used to gain information on the out-
of-plane magnetic properties was available. For the spintronic THz emitters investigated
in this work, measurements of the in-plane magnetization of the samples are of specific
interest. Thus, only a few additional MOKE measurements were performed, mainly to better
estimate the impact of some of the superconducting quantum interference device-vibrating
sample magnetometry measurement artifacts. Therefore, this method will not be explained
in detail here, and the interested reader is referred to [355, 356] for further information on

the technique.
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5.4 Superconducting quantum interference device-vibrating sample magnetometry

However, it should be noted that the sensitivity of the Kerr signals is dependent on the
wavelength of the used laser. In the P-MOKE setup at EP IV a laser with a wavelength
of 632.8nm (=~ 1.5eV) was applied. With this wavelength, mainly the Fe electrons of the
RE,Fe;_, alloys investigated in this work can be excited and therefore contribute to the Kerr
signal. Thus, the resulting hysteresis loops are element specific for Fe. For the comparison of
MOKE measurements with the results gained by other techniques, it is furthermore important
to keep in mind that the used measurement setup gives information on the area of the
laser spot on the sample and not about the whole sample area. Therefore, the technique is
insensitive to measurement artifacts that arise from the sample edges (see subsection 5.4.2).
Moreover, the method is rather surface sensitive and limited to the penetration depth of the

laser light.

Besides the P-MOKE measurements done in Augsburg, extreme ultraviolet (EUV) transversal
MOKE (T-MOKE) measurements on selected Pt/Tb,Fe;_, samples (see chapter7) have
been performed by Henrike Probst in the group of Prof. Stefan Mathias at the University
of Gottingen. The high harmonic generation [357] light source of the EUV T-MOKE setup
allows for energy-resolved measurements between 24 eV and 72eV. Theoretically, element-
specific information on the magnetic properties of Th,Fe;_, samples in in-plane direction
could be obtained by measurements of the Fe M» 3 absorption edge at approximately 52.6 eV~
55.0eV [358-362] (excitation of 2p electrons into the spin split 3d band) and the Tb Oq
absorption edge at approximately 28.7eV [363] (excitation of 5p;/, electrons into the spin
split 5d band). However, only Fe magnetic signals could be resolved for the measured samples.
The EUV T-MOKE measurement setup is described in detail [362].

5.4 Superconducting quantum interference device-vibrating

sample magnetometry

Superconducting quantum interference devices (SQUID) are the most sensitive magnetic
flux and field detectors, reaching quantum-limited field resolutions of 10717 T. [364] As the
technique is already well described in literature, only a short overview of the basic working
principle of a SQUID in the used SQUID-vibrating sample magnetometer (SQUID-VSM)
measurement setup, based on [100, 364-366], will be given in subsection5.4.1. In subsec-
tion 5.4.2, the focus will be set on occurring device-specific measurement errors and sample-
specific measurement artifacts and their treatment within this work. Subsection5.4.3 de-
scribes the determination method for the effective magnetic anisotropy using SQUID-VSM

measurements.
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Figure 5.5: (a) shows a schematic of Josephson contact consisting of the two superconductors SC 1
and SC 2 that are separated by a sufficiently thin insulating barrier (IB) that allows the
tunneling of Cooper pairs with the macroscopic wave functions ¥; and Ws, respectively.
(b) shows a characteristic V' (I) curve of a Josephson junction. Up to a critical current I,
the voltage drop at the junction is V' = 0. An ideal Josephson contact would show a sharp
transition from the superconducting to the normal conducting state at I.. However, real
devices show the smoother transition displayed here. (a) is adapted from [364] and [366],
(b) is based on [364].

5.4.1 Working principle

A SQUID consists of a superconducting ring with one (AC-SQUID) or two parallel (DC-
SQUID) Josephson contacts. These are thin non-superconducting tunnel barriers between
two superconducting materials. The fundamental effects on which the function of a SQUID
is based are the flux quantization in a superconducting ring [367, 368] and the Josephson
effect [369, 370]. The flux quantization states that the magnetic flux @ in a supercon-
duction loop can only take values that are multiples of the flux quantum @y = h/2e =~
2.068 x 1071 Wb [367, 368], with h denoting the Planck constant. The Josephson effect
describes the Cooper pair tunneling through a Josephson junction, which is based on the
overlap of the macroscopic wavefunctions ¥; and Wy of the Cooper pairs on either side of the
tunnel barrier. Figure5.5a shows a schematic of a Josephson junction. Due to the Cooper
pair tunneling, the voltage V' across the junction remains zero up to a critical current I.. The

two fundamental equations describing the Josephson effect are [100]:

I = IC sind = IC Sin(@g - 91) (57)
and

00 2e

=% (5.8)

I describes the electrical current flowing through the junction and J represents the phase

difference of the macroscopic wave functions ¥; and ¥, of Cooper pairs with the phases 6
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Figure 5.6: (a) I(V) curves of a SQUID for applied magnetic fluxes A® = n Py and AP = (0.5+n) Py.
When a fixed bias current Iy, is applied, the voltage changes periodically between the
values V7 and V, with a period of 0.5 &. (b) corresponding V(&) curve. The figures are
based on [365] and [366].

and 6y in the superconducting materials on the two sides of the Josephson contact, respec-
tively. Figure5.5b shows the characteristic V(I) curve of a Josephson contact. A constant
non-zero voltage V' across the junction results in an oscillating current I, a phenomenon that

is known as the AC Josephson effect [371], which will not be discussed here in detail.

It can be shown that the flux quantization in a superconducting ring with two Josephson
junctions can also be represented by the phase differences §; and do of the macroscopic wave
functions of Cooper pairs across the two Josephson junctions [366]:
¢ A®+ LI
m

0 — 01 =2r— =2

— 5.9
- el (5.9)

where @ = A @+ LI describes the total magnetic flux penetrating the loop, with an externally
applied flux A @, the self-inductance L of the loop, and the screening current I5. Without
an applied external flux, the phase differences d; and Jo take the identical value §y. The
screening current can be described as the difference between the currents I; and I, flowing
through the two Josephson junctions: Iy = (I — I2)/2. By applying Kirchhoff’s law, the total
current flowing through the loop can be written as I,y = I1 + I2. According to equation 5.7,
for two identical Josephson contacts with the same critical current I., the critical current for

the case of zero voltage loss for the whole SQUID loop I 10t can be written as:
. . . )
Ictot = It + I = I (sin 61 + sin d2) = 21 sin dp cos o ) (5.10)
0

with dp = (61 + 02)/2. The magnetic flux can be expressed as:

&— AP LI,  Ll(sind — sindy)
® Py Py

= [, cos dg sin <7r§> , (5.11)
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Figure 5.7: Simplified schematic of the detection setup of the DC-SQUID used for this work (without
the entire feedback and amplification electronics). In the MPMS3 system, a second-order

gradiometer coil setup with a coil diameter d of 17 mm and a height h of 8 mm is applied.
The figure is based on [364] and [372].

with the inductance parameter 5y, = 2LI./®y. For small inductance values 5, ~ 0 conse-
quently @ ~ A®. Thus, the critical current I. oy shows a cosinusoidal dependence on the
applied flux A @ with maxima for A® = 2n @, , with the integer n. Figure 5.6a shows exem-
plary I(V) curves of a DC-SQUID for A® = n®y and AP = (0.5 + n) Py, representing the
maxima and the minima cases of I;tor. When an external bias current I}, is fixed to a value
slightly higher than I., the voltage changes periodically between the values V; and V5 with
the period of the flux quantum @ (see figure 5.6b). Using feedback electronics, the SQUID
can be locked at a fixed point at the V(A @) curve. By monitoring the feedback current, the

magnetic flux A can be measured.

The measurements for this work were done with a Magnetic Properties Measurement Sys-
tem (MPMS3) by Quantum Design, a SQUID-VSM in which a DC-SQUID is applied. The
MPMS3 allows measurements at temperatures between 1.8 K and 1000 K at external mag-
netic fields poH of up to 7T. [372, 373] A schematic picture displaying the main elements of
the detection setup is shown in figure 5.7. The (magnetic) sample is vibrated in between the
detection coils in which an electrical current is induced. It should be mentioned here that
the current is nulled by the feedback electronics, which are not fully displayed in the picture.
The MPMS3 uses a second-order derivative axial gradiometer, as it is sketched in the figure.

The DC-SQUID is inductively coupled to the detection coils and serves as a highly sensitive
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5.4 Superconducting quantum interference device-vibrating sample magnetometry

current to voltage converter. For small samples, the induced signal shows approximately the
plotted dependence on the sample position. An external magnetic field can be applied by
a superconducting solenoid (not displayed). To allow the maximum sensitivity, all coils and
wires have to be superconducting to avoid current losses. The resistive shunts at each of
the Josephson junctions eliminate hysteretic behavior in the I(V') curves of the Josephson
contacts. [365]

It should be emphasized here that figure 5.7 only shows the main elements that are necessary
to understand the basic functionality of a DC-SQUID in a SQUID-VSM. In modern SQUID
magnetometers, complex feedback and amplification electronics are applied to increase the
signal-to-noise ratio. Detailed descriptions of these are given in [364-366]. More details

regarding the MPMS3 system can be found in the user manual [372].

5.4.2 Measurement errors and artifacts

Despite the high accuracy of the SQUID-VSM, there are several device- and sample-specific
measurement errors and artifacts that have to be taken care of. An overview of some of the
challenges concerning SQUID magnetometry measurements of nanomagnetic samples is given
in [374].

Sample geometry

The detection coils have a diameter d = 17 mm and a height of h = 8 mm. As only the mag-
netic flux lines that are not closed within the detection coils are detected, the measured signal
depends on the sample geometry. Therefore, the MPMS3 is calibrated with a cylindrical,
paramagnetic palladium reference sample with a diameter of 2.8 mm and a length of 3.8 mm.
For samples with a different geometry and especially for thin film samples, this leads to a
systematic error in the measured magnetic moment depending on the sample size and the
sample orientation, but also on the sample vibration amplitude. However, for small samples,
the diameter of the coils is still relatively large compared to the sample size. Figure5.8a
shows calculated correction values for square-shaped thin film samples with different edge
lengths and vibration amplitudes taken from an application note on the MPMS3 provided
by Quantum Design [375]. The values represent the magnetic moment correction factors for
the sample plane aligned along the external magnetic field, which will be referred to as the
in-plane geometry and for the sample plane aligned perpendicular to the external magnetic
field, which will be referred to as the out-of-plane geometry. All thin film samples measured
in this work were approximately square, with edge lengths between 3 mm and 4 mm. Accord-
ing to [375], the expected error for the sample vibration amplitude of 5mm that was used for
all measurements presented in this work is close to zero for out-of-plane measurements and

between +10% and +15% for in-plane measurements. Figure 5.8b shows magnetization val-
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Figure 5.8: (a) displays the correction factor for different measurement vibration amplitudes for the
MPMS3 system in dependence on the sample size. The displayed values are calculated
values for square thin film samples with the sample size value as edge lengths that were
provided by Quantum Design in an application note [375]. (b) shows magnetization
values for a sub./Pt(5nm)/Gdy.15Feq.85(20 nm) /SigNy (5 nm) measured with different vi-
bration amplitudes in in-plane and out-of-plane geometry.

ues of an approximately rectangular sub./Pt(5nm)/Gdg 15Fep.85(20 nm)/SigNy4(5nm) sample
with edge lengths of 3.4mm and 4.3 mm measured in dependence on the external magnetic
field for vibration amplitudes of 3mm, 5mm, and 7mm in in-plane and out-of-plane geom-
etry. The magnetization values for the measurements performed in in-plane geometry show
almost no dependence on the vibration amplitude. The measurements performed in out-
of-plane geometry show between 18% (7mm amplitude) and 24% (3 mm amplitude) higher
results compared to the in-plane values. Therefore, the measurements show the same trend
as the calculations [375] presented in figure 5.8a. However, the difference between the two
measurement directions is slightly higher than expected. For an exact correction of this error,
the shape of each sample would have needed to be measured and implied in the calculations
described in [375]. Therefore, as the absolute magnetization values of the samples only play a
minor role in the following discussion of the results of this work, no correction of the sample
geometry effects has been applied. Nevertheless, this error has to be kept in mind for all
presented M (H) loops.

Sample position

Another additional error can be caused by the position of the sample with respect to the
detection coils. The samples are centered to the position for which the maximum magnetic

moment is detected. Especially for samples with a low moment, a guiding field has to be
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applied for the centering. In this case, the substrate, the glue (used to fix the sample on
the in-plane sample holder), or the asymmetries of the straws that are used as out-of-plane
sample holders also contribute to the signal used for the centering procedure. This, along
with other possible contaminations of the holder, might lead to errors in the sample center
position, resulting in lower measured magnetic moments. However, if the centering is done
correctly, the error is rather small compared to the other errors. Even when a small vibration
amplitude of only 2 mm is used, the resulting magnetic moment error is only 2% for a vertical
offset of 0.5 mm. [376]

Normalization of the magnetic moment by the film volume or area

All the values of the magnetic moments presented in this work were either normalized by the
volume of the magnetic films for samples with only one magnetic layer or by the area of the
magnetic films for samples with more than one magnetic layer. The area of the samples was
measured using an optical microscope. For the film thicknesses, either values measured by
RBS or the nominal values were used. Assuming an error of up to 5% for the sample area and
an error for the film thickness of up to 15%, estimated from RBS and EDX measurements,
this gives rise to an additional unknown error for the magnetization values of up to 20%.
However, for most of the samples, this error will be smaller than the estimated maximum

error. This error is independent of the measurement direction (in-plane or out-of-plane).

For the normalization with the sample volume, an additional error occurs due to the magnetic
moment induced in the Pt seed layers by the magnetic proximity effect. [116-118] As for the
normalization, only the thickness of the magnetic layers was used, the resulting magnetiza-
tion values are systematically overestimated. With regard to this work, especially for the
Pt/Co,Fej_, (chapter 6) and the Pt/GdgsFeg 7 (section9.2) bilayer systems this error might
be significantly large.

Magnetic field error

As the magnetic field values in the MPMS3 software are calculated from the net current
passing through the magnetic coils, an error in the field caused by magnetic flux trapped
inside the solenoid of up to ~ 4mT might appear. [377] This field error is strongly depen-
dent on the history of the magnet and is largest for small magnetic fields. For soft magnetic
samples for which these errors are of specific importance, one option to reduce the error is
to first oscillate the magnet from high field values (e.g., 7T) to zero and then only mea-
sure in a small field range. Another method that reduces the error even more, is to use the
“reset magnet” command of the MPMS3 software, which heats up the coils to above the
critical temperature of the superconductor. However, a small error still remains, and these

two methods are only possible for measurements within a small field range. Therefore, for
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all M (H) curves measured for this work, the field values were corrected by using calibration
measurements. Figure 5.9a shows a calibration measurement of a cylindrical paramagnetic
palladium calibration sample provided by Quantum Design. As the signal of the calibration
sample is purely paramagnetic, the hysteresis (see inset of figure 5.9a) stems from the mag-
netic field error of the values calculated by the MPMS3 software. To correct the magnetic
field values, a linear fit is applied to the calibration measurement. The difference of the
magnetic field Hexp(Mexp) for the measured magnetic moment My, to the magnetic field
Hg¢(Mexp) corresponding to the linear fit at the same magnetic moment is used as the field
correction Hcq for the applied magnetic field. Figure 5.9b shows the field correction val-
ues Hcor derived from the calibration measurement shown in figure 5.9a. For all measured

magnetization loops, the field correction was applied by subtraction of Heo from the field
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values given by the MPMS3 software. Figure5.9c displays the in-plane M (H) loop of a soft
magnetic sub./Pt(3nm/GdgsFep7(3nm)/SisN4(5nm) sample (measured in the field range
from 7T to —7T) with (red triangles) and without (blue circles) application of the described
field correction method. The clearly unphysical magnetization switching behavior of the un-
corrected curve is caused by the wrong values of the external magnetic field. It is important
to note that for all loops with different field steps, and therefore also a different history of the
SQUID-VSM magnet, appropriate calibration measurements with the same field steps have

to be performed.

Para-/diamagnetic background

In addition, the measured M (H) loops of FM or FI samples show additional para- or diamag-
netic contributions caused by the substrate, the sample holder, and the glue that is used to
fix the samples onto the in-plane sample holders. In order to evaluate the magnetic properties
of magnetic layers, it is necessary to subtract that para-/diamagnetic background. As the
background follows a linear dependence on the magnetic field, the background can be linearly
fitted for high applied magnetic fields, for which the FM or FI moments are in a saturated
state. The linear fit can then be subtracted from the measured loop (see figure 5.10a). How-
ever, this method can only be applied for samples that show a clearly saturated magnetic
state. Especially for the investigated Th,Fe;_, films (see chapter 7), for certain composi-
tions (and temperatures), the samples cannot be saturated in the hard axis direction. The
background subtraction, therefore, only gives a rough estimation as the paramagnetic back-
ground will be overestimated or the diamagnetic background underestimated. This leads to
smaller magnetization values. Also, spin-flop transitions in FI samples (see out-of-plane loop
in figure 5.10a) can make the fitting of the background challenging, especially if the transition
overlaps with the main hystereses. Furthermore, for magnetic films with Curie temperatures
close to or below the measurement temperature, it cannot be distinguished between the back-
ground signal and the signal of the magnetic film. One method to overcome these problems
would be to measure pure substrates without the magnetic film system and subtract the re-
sults from the measurements of the samples with the magnetic film system. In this work, that
was done for M (T') measurements, for which high guiding fields were needed (for example, in
sections 8.5 and 9.3). However, the background signal is different for all the samples due to
slightly different sample sizes but also due to different contributions from the glue that was
used to mount the samples for in-plane measurements as well as asymmetries in the straws
that were used as sample holders for the out-of-plane measurements. These contributions
can hardly be estimated. Therefore, despite the noted disadvantages, the background of all

M (H) loops presented in this work was corrected with linear fits.
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Figure 5.10: Magnetic hysteresis loops of a sub./Pt(5nm)/Thg 22Feg 75 (20 nm) /SisN4 (5 nm) sample.
In (a), the measured SQUID-VSM raw magnetization loops (already normalized with
the sample volume), as well as the background-corrected loops, are plotted for in-
plane and out-of-plane geometry. The dashed lines mark the linear fit functions that
were applied to subtract the diamagnetic background. (b) displays magnetic hysteresis
curves measured by SQUID-VSM and MOKE magnetometry in out-of-plane geometry.
The background-corrected SQUID-VSM loops with the soft magnetic phase (with sp)
and with the soft magnetic phase subtracted (sp subtracted) are plotted with blue
circles. The dashed black line is the arctan function that was used to fit the soft
magnetic phase. The orange diamonds represent a MOKE reference measurement of
the same sample. The soft phase is absent here.

Magnetic soft phase

Especially for samples with rare earth-transition metal alloys or multilayers that have a
low net magnetization, a soft magnetic phase can often be observed in SQUID-VSM M (H)
loops. This soft magnetic phase can be attributed to edge effects due to the sample prepa-
ration and can be reduced by cutting the samples on all edges or especially by using masks
during the sputtering process. [378] However, it is sometimes not possible to completely
As it is only visible in SQUID-VSM measurements and

not by spatially more localized methods such as MOKE measurements, it is treated as a

avoid that soft magnetic phase.

measurement artifact in this work. Therefore, the soft phase is fitted with an arctan func-
tion [379] and subtracted from the loops for all samples where it can be clearly differentiated
from the loop. Figure5.10b shows an exemplary comparison of out-of-plane hysteresis loops
of a sub./Pt(5nm)/Tbg22Feq 78(20nm)/SizN4(5nm) sample magnetic measured by MOKE
magnetometry and SQUID-VSM. The small transparent blue circles show the uncorrected
SQUID-VSM loop, where a strong soft magnetic phase can be observed. The bigger, non-
transparent blue circles display the SQUID-VSM loop with the soft phase subtracted. The

dashed black line shows the arctan function that was used to fit the soft phase. The orange
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diamonds show a MOKE loop for the sample in which the soft phase is not visible. The dif-
ference in the coercivities between the SQUID-VSM and the MOKE loops can be explained
by local variations of the film composition and by local defects, as different pieces of the
sample were used for the two measurement techniques. Furthermore, different measurement
times in the MOKE and the SQUID-VSM setup can lead to the varying coercivities.

Influence of the measurement speed

All SQUID-VSM M (H) loops were measured in a field stabilized mode. After sweeping the
magnetic field to the desired value, the magnet is first stabilized at that value, and afterward,
the sample is vibrated for 4s with a frequency of 14Hz, and the value of the magnetic
moment is calculated as an average. Therefore, each data point takes several seconds to
record. The coercivity of magnetic materials shows a time dependence due to the thermally-
assisted reversal of magnetic domains, which is dependent on the material and on the size
of the investigated structures. [380] As a direct consequence, the measured magnetization
M (H) loops are dependent on the measurement speed. When the applied magnetic field H

is swept faster, the measured coercivity will appear larger.

To estimate the impact of the measurement speed on the SQUID-VSM hysteresis loops
of the investigated Pt/Tb,Fe;_, samples (see chapter7), out-of-plane MOKE hysteresis
measurements with different sweeping rates of the external magnetic field were performed
for exemplary samples. Figure5.11 shows the slopes of the MOKE hysteresis loops for a
sub./Pt(5nm)/Thg.22Fep 78(20 nm) /SisNy (5 nm) sample in the magnetic field range in which
the reversal of the magnetic moments takes place. The measurements were performed in a
field sweep mode with an integration time of 500ms. The current sweep rates applied to
the electromagnet of the P-MOKE setup were varied from 1mA/s to 500 mA /s, resulting
in magnetic field sweep rates of approximately 0.06 mT/s to 25.40 mT/s. With increasing
sweep rates the coercivity increases from poH. = 0.54mT (measured with 0.06 mT/s) to
poH: = 0.63mT (measured with 25.40mT/s).

The SQUID-VSM M (H) loops for this work were measured with different resolutions/mea-
surement speeds depending on the region of the external applied magnetic fields. Usually,
around pgH = O0mT a higher resolution was used to allow for the correction of the soft
magnetic phase described above. For the Pt/Tb,Fe;_, and Pt/Gd,Fe;_, series, the used
average field sweep rates (estimated from the time that was necessary to measure the field

regions with the used field stabilized measurement mode) were approximately as follows:

Magnetic field region: Field sweep rate:
400mT < puoH < 7T 6.1mT/s
50mT < poH <400mT  1.0mT/s
0mT < poH < 50mT 0.2mT/s
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Figure 5.11: P-MOKE measurements of a sub./Pt(5nm)/Tbg 22Feq.78(20 nm)/SigN4(5nm) sample

recorded with different magnetic field sweep rates. The black arrow denotes the mea-
surement direction.

Therefore, the coercivities determined by SQUID-VSM measurements are expected to be

overestimated, especially for samples with coercivities ugH. > 400mT.

5.4.3 Estimation of the effective magnetic anisotropy

The amorphous Th,Fe;_, (see chapter 7) and Gd,Fe;_, (see chapter 8) thin films that were
investigated for this work have an out-of-plane magnetic easy axis for a certain range of the
rare-earth content x. In order to systematically characterize this behavior, an estimation
of the effective magnetic anisotropy energy density K.g using SQUID-VSM M (H) loops
has been done for all of these samples. The steps that were performed for this estimation
(especially to remove the hystereses of the M (H) loops) will be explained in the following
on a measurement of a sub./Pt(5nm)/Thg24Feq 76(20 nm)/SisNy (5 nm) sample. Figure 5.12a
shows the background and soft-phase-corrected hysteresis loops measured in in-plane and out-
of-plane direction. The solid black lines are first-order splines that were used to interpolate
the curves. For the following steps, it is necessary that the absolute magnetization values
strictly increase from the minimum. Therefore, starting from the minimum, values that
were smaller than the previous ones were deleted in order to deal with minor fluctuations
in the SQUID-VSM loops. The black line in figure 5.12b shows the splines after performing
that step. Afterward, the curves were inverted, and again spline interpolations with the same
magnetization values were calculated for the in-plane and out-of-plane direction for both field
sweep directions. Then, the average of the values for the two field sweep directions (spline 1
and spline 2) was calculated (see figure 5.12¢). In the last step, the curves were inverted again,

and the curves measured in in-plane and out-of-plane direction were normalized to the same
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Mg value. For all samples, the Mg values of the magnetic easy axis direction were taken for

the normalization. Then, the area between the curves in the first quadrant of the graph was

calculated and used as an estimation of the effective magnetic anisotropy Keg. The curves

in comparison to the original data points are plotted in figure 5.12d.

There are several errors that make the estimation rather rough for some of the samples.

First, there are several errors due to the spline interpolations and also due to the treat-

ment of data points for which the absolute value of the magnetization is not strictly in-
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Figure 5.12: (a)—(d) show the different steps that were performed to estimate the effective anisotropy
energy density Keg of a sub./Pt(5nm)/Tbg 24Feq.76(20 nm)/SigN4(5nm) sample. De-
tails are described in the main text. The solid lines in (a) and (b) show the used spline
interpolations of the loops. The area between the two curves that was used as the
estimation of K¢ is marked with the black shading in (d).
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creasing from the minimum. However, these are small compared to the errors caused by
unsaturated samples and the normalization of the in-plane and out-of-plane loops to the
same maximum. For samples where the saturation is not reached for the hard magnetic
axis, the estimation only gives a lower limit for the anisotropy. Therefore, the anisotropy
is strongly underestimated for some samples (see, for example, the SQUID-VSM M (H)
loops of a sub./Pt(5nm)/Thga0Fep.80(20nm)/SisNy(5nm) sample shown in appendix A.3,
figure A.8g). As described above, the curves were normalized to the Mg value of the easy axis
for all curves. For some of the samples, the difference between the in-plane and out-of-plane
Mg values is rather large and can hardly be explained by the SQUID-VSM errors noted above.
In such cases, a large error of Mg can be assumed that is directly reflected in the K¢ values.
Furthermore, the samples with an out-of-plane easy axis generally have higher Mg values
due to the measurement geometry (see subsection5.4.2). One option to overcome some of
the problems regarding errors due to the normalization is to compare Keg/Msg values instead
of K. For some of the FI samples, a further challenge is the treatment of spin-flop transi-
tions and the fanning cone compression in Th,Fe;_, samples (see subsection 2.6.3). In such
cases, all magnetization values for applied magnetic fields within the region of the spin-flop
transition or the fanning cone compression have been set to the saturation magnetization Mg
of the FI state for the estimation of K.¢. However, for some samples, no clearly saturated
magnetization state is reached for applied fields below the spin-flop transition field (see, for ex-
ample, the SQUID-VSM M (H) loops of the sub./Pt(5nm)/Gdg.25Feq 75(20 nm)/SigNy4(5nm)
sample shown in appendix A.4, figure A.11le), which leads to an additional error, as Mg is

underestimated in this case and the exact slope of the loop is unknown.

5.5 Four-point resistivity measurements

Four-point resistivity measurements are used to determine absolute values of specific resis-

tivities. The technique was initially proposed by Wenner [382] in 1915 and adopted for semi-

(a) (b)

Figure 5.13: Schematic of a four-point resistivity measurement setup. (a) shows the probe geometry,
and in (b), an equivalent circuit diagram for the measurement is displayed. The figures
are adapted from [381].
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conductor wafer resistivity measurements by Valdes [383] in 1954. Here, a short introduction

to the technique following the book by Schroder [381] will be given.

Figure 5.13 shows (a) a schematic of a four-point resistivity measurement setup and (b) an
equivalent circuit diagram for the measurement. Four measurement contacts are typically
arranged on a line with equal probe spacings. A current [ is applied between the contacts 1
and 4, and the voltage V' is measured between the contacts 2 and 3. The total resistance Ry

is given by:
V
Ry = & = 2Ry + 2Re + Ruample (5.12)

with the wire resistances Ry, the contact resistances R, and the sample resistance Rgample-
Due to the high input impedance of the voltmeter (on the order of 10'22), the voltage
drops across Ry and R, are negligibly small for the voltage measurement circuit, and thus
the measured voltage drop is essentially the voltage drop across the sample. The specific

resistance p of the sample is given by [383]:

27 \%4
= — . 5.13
P = 151 —1/(s1 4+ 52) — 1/(s0 + 83) + 1/55 I (5.13)
For equally spaced probes (s1 = s3 = s3 =: s) equation 5.13 reduces to:
Vv
p=2ms— . (5.14)

1

However, equation 5.14 is only valid for infinite sample dimensions. For thin conducting layers
with thicknesses ¢ < s that are sandwiched in between two insulating layers, a correction

factor

t/s
F = 5@ (5.15)

has to be applied. [383] According to equations 5.14 and 5.15, the specific resistance of a thin

conducting layer is given by:
nt V

In(2) I~

p= F27rs¥ = (5.16)
Another additional error arises for small lateral sample dimensions with respect to the probe
spacings s. The measurement setup that was used for this work has a probe spacing s
of 1.3mm. For the used rectangular sample sizes of approximately 1.5cm in length and
lcem in width, the systematic error is on the order of 10%. [381] Measurements that have
been performed with the probes aligned parallel or perpendicular to the long sample side or
diagonal across the sample showed only small deviations of less than 3% from each other. An

additional non-systematic error of up to 20% arises from errors in the film thicknesses that
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are directly reflected in the resistivity values (see equation 5.16). All measurements shown in

this work were measured with an applied current I of 1 mA.

5.6 Terahertz time-domain spectroscopy

All THz spectroscopy results presented in this work were measured by Dr. Robert Schneider
and Jannis Bennsmann in the group of Prof. Rudolf Bratschitsch at the University of Miinster.
Nevertheless, a short introduction to the used THz emission spectroscopy measurement setup
will be given here, as the focus of this work was set on the development of spintronic THz
emitter systems, and therefore this is one of the key techniques that was used for this work.
Detailed reviews on the used measurement setups can be found in the PhD thesis of Dr. Robert
Schneider [299].

Figure 5.14 shows a schematic of a room-temperature THz-TDS setup that was used for this
work. The beam of a linearly polarized, pulsed (1kHz) laser with a center wavelength of
810nm and a pulse duration 7Tprone of 60 fs is split into a pump and a probe pulse using a
beam splitter, with 90% and 10% of the intensity, respectively. The pump pulse excites the
sample, which is placed in between the poles of an electromagnet (room-temperature setup)
or within a cryostat in the magnetic field of NdFeB permanent magnets (low-temperature
setup). The external magnetic field is aligned perpendicular to the pump pulse, along the
sample plane. The emitted THz radiation is guided through the parabolic mirrors PM1-3
onto the (110) ZnTe detector crystal with a thickness of 1 mm. In between, a 1 mm thick Si
wafer reflects the partly transmitted laser pump pulse to a beam block. The probe pulse is
spatially overlaid with the THz radiation on the detector crystal. The THz signal is detected
by electro-optic sampling [385, 386]. The electric field of THz radiation causes a change in the
refraction index of the detector crystal due to the Pockels effect [387], which is proportional to
the electric field of the THz signal. This leads to a change of the probe pulse from an initially
linear polarization to an elliptical polarization, which is measured with a photodiode detector.
As the duration of the probe pulse 7,01 is short compared to the period of the THz radiation,
the emitted THz pulse can be scanned by varying the delay time. The detectable bandwidth
is dependent on Tpohe as well as on the properties of the used detector crystal [388-390].
For the used 1 mm thick ZnTe detector crystal, the bandwidth is limited to frequencies below
3 THz. To avoid absorption losses of the THz radiation due to water, most of the experiments

were carried out in a dry nitrogen atmosphere.

It should be mentioned here that in all studies shown in this work, the THz electro-optic

signals S(7) were analyzed. In the frequency domain, S(w) is connected to the THz electric
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Figure 5.14: Schematic of a room-temperature THz emission spectroscopy setup. P: polarizer, PM1-
3: off-axis parabolic mirror, Si: 1 mm thick silicon wafer, ZnTe: 1 mm thick (110) zinc
telluride crystal, QWP: quarter-wave plate, WP: Wollaston prism, PD1,2: photodiode,
and L1,2: plano-convex lenses. The figure is adapted from [384] and [299).

field directly behind the sample FE(w) by a transfer function H(w) that accounts for the
detection process and the propagation of the THz pulse to the electro-optic crystal [81]:

S(w) = H(w)E(w) . (5.17)

However, as the same detection setup was used for all measurements, the electro-optic signals
can be used to compare the THz emission characteristics of different samples. Furthermore,
it should be noted that for the 1kHz repetition rate of the used pump laser system, the
investigated samples are expected to be in the same ground state before each excitation pulse,

as the relaxation times of the electron and spin systems are on the order of picoseconds. [245]

For the determination of the complex conductivities of the samples, a THz transmission setup
was used. Here, a spintronic Pt(3 nm)/Fe(1.5nm)/W (3 nm)/SizN4(5nm) emitter system that
was sputtered on a 1 mm thick Si wafer with a diameter of 10.16cm (4in) served as a high
power broadband THz emitter. By measuring the transmission of the THz radiation through
a sample and by comparison with measurements of the substrates that serve as a reference,

the complex conductivities of the film systems can be determined. Details on this setup, as
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well as on the determination of the complex conductivities in the THz regime, can also be
found in the PhD thesis of Dr. Robert Schneider [299].
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CHAPTER 6

Spintronic Pt/Co,Fe;_, terahertz emitters

As described in section 2.5, soft magnetic CogFe;_, alloys with Co content 0.2 < z < 0.4 are
well known for their high saturation magnetization, reaching values up to Mg =~ 1900 kA /m
that result from an increased spin polarization of the 3d electrons compared to pure Fe and
pure Co. [158] Therefore, Co,Fe;_, alloys are promising candidates for the use as effective
spin current generating FM layers in FM/NM spintronic THz emitters. However, despite
the unique properties of Co,Fe;_, alloys, by the time this study was done, only one work
on the THz emission of an exemplary Cog7Fep3(3 nm)/Pt(3nm) bilayer [82] had been pub-
lished. Recently, Sasaki et al. [266] reported on the effect of different Co contents in annealed
(CoyFe1—2)0.8Bo.2/Ta bilayers on the spintronic THz emission, demonstrating the influence

of the sample magnetization on the spin current generation.

The aim of the study presented in this chapter was to systematically investigate the composi-
tion dependency of the spintronic THz emission of Pt/Co,Fe;_, bilayers with respect to the
magnetic properties. Pt is well known for its large spin Hall angle (+1.2% < 6, < +11% [271,
294, 295]) and its suitability for the use in spintronic THz emitter systems [82, 300] and there-
fore has been chosen as THz emitting NM layer. Besides the composition dependence, also
the influence of the layer thicknesses on the emitted THz radiation and a thickness-optimized
composition series have been investigated. For the latter, also the composition-dependent
efficiency to inject spin currents into the Pt layer has been estimated based on measurements
of the pump beam absorption, the electrical conductivity in the THz frequency regime, and
the THz emission amplitude. Additionally, the thickness-optimized bilayers were applied for
[Pt/Cog3Feo.7/SisNy], stacked bilayer emitters with varying repetitions n.

The results were achieved in collaboration with Dr.Robert Schneider, Jannis Bensmann,
Dr. Steffen Michaelis de Vasconcellos, and Prof. Rudolf Bratschitsch from the University of
Miinster. The studies on the thickness dependency, the thickness-optimized series, and the

stacked bilayers are published in [391].
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6.1 Pt(5nm)/Co,Fe;_,(3nm) composition series

As a starting point, a composition series of sub./Pt(5nm)/Co,Fe;_,(5nm)/SigN4(5nm) sam-
ples with varying Co content 0 < x < 1 has been prepared. The aim of this study was to
measure the magnetization and THz emission in dependence on the Co content and check

the results for a correlation between the magnetization and the THz emission amplitude.

6.1.1 Sample preparation and structural characterization

All samples were prepared by magnetron sputter deposition at room temperature. The
CoyzFe;_, layers were deposited by co-sputtering from elemental targets. Pt, Co, and Fe
were deposited by DC sputtering. The SigNy layers, which serve as a capping to prevent
the spintronic layers from oxidation, were deposited by RF sputtering from a stoichiometric
compound target (see chapter4 for details on the sample preparation). Each layer system
was prepared on a 500 pm thick AlsO3(0001) substrate, polished on both sides, for the THz
spectroscopy experiments as well as, for cost reasons, on a 525 um thick p-doped Si(100)
substrate with a 100 nm thick thermally oxidized SiO4 layer on which all other measurements

of the structural and magnetic properties have been performed.

The Pt layers show a similar polycrystalline growth on both substrates (see appendix A.2,
figures A.1a and A.1b for transmission electron microscope (TEM) bright-field images of sub./
Pt(3nm)/Fe(3nm)/SigN4(5 nm) reference samples grown on Al,O3 and Si/SiO9 substrates).
Therefore, also a similar growth of the Co,Fe;_, and consequently similar magnetic properties
are expected for both substrates. Thus, the magnetic properties measured on the samples
grown on Si/SiO9 substrates can be directly compared to the THz emission results measured

on the samples grown on AlyOs substrates.

To investigate the compositions of the Co,Fe;_, films and layer thicknesses, RBS measure-
ments have been performed on all samples. Figure6.1 shows the results with respect to the
nominal Co content x.,. For all samples, the measured Co contents xrpg are smaller than
the nominal values. The deviations from x., become larger with increasing Co content up
to 5% for zcy = 0.8 (see figure6.1a). The thickness of the Co,Fej_, layers systematically
decreases with increasing Co content from 3.2 nm for pure Fe to 2.5nm for pure Co (see fig-
ure 6.1b). Therefore, most likely, the Co sputter rates were slightly lower than the calibrated
values. The Pt layer thicknesses are in the range from 5.0-5.3 nm for all samples except the
one with zc, = 0.3, for which the measured thickness is only 4.4 nm (see figure6.1c). This
particular sample was the only one that was deposited on a different day, as it was part of
the thickness series described in section 6.2. The film thicknesses and compositions measured

by RBS are used for the following discussion.
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6.1.2 Magnetization and terahertz
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Figure 6.1: RBS results of sub./Pt(5nm)/

Co,Fe;_,(3nm)/SigNy(5nm)
samples with different Co con-
tent z. (a) shows the measured
Co content xrps with respect to
the nominal value z.,. (b) and
(c) display the Co,Fe;_, and Pt
layer thicknesses of the different
samples. The sample with the
ZTeal = 0.3 that is marked in gray
was deposited on a different day
as part of the thickness series
presented in section 6.2.

emission results

For all samples, room-temperature SQUID-VSM M (H) loops have been measured in in-plane

and out-of-plane direction, revealing an in-plane magnetic easy axis. The loops are displayed

in appendix A.2, figure A.2. Additionally, THz emission spectroscopy measurements were

performed. All THz spectroscopy experiments shown in this chapter were carried out by

Dr. Robert Schneider and Jannis Bensmann at the University of Miinster with the measure-

ment setup described in section 5.6. The measurement geometry, which was used for all THz

emission spectroscopy experiments shown in this chapter, is displayed in figure 6.2. As de-

scribed in detail in section 3.3, the excitation of electrons in the FM Co,Fe;_, layer above

the Fermi level leads to a superdiffusive spin current Jg from the FM toward the nonmagnetic

Pt layer, in which Js is converted via the inverse spin Hall effect into a transverse charge
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1.53 eV, 60 fs

Figure 6.2: Illustration of the layer stacking and the excitation geometry that was used for
the THz emission spectroscopy measurements performed on the sub./Pt(5nm)/
CogFe;_,(3nm)/SisNy(5nm).

current J;, that leads to the emission of electromagnetic radiation in the THz frequency
regime. For the investigated Pt/Co,Fe;_, systems, it is expected that both, spin-polarized
Co and Fe 3d electrons contribute to the spin currents Jg and therefore to the emission of THz
radiation, as the 3d bands in both materials are energetically located close to the Fermi level
(see figure 2.7 for the calculated densities of states for majority- and minority-spin electrons
in Fe and Co).

Figure 6.3 displays (a) the in-plane magnetization values for an applied magnetic field poH =
200mT and the saturation magnetization measured with an applied field ygH = 7T and
(b) the THz root mean square (RMS) signals measured at an applied magnetic field of
poH = 200mT with a laser pump fluence @ = 0.75mJ/cm? in dependence on the Co con-
tent . The THz waveforms are almost similar for all samples (see appendix A.2, figure A.3
for the THz signals and the corresponding frequency spectra). The THz RMS amplitudes
and the magnetization values show a similar qualitative composition dependence with a max-
imum at x = 0.37. Compared to the Fe/Pt sample, the magnetization of the sample with
x = 0.37 is increased by ~ 27%, whereas the THz RMS signal is increased by =~ 22%.
However, for the THz amplitudes, the maximum can be observed in a broader composition
region (0.18 < z < 0.37). Furthermore, despite the lower saturation magnetization, the pure
Pt/Co sample shows a slightly increased (= 4%) THz signal compared to the pure Pt/Fe
sample. Similar results have been reported by Seifert et al. [82] for Pt(3nm)/Fe(3 nm) and
Pt(3nm)/Co(3 nm) samples. This can be explained by a different dependence on the laser
pump fluence, as the THz amplitude of the Pt/Co sample increases more strongly with the
pump fluence than the Pt/Fe sample (see appendix A.2, figure A.4 for the pump fluence de-
pendence of the samples with pure Fe and Co as well as the sample with = 0.37). The
pump fluence dependence, as well as the other factors that play a role in the emitted THz

radiation, will be discussed in more detail for the thickness-optimized composition series

76



—
V]
~

2600

6.1 Pt(5nm)/Co,Fe;_,(3nm) composition series

(b)

- Pt(5 nm)/Co,Fe, (3 nm) ] 38} LoH =200 mT, @ =0.75 mJ/cm?
[ —o— M(7 T)
~2400 | —A— . -
E M(200 mT) (:é 36
s i 1 =
c 2200 | : S
S 234
© - 4
N 2}
® 2000 | - =
o) N 32
g i 1 T
= =
1800 | .
3.0
1600 1 1 1 1 1 1 1 1 1 1 1 [ 1 1 1 1 1 1 1 1 1 1 1 ]
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Co content x Co content x

Figure 6.3: (a) shows the magnetization values of sub./Pt(5nm)/Co,Fe;_,(5nm)/SisN, (5 nm) sam-
ples with different Co content x measured at applied magnetic fields poH = 200mT (red
triangles) and poH = 7T (blue circles) that were taken from room temperature SQUID-
VSM in-plane loops (shown in appendix A.2, figure A.2). (b) displays the THz RMS
amplitudes measured at room temperature with a pump fluence ¢ = 0.75mJ/cm? and
an applied magnetic field poH = 200 mT. The error bars represent the statistical errors
of the RMS values and an additional statistical error of 1.8% that is caused by small
variations in the mounting of the different samples. The sample with = = 0.3, which has
a slightly smaller Pt layer thickness compared to the other samples, is marked in gray.

in section 6.3. The saturation magnetizations clearly exceed the values reported in litera-
ture. [158] This can be explained by the normalization of the measured magnetic moments
to the volume of the Co,Fe;_, layers, for which the thicknesses measured by RBS have
been used. Thus, the additional magnetic moments that are induced in the Pt layers by
the magnetic proximity effect [116-118] have been neglected. These induced moments in
the Pt layer close to the interface of Pt/Fe as well as Pt/Co bilayers are on the order of
0.6-0.7 up per Pt atom. [117, 118] The averaged value of an induced moment of 0.3 ug per
Pt atom within the first 1.1nm from the Fe/Pt interface reported by Kuschel et al. [118]
for a Fe(9.1nm)/Pt(3.1nm) bilayer would therefore lead to an additional contribution to the
magnetization on the order of 110kA /m. For the sputtered layers investigated in this work, a
strong intermixing of the Co,Fe;_, layers with the Pt is expected (see transmission electron
microscope EDX mappings of sub./Pt(3nm)/Fe(3nm)/SizN4(5nm) reference samples in ap-
pendix A.2, figures A.1c-A.1f). The intermixing can lead to induced magnetic moments in a
larger thickness area and therefore explain the high magnetization values. As the magnetic
moments induced in a Pt layer by Fe and Co layers are expected to be almost similar [117,
118], only an offset in the magnetization values, which is independent of the Co content, is
expected. The spin-polarized Pt electrons could also contribute to the spin current Jg, as a

decreasing spin polarization of the Pt electrons with increasing distance from the Fe layer is
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6 Spintronic Pt/Co,Fe;_, terahertz emitters

expected. This would lead to a higher THz amplitude and maybe also to a change in the

signal shape. However, this contribution is expected to be independent of the Co content .

Please note that the THz RMS amplitudes shown in figure 6.3b cannot be directly compared
to the RMS amplitudes presented in the following sections, as these measurements were
carried out almost two years later under slightly different conditions of the measurement

setup.

6.2 Pt(tp;)/CopsFer7(3nm) and Pt(5 nm)/CoysFeq7(tcore)

thickness series

A Co content of £ = 0.3 has been chosen for two additional thickness series in order to
optimize the Pt as well as the Cog sFeq 7 layer thickness for a high THz amplitude. Therefore,
sub./Pt(tpy)/Cop.sFeg 7(3nm)/SigN4(5nm) samples with Pt layer thicknesses 1nm < tpy <
5nm as well as sub./Pt(5nm)/CogsFep 7(tcore)/SisNg(5nm) samples with Cog sFeg 7 layer
thicknesses 0.5nm < tgore < 3nm have been prepared as described in subsection6.1.1. In
contrast to the composition series described above, for some of these thin film systems, no
compositions or layer thicknesses could be obtained experimentally. Therefore, the nominal

values were used for the following discussion.

Figure 6.4 shows the THz RMS signals for all samples measured with a pump fluence ¢ =
0.75mJ/ cm? and an applied magnetic field poH = 200mT. For the Cog sFeq 7 layer thickness,

b 1oH = 200 mT, @ =0.75 mJ/cm? .

(@]

o

w

THz RMS signal (a.u.)

—A— Pt(tpt)/COOI3FeO.7(3 nm)
—0— Pt(5 nm)/Coy sFeq 7(tcore)
2 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5

Layer thickness t (nm)

Figure 6.4: THz RMS signals of sub./Pt(tpy)/Cog.sFep 7(3nm)/SisNy(5nm) and sub./Pt(3nm)/
Cog.3Feq 7(tcore)/SisNg (5 nm) samples with varying layer thicknesses ¢ measured with a
pump fluence ® = 0.75mJ/cm? and an applied magnetic field goH = 200mT at room
temperature. The error bars represent the statistical errors of the RMS values and an
additional statistical error of 1.8% that is caused by small variations in the mounting of
the different samples.
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6.3 Thickness-optimized Pt(2.5 nm)/Co,Fe;_;(1nm) composition series

a broad maximum at 0.75nm < tcope < 1.5nm can be observed. The results are therefore
comparable to the optimal FM film thicknesses 0.6nm < tpy; < 3nm [83, 300, 322, 329]
that were reported for different FM materials. For the Pt layer, a maximum of the THz
RMS signal can be observed for tpy = 3nm. This thickness value also agrees with other
Pt thickness studies of spintronic THz emitters in the literature that report the maximum
THz amplitude for Pt thicknesses ranging from 2nm to 6 nm. [83, 300, 322, 323, 330] The
rather large differences in these values can be caused by the different sample preparation
methods, the used FM materials, and especially also by varying overall layer thicknesses of

the investigated layer stacks.

6.3 Thickness-optimized Pt(2.5nm)/Co,Fe;_,(1nm) compo-

sition series

Taking into account the results of the thickness study, a sub./Pt(2.5nm)/Co,Fe;_,(1nm)/
SigN4 (5 nm) composition series with optimized layer thicknesses was prepared as described in
subsection 6.1.1. Also, for this series, no compositions or layer thicknesses could be obtained
experimentally. Therefore, the nominal values were used for the following discussion and the

error in the layer thicknesses is assumed to be +10%.

6.3.1 Magnetic properties

SQUID-VSM M (H) measurements were carried out in in-plane and out-of-plane geometry.
The M(H) loops that are displayed in appendix A.2, figure A.5, reveal an in-plane magnetic
easy axis for all samples. Figure 6.5a shows the in-plane magnetization values for an applied
field poH = 200mT and the saturation magnetization Mg measured at pgH = 7T. Despite
the expected overestimation due to the negligence of the induced magnetic moments in the
Pt layer for the normalization with the film thickness, in contrast to the composition series
with thicker layers, the observed magnetization values are significantly smaller than the bulk
values. The maximum, for which an increase in the magnetization of ~ 17% compared to
the Pt/Fe sample (z = 0) is obtained, can be observed for z = 0.5. Furthermore, the sample
with pure Co (z = 1) shows a higher saturation magnetization than the sample with pure Fe
(x = 0). This can be explained by a stronger temperature dependence of the Fe compared
to the Co magnetization for very thin films that is caused by a weaker interatomic exchange
coupling of the atomic moments in Fe. To investigate the dependence of the magnetization
on the temperature T, field cooled and zero-field cooled in-plane M (T') measurements have
been carried out on the samples with x = 0, x = 0.5, and = 1 in the following way: For
the ZFC curves, the samples were cooled down in zero field from 400K to 10K, and the

magnetization was subsequently recorded in a temperature sweep mode (10 K/min) with an
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Figure 6.5: SQUID-VSM results of sub./Pt(2.5nm)/Co,Fe;_,(1nm)/SisNy (5 nm) samples with dif-
ferent Co contents z. (a) shows the magnetization for an in-plane applied magnetic field
woH = 200mT and poH = 77T in dependence on x measured at room temperature. The
error bars represent the error of the film thickness of 10%. (b) displays the magnetization
of samples with x = 0, z = 0.5, and x = 1 measured for increasing temperatures from
10K to 400 K at an applied in-plane magnetic field of pgH = 10mT. The measurements
were performed in field-cooled (FC) and zero-field-cooled (ZFC) mode. (c¢) and (d) dis-
play the coercivity He and the squareness My /Mg in dependence on the Co content x
at room temperature.

applied in-plane magnetic field ugH = 10 mT while warming up to 400 K. For the FC curve,
the sample was cooled down from room temperature to 10 K in an applied in-plane magnetic
field pgH = 10mT. Then, the magnetization was recorded while warming up to 400K
with the magnetic field still applied. The results are displayed in figure 6.5b. All samples

show at least a partially superparamagnetic state at room temperature, which is indicated
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6.3 Thickness-optimized Pt(2.5 nm)/Co,Fe;_;(1nm) composition series

by the different behavior of the ZFC and FC curves at low temperatures. The blocking
temperatures T}, (marked with the dashed lines) increase with rising Co content. The results
agree well with investigations of thin Fe [109-111] and Co [112] films by Shiratsuchi et al.
that also showed superparamagnetic behavior for film thicknesses below 3nm. The observed
superparamagnetism of the samples also explains the lower Mg values compared to the bulk
material. Nevertheless, all samples are in an almost saturated magnetic state for the applied
field poH = 200mT that was used for the THz emission spectroscopy experiments. The
coercivity of the samples systematically increases with rising Co content (see figure6.5¢).
The ratio between the magnetic remanence Mg and Mg, the so-called squareness, takes

values between 0.37 and 0.56, with a local minimum for x = 0.4 (see figure 6.5d).

6.3.2 Terahertz emission results

The THz RMS amplitudes measured with a laser pump fluence @ = 0.75mJ/cm? in depen-
dence on the Co content are shown with the red triangles in figure 6.6. Also, for this series,
only a minor influence of the Co content on the THz waveforms can be observed (see ap-
pendix A.2, figure A.6 for the THz signals and the corresponding frequency spectra). Similar
to the magnetization, the THz amplitude shows a broad maximum. However, the maximum
appears at a slightly higher Co content, x = 0.6, for which an increase of ~ 46% compared

to the sample with pure Fe (x = 0) can be observed. Furthermore, the sample with pure Co
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Figure 6.6: THz RMS signals (red triangles) of sub./Pt(2.5nm)/Co,Fe;_,(1nm)/SizNy4(5nm) sam-
ples with different Co content z measured at room temperature with an applied magnetic
field poH = 200mT and a laser pump fluence @ = 0.75mJ/cm?. The error bars repre-
sent the statistical errors of the RMS values and an additional statistical error of 1.8%
that is caused by small variations in the mounting of the different samples. The blue
circles display the efficiency J; to inject spin currents into the Pt layer.
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6 Spintronic Pt/Co,Fe;_, terahertz emitters

(x = 1) shows a significantly higher (~ 23%) THz amplitude compared to the sample with

pure Fe.

As described in equations 3.8 and 3.9 in subsection 3.3.3, the emitted THz radiation depends
on several sample properties. Therefore, the different parameters that contribute to equa-
tion 3.8 have been measured or estimated to characterize the samples further. The relaxation
length Ay of the spin current within the Pt layer, the spin Hall angle of the Pt layer 6g, pt,
and the layer thicknesses are assumed to be approximately constant for all samples. The
complex frequency-dependent electrical conductivities in the low THz regime oy, (x, w) were
determined by ultrafast transient THz spectroscopy measurements that were performed by
Dr.Robert Schneider (see [299] for details on the measurement setup). The electrical con-
ductivity was found to be almost independent of the frequency in the whole measurement
range up to 3 THz, with a vanishing imaginary part. Therefore, the average of the real part
in the frequency range from 0.78 to 2.5 THz was used as opp,(x). Figure6.7a shows the
THz conductivity, as well as the corresponding impedance Z in dependence of z. For the
calculation of Z, the values of the vacuum impedance Zy ~ 3772, the total layer thick-
ness t = tpy + tcore = 3.5nm as well as the refractive indices at 1 THz of the substrate
nAl0; = 3.07 [299], and nitrogen ny, = 1.00 were applied. The impedance Z shows a slight,
almost linear decrease of 16% from z = 0 to x = 1. The transmission 7" and reflection R
for the 1.53 eV pump laser pulses, which were used for the THz emission spectroscopy, were
also measured by Dr.Robert Schneider (see [299] for the used measurement setup). The

absorption A was calculated by
A=1-R-T. (6.1)

The results are shown in figure 6.7b. The absorption A = (43.0 £ 1.5)% is approximately

constant for all samples.

Using the measured THz emission amplitudes |AT7}} ()], the efficiency to inject a spin current
from the CozFe;_, into the Pt layer J(x) can be estimated in dependence on the Co content x

according to equation 3.8 by

LG

K@)~ e (6.2)

For the estimation, it is assumed that the spin-to-charge current conversion takes place only
in the Pt layer and therefore is independent of z. Furthermore, the THz signal that is directly
generated by the ultrafast demagnetization of the Co,Fe;_, layer (see section 3.2) is assumed
to be small compared to the THz signal generated by the inverse spin Hall effect. To prove the
validity of this assumption, sub./CozFe;_5(1nm)/SisNg(5nm) (with = 0,0.3,0.6,1) sam-
ples without a Pt layer were investigated. The THz emission amplitude of all these samples
was measured to be less than 0.6% compared to the sub./Fe(1nm)/Pt(2.5nm)/SizN4(5nm)

82



6.3 Thickness-optimized Pt(2.5 nm)/Co,Fe;_;(1nm) composition series

(b)

[ Pt(2.5 nm)/Co,Fe,_ (1 nm)

0.5 'Q\Q—Q——Q\Q_H_Q'
i 470

N
o

%

- 04F .

(a)
£
%)
=3
s
Q) B —
> G | —O— transmission
= 161 165 E < reflection
S B O « 0.3F —4A— absorption
e] © - -
g 1.4 F - o ~
(0]
o | — g. 0.2} e
©
.‘g 12F 460 — 5
(&)
% 5 oo 0.1} -
Z
E 10 B _o_Z B
l_ 1 L 1 L 1 L 1 L 1 L 1 55 OO 1 1 1 1 1 1 1 1 1 1 1
0.0 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Co content x Co content x

Figure 6.7: (a) shows the room-temperature electrical conductivity in the THz frequency regime oy,
as well as the impedance Z of sub./Pt(2.5nm)/CozFe;_,(1nm)/SigN4(5nm) samples in
dependence on the Co content . The error bars mainly represent the 10% error of
the film thicknesses. (b) displays the measured transmission 7', reflection R, and the
calculated absorption A of the 1.53 eV pump laser pulse in dependence on x.

sample. Therefore, for the Pt/Co,Fe;_, bilayer series, the THz emission by ultrafast demag-
netization is on the order of the measurement uncertainty. The extracted values of J(x)
represent a convolution of the magnitude of the spin current launched in the Co,Fe;_, layer
and possible interface effects, such as a reflection of the spin current or a loss of spin polariza-
tion due to scattering of electrons at the interface that also might show a dependence on z.
The results are shown in figure 6.6 (blue circles). The values of J7(z) mainly follow the THz
amplitudes, as Z(z) only shows a weak dependence on z, and A(x) is almost constant for

all z.

In order to further investigate the dependence of the THz emission on the laser pump flu-
ence @, measurements with different @ were carried out for all samples. Figure 6.8a shows the
THz RMS amplitudes of all samples measured with four different pump fluences @, normal-
ized to the sample with pure Fe (z = 0), in dependence on z. The pump fluence dependence
of the THz RMS amplitudes of four selected samples (z = 0,0.3,0.6,1) for 0.075mJ/cm? <
® < 1.5mJ/cm? is displayed in figure 6.8b. The RMS signals of all samples show a concave
dependence on the pump fluence. Though, for pump fluences ¢ < 0.75mJ/cm?, the sam-
ples with high Co content show a stronger increase in the THz amplitude with rising pump
fluence compared to samples with small Co content. For ¢ > 0.75mJ/cm? an increase in
the pump fluence does not affect the relative composition dependence of the THz amplitudes
(see figure 6.8a). However, further investigations that are beyond the scope of this work are

necessary to clarify the origin of the observed pump fluence dependence.
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Figure 6.8: Pump fluence dependency of sub./Pt(2.5nm)/Co,Fe; (1 nm)/SigNy (5 nm) samples with
different Co content x measured at room temperature with an applied magnetic field
uoH = 200mT. (a) shows the THz RMS amplitudes of all investigated samples for
four selected pump fluences, normalized to the THz emission of the sample with pure
Fe (z = 0). (b) displays the THz RMS amplitudes as a function of the pump fluence for
four selected samples (z = 0,0.3,0.6,1). The error bars represent the statistical errors
of the RMS values.

6.4 Stacked bilayer emitters

Additionally to the bilayer emitters described above, a sub./[Pt(2.5nm)/Cog sFeg7(1nm)/
SigNy(5nm)],, multilayer series with varying repetitions 1 < n < 5 was prepared in the
same way as described in subsection6.1.1. The aim of this study was to boost the THz
amplitude in the same way as demonstrated by Yang et al. [83] for sub./[Pt(2nm)/Fe(1nm)/
MgO(2nm)], samples (see also subsection3.3.4). Figure6.9 shows the THz RMS signals
for this sample series in comparison with sub./[Pt(2.5nm)/Tbg 1Fep.9(1 nm)/SisNy(5nm)],,
and sub./[Pt(5nm)/Nipg1Fep 19(3nm)/SigN4(5nm)], stacked bilayer emitters. The highest
THz emission amplitude is achieved for n = 2, for which an increase of 36% compared to
the single bilayer can be observed. The slightly increased THz signal of the sample with
n = 1 compared to the composition series shown in figure6.6 can be explained by small
variations in the sample preparation. With an increasing number of layer stacks n, the
THz radiation generated in the first layers experiences more and more reflections at the
interfaces to the subsequent layers. The absorption of the pump laser beam, however, becomes
gradually more significant with increasing repetitions n. Therefore, in the layers close to the
substrate, more electrons are excited, leading to a higher spin current density. These two
effects lead to the observed maximum for n = 2. [83] The multilayers with Thg 1Feg 9 show a
behavior similar to the Cog sFeg 7 series. For the series with 3nm thick Nig g1 Feg 19 and 5nm

thick Pt, the THz amplitudes gradually decrease with increasing repetition numbers n. Here,
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Figure 6.9: THz RMS amplitudes of sub./[Pt(2.5nm)/CogsFep7(1nm)/SisNy(5nm)],, sub./
[Pt(2.5nm)/Tbg.1Fep o(1nm)/SisNy(5nm)],, and sub./[Pt(5nm)/Nigs1Fep19(3nm)/
SigN4(5nm)],, stacked bilayer spintronic THz emitters in dependence on the repetition
number n. The measurements were done at room temperature with an applied magnetic
field poH = 200mT and a laser pump fluence @ = 0.75mJ/cm?. The error bars repre-
sent the statistical errors of the RMS values and an additional statistical error of 1.8%
that is caused by small variations in the mounting of the different samples.

the absorption and reflection effects described above dominate due to the increased layer
thicknesses. A comparison of the THz emission of the sub./[Pt/Cog 3Fey7/SigN4], and sub./
[Pt/Thg1Fep.9/SigNy], systems with other spintronic THz emitters, which is displayed in
section 9.4, figure 9.8, shows that the THz amplitudes of the stacked bilayers are comparable

to other efficient emitter systems.

6.5 Summary

In this study, the composition-dependent THz emission characteristics of spintronic Pt/
CogFe;_, bilayers were investigated with respect to their magnetic properties. The layer
thicknesses were optimized with regard to the THz emission amplitude to 1nm for the
CozFe;_; and 2.5nm for the Pt layer. It was shown that the THz emission only weakly
depends on the Co content, indicating that laser-excited spin-polarized Fe and Co electrons
contribute in a similar way to a spin current that is launched toward the Pt layer, where
it becomes converted into a charge current via the inverse spin Hall effect, which leads to
the emission of THz radiation. The magnetization and the THz emission amplitude show a
maximum at slightly different Co contents x. For the thickness-optimized bilayers, a maxi-
mum increase in the THz emission amplitude of ~ 46% compared to the Pt/Fe sample and
~ 19% compared to the Pt/Co sample could be observed for a Co content = 0.6. The

magnetization showed a maximum increase of ~ 19% compared to the Pt/Fe sample and
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6 Spintronic Pt/Co,Fe;_, terahertz emitters

~ 17% compared to the Pt/Co sample for a Co content = 0.5. The composition-dependent
efficiency JJ to inject spin currents into the Pt layer has been estimated based on the THz
emission amplitudes, the laser pump pulse absorption, and the THz electrical conductivity.
JI has been shown to mainly follow the THz amplitude. Furthermore, the dependence of the
THz emission on the laser pump fluence @ has been investigated, revealing a stronger increase
in the THz emission with rising @ for samples with high Co content for ¢ < 0.75mJ/cm?. In
addition, stacked bilayer [Pt/Cog 3Feq7/SisNy], emitters were prepared to increase the THz
emission amplitude further. A maximum increase in the THz emission amplitude of 36%

could be achieved for n = 2.
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CHAPTER 7

Spintronic Pt/Tb,Fe;_, terahertz emitters

The focus of many previous studies on spintronic THz emitters was set on the optimization
of the used layer stacks. [82, 83, 300] However, by the time this study was done, only a few
works on the use of FI layers in spintronic THz emitter systems had been published. [297, 326]
Furthermore, these works only investigated exemplary samples and did not present systematic
studies on ferrimagnets with different magnetic properties. The aim of the study presented in
this chapter was to fill this gap and investigate bilayers of amorphous FI Tbh,Fe;_,. films with
varying Tb content 0 < x < 1 combined with a nonmagnetic Pt layer. As described in detail in
subsection 2.6.3, the Th,Fe;_, films offer a great variety of magnetic properties depending on
the film composition and thickness. Thus, the material is an ideal candidate for investigating
the influence of the sample magnetic properties on the THz emission characteristics. Also, for
this study, Pt has been chosen as NM layer due to its large spin Hall angle (+1.2% < 6, <
+11% [271, 294, 295]) and its suitability for the use in spintronic THz emitter systems [82,
300]. THz emission spectroscopy as well as magnetic measurements with different applied
magnetic fields and temperatures have been performed to characterize the samples. It could
be shown that mainly the spin-polarized Fe 3d electrons contribute to the emitted THz signal
and that the THz amplitude mainly follows the in-plane magnetization of the Fe magnetic
sublattice. A phenomenological model has been developed for a qualitative description of the

THz emission amplitude in dependence on the Tb content x.

The results were achieved in collaboration with Dr. Robert Schneider, Dr. Steffen Michaelis
de Vasconcellos, Dr. Richard Heming, and Prof. Rudolf Bratschitsch from the University of

Miinster. The room-temperature results are predominantly published in [384].

7.1 Sample preparation and structural characterization
Two series of sub./Pt(5nm)/ThyFe;_,(20nm)/cap. samples with Tbh content 0 < z < 1 were

prepared by magnetron sputtering at room temperature (see chapter 4 for details). For the

first series, Co layers with a thickness of 2nm that are expected to oxidize in air to form

87



7 Spintronic Pt/Tb,Fe;_, terahertz emitters

4001 —A—SiSio,ip  —A—ALO,ip
300 | —@— Si/SiO, oop —@— Al,O, oop

200 f .

100

Magnetization (kA/m)

-200 .

300 F -

-2 -1 0 1 2
External magnetic field u,H (T)

Figure 7.1: Comparison of room-temperature in-plane and out-of-plane SQUID-VSM M (H) loops
of sub./Pt(5nm)/Tbg2Feps(20nm)/SizNg(5nm) samples with either 500 pm thick
Al,03(0001) substrates or 525 pm thick Si(100) substrates with a 100nm thick ther-
mally oxidized SiOs layer.

CoO [392] served as capping layers (cap.). As the thin Co layer showed an influence on the
magnetic and THz emitting properties of the samples, a second series with SigNy capping
layers of 5nm thickness was prepared and investigated later on. In SQUID-VSM measure-
ments that were performed after more than two years, the samples with SisN4 capping layer
still showed similar results as the measurements that were done directly after the deposition.
However, the samples with Co capping showed a degradation of the magnetic properties.
Here, the net magnetization values of the films were found to be more Fe-dominated. This
can be explained by a higher level of oxidation of Tb in the ThFe alloys compared to the Fe.
Therefore, for the Co series, only measurements that were performed within a few months
after the deposition were used for this work. DC sputtering was used for the deposition of the
Pt and Co layers. The Tb,Fe;_, alloys were deposited by co-sputtering from elemental tar-
gets with either DC or RF sources, depending on the composition of the layers. For the SizNy
layers, RF sputtering from a stoichiometric compound target was applied. The samples were
prepared on 500 num thick AlyO3(0001) substrates, polished on both sides for the THz spec-
troscopy experiments, as well as on 525 pm thick p-doped Si(100) substrates with a 100 nm
thick thermally oxidized SiO2 layer on which all other measurements were performed. Exem-
plary SQUID-VSM measurements of sub./Pt(5nm)/Tbg2Fe (20 nm)/SisN4(5nm) samples
deposited on the different substrates showed only a minor influence of the substrate on the
magnetic properties of the system (see figure 7.1). This can be attributed to the Pt seed layers
that protect the Th,Fe;_, layers from reacting with the substrate. The Pt layers show a sim-
ilar polycrystalline growth on both substrates (see appendix A.2, figure A.1 for transmission

electron microscope images of sub./Pt(3nm)/Fe(3nm)/SizN4(5nm) samples grown on Al;O3
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Figure 7.2: Extracted Tb contents and layer thicknesses from RBS measurements of the sub./
Pt(5nm)/Tb,Fe;_, series with (a,c,d) Co(2nm) and (b,d,f) SigN4(5nm) capping lay-
ers. The dashed black lines represent the nominal values. The red lines are (a, b) linear
fits and (c—f) average values.
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7 Spintronic Pt/Tb,Fe;_, terahertz emitters

and Si/SiOg substrates). It should be mentioned here that the samples included in the two
series were not sputtered in one run but deposited on different days between September 2017
and January 2018 and, therefore, with slightly different sputter conditions (see appendix A.1
for a list of sputtered samples). Therefore, for each of the sputter days, at least for one of
the samples, RBS measurements were carried out to check the stoichiometry of the alloys
and the layer thicknesses. Figure 7.2 displays the RBS results for the two sample series with
respect to the nominal Tbh content x,). For the film compositions shown in the subfigures (a)
and (b), linear fits were applied to the derived values (red curve) to gain better visibility
of general trends. Compared to the nominal values (dashed black curve), the measurements
systematically reveal slightly smaller Th contents ey, of up to —0.025 for the series with Co
capping layer and —0.03 for the series with SisN4 capping layer. For the Pt and Tb,Fe;_,
film thicknesses displayed in the subfigures (c) to (f), the average values were calculated
(red lines). For all layers, the average film thicknesses are smaller than the nominal values
(dashed black lines). However, for the series with SigsNy capping layer, the thicknesses show
a more systematic general trend toward smaller film thicknesses compared to the series with
Co capping layer. The deviations of the Pt layer thicknesses from the nominal values are up
to 18% for the series with Co capping and up to 16% for the series with Si3sNy4 capping. For
the Th,Fe;_, layer thicknesses, the deviations from the nominal values are up to 9.5% (Co
series) and 16.5% (SizNy series).

As the deviations from the nominal values are small and rather unsystematic (especially for
the layer thicknesses of the Co series), and RBS measurements were performed only on several
samples, the nominal values for the thicknesses and compositions are used for the following

discussions.

7.2 Magnetic properties

For both series, SQUID-VSM M (H) and M (T') measurements were carried out to determine
the magnetic properties of the Tb,Fe;_, films in dependence on the Tb content x. The
M(H) loops of the series with Co and SizNy capping layer are displayed in appendix A.3,
figures A.7 and A.8, respectively.

Figure 7.3 shows the estimations for the effective magnetic anisotropy at room temperature
that were derived from the M (H) loops measured in in-plane and out-of-plane direction by
the method described in subsection 5.4.3. The effective magnetic anisotropy Keg is displayed
in (a), whereas (b) shows the values of K.g divided by the saturation magnetization Mg of
the samples. Both series show comparable results. For small Tb contents = < 0.15, the
magnetic shape anisotropy Kghape dominates K due to the high Mg of the samples, leading
to an in-plane magnetic easy axis (EA). For 0.2 < z < 0.5, the lower Mg leads to a decrease

in Kghape, and the short-range chemical order in the films leads to an out-of-plane magnetic
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Figure 7.3: Effective magnetic anisotropy Keg of sub./Pt(5nm)/Tb,Fe;_, (20 nm)/cap. samples with
Co(2nm) (blue circles) and SizNy(5nm) (red triangles) capping layers in dependence on
the Tb content x, derived from room-temperature SQUID-VSM M (H) loops. (a) shows
K, whereas (b) displays Keg divided by the respective saturation magnetization Mg.
The shaded area marks the composition region for which the Th,Fe;_, layers are clearly
paramagnetic at room temperature, and therefore no K.g values could be determined.
For the sample with = 0.26 of the SigNy capping layer series, the coercivity in out-of-
plane direction is above 7T. Thus, no K¢ value could be determined for this sample.

easy axis (see subsection 2.6.3 for more details). For higher Tb contents x > 0.5, the samples
gradually become paramagnetic, and therefore the anisotropy vanishes. In the Kog values (a),
a local minimum at about 0.26 < z < 0.3 can be observed, close to the room-temperature
compensation composition. This is an expected behavior due to the small Mg values of these
samples. However, despite the low K¢ values, the out-of-plane alignment is still strongly
preferred, as can be seen in the K¢ values divided by Mg, shown in (b). Kg/Ms increases
up to the maximum at x = 0.4 with rising Tb content x. It should be noted here again
that the errors for the estimation of Ko (see subsection 5.4.3 for details) are rather large for
some of the samples. Especially for samples exhibiting a compensation point close to room
temperature and for samples with high Tb content, which are close to the paramagnetic state

at room temperature, significant errors of Kg/Mg are expected.

Figure 7.4 shows the M (T') curves for samples with different Tb content x. For the results
shown in (a) and (b), the measurements were performed in out-of-plane direction, whereas for
the curves shown in (c) and (d), the external field was applied in in-plane direction, following
the respective magnetic easy axis. For all of the shown measurements, the samples were first
saturated at room temperature at pgH = 7T and then cooled down to 40 K with the field
still applied. The measurements were subsequently carried out in a temperature sweep mode
(10 K/min) with small applied guiding fields from 40 K to 340 K or 400 K for the out-of-plane
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Figure 7.4: M(T) curves of sub./Pt(5nm)/Th,Fe;_,(20nm)/cap. samples with (a) Co(2nm) and

(b) SisN4(5nm) capping layers measured in out-of-plane direction with small guiding
fields poH < 5mT. The samples were first saturated at room temperature with an
external magnetic field of 7T. Afterward, the samples were cooled down to 40K (or
5K for the sample with x = 0). The applied magnetic field was then reduced to the
guiding field value, and the magnetization was recorded while heating the sample up to
340K in a temperature sweep mode (10K /min). Positive magnetization values denote
net magnetizations that are dominated by the Th magnetic sublattice, whereas negative
values represent Fe-dominated net magnetizations. The dashed lines mark the compen-
sated magnetic states. (c¢) and (d) display in-plane M (T') curves that were measured in
a similar way as the out-of-plane curves up to 400 K, with guiding fields of pgH = 30 mT
and poH = 5mT for the Co and SizN,4 capping layer series, respectively.

or in-plane direction, respectively. For the out-of-plane measurements, no guiding fields were

applied, and therefore an effective field pgH ~ —4.5 mT was present caused by trapped fluxes

in the superconducting magnet of the MPMS3 (see section 5.4.2). For the measurements in
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7.2 Magnetic properties

in-plane direction, guiding fields of 30 mT and 5mT were applied for the series with Co
and SizNy capping, respectively. Positive magnetization values represent Th-dominated net
magnetizations, whereas negative values represent Fe-dominated net magnetizations. The
out-of-plane measurements in figures 7.4a and 7.4b show a compensation point for the sample
with x = 0.28 at Teomp ~ 201K of the Co series and for the samples with x = 0.24 at
Teomp ~ 148K and z = 0.26 at Teomp ~ 292K of the SizNy series. The Tb contents x
for which a magnetic compensation point can be observed are slightly higher (about 0.02
for the series with Co capping and 0.04 for the series with SigNy capping) compared to
the values reported in [215] and [188] for 20nm and 19nm thick films, respectively. The
deviation from the literature values could be explained by the used nominal composition
values that were slightly larger than the values measured by RBS. However, also different
film growth parameters or small variations in the film thicknesses [188] might have led to
deviations in the compensation point. The higher x values for which a compensation point
can be observed in the series with Co capping compared to the series with SigNy capping
can be explained by a remaining magnetic moment of the Co capping layers that have not
been fully oxidized to CoO by the time the measurements were performed (the measurements
were performed within a few weeks after the sample preparation). This agrees well with a
study by Gan et al. [392] on the oxidation of thin Co layers in air, in which they observed
that after one month, approximately 1.2nm of a Co film were oxidized. The Co magnetic
moments couple parallel to the Fe moments and therefore shift the composition region where
the moment is Tb-dominated to higher x values. For the sample with « = 0.15 in figure 7.4a,
a change of the magnetic easy axis from out-of-plane at low temperatures to in-plane at higher
temperatures can be observed. The sample with x = 0.5 becomes gradually paramagnetic at
increasing temperatures, and therefore the coercivity becomes small. This is reflected in the
reduced magnetic moment in the M (7T') curve. The in-plane M (T") curves of the samples with
x > 0.6 that are displayed in figures 7.4c and 7.4d were performed to get an estimation for
the Curie temperature T of the samples. However, only for the series with SisN4 capping,
displayed in figure 7.4d, a clear dependence of T on = can be observed. Here, the pure Th
layer shows a T¢ of about 215 K. For x = 0.9, the smallest T of about 130 K can be found
that successively increases with decreasing x. For the samples with Co capping shown in 7.4c,
a remaining magnetization of about 70 kA /m that is almost similar for all x values can be
observed at high temperatures for all samples except the pure Tbh layer. This magnetization
can be attributed to the remaining magnetic moment of the Co capping and is also observable
in the room-temperature M (H ) loops in appendix A.3, figure A.7. The pure Tbh sample shows
a T value that is comparable to the sample with x = 0.9 of the series with Si3N4 capping.
This might be an indication of a strong intermixing between the Co capping layer and the
Tb layer.
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7 Spintronic Pt/Tb,Fe;_, terahertz emitters

7.3 Room-temperature electrical and optical properties

As shown in subsection 3.3.3, equation 3.9, the THz emission efficiency C(w) of a spintronic
THz emitter is dependent on the absorption of the used pump laser A, the thickness of
the spintronic layer stack t, and on the electrical conductivity in the THz frequency regime
oriz(w). Thus, in order to investigate the THz emission efficiency of samples with different

Tb content x, the necessary parameters have been determined.

The transmission 7" and reflection R of the 1.53 eV laser pump pulses, which were later on used
for the THz emission spectroscopy, were measured by Dr. Robert Schneider at the University
of Miinster (see [299] for the used measurement setup), and the absorption A was calculated
by equation6.1. The results for the two series are shown in figure7.5. Both series show a
similar behavior. The reflection decreases for rising Th contents x, whereas the transmission
increases with rising x. The absorption is constant within the errors for all samples and takes
a value of 0.31 £ 0.03.

By the time this study was performed, no setup to determine the electrical conductivities of
the samples in the THz regime was available. Therefore, the DC conductivities opc(x) =
fg opc(z,y)dy were determined with the four-point resistivity measurement setup described
in section 5.5 and used as an approximation for the conductivities in the low THz frequency
regime oy, (2, w) = fot o1z (%, w, y)dy. The results for the samples with varying x are shown
in figure7.6a. For small z, the conductivities show a strong decrease with increasing x,

whereas the curve flattens for higher . The assumption that the DC electrical conductivities
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Figure 7.5: Transmission 7', absorption A and reflection R of the 1.53eV pump laser in sub./
Pt(5nm)/Th,Fe;_,(20nm)/cap. samples measured at room temperature with respect
to the Tb content x for the series with (a) Co(2nm) and (b) SizN4(5nm) capping layers.
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Figure 7.6: (a) shows the DC electrical conductivities opc of sub./Pt(5nm)/Tb,Fe;_,(20 nm)/cap.
samples with Co(2nm) and SigN4(5nm) as capping layer measured at room temperature
with respect to Tb content x. The error bars are calculated from the maximum uncer-
tainty of the film thicknesses that is assumed by RBS measurements to be £15%. (b)
displays a comparison of the DC conductivities with results from time-resolved THz emis-
sion spectroscopy measurements for the series with SizN4(5nm) capping layer. Also, for
the THz conductivities, the error bars are mainly derived from the assumed uncertainty
of the film thicknesses.

are comparable to the complex frequency-dependent electrical conductivities in the low THz
regime was later on proved by time-resolved THz transmission spectroscopy experiments that
were performed by Dr.Robert Schneider (see [299] for details on the measurement setup).
In the frequency range from 0.5 to 2.5 THz, the samples show constant real and imaginary
(for x > 0) conductivities. As the imaginary parts are negligibly small compared to the real
parts, the average values of the real parts for the frequency range from 0.78 to 2.5 THz were
used for a comparison with the DC conductivities that is displayed in figure 7.6b. The results

show that the electrical conductivities in the low THz regime agree well with the DC values.

As the absorption of the laser pump pulses as well as the thickness of the spintronic layer stack
t = tpy + tTpre is approximately constant for all samples, the THz emission efficiency C(x,w)
given in equation 3.9 is proportional to the sample impedance Z(x,w), which is approximately

independent on the wavelength:

1
C(r,w) ~ Z(z,w) = Z(z) = (1 12) 70 + omo(@) 1 (7.1)

with the vacuum impedance Zy = 3772 and the refraction indices nq ~ 3.07 of the Al,Og
substrate at 1 THz [299] and ny & 1.00 of nitrogen. The impedance Z is displayed in figure 7.7
in dependence on x. For small Tb contents, the impedance, and therefore, the THz emission

efficiency strongly increases with rising z.
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Figure 7.7: Room-temperature impedance Z of sub./Pt(5nm)/Tb,Fe;_,(20nm)/cap. samples with
Co(2nm) and SigN4(5nm) capping layers cap. in dependence on the Th content x.

7.4 Room-temperature terahertz emission results

For both sample series, THz emission spectroscopy measurements with varying external mag-
netic fields were performed by Dr. Robert Schneider using the measurement setup described
in section5.6. The used measurement geometry is displayed in figure 7.8. As described in
detail in section 3.3, the excitation of electrons in the magnetic layer above the Fermi level
leads to the formation of a superdiffusive spin current Jg from the magnetic Th,Fe;_, layer
toward the non-magnetic Pt layer, in which Jg is converted by the inverse spin Hall effect into
a transverse charge current J., which leads to the emission of electromagnetic radiation in
the THz frequency regime. For the investigated FI Pt/Tb,Fe;_, system, spin-polarized Tbh
and Fe electrons as well as Pt electrons that are spin-polarized due to the magnetic proximity
effect could theoretically contribute to the spin currents Js and therefore to the emission of
THz radiation. However, the spin-polarized 4f electrons of the Th that give rise to the mag-
netic moment of the Th magnetic sublattice are localized close to the atomic nucleus. These
electrons are energetically about 2.23eV below the Fermi level [393] and therefore cannot
be efficiently excited by the 1.53eV pump laser. In contrast to that, the spin-polarized 3d
electrons of Fe are energetically located close to the Fermi level (see section 2.5, figure 2.7a)
and therefore are expected to give a strong contribution to Js. Nevertheless, due to the
hybridization of the Fe 3d with the Tb 5d electrons in Tb,Fe;_, alloys (see subsection 2.6.1),
also a small contribution of the Tb 5d electrons to the signal is expected. The influence of
excited Pt electrons that are spin-polarized due to the magnetic proximity effect on Js is
expected to be small compared to the contribution of the Fe 3d electrons and therefore is
neglected in the following discussion. Furthermore, the influence of emitted THz radiation

that is caused directly by the ultrafast demagnetization of the magnetic films is assumed to
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1.53 eV, 60 fs

Figure 7.8: Illustration of the excitation geometry that was used for the THz emission spectroscopy
measurements performed on the sub./Pt(5nm)/Th,Fe;_,(20nm)/cap. samples with
Co(2nm) and SizgN4(5nm) capping layers.

be negligibly small. For the Pt/Gd,Fe;_, samples discussed in chapter 8, this contribution
has been investigated in detail. In that study, only for the pure Pt/Fe sample a significant
contribution of ~ 14% to the emitted signal caused directly by the ultrafast demagnetization

has been found.

7.4.1 Composition dependence of the terahertz electro-optic signal

Figure 7.9 shows the normalized THz electro-optic signals of selected samples with different
Tb content x for the two series, measured with a pump fluence ® = 0.75mJ/cm? and an
applied magnetic field ugH = 200mT. For low Tb contents z < 0.3, a similar signal shape
can be observed for the different samples. The sample with z = 0.4 of the Co series shows a
more dispersive signal shape. An inversion of the signals compared to the Fe/Pt bilayer can
be observed for 0.45 < x < 0.55 (Co series) and 0.4 < z < 0.6 (Si3Ny series). For the Co
series, the signal shape of the samples with high Tb content x > 0.6 is again similar to the
samples with low Tb content (z < 0.3). For the SizNy series, the samples with > 0.7 are
completely paramagnetic at room temperature. Therefore, the measured signals are small.
However, also for these samples, the measured signals are again inverted compared to the
samples with 0.4 < z < 0.6.

The inversions of the signals can be explained by a significantly higher contribution of spin-
polarized Fe electrons to Js compared to the Tb electrons. As described in subsection 3.3.4,
the charge current in the Pt layer that causes the THz signal is described by J. ~ Os,J5 X
M /|M|. However, for the systems with the FI Th,Fe;_, layers, M /|M| describes the
magnetization direction of the Fe magnetic sublattice, as the Fe electrons are expected to
give the dominant contribution to Js. A change from a net magnetization that is dominated

by the Fe magnetic sublattice for samples with low Tb content to a magnetic state that

97



7 Spintronic Pt/Tb,Fe;_, terahertz emitters

()

- Co capping layer .
L 1oH =200 mT i

| @=0.75 mJ/cm?

M/\/\i/:{PI?-

Normalized THz signal

-1.0 -05 0.0 05 1.0
Time delay (ps)

(b)

—_——

0op easy axis

paramagnetic

small Kox/Mg

ip easy axis

>
[
o
=
_|
(on
M
(0]
Y
ip easy axis

(c)

Normalized THz signal

- Si;N, capping layer . L»
b 1H=200mT  , _ 4991 sample

| @=075mdlcmd Ml p)l 3
= o

Tb =

C

-2

x=070| € G

/ i > ©
,\/"\/'r"'/‘\,\/vv‘\'\/\f\r = 5

Y
small K.«/Mg

>
1]
o
~
o
.
(0]
yad
O
— —
oop easy axis

-1.0 -05 0.0 05 1.0
Time delay (ps)

Figure 7.9: THz electro-optic signals of sub./Pt(5nm)/Tb,Fe;_,(20nm)/cap. samples with (a)
Co(2nm) and (b) SizN4(5nm) capping layers with respect to the Tb content xz. The
signals were normalized to the maximum of their absolute values to allow for compar-
ison between the signal shapes. The signals were measured at room temperature with
a pump fluence @ = 0.75mJ/cm? and an applied magnetic field goH = 200mT. The
dashed black lines mark the composition region for which an inversion of the signals
compared to the Pt/Fe bilayer can be observed.

is dominated by the Th magnetic sublattice for higher Tb contents, therefore, leads to an

inversion of M /|M| when saturated in an applied magnetic field and consequently to the

observed inverted THz signal. A similar behavior was also found for the FI Pt/Gd,Fe;_,
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7.4 Room-temperature terahertz emission results

emitter systems that are discussed in chapter 8 [394] as well as for Pt/Gd,;Coi_, [327] and
Pt/Gdg.25(Feo.875C00.125)0.75 [326] emitters. For the samples with high Tb content x, the
Tb,Fe;_, are either paramagnetic with a FM contribution of the Co capping layer or fully
paramagnetic for the series with SisNy4 capping. Therefore, the Tbh, Fe, and Co magnetic

moments are aligned along the applied field. Consequently, the THz signal is inverted again.

The first inversion of the signals (for increasing Tb content) would be expected to correlate
with the magnetic compensation point discussed in section 7.2. However, it can be observed
at slightly higher Tb contents. To understand this behavior and especially to clarify whether
the non-inverted THz signals of samples with Th content slightly above the magnetic com-
pensation composition are really caused by the Fe 3d electrons or by the Th 5d electrons,
energy-resolved EUV T-MOKE measurements [362] were carried out by Henrike Probst in
the group of Prof. Stefan Mathias at the University of Goéttingen. The sample with = = 0.1,
which has a clearly Fe-dominated net magnetization, and the sample with « = 0.3, which
shows a Th-dominated net magnetization but a still non-inverted THz signal, of the SigNy
capping layer series have been chosen for these measurements. Figures7.10a and 7.10b show
the magnetic signals with respect to a Fe reference sample. The asymmetries are calculated
as the difference between the spectra measured for the applied magnetic field in positive and
negative direction displayed in figures 7.10c—7.10e. Unfortunately, the high harmonic closest
to the aluminum L3 edge at 72.7eV that is used for the energy calibration of the used EUV
T-MOKE setup [362] is not observable for the Th,Fe;_, samples due to the low reflectivity of
the samples (see figures 7.10d and 7.10e). Therefore, the measured spectra might be shifted
by a multiple of the energy difference between two harmonics. The shown spectra are plotted
for the two most probable energy calibrations (red and blue curves). For the Fe reference
sample, the highest harmonic below the aluminum Ls edge at 72.7€V is observable (see fig-
ure 7.10c) and used for an exact energy calibration. In the region of the Fe My 3 absorption
edge at approximately 52.6 eV-55.0eV [358-362], a peak in the magnetic signal can be ob-
served for all samples. The observed peaks of all samples, including the Fe reference sample,
are at slightly lower energies compared to the literature values. Despite the varying shapes
observed for the different samples, the peaks most probably reflect the Fe magnetic signal.
As the peak is clearly inverted for the samples with x = 0.1 and z = 0.3, the magnetization
direction of the Fe magnetic sublattice is also inverted for the two samples, and accordingly,
the Fe magnetic moments of the sample with x = 0.3 are aligned antiparallel to the applied
magnetic field. The Tb Og absorption edge at an energy of 28.7¢eV [363] did not give rise to

a measurable magnetic asymmetry signal (not shown).

The EUV T-MOKE measurements give a strong indication that Fe electrons cannot be the
source of the observed non-inverted THz signal of the sample with £ = 0.3. Thus, the THz
signals of the samples with 0.28 < x < 0.4 of the Co capping series and 0.26 < x < 0.4 of the
SizNy series might be caused by spin-polarized Tb 5d electrons. As shown in figure 7.3, the
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Figure 7.10: Energy-resolved room-temperature EUV T-MOKE results of sub./Pt(5nm)/

Thb,Fe;_,(20nm)/SizgN4(5nm) samples with = 0.1 and 2 = 0.3. (a) and (b) display
the difference in the spectra measured for in-plane magnetic fields applied in positive
and negative direction in comparison to the results of a Fe reference sample for the
samples with £ = 0.1 and x = 0.3, respectively. The signals are normalized to their
respective maximum. The dashed black lines in (a) and (b) mark the value of the Fe
My 5 binding energy presented in [358]. (c)—(e) show the spectra of the Fe reference
sample, and the samples with = 0.1 and = 0.3 measured with positive (+H, solid
lines) and negative (—H, dashed lines) applied magnetic fields. The arrow in (c¢) marks
the highest visible harmonic that is used for the energy calibration. The red (cal 1)
and blue (cal 2) curves display the two most probable energy calibrations for the mea-
surements. An external magnetic field ugH = 100mT was applied for measurements
of the Fe reference and the sample with = = 0.1, whereas pugH = 500 mT was used for
the sample with = = 0.3.

samples with 0.2 < z < 0.5 exhibit an out-of-plane magnetic easy axis with high Kog/Mg.

Therefore, the applied in-plane magnetic field ugH = 200mT is not sufficient to reach a sat-
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urated magnetic state. The strong magnetic anisotropy could, due to the large distribution
of the Th magnetic moments, cause a stronger alignment of the Tb magnetic moments along
the applied in-plane magnetic field and therefore lead to a canted state between the Fe and
Tb magnetic moments. As a result, the few spin-polarized Th 5d electrons might contribute
stronger to Jg in the discussed composition region than the spin-polarized Fe 3d electrons.
Schematics showing the average magnetization alignments of the Fe and Tb magnetic sub-
lattices in this scenario are displayed in figures 7.9b and 7.9d for the Co and SizN4 capping
layer series, respectively. However, further element-specific magnetization measurements, es-
pecially of the Th magnetic moments, which are beyond the scope of this work, would be

necessary to confirm or falsify this explanation.

7.4.2 Dependence of the terahertz amplitude on the applied magnetic field

Besides the signal shapes, also the dependence of the emitted THz radiation on the applied
magnetic field has been investigated. Figures7.11 and 7.12 show the THz peak-to-peak
amplitude as well as the in-plane magnetization in dependence on the applied magnetic field
for the Co series. The results for the SigNy series are shown in figures 7.13 and 7.14. The THz
measurements were performed from the demagnetized state for rising external magnetic fields.
The M (H) values were taken from the full M (H) loops displayed in appendix A.3, figures A.7
and A.8, except for the samples with x = 0.55 and x = 0.6 of the Co series, for which the
M (H) measurements were performed from the demagnetized state at ugH = 0mT with
increasing fields up to uoH = 540mT. For the samples with small Tb content x < 0.15, an
initial steep rise of the THz amplitude as well as of the magnetization with increasing external
magnetic field followed by a saturation can be observed. The stronger applied magnetic fields
lead to a higher number of spin-polarized electrons. Also, the number of excitable spin-
polarized (mainly Fe) electrons close to the Fermi energy Ep is increased. Consequently, a
higher spin current Jg is launched, leading to an increase in the THz amplitude. Therefore, the
THz amplitude closely follows the in-plane magnetization of the sample. For sufficiently high
applied fields, the maximum spin polarization is reached, and therefore the magnetization and
the THz amplitude saturate. The saturation is shifted to higher magnetic fields for increasing
Tb content as the perpendicular magnetic anisotropy of the samples gradually increases (see
figure 7.3).

For samples with x > 0.15, deviations from the clear functional dependence between the THz
emission and the in-plane magnetization can be observed. This can be explained by the tran-
sition from an in-plane to an out-of-plane magnetic easy axis (see figure 7.3). Furthermore,
canted states between the Fe and Th magnetic sublattices can lead to a complex dependence
of the magnetization and the THz amplitude on the applied magnetic field. This becomes
especially evident for the sample with x = 0.55 of the Co capping layer series. Figure7.15
shows the full hysteresis loops of the THz amplitude and the magnetization of the samples
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Figure 7.11: THz peak-to-peak amplitude (pump fluence ¢ = 0.75mJ/cm?) and magnetization of
sub./Pt(5nm)/Th,Fe;_,(20nm)/Co(2 nm) samples measured at room temperature in
dependence on the external magnetic field. The error bars represent the statistical
errors of the THz peak-to-peak amplitudes.

102



7.4 Room-temperature terahertz emission results

T T T T T T B 150 T T T T T ] 100 = T T T T

0.3 0.3 0.20 | 1100

75 L

0.2 0.2

. 0 o010 50
0.1 150 0.1 ] I I
‘ 25 0.05 25

3
g
S —
2 S
= ] x
IS A x=0.55 x=0.60 T . x=0.70 1 =
© 00— . Ty 00— . fp 00— . fp 5
A(‘U 0 200 400 0 200 400 0 200 400 -g
o)
L g 0.06 8
3 [ 100 100 03 @
1 B ()]
X~
w 009r% 75 0.04 H 75 ~
Q 006 ' 1 0.02 pg6F?
E ' - —A— THz amplitude 7 20 0.02 50
= —O0— magnetization ] : ] 11
0.03 425 25 0.0
x=0.80 1
ooot—rm—r—m—— 0 0.00 L1 0.00 L
0 200 400 0 200 400 0 200 400

External magnetic field u,H (mT)

Figure 7.12: THz peak-to-peak amplitude (pump fluence @ = 0.75mJ/cm?) and magnetization of
sub./Pt(5nm)/Th,Fe;_,(20nm)/Co(2 nm) samples measured at room temperature in
dependence on the external magnetic field. The error bars represent the statistical
errors of the THz peak-to-peak amplitudes.

with (a) x = 0.10 and (b) z = 0.55. For « = 0.10, the loops of the THz amplitude and the
magnetization have an almost identical shape. For the sample with x = 0.55, however, the
THz amplitude shows an entirely different dependence on the applied magnetic field than
the magnetization. The THz amplitude even shows an increase for decreasing applied fields
in the region of small positive field values 60 mT < pgH < 120mT and the inverted field
dependence for increasing applied fields. Therefore, this behavior gives a strong indication for
the mentioned canted state between the FI sublattices and also points to a strong magnetic
field dependence of the canting. To clarify this behavior, element-specific M (H) loops that

are beyond the scope of this work would be needed.

For samples with high Tb content, which are paramagnetic at room temperature, the THz
emission again mainly follows the in-plane magnetization. However, both absolute values,

the THz amplitude as well as the magnetization, in this composition region are small.

7.4.3 Composition dependence of the terahertz amplitude

The dependence of the THz peak-to-peak amplitude on the Tb content, measured with a
pump fluence ® = 0.75mJ/cm? at a constant applied magnetic field ugH = 544mT, is
displayed in figures 7.16a and 7.16b (red triangles) for the series with Co and SigNy capping
layers, respectively. Compared to the pure Pt/Fe bilayer, the THz amplitude first increases

with rising Tb content x and then drastically decreases to a minimum at x = 0.4. For higher
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Figure 7.13: THz peak-to-peak amplitude (pump fluence ¢ = 0.75mJ/cm?) and magnetization of
sub./Pt(5nm)/Th,Fe;_,(20nm)/SizN4 (5 nm) samples measured at room temperature
in dependence on the external magnetic field. The error bars represent the statistical
errors of the THz peak-to-peak amplitudes.
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Figure 7.14: THz peak-to-peak amplitude (pump fluence ¢ = 0.75mJ/cm?) and magnetization of
sub./Pt(5nm)/Th,Fe;_, (20 nm)/SizN4 (5 nm) samples measured at room temperature
in dependence on the external magnetic field. The error bars represent the statistical
errors of the THz peak-to-peak amplitudes.
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Figure 7.15: Room-temperature THz peak-to-peak signal and magnetization in dependence on the
applied magnetic field of (a) sub./Pt(5nm)/Thg.10Feq.9(20nm)/Co(2nm) and (b) sub./
Pt(5nm)/Tbg.0.55Fe0.45(20 nm)/Co(2nm) samples. The black arrows show the sweep
direction of the applied magnetic field. The error bars represent the statistical errors
of the THz peak-to-peak amplitudes.

Tb contents, the amplitude again increases up to a local maximum at z = 0.5 until it gradually

vanishes for x > 0.6.
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Figure 7.16: (a) and (b) show the THz amplitudes of sub./Pt(5nm)/Tb,Fe;_,(20nm)/cap. sam-

ples in dependence on the Tb content x of the series with Co and SigNy4 capping lay-
ers, respectively. The THz amplitudes |AeTXI§’Z (red triangles) were measured at room
temperature with a pump fluence ¢ = 0.75mJ/cm? and an applied magnetic field
pwoH = 544 mT. The error bars represent the statistical errors of the peak-to-peak
amplitudes and an additional error of 1.8% that is caused by small variations in the
mounting of the samples. The blue circles display the results of the model |A¥1§Zry|,
which is described in detail in the main text. (c) and (d) show the measured magneti-
zation values for poH = 544 mT and poH = 7T as well as M (544 mT)/M(7T) of the
two sample series with respect to x, which were used in the model. The shaded area
represents the composition region for which the Th,Fe;_, layers are in a paramagnetic

state at room temperature.

This composition dependence can be understood by taking into account the different factors

that play a role in the emission process. (i) The spin current Js is mainly driven by the Fe 3d

electrons and therefore directly scales with the amount of Fe (1 — z) in the Th,Fe;_, layer.
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This leads to a linear decrease in the THz amplitude with increasing z. (ii) As discussed in
the previous section, the number of excitable spin-polarized (mainly Fe) electrons also scales
with the in-plane spin-polarization of electrons close to the Fermi energy Fr and is therefore
connected to the in-plane magnetization of the Fe magnetic sublattice. Consequently, the
THz emission amplitude is smaller for Tb,Fe;_, layers that show a high K. and, therefore,
cannot be magnetically saturated along the in-plane axis. (iii) As shown in section 7.3,
figure 7.7, the THz emission efficiency shows a substantial increase with rising x, especially
for small z, which is also reflected in the THz emission amplitude.

With regard to these aspects, a simple phenomenological model has been developed to qual-

itatively model the THz emission amplitude ]AtThfIZry(xﬂ in dependence on the Tb content z:

M (z)

Ar” (@) =@ Z() - (1 =) g

. (7.2)

The sample impedance Z(z) is proportional to the THz emission efficiency C(x,w). The num-
ber of Fe electrons is represented by the Fe content (1 — ). The in-plane spin-polarization
close to the Fermi level Ep is approximated by M (z)/Mg(z), with the magnetization M (x)
that is measured for the in-plane magnetic field that is applied for the THz emission exper-
iment (here poH = 544mT) and the saturation magnetization Mg, for which M(7T) was
used. M (z)/Mg(x) only gives a rough estimation of the spin polarization close to Ey, as the
magnetization of the Fe and Th magnetic sublattices might be in a canted state for some of
the samples (see previous sections). Furthermore, in general, the measured net magnetiza-
tion does not scale linearly with the spin-polarization close to the Er. However, M (x)/Msg(z)
takes into account the influence of the magnetic anisotropy of the samples that has a major
influence on the number of excitable spin-polarized electrons. The values of M (x), Mg(x),
and M (x)/Mg(x) in dependence on the composition are shown in figures 7.16¢ and 7.16d for
the series with Co and SigNy capping layer, respectively. All parameters that are assumed to
be independent of the composition are summarized in the proportionality factor «, includ-
ing the spin Hall angle of the Pt layer 0, p¢, the relaxation length of the spin current Jj
within the Pt layer Al pt, as well as interface effects. a was chosen to match the model for
the sample with x = 0 with the measured amplitude. ]AtThfIZry(m)] is plotted in figures 7.16a
and 7.16b with blue circles.

Despite the simplicity of the model, ]A%lg;ry] shows a good qualitative agreement with the

measured THz amplitudes. The maximum of the amplitude for small x as well as the local
minimum for £ = 0.4 and the local maximum for x = 0.5 are reflected in the model. However,
the model has a few drawbacks. (i) No absolute values for the THz amplitude can be esti-
mated. M (z)/Ms(x) gives a good approximation for the effect of the magnetic anisotropy on

the THz amplitude. However, due to the normalization to Mg(z), the total spin-polarization
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7 Spintronic Pt/Tb,Fe;_, terahertz emitters

(especially close to Ep) that is partially reflected in the absolute value of M (x) is not in-
cluded in the model. The total number of excitable electrons is just included by the number
of Fe electrons (1 — x). Therefore, only a qualitative dependence of the amplitude on the Tb
content x can be determined. (ii) The model cannot be applied to the paramagnetic samples
(z 2 0.6) as no magnetic saturation can be achieved for these samples with applied magnetic
fields poH = 7T. (iii) Composition-dependent interface effects are completely neglected. For
example, a different level of intermixing between the Th,Fe;_, and the Pt layer occurring
during the film deposition that is likely to be dependent on the Tb content x might play a
role in the THz amplitudes.

7.5 Low-temperature results

Besides room-temperature measurements, also preliminary investigations on selected emitters
with SisNy capping layers at low temperatures (=~ 80K) have been performed. Therefore,
in-plane and out-of-plane SQUID-VSM M (H) loops were recorded at T' = 79K (see ap-
pendix A.3, figure A.9), and the effective magnetic anisotropy Keg was estimated. Figure7.17
displays (a) Keg and (b) Keg/Mg. A similar behavior compared to the room-temperature
results can be observed. However, the composition region with an out-of-plane magnetic
easy axis is shifted toward lower Th contents as the magnetization of the samples becomes
more Th-dominated at low temperatures. Furthermore, for all samples, the Curie tempera-

ture is clearly above 79K (see figure 7.4d). Therefore, the samples with high Tb content are
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Figure 7.17: (a) shows the effective magnetic anisotropy Keg of sub./Pt(5nm)/Tb,Fe;_,(20nm)/
SigN4(5hnm) samples at a temperature of 79 K with respect to the Tb content x. (b)
displays the values of K¢ divided by the saturation magnetization Mg of the respective
samples.
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Figure 7.18: (a) shows the THz electrical conductivities (the error bars are mainly derived from the
assumed uncertainty of the film thicknesses) and (b) the impedance values of sub./
Pt(5nm)/TbyFe;_,(20nm)/SigN4(5nm) samples measured at room temperature and
85 K with respect to the Tb content z.

in a FI (or FM, for z = 1) state and show an in-plane magnetic easy axis. The electrical
conductivities in the THz frequency regime as well as the THz emission properties at 85K
have been determined by Dr. Robert Schneider at the University of Miinster (see section 5.6
and [299] for details on the measurement setups). Figure 7.18 shows (a) the THz conductiv-
ity orp, and (b) the impedance Z in dependence on the Tbh content x in comparison with
the room-temperature results. A similar qualitative dependence of o1y, and Z on z as for
the room-temperature measurements can be observed. However, at 85K, the conductivity
of the samples is slightly increased, and accordingly, the impedance slightly decreased.

Figure 7.19 shows the low-temperature THz emission spectroscopy results, measured with a
pump fluence ® = 0.75mJ/cm? and an applied magnetic field pgH = 103mT. Please note
that the measurements were performed in air atmosphere. The shape of the measured THz
signals displayed in figure 7.19a shows a comparable dependence on the Tb content x as the
room-temperature results for z < 0.6 (see figure7.9). Also, at low temperature, the signal
inversion, which can be observed between the samples with = 0.28 and x = 0.4, appears
at a Tb content that is clearly above the magnetic compensation composition at 85 K, which
is expected at a Th content = < 0.24 (see figure 7.4b). As the samples with > 0.6 change
from a paramagnetic state at room temperature to a FI (or FM, for x = 1) state at low
temperatures, the measured THz signals are significantly stronger at 85 K. Furthermore, a
change of the signal shape for x > 0.8 can be observed, that is also reflected in the corre-
sponding frequency spectra displayed in figure 7.19b as a shift toward lower frequencies. Due

to the air atmosphere in which the measurements were performed, water absorption lines
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Figure 7.19: THz emission spectroscopy results of sub./Pt(5nm)/Tb,Fe;_, (20 nm)/SizN4(5nm)

samples, measured with a pump fluence ¢ = 0.75mJ/cm? and an applied magnetic
field poH = 103mT at a temperature of 85K. (a) shows the measured THz electro-
optic signals for samples with different Th content x. The signals were normalized to
the maximum of their absolute values to allow for a comparison between the signal
shapes. (b) displays the corresponding frequency spectra of selected samples that are
also normalized to their respective maxima. (c) shows the THz RMS amplitudes AT},
measured at a temperature of 85 K in comparison to the room-temperature results, as
well as the modeled THz amplitudes |A%2°"| for 85 K. The gray circles represent values
of the model for which interpolated THz conductivity values were used. The shaded
area displays the compositions for which the signal shapes change significantly. The
error bars represent the statistical errors of the RMS amplitudes and an additional

error of 1.8% that is caused by small variations in the mounting of the samples.

are observable in the spectra. The THz amplitudes in dependence on x are displayed in

figure 7.19¢c. As the signal shape significantly differs for samples with x < 0.7 compared to

110



7.6 Summary

samples with x > 0.8, the peak-to-peak amplitude, which is dependent on the signal shape, is
not a good measure to compare the amplitudes of the different samples. Therefore, the THz
RMS signal has been used for the comparison of the amplitudes of the different samples. The
low-temperature results show a similar qualitative dependence on = as the room-temperature
amplitudes. However, a few differences can be observed. (i) The strong decrease in the ampli-
tude that is caused by the out-of-plane magnetic easy axis of the samples shifts toward lower
x values, as the magnetic compensation point and, therefore, also the composition region for
which the samples have an out-of-plane magnetic easy axis shifts toward lower = at 85 K.
(ii) The THz amplitudes for x > 0.4 are strongly enhanced at low temperatures. This can
be explained by a higher spin polarization at low temperatures but also by the lower values
of K¢ compared to the room-temperature values. (iii) Especially the sample with x = 1
shows a significantly higher THz signal. This, as well as the change of the signal shape of
the samples with > 0.8, could indicate the influence of spin-polarized Tb electrons on the
emission process. However, further investigations that are beyond the scope of this work are

necessary to clarify this behavior.

Also, for the low-temperature results, the THz amplitude can be qualitatively modeled by
equation 7.2, using the same assumptions as for the room-temperature results. Furthermore,
it is assumed that also at low temperatures, the absorption of the laser pump pulse is inde-
pendent of the Tb content x. The modeled THz amplitudes are also plotted in figure 7.19c.
As the signal shape significantly changes for x > 0.8, and a stronger influence of the Tb
electrons is expected for these samples, the model is not suitable for describing the ampli-
tudes for x > 0.8. It is therefore only applied to the samples with z < 0.7. The model
qualitatively agrees with the measured amplitudes. The deviations can be explained, for
example, by canted states between the Fe and Th magnetic sublattices that are not included
in the model. Furthermore, it should be noted that for the samples with = 0.05, z = 0.15,
and x = 0.28, no electrical conductivities have been determined, and therefore linear inter-
polations have been used for the estimation of these values. Especially for the sample with
x = 0.05 an overestimation of the conductivity is expected, which leads to an underestimation

of the impedance and accordingly to the modeled amplitude.

7.6 Summary

In the presented study, the static magnetic properties, as well as the spintronic THz emission
characteristics after excitation by femtosecond laser pulses of Pt(5nm)/Tb,Fe;_,(20 nm) bi-
layers at room temperature, have been systematically investigated in dependence on the Tbh
content 0 < x < 1. It could be shown that the emitted THz signal is mainly caused by
laser-excited spin-polarized Fe 3d electrons that give rise to a spin current into the Pt layer,

where it is converted into a charge current pulse by the inverse spin Hall effect, leading to the
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7 Spintronic Pt/Tb,Fe;_, terahertz emitters

emission of THz radiation. Therefore, the emission amplitude follows the in-plane magneti-
zation of the Fe magnetic sublattice of the Th,Fe;_, layers that gives a rough measure of the
excitable spin-polarized 3d electrons. This also leads to a composition-dependent inversion
of the THz signals close to the magnetic compensation point. The composition dependence
of the THz emission amplitude for an applied in-plane magnetic field poH = 544 mT could
be qualitatively described by a simple phenomenological model using only the measured elec-
trical conductivity, the absorption of the laser pump pulses, the net magnetization, and Tb
content of the samples. Especially for low Tbh contents 0 < x < 0.15, the substantial decrease
in the electrical conductivity with rising x has been demonstrated to cause a strong increase
in the THz emission efficiency and, accordingly, the measured THz amplitude. For higher
Tb contents 0.15 < x < 0.5, the THz amplitude has been found to be intensely dependent on
the magnetic anisotropy of the samples, as the applied magnetic field is not sufficient to sat-
urate the samples in in-plane direction for samples with large effective magnetic anisotropies.
Accordingly, the THz amplitude shows a local minimum at x = 0.4 that correlates with a
maximum in the measured effective magnetic anisotropy. For x 2 0.6, only small THz ampli-

tudes could be observed, as the samples were in a paramagnetic state at room temperature.

Besides the investigations at room temperature, also first measurements on selected samples
at low temperatures (7' ~ 80 K) have been performed. The THz emission of Tbh-rich samples
is strongly enhanced at low temperatures, as the Tb,Fe;_, layers that are in a paramagnetic
state at room temperature become FI (or FM, for z = 1) at low temperatures. For samples
with x < 0.7, the composition dependence of the emitted THz radiation at low temperatures
can still be qualitatively described by the model developed for the room-temperature results.
However, for higher Tb contents, the THz signal significantly changes, indicating that the
excitation of spin-polarized Th electrons might give a significant contribution to the emitted

signal.

At both temperatures, especially for samples with compositions close to the magnetic com-
pensation point that also exhibit large effective magnetic anisotropies, the interpretation of
the measured THz signals is challenging. The results of the magnetic and THz emission prop-
erties give a strong indication for complex canted states between the Fe and Tb magnetic
sublattices. These magnetic states could be revealed by element-specific magnetic measure-

ments of the Th and Fe magnetic sublattices that might be the subject of future works.

The study demonstrated that the THz emission properties of FI/NM bilayer systems can
be systematically tailored by varying the magnetic properties of the samples. Especially the
composition-dependent inversion of the THz signal also motivated the investigations on the

Pt/Gd,Fe;_, emitter systems presented in the following chapter.
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CHAPTER 8

Spintronic Pt/Gd,Fe;_, terahertz emitters

In the study presented in this chapter, the magnetic and spintronic THz emitting properties
of FI Gd,Fe;_, thin films combined with Pt layers have been investigated with respect to
the Gd content x. The study was a follow-up work on the investigations on the Pt/Tb,Fe;_,
spintronic THz emitter system presented in the previous chapter. The THz emission proper-
ties of the Pt/Gd,Fe;_, system are expected to be comparable to the emitters with Th,Fe;_,
alloys, as also for the Gd,Fej_, alloys, mainly the Fe electrons will be excited by the femtosec-
ond laser pulse and therefore contribute to the THz emission process. However, in contrast
to the Th,Fe;_, layers, the Gd,Fe;_, films exhibit a lower effective magnetic anisotropy, and
therefore, the magnetization can be saturated in the in-plane direction with smaller applied
magnetic fields. Furthermore, the Gd and the Fe magnetic sublattices are expected to be
more collinearly aligned. Also, for this study, Pt has been chosen as NM layer due to its large
spin Hall angle (+1.2% < s, < +11% [271, 294, 295]). Furthermore, this also allows for
a direct comparison of the THz emission properties of Gd,Fe;_, layers with the Tb,Fe;_,
layers. THz emission spectroscopy as well as magnetic measurements with different applied
magnetic fields and temperatures have been performed to characterize the samples. The
phenomenological model presented in the previous chapter has been applied for a qualitative

description of the THz emission amplitude in dependence on the Gd content z.

The results were achieved in collaboration with Dr. Robert Schneider, Jannis Bensmann,
Dr. Steffen Michaelis de Vasconcellos, and Prof. Rudolf Bratschitsch from the University of

Miinster. The room-temperature results are predominantly published in [394].

8.1 Sample preparation and structural characterization

A series of sub./Pt(5nm)/GdzFe;_,(20nm)/SisN4(5nm) samples with varying Gd content
0 <z <1 was prepared by magnetron sputtering at room temperature (see chapter 4 for de-
tails). The Gd,Fe;_, alloys were deposited by co-sputtering from elemental targets. DC sput-
tering was applied for the Pt, Fe, and Gd targets. The SigNy layers were deposited by RF sput-
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8 Spintronic Pt/Gd,Fe;_, terahertz emitters

tering from a stoichiometric compound target. The samples were prepared on 500 pm thick
Al;03(0001) substrates, polished on both sides, for the THz spectroscopy experiments as well
as on 525 pm thick p-doped Si(100) substrates with a 100 nm thick thermally oxidized SiOg
layer on which all other measurements have been performed. Also, for this series, the similar
polycrystalline growth of the Pt seed layers on the different substrates (see appendix A.2, fig-
ure A.1 for transmission electron microscopy images of sub./Pt(3nm)/Fe(3 nm)/SizN4(5nm)
grown on AlyO3 and Si/SiOy substrates) allows for the direct comparison of the magnetic
properties measured on the layer stacks grown on Si/SiO2 with the THz spectroscopy re-
sults measured on the films grown on Al;O3. The Pt also prevents the Gd,Fe;_, layer from

reacting with the substrate.

RBS measurements were carried out to check the composition of the alloys and the layer thick-
nesses. Unfortunately, only for four of the samples RBS measurements could be performed,
as the RBS setup has been out of order since then. Thus, additionally, EDX measurements
have been carried out on all samples. The RBS and EDX results are summarized in figure 8.1.
Subfigure (a) shows the measured Gd content Zexp, (¢) and (e) display the Gd,Fe;_, and Pt
layer thicknesses with respect to the nominal Gd content x.,; of the different samples. In order
to determine the statistical error of the EDX measurements, for the sample with z = 0.67, the
measurements were repeated 15 times under different conditions. Two series of measurements
were carried out with an integration time of 100s. For the first of these series, the measure-
ments were repeated without varying the sample position, whereas, for the second series, the
sample was removed and remounted for each measurement. Additionally, a series with a fixed
sample position and an integration time of 200 s has been performed. The results of the mea-
sured Gd contents are displayed in (b). The measured layer thicknesses of the Gdgg7Feq.33
and Pt layers are shown in (d) and (f), respectively. For all measurement series shown in (b),
(d), and (f), the average values (marked with the thick colored lines) and the standard devi-
ations (marked with the thin dashed colored lines and the arrows) were determined. Almost
similar standard deviations of the measured Gd contents between 0.7% and 1.0% of the aver-
age values could be observed. The layer thicknesses show standard deviations with respect to
the average values between 0.7% and 1.1% for the Gdg g7Feq.33 layer and between 1.0% and
1.4% for the Pt layer. Variations in the sample mounting seem to have only a minor influence
on the measurements. Increasing the integration time by 100s leads to a slight reduction of
the standard deviation with respect to the average values of about 0.4%. However, as the
errors due to the necessary background correction and the fitting of the measured peaks are
expected to clearly exceed the determined small statistical errors, an integration time of 100s
has been used for the measurements of all samples. The determined standard deviations are
used for the error bars in the subfigures (a), (c), and (e). In comparison to the nominal values
(dashed black curve), the EDX measurements reveal systematically higher Gd contents for

all samples. The strongest deviation from the nominal value of Az = +0.097 can be observed
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Figure 8.1: (a,c,e) EDX and RBS results of the sub./Pt(5nm)/Gd,Fe;_;(20 nm)/SizN4 (5 nm) sam-
ple series. (b,d,f) EDX results for = 0.67 of repeated measurements, performed with
100 s and 200 s integration time for fixed and varied sample positions. The average values
are marked with the thick colored lines, the standard deviations, which are also used for
the error bars in (a,c,e), with dashed colored lines and arrows.
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for the sample with x.,; = 0.15. In contrast to the EDX measurements, the compositions
measured by RBS show significantly smaller deviations from the nominal values. However,
also here, the measured Gd content of the sample with z¢,; = 0.15 is almost as high as for
the sample with z.,) = 0.2. As the magnetization measurements that were later on carried
out on this sample also gave strong indications for a significantly higher Gd content, this
sample has been excluded from the following discussions. To further cross-check the EDX
results, scanning electron microscope EDX line scans have been performed on the samples
with a1 = 0.2 and zc, = 0.67 (see appendix A.4, figure A.10). The determined average
composition values with their respective standard deviations are displayed in (a) with yellow
diamonds. Similar to the RBS values, the Gd contents determined by scanning electron mi-
croscope EDX line scans are lower than those measured with the integrating energy-dispersive
X-ray spectrometer. Thus, the Gd contents determined by integrating EDX are presumably
shifted by a systematic error toward higher values. Furthermore, large variations of the Gd
contents determined by the integrating EDX of up to Az = 0.05 have been observed for
a different energy interval used for the fitting of the peaks. Due to this sensitivity in the
fitting of the peaks, further calibration measurements with other measurement techniques
would be necessary to calibrate the integrating EDX device for the determination of the Gd
and Fe contents. Therefore, the values can be used only for a rough quality control. The
determined layer thicknesses of the Gd,Fe;_, films with x > 0 in (c) show systematically
smaller values than the nominal thicknesses. However, the layer thickness of the Gd,Fe;_,
layers is strongly correlated with the layer composition and therefore, also here, the errors
might be large. Unfortunately, for the RBS measurements of the samples with zc, = 0.15,
Teal = 0.2, and Tea = 0.3, which were performed with *He™™ particle energies of 6 MeV,
no exact background correction could be performed due to multiple reflections of the 4He™™
particles in the substrate. Thus, as only for the pure Pt/Fe bilayer (that was taken from the
Pt/Th,Fe;_, series) a reference value that was determined by a different technique exists,
also the determined thickness values should only be used for a rough quality control of the

deposition processes to determine substantial deviations within one sample series.

For the reasons mentioned above, the nominal values and not the values determined by
integrating EDX are used for the following discussion, and a maximum error of the film

thicknesses of £15% is assumed.

8.2 Magnetic properties

SQUID-VSM M (H) and M (T) measurements were carried out to determine the magnetic
properties of the Gd,Fe;_, films in dependence on the Gd content x. The room-temperature
M (H) loops measured in in-plane and out-of-plane direction are displayed in appendix A.4,
figure A.11.
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Figure 8.2: (a) shows the effective magnetic anisotropy Keg of sub./Pt(5nm)/Gd,Fe;_,(20nm)/
SisN4(5nm) samples at room temperature with respect to the Gd content z, calculated
from M (H) loops that were measured in in-plane and out-of-plane direction. The Keg
values divided by the saturation magnetization Mg are plotted in (b). The shaded area
marks the composition region for which the Gd,Fe;_, layers are clearly paramagnetic
at room temperature, and therefore no K.g values could be determined.

Figure 8.2 shows the estimations for the effective magnetic anisotropy at room temperature
that were derived from the M (H) loops by the method described in subsection5.4.3. The
effective magnetic anisotropy Keg is displayed in subfigure (a), whereas (b) shows the values
of K divided by the saturation magnetization Mg of the samples. For Gd contents z < 0.2
and z > 0.3, the magnetic shape anisotropy Kgnape dominates Keg due to the high Mg of
the samples, leading to an in-plane magnetic easy axis. Only for sample compositions close
to the room-temperature magnetic compensation point, i.e., x = 0.2 and x = 0.25, the low
Mg and consequently the small Kgpape of the samples lead to an out-of-plane magnetic easy
axis due to the short-range chemical order in the films (see subsection 2.6.3 for more details).
In contrast to the Th,Fe;_, samples, even the Gd,Fe;_, films that show an out-of-plane
magnetic easy axis can be saturated in-plane with relatively small applied magnetic fields.
The samples with = > 0.6 are in a paramagnetic state at room temperature, and therefore

no K.g values could be determined.

Figure 8.3 displays the in-plane M (T) curves. Positive magnetization values are used for
samples with a Gd-dominated net magnetization, and negative values for samples with a
Fe-dominated net magnetization. For all of the shown measurements, the samples were first
saturated at room temperature at poH = 7T and then cooled to 40K (or 5K for the samples
with = 0, x = 0.67, and = 0.74) with the field still applied. The measurements were
subsequently carried out after reduction of the applied magnetic field to a small guiding field

value in a temperature sweep mode (10 K/min) while heating up the samples to 400 K. For the
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Figure 8.3: M(T) curves of sub./Pt(5nm)/Gd,Fe;_,(20nm)/SizgN4(5nm) samples measured in in-
plane direction. The samples were first saturated at room temperature with an external
magnetic field poH = 7T. Afterward, the samples were cooled down to 40K (or 5K, for
the samples with = 0, z = 0.67, and = = 0.74). The applied field was then reduced
to the guiding field value, and the magnetization was recorded while heating the sample
up to 400K in a temperature sweep mode. The dashed lines mark the compensation
point. For this figure, Fe-dominated magnetization values were defined as negative, Gd-
dominated values as positive. The room temperature (300 K) is marked with the dotted
line.

sample with x = 0.25, a guiding field of ugH = 140 mT was applied during the measurement
in order to gain an in-plane alignment of the magnetic moments at all temperatures. All
other measurements have been performed with smaller applied guiding fields 0mT < pgH <
10mT. Samples with x < 0.2, show a Fe-dominated net magnetization. For z > 0.25,
the Gd magnetic sublattice dominates the net magnetization. The Curie temperature T¢
systematically decreases with rising Gd content. For samples with = < 0.6, T is above

300K, and the samples are in a FI (or FM, for x = 0) state at room temperature.

8.3 Room-temperature electrical and optical properties

Also, for this sample series, the room-temperature electrical and optical properties of all
samples have been measured in order to determine the THz emission efficiency C(w) in

dependence on the Gd content .

The transmission 7" and reflection R of the 1.53 eV laser pump pulses, which were later on used
for the THz emission spectroscopy, were measured by Dr. Robert Schneider at the University
of Miinster (see [299] for the used measurement setup), and the absorption A was calculated
by equation6.1. The results are shown in figure8.4. Similar to the previously investigated

Pt/Th,Fe;_, samples, slightly decreasing values of the reflection and increasing values of the
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Figure 8.4: Transmission T, reflection R, and absorption A of the 1.53¢eV pump laser in sub./
Pt(5nm)/Gd,Fe;_, (20 nm)/SisN, (5 nm) samples with different Gd content = measured
at room temperature.

transmission with rising = can be observed. The absorption shows an almost constant value
of approximately 0.32. The electrical conductivities of the samples in the low THz regime
have been determined by time-resolved THz transmission spectroscopy experiments that were
also performed at the University of Miinster by Dr.Robert Schneider (see [299] for details
on the measurement setup). For all samples, an almost frequency independent conductivity
could be measured. Therefore, the average values over the frequency range 0.78 THz—-2.5 THz
are used for further discussions. Figure 8.5a shows the determined THz conductivities oy,
(red triangles) in comparison to DC conductivity values opc (gray triangles) determined by
four-point resistivity measurements and the results for the Pt/Th,Fe;_, samples discussed
in the previous chapter (blue circles) with respect to the rare-earth content x. The error bars
mainly represent the assumed film thickness error of 15% (see section8.1). oy, and opc
show matching values within the error range. In contrast to the Pt/Th,Fe;_, samples, the

Pt/Gd,Fe;_, samples show slightly lower conductivities.

As also for the Pt/Gd,Fe;_, series, the absorption of the laser pump pulses, as well as the
thickness of the spintronic layer stack ¢ = tpy + tqqre, iS approximately constant for all
samples, the THz emission efficiency C(z,w) given in equation 3.9 is again proportional to

the sample impedance Z(x,w), which is approximately independent of the wavelength:

1
Cz,w) ~ Z(z,w) = Z(x) ~ (1 & 12/ Z0 T orm(@) 1 (8.1)

with the vacuum impedance Zy = 377€) and the refraction indices n1 ~ 3.07 of the Al,Og3
substrate at 1 THz [299] and ny &~ 1.00 of nitrogen. The calculated impedance values of the
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Figure 8.5: (a) shows the room-temperature electrical conductivities of the sub./Pt(5nm)/
Gd,Fe1_»(20nm)/SisNy(5nm) sample series in comparison to the sub./Pt(5nm)/
Tb,Fe;_,(20nm)/SizNy4(5nm) series discussed in the previous chapter with respect to
rare-earth content x. The error bars are mainly derived from the assumed uncertainty
of the film thicknesses. (b) displays the corresponding impedance values of the samples.

Pt/Gd,Fe;_, series are shown in comparison to the Pt/Tb,Fe;_, series in figure 8.5b with

respect to the rare-earth content zx.

8.4 Room-temperature THz emission results

Also, for the Pt/Gd,Fe;_, sample series, THz emission spectroscopy measurements with
varying external magnetic fields were performed by Dr. Robert Schneider with the measure-
ment setup described in section 5.6 in the measurement geometry displayed in figure 8.6. The
laser excitation of electrons in the magnetic layer above the Fermi level leads to the formation
of a superdiffusive spin current Js from the magnetic Gd,Fe;_, layer toward the nonmag-
netic Pt layer, in which Js is converted by the inverse spin Hall effect into a transverse charge
current J., that leads to the emission of electromagnetic radiation in the THz frequency
regime (see section 3.3). For the Pt/Gd,Fe;_, emitter system, it is expected that mainly the
spin-polarized Fe 3d electrons that are energetically located close to the Fermi energy Er will
contribute to Js. The spin-polarized Gd 4f electrons that give the main contribution to the
magnetic moment of the Gd are energetically located about 7-9eV [395, 396] below Er and
can therefore not be efficiently heated by the 1.53eV pump laser pulses. However, a small
contribution of the Gd to Js might be given by the slightly spin split s, p, and d bands. [395]
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1.53 eV, 60 fs

Figure 8.6: Illustration of the excitation geometry that was used for the THz emission spectroscopy
measurements performed on the sub./Pt(5nm)/Gd,Fe;_,(20nm)/SigN4(5nm) sample
series.

8.4.1 Composition dependence of the terahertz electro-optic signals and

dependence of the THz amplitude on the applied magnetic field

Figure 8.7a shows the normalized THz signals of different samples. The corresponding fre-
quency spectra are displayed in appendix A.4, figure A.12. Between x = 0.2 and « = 0.25
an inversion of the THz signals can be observed. In analogy to the previously discussed
Pt/Tb,Fe;_, emitters (see chapter 7 [384]), as well as studies on Pt/Gd;Co;_, [327] and
Pt/Gdo.25(Feo.875C00.125)0.75 [326] emitters, this inversion can be explained by the dominant
contribution of the Fe electrons to Js. For Gd contents x < 0.2, the net magnetization is
dominated by the Fe magnetic sublattice. Thus, the Fe magnetic moments are aligned paral-
lel to the external magnetic field. For x > 0.25, the net magnetization is Gd-dominated, and
consequently the Fe magnetic moments are aligned antiparallel to the applied magnetic field.
As the charge current J. ~ 0s,Js x M /|M| and accordingly the THz signal is proportional
to the magnetization direction M /|M/| of the Fe magnetic sublattice, the inversion of the
THz signal is expected at the magnetic compensation point. Therefore, the results agree well
with the M (T') measurements shown in figure8.3. For = > 0.6, the THz signal significantly
changes. This can be attributed to a different THz generation process that is discussed in

subsection 8.4.2.

Figure 8.7b shows the dependence of the THz peak-to-peak signals and the magnetization
(taken from the SQUID-VSM loops displayed in appendix A.4, figure A.11) on the applied
magnetic field. For all samples, the THz amplitude clearly follows the magnetization, as the
in-plane alignment of the Fe magnetic moments is directly correlated with the net magneti-

zation.
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Figure 8.7: THz emission spectroscopy results of Pt(5nm)/Gd,Fe;_,(20nm)/SisN4(5nm) samples
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with different Gd content z measured at room temperature with a laser pump fluence
@ = 0.75mJ/cm?. (a) displays the normalized THz electro-optic signals measured with
an applied magnetic field poH = 200mT. (b) shows the THz peak-to-peak amplitude
in comparison with the magnetization in dependence on the applied magnetic field. The
error bars represent the statistical errors of the RMS amplitudes.



8.4 Room-temperature THz emission results

8.4.2 Results for different excitation directions and Gd,Fe, , single-layer

samples

To further investigate the signal change between z = 0.4 and * = 0.6 and the influence
of THz radiation directly caused by the ultrafast demagnetization of the magnetic layers,
THz emission spectroscopy measurements with different excitation geometries have been
performed on the sub./Pt(5nm)/Gd,Fe;_,(20nm)/SisNg(5nm) as well as on single-layer
sub./GdgFe1_,(20nm)/SigN4(5 nm) reference samples. The reference samples have been pre-
pared similar to the bilayer samples on 500 pm thick Al;O3(0001) substrates by magnetron
sputter deposition. The measured THz electro-optic signals of the bilayers in comparison
with the reference samples are displayed in figure 8.8. All bilayer samples show a clear inver-
sion of the THz signals for the excitation from opposite sides, indicating that the emission
process is mainly driven by a spin-to-charge current conversion via a spin-dependent Hall
effect. However, especially for the pure Pt/Fe bilayer (x = 0), the amplitude of the signal is
significantly lower for the excitation from the capping-layer side. The lower signal is caused
by the absorption of the THz radiation in the substrate as well as by a contribution to the
signal that is caused directly by the ultrafast demagnetization of the Gd,Fe;_, layer (see
section 3.2). As the signal that has its origin in the ultrafast demagnetization is only depen-
dent on the magnetization direction (Ey ~ %) and not on the excitation direction, this
signal either adds up constructively or destructively with the signal caused by the inverse
spin Hall effect in the Pt layer, depending on the excitation direction. The contributions to
the signal that are not caused by the inverse spin Hall effect in the Pt layer can be estimated
by the measurements on the single-layer reference samples. For x < 0.4, the signals of the
single-layer samples show no inversion for excitation from the different sample sides and can
therefore be attributed to the ultrafast demagnetization of the Gd,Fe;_, layers. The highest
signal can be observed for the sample with x = 0. With regard to the different emission
efficiencies of the single and bilayer samples, for the Pt/Fe, the signal caused by the ultrafast
demagnetization can be estimated to be approximately 14%. For increasing Gd contents
(x < 0.4), this contribution decreases to less than 1.5% (i.e., below the uncertainties of the
measurements). The single-layer samples with « > 0.6, however, show high signals that are
inverted for the different excitation directions. Thus, ultrafast demagnetization can be ex-
cluded as the dominant THz excitation mechanism for these compositions. Depending on the
Gd content x and the excitation direction, the THz peak-to-peak amplitudes of the single
layers show values between 42% and 131% of the amplitudes of the respective bilayer sam-
ples. A possible scenario would be a spin-to-charge current inversion via the anomalous Hall
effect in the Gd,Fe;_, layers. Seifert et al. [397] measured an almost frequency independent
anomalous Hall angle up to 40 THz of approximately 2.6% of a Gdg.27Feq.73 sample, which
agrees well with the results of DC measurements presented in previous studies [398, 399].

Zhang et al. [400] reported on the THz emission of different FM single layers (FeggMng 2,
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THz electro-optic signals of sub./Pt(5nm)/Gd,Fe;_,(20nm)/SisN4(5nm) (red lines)
and sub./GdzFe;_,(20nm)/SigNy(5nm) (blue lines) samples with different Gd con-
tent x, measured at room temperature with laser excitation from the substrate (sub.,
dashed lines) and from the capping layer (cap., solid lines) side with an in-plane applied

magnetic field pgH = 200mT.
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(Fep.sMng .2)0.67Pt0.33, Cop.2Fep 6Bo.2, NiggFep2) via the anomalous Hall effect. The spin cur-
rent generation in that study is explained by a different interface reflectivity for the electrons
at the used quartz substrate compared to the MgO capping layer. This explanation could
also be applied to the Gd,Fe;_, single samples on AlsO3 substrates with SisNy capping lay-
ers used here. However, it is puzzling that the contribution is not increased for the bilayer
sample with x = 0.8, as the difference between the reflectivities for the electrons of the AloOg
substrate and the Pt layer is expected to be enhanced compared to the difference between
the substrate and the SigNy capping layer. A possibility to further investigate the emission
mechanism would be to use single-layer Gd,Fe;_, samples with a metallic capping layer that
has a small spin Hall angle, such as, for example, Cu. In the emission scenario explained
above, the strongly modified reflectivity of the excited electrons at the Gd,Fej_,/Cu interface
(compared to the Gd,Fe;_, /SizNy interface) would be expected to lead to an enhanced THz
signal. A different reason for the generation of a spin current in the Gd,Fe;_, layer could also
be given by a possible composition gradient in the film growth direction. This would lead to
a spin current from the more Fe-rich side toward the more Gd-rich side of the layer. Such a
composition gradient could be revealed, for example, by EDX cross-section images measured
by transmission electron microscopy. However, the explanation of the shown results is still

an ongoing research topic and beyond the scope of this work.

8.4.3 Composition dependence of the terahertz amplitude

In analogy to the studies on Pt/Tb,Fe;_, emitters, the THz emission amplitude of the
Pt/Gd,Fe;_, emitters has been investigated in dependence on the Gd content. The results
for an applied magnetic field poH = 200 mT are shown in comparison to the results of the
Pt/Tb,Fe;_, series in figure8.9a. The amplitude of the Pt/Fe sample (z = 0) has been
corrected by subtraction of the contribution to the THz signal caused directly by the ultra-
fast demagnetization of the Fe layer. It should be mentioned here that, despite the clear
change of the THz signals between z = 0.4 and z = 0.6, the THz peak-to-peak amplitudes
have been used for the comparison of the different samples because the amplitudes of the
paramagnetic samples are rather small compared to the background noise, and accordingly,
the RMS amplitudes of these samples would have overestimated the real amplitudes. The
Pt/Gd,Fe;_, samples show higher THz amplitudes compared to the Pt/Th,Fe;_, samples.
This can be explained by the higher impedance values (see figure8.5b) and, accordingly,
higher THz emission efficiencies of the Pt/Gd,Fe;_, samples as well as by the smaller per-
pendicular magnetic anisotropies compared to the Pt/Tb,Fe;_, samples. With rising Gd
content, the amplitudes show a substantial increase between x = 0 and = = 0.05, followed
by a plateau up to z ~ 0.3. This plateau in the amplitudes is caused by a competition of
the increasing THz emission efficiencies with the decreasing number of excitable Fe electrons

with rising Gd content. For higher Gd contents (z > 0.4), the amplitudes strongly decrease
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Figure 8.9: (a) shows the THz peak-to-peak amplitudes of sub./Pt(5nm)/Gd,Fe;_,(20nm)/
SizN4(5nm) samples (red triangles) in comparison to sub./Pt(5nm)/Tb,Fe;_,(20nm)/
SizgN4(5nm) samples (yellow diamonds) in dependence on the rare-earth content z.
The THz amplitudes |AT},| were measured at room temperature with a pump fluence
@ = 0.75mJ/cm? and an applied magnetic field goH = 200mT. The error bars rep-
resent the statistical error of the peak-to-peak amplitudes and an additional error of
1.8% that is caused by small variations in the mounting of the samples. The blue circles
display the results of the model |A¥1§Zry|, described in detail in subsection 7.4.3, applied
to the Pt/Gd,Fe;_, sample series. For the values marked in gray, the assumptions of
the model are expected to be invalid. The shaded area marks compositions for which
the Curie temperature of the Pt/Gd,Fe;_, samples is below 300K. (b) displays the

THz peak-to-peak amplitudes measured for samples with x < 0.4 with different applied

magnetic fields H in dependence on |A5Fh§;ry\ divided by «. The dashed line represents

a linear fit with the slope a.

due to the lower Fe contents in the samples and the lower spin polarization as the samples

become more and more paramagnetic.

Also, for the Pt/Gd,Fe;_, sample series, the phenomenological model described by equa-
tion 7.2, which has been developed for the Pt/Tb,Fe;_, sample series (see subsection 7.4.3),
can be used to model the THz amplitudes in dependence on the Gd content z. For the
saturation magnetization Mg, the values measured with an in-plane applied field ygH = 7T
were used except for the samples with x = 0.25 and « = 0.3. In these samples, a spin-flop
transition leads to an increase in the magnetic moments for high applied fields. Therefore,
the highest magnetization values for applied magnetic fields below the spin-flop transition
were used instead, as these values represent the FI saturation state. The proportionality
factor « in equation 7.2 has been determined by fitting the model to the THz peak-to-peak
amplitudes of the samples with =z < 0.4, as for samples with = > 0.6, most probably a
different THz emission mechanism plays a major role (see the previous subsection). Val-

ues measured with different external magnetic fields H were applied for all samples. Fig-
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Room-temperature THz peak-to-peak amplitudes (red triangles) of sub./Pt(5nm)/
Gd,Fe1_5(20nm)/SisNy(5nm) samples with respect to the Gd content x measured
at different applied magnetic fields H with a laser pump fluence ¢ = 0.75mJ/cm?.
The error bars represent the statistical error of the peak-to-peak amplitudes and an
additional error of 1.8% that is caused by small variations in the mounting of the sam-

ples. The blue circles display the results of the model |Ary;,

th I oo
Y], which is described in

detail in subsection 7.4.3, applied to the Pt/Gd,Fe;_, sample series. For the values
marked in gray, the assumptions of the model are expected to be invalid. The shaded
area marks the composition region for which the Gd,Fe;_, layers are paramagnetic at

room temperature.

ure 8.9b shows the THz peak-to-peak amplitudes for the used magnetic fields in dependence
on |APY ()| Ja = (1 —z) - Z(x) - M(z, H)/Ms. The dashed line shows a linear fit that was
applied to the THz amplitudes. The intercept with the THz amplitude axis was set to zero.

The slope of the fit represents the proportionality factor . The modeled values |

theory
ATHZ |

for an applied magnetic field ugH = 200mT are shown in figure 8.9a with blue circles. The
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modeled amplitudes of samples with = > 0.6, for which the assumptions of the model are

expected not to be fully valid anymore, are marked in gray.

Figure 8.10 shows the THz peak-to-peak amplitudes measured with different applied magnetic
fields in comparison to the model. The model shows good agreement with the measured
amplitudes for < 0.4. For small applied magnetic fields puoH < 100mT, the out-of-plane
magnetic easy axis of the samples with £ = 0.2 and x = 0.25 leads to a reduction of the THz
amplitude, as the magnetic saturation in the in-plane direction is not reached. This feature is
well resolved in the modeled values. In comparison to the Pt/Th,Fe;_, emitters, the Gd and
Fe magnetic sublattices are antiparallel aligned for poH < 500 mT and no canted states are
expected. Therefore, M /Mg gives a better approximation for the in-plane alignment of the
Fe magnetic moments. For x > 0.6, the model deviates from the measured amplitudes. Here,
the assumptions that the THz signal is caused only by a spin-to-charge current conversion in
the Pt layer via the inverse spin Hall effect and that the spin current is only driven by the

excitation of spin-polarized Fe electrons are not valid anymore.

8.5 Low-temperature results

Also, for the Pt/Gd,Fe;_, series, investigations on the magnetic and THz emission prop-
erties at low temperatures have been performed. SQUID-VSM M (H) loops at T' = 79K
were recorded in in-plane and out-of-plane direction (see appendix A.4, figure A.13), and the

effective magnetic anisotropy Keg has been estimated. Figure8.11 shows (a) the Kog and (b)
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Figure 8.11: (a) shows the effective magnetic anisotropy Keg of sub./Pt(5nm)/Gd,Fe;_,(20nm)/
SisN4(5nm) samples at T' = 79K, calculated from M (H) loops that were measured in
in-plane and out-of-plane direction, with respect to the Gd content x. The K¢ values
divided by the saturation magnetization Mg are displayed in (b).
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Figure 8.12: (a) shows the THz electrical conductivities (the error bars are mainly derived from the
assumed uncertainty of the film thicknesses) and (b) the impedance values of sub./
Pt(5nm)/Gd,Fe;_, (20 nm)/SisNy (5 nm) samples measured at room temperature and
85 K with respect to the Gd content x.

the Keg/Mg values in dependence on the Gd content x. The Gd content zcomp for which the
Gd;Fe;_, layer is magnetically compensated shifts toward lower  with decreasing tempera-
tures. At T'= 79K, only the sample with x = 0.2, which has the composition closest to Zcomp
and therefore the lowest Mg, shows an out-of-plane magnetic easy axis. The samples with
high Gd content (x > 0.67), which are paramagnetic at room temperature, show a strong

in-plane magnetic easy axis in their FI (or FM, for x = 1) state at low temperatures.

The electrical conductivities in the THz frequency regime as well as the THz emission prop-
erties at 85 K have been determined by Dr.Robert Schneider at the University of Miinster
(see section 5.6 and [299] for details on the measurement setups). Figure8.12 shows (a) the
THz conductivity oy, and (b) the impedance Z in dependence on the Gd content x in com-
parison with the room-temperature results. A similar qualitative dependence of o7y, and
Z on x as for the room-temperature measurements can be observed. However, at 85K, the
conductivity of the samples is slightly increased, and accordingly, the impedance slightly de-
creased. The absorption of the laser pump pulses has been measured to be independent on x
also at T' = 85 K with a similar value as at room temperature (see appendix A.4, figure A.14).
Therefore, also at low temperatures, the impedance Z(z) is proportional to the THz emis-
sion efficiency C(z,w). Figure8.13 shows the low-temperature THz emission spectroscopy
results, measured with a pump fluence @ = 0.75mJ/cm? and an applied in-plane magnetic
field poH = 103 mT. The shape of the measured THz signals displayed in figure 8.13a shows
a comparable dependence on the Gd content x as at room temperature. Also, at low temper-

atures, a signal inversion can be observed between the samples with x = 0.2 and x = 0.25,
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Figure 8.13: THz emission results of sub./Pt(5nm)/Gd,Fe;_,(20nm)/SizNy4(5nm) samples mea-
sured at T = 85 K with an applied in-plane magnetic field pgH = 103 mT and a laser
pump fluence ¢ = 0.75mJ/cm?. (a) shows the normalized THz electro-optic signals
and (b) the corresponding frequency spectra. (c) displays the THz RMS amplitudes
|AT,] in comparison to the room-temperature measurements as well as the results of

130

the model \A%ﬁ;rﬂ (values for which the assumptions are expected to be invalid are
marked in gray). (d) shows the linear fits that were applied to determine «. The error
bars represent the statistical error of the RMS signals and an additional error of 1.8%
that is caused by small variations in the mounting of the samples.



8.5 Low-temperature results

which can be attributed to the magnetic compensation point (see figure 8.3). As the samples
with z > 0.6 change from a paramagnetic state at room temperature to a FI (or FM, for
x = 1) state at low temperatures, the measured THz signals are significantly stronger at 85 K.
Interestingly, the change of the signal shape that could be observed at room temperature be-
tween x = 0.4 and = = 0.6 is shifted to slightly higher Gd contents at low temperatures.
The transition appears between r = 0.6 and x = 0.74 and is also reflected in a shift to-
ward lower frequencies in the corresponding frequency spectra shown in figure8.13b. The
THz amplitudes in dependence on z are displayed in figure8.13c in comparison with the
room-temperature results. As the signal shape significantly differs for samples with z < 0.6
compared to samples with = > 0.74, the THz RMS signals have been used for the comparison
of the amplitudes of the different samples. The low-temperature results show a similar qual-
itative dependence on x as the room-temperature amplitudes. However, despite the lower
THz emission efficiencies at T = 85K (see figure 8.12b), especially the samples with high
Gd content show significantly larger amplitudes. Even the Pt/Gd sample (z = 1) shows a
higher amplitude than the Pt/Fe sample (z = 0). Thus, the assumption that the THz signal
is caused mainly by laser-excited Fe electrons is proven to be wrong for samples with high
Gd content at low temperatures. Nevertheless, the model |A%™| (equation 7.2) has been
applied to describe the THz amplitudes measured at low temperatures, as for z < 0.6 the as-
sumptions still seem to be justified. Therefore, the values of M (103 mT)/Mg and Z measured
at 79K and 85 K, respectively, have been applied to the model. The Mg values of all samples
were taken from the M (H) loops at in-plane applied magnetic fields pogH = 7T except for the
samples with x = 0.2 and x = 0.25. For these samples, the highest magnetization values for
applied magnetic fields below the occurring spin-flop transition were used instead. The pro-
portionality factor o has been derived by fitting the model to the measured amplitudes of the
samples with z < 0.6 (and = < 0.4 for the room-temperature measurements). Figure 8.13d
shows the THz RMS amplitudes of these samples measured at 7' = 85K in dependence on
|A¥1§2ry|/ a in comparison to the amplitudes of the samples with < 0.4 measured at room
temperature. The lines display the applied linear fits. « is represented by the slope of the
respective fit. At T = 85K, the proportionality factor « is increased by 58% compared to
the room-temperature results. This could be explained by a higher spin polarization at low
temperatures that is only reflected in the model in the factor . Furthermore, also the spin
Hall angle of the Pt layer 6, py and the relaxation length of the spin current Js within the
Pt layer Ao, py that are included in this factor could show a temperature dependence. At
T ~ 80K, Isasa et al. [295] measured an increase in Ae1 py by ~ 25% compared to room tem-
perature, whereas g, py almost did not change within that temperature region. The results
of \AtThfIZry\ for room temperature and 7" = 85K are plotted in figure8.13c. The values for
which the assumptions of the model are expected to be invalid are marked in gray. Also, at
low temperatures, the model fits surprisingly well to the measured amplitudes up to a Gd

content x ~ 0.8 and only strongly deviates from the measured amplitudes for the pure Gd/Fe
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Figure 8.14: Temperature series of sub./Pt(5nm)/Gd,Fe;_, (20 nm)/SigN, (5 nm) samples with dif-

ferent Gd content x measured from room temperature down to T' = 5 K. (a) shows the
magnetization values measured with an in-plane applied magnetic field pgH = 103 mT.
The symbols are the values taken from M (H) loops measured at different temperatures
(not shown). The lines were measured in a temperature sweep mode from 7' = 300 K
to 5K. (b) displays the saturation magnetization Mg taken from the M (H) loops. (c)
shows the ratio between M (103mT) and Ms. The THz RMS amplitudes measured
with a laser pump fluence & = 0.75mJ/cm? and an applied in-plane magnetic field
toH =103 mT are displayed in (d). The error bars represent the statistical error of the
RMS signals. Note that for T < 100 K, a separate temperature series was measured in
addition to the measurements from 300 K to 80 K. For the sample with = = 1, an offset
can be observed between the two measurement runs (see measurements at 7' = 80K
and 100 K), which might have been caused by the aging of the sample.

sample (x = 1). However, as a consequence of the fitting procedure used for the determi-

nation of «,
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8.6 Summary

overestimated, whereas the amplitudes of samples with a Gd-dominated net magnetization
are slightly underestimated by the model. The high amplitude of the sample with x = 1
cannot be explained by the current model. Obviously, spin-polarized Gd electrons seem to

play an important role here.

Additionally to the results discussed above, also first temperature series from room temper-
ature down to T' = 5 K of the magnetic properties and the spintronic THz emission of the
samples have been recorded. A summary of these results is given in figure8.14. All sam-
ples except the ones with x = 0 and z = 0.2 show an increase in the THz amplitudes with
decreasing temperatures. This can again be explained by a higher spin polarization at low
temperatures, which is reflected in the higher magnetization values. Furthermore, the sam-
ples with high Gd content (z > 0.8) gradually change from the paramagnetic state at room
temperature to a FI or FM (for x = 1) state at low temperatures. However, especially the
strong increase in the amplitudes of the samples with = > 0.6 at lower temperatures could
only be explained by an emission mechanism in which the Gd electrons are involved. The
sample with x = 0.2 shows a slightly decreasing THz amplitude with falling temperatures.
This is caused by a more preferred out-of-plane magnetic easy axis at lower temperatures.
As the magnetization of the Gd magnetic sublattice increases with decreasing temperatures,
the net magnetization of the sample decreases (as it is Fe-dominated at room temperature).
Accordingly, the shape anisotropy also decreases with falling temperatures, and the effective
magnetic anisotropy increases. The increasing K.g is reflected in the decreasing values of
M(103mT)/Mg for x = 0.2 (see figure8.14c), as the sample cannot be fully magnetically
saturated with the applied magnetic field pgH = 103 mT, leading in turn to the decrease in
the THz amplitudes. For the Fe/Pt sample (z = 0), an almost constant THz amplitude can

be observed for all temperatures.

To fully explain the results, temperature-dependent measurements of the electrical conduc-
tivity would be necessary. Furthermore, the model discussed above needs to be refined to
include the influence of the Gd electrons. As indicated by the studies on the THz emission of
Gd,Fe;_, single layers at room temperature, also at low temperatures, other THz emission
mechanisms besides the spin-to-charge current conversion via the inverse spin Hall effect in
the Pt layer should be considered, especially for samples with high Gd content. However,
this is a topic of ongoing research, and the development of a more sophisticated model and

a more detailed discussion of the results is beyond the scope of this work.

8.6 Summary
In the presented study, the static magnetic properties, as well as the spintronic THz emission

characteristics after excitation by femtosecond laser pulses of Pt(5nm)/Gd Fe;_(20nm)

bilayers at room temperature have been systematically investigated in dependence on the Gd
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content 0 < z < 1 and compared to the Pt/Tb,Fe;_, emitter system discussed in chapter 7. It
could be shown that, similar to the Pt/Th,Fe;_, emitter system, the emitted terahertz signal
is mainly caused by laser-excited spin-polarized Fe 3d electrons that give rise to a spin current
into the Pt layer, where it becomes converted into a charge current pulse by the inverse spin
Hall effect, leading to the emission of THz radiation. Accordingly, the emission amplitude
follows the in-plane magnetization of the Fe magnetic sublattice of the Gd,Fe;_, layers that
gives a rough measure for the number of excitable spin-polarized 3d electrons. Therefore,
also the Pt/Gd,Fe;_, emitters show a composition-dependent inversion of the emitted THz
signals that correlates with the magnetic compensation point. The composition dependence
of the THz emission amplitude for different applied magnetic fields could be well described
by the simple phenomenological model that has been developed to describe the amplitudes
of the Pt/Tb,Fe;_, samples. For samples with small Gd content z < 0.05, a substantial
decrease in the electrical conductivity with increasing Gd content leads to a strong increase
in the THz emission efficiency and, accordingly, the measured THz amplitude. In comparison
to the Pt/Tb,Fe;_, emitters, the magnetic anisotropy in Pt/Gd,Fe;_, is smaller, and the
alignment of the Gd and Fe magnetic sublattices is more collinear. Thus, these samples can
be saturated with small applied magnetic fields. The magnetic anisotropy, which leads to a
decrease in the THz emission amplitude of certain samples (z = 0.2 and = = 0.25) if small
applied magnetic fields ppH < 100 mT are used, is well resolved in the model. For high Gd
contents x > 0.6, the samples become more and more paramagnetic at room temperature.
Therefore, and due to the decreasing Fe contents, the THz signal gradually becomes smaller
with rising . In comparison to the Pt/Tb,Fe;_, emitters, the Pt/Gd,Fe;_, samples show,

in general, higher THz signals that are caused by the higher THz emission efficiencies.

Besides the bilayer samples, also the THz emission of several single-layer Gd,Fej_, (20 nm)
samples has been investigated in order to estimate the influence of the THz signal directly
emitted by the ultrafast demagnetization of the magnetic layers. Here, only for the pure
Fe layer, a significant contribution of about 14% of the THz signal of the bilayer samples
has been found. However, for the single-layer samples with high Gd content (x = 0.6 and
x = 0.8), the emitted THz signals that might be caused by the anomalous Hall effect give
a significant contribution to the THz signal, that even overcomes the THz radiation that is

caused by the inverse spin Hall effect in the Pt layer of the bilayer samples.

Furthermore, also temperature series from room temperature down to 7' = 5K have been
performed on the Pt/Gd,Fe;_, bilayers. The THz emission of Gd-rich samples is strongly
enhanced at low temperatures, as the Gd,Fe;_, layers that are in a paramagnetic state
at room temperature become FI or FM (for x = 1) at low temperatures. For samples
with z < 0.6, the composition dependence of the emitted THz radiation at T' ~ 80K can
still be well described by the developed model. However, for higher Gd contents, the THz
signal significantly changes. Especially, the Pt/Gd sample (z = 1) shows a higher THz RMS
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8.6 Summary

amplitude than the Pt/Fe sample (z = 0). Thus, the excitation of spin-polarized Gd electrons

gives a significant contribution to the emitted signal.

The clarification of the origin of the emitted THz signals of the single-layer Gd,Fe;_, samples
with high Gd content z > 0.6 as well as the high THz signal of the bilayer samples with
x > 0.6, especially at low temperatures, is a topic of ongoing research. In particular, the
influence of the Gd electrons on the THz emission process and also other emission mechanisms
like the anomalous Hall effect in Gd,Fe;_, single layers, also at low temperatures, need to

be investigated in further studies.
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CHAPTER 9

Thermomagnetically switchable spintronic terahertz emitters

The THz emitting properties of the amorphous FI Gd,Fe;_, layers combined with Pt dis-
cussed in chapter 8 can be applied in a material system with two FI Gd,Fe;_, layers where
the relative orientation of the Fe magnetic moments can be set by temperature in the pres-
ence of an external magnetic field. Depending on the relative alignment of the Fe moments,
the spintronic emitter system can be either in a high- or in a low-amplitude THz emitting
state. The development as well as the magnetic and THz emitting properties of such a sys-
tem will be discussed in this chapter. The study opens a route for a new type of an efficient
spintronic THz emitter system, which allows for a temperature-controlled switching of the

emission state from high to low power.

The results were achieved in collaboration with Dr. Robert Schneider, Jannis Bensmann,
Dr. Steffen Michaelis de Vasconcellos, and Prof. Rudolf Bratschitsch from the University of
Miinster and are predominantly published in [401].

9.1 Emitter concept

In the previous chapter, it has been shown that for Pt(5nm)/Gd,Fe;_,(20 nm) systems with
small Gd content (z < 0.4), mainly the Fe 3d electrons contribute to the spin current J
that is launched from the Fe toward the Pt layer when the system is excited with femtosec-
ond laser pulses. Therefore, an inversion of the emitted THz signal for samples where the
net magnetization is dominated by the Gd compared to samples for which the net mag-
netization is dominated by the Fe magnetic moments can be observed. This characteristic
was now used for the design of a five-layer spintronic THz emitter system with three THz
emitting NM layers and two FI Gd, Fe;_, layers. A schematic picture of the developed
Pt/Gdg1Feg.9/W/Gdg sFeg 7/Pt layer stack (without substrate and capping layer), as well as
the excitation geometry that was used for the THz spectroscopy experiments is displayed in

figure 9.1.
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Figure 9.1: Illustration of the layer stacking and the excitation geometry for the THz emission spec-
troscopy. The excitation with a femtosecond laser pulse leads to the creation of spin
currents Jg, caused mainly by Fe electrons of the FI Gd,Fe;_, layers. In the Pt and
W layers, the spin currents Jg are converted into transverse charge currents J. due to
the inverse spin Hall effect. W shows a negative spin Hall angle, whereas Pt exhibits
a positive spin Hall angle. Note that only spin currents Js along with the layer stack
(y-axis) are considered. Depending on the orientation of the Fe magnetic moments in the
Gdo.sFeq 7 layer, the system will be either (a) in a high-amplitude THz emitting state
(for temperatures below the compensation temperature Tiomp of the Gdg sFeg 7 layer)
or (b) in a low-amplitude THz emitting state (for T' > Tcomp), when the Fe moments of
the two FI layers are aligned antiparallel or parallel, respectively.

The net magnetization of the Gdg 1 Feq g layer is dominated by the Fe magnetic moments for all
temperatures. In contrast to that, the Gdg sFeg 7 layer shows a magnetic compensation point
at the temperature Tiomp if a suitable thickness is chosen, as will be discussed in detail later.
At low temperatures (" < Ttomp), the net magnetization of this layer is dominated by the
Gd magnetic moments, and therefore the Fe moments are aligned antiparallel to the external

magnetic field H. For high temperatures (T" > Tiomp), the net magnetization of the layer is
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dominated by the Fe magnetic moments that will therefore be aligned parallel to the external
magnetic field. Consequently, the relative alignment of the Fe magnetic moments of the two
GdgFe;_, layers can be controlled by temperature from antiparallel at low temperatures to
parallel at high temperatures. Please note that instead of the used Gdg 1Feq g layer, any FM

layer suitable for use in spintronic THz emitters could be used.

When the system is excited by a femtosecond laser pump pulse, in the Gd,Fe;_, layers,
mainly the spin-polarized Fe 3d electrons are excited above the Fermi level, which gives
rise to spin currents Js that flow into the neighboring W and Pt layers. Pt (positive
spin Hall angle: +1.2% < 604, < +11% [271, 294, 295]) and W (negative spin Hall angle:
—33% < Osn < —7% [296]) are well known for their large spin Hall angles and have been
shown to be well suited for the use as THz emitting NM layers in spintronic THz emitter
systems. [82, 300] In the case of antiparallel aligned Fe magnetic moments (for T' < Ttomp, see
figure 9.1a), the two spin currents Js injected into the Pt layers have opposite flow directions
and spin polarizations. Also, the two spin currents Js injected into the W layer from the
Gd,Fei_, layers have opposite signs in spin and current direction. Therefore, as Pt and W
exhibit spin Hall angles with opposite signs, all four injected spin currents Js lead to charge
currents J, in the NM layers in the same direction due to the inverse spin Hall effect, following
Je ~ OsnJs x M /| M|, where M denotes the corresponding magnetization of the Fe magnetic
sublattices in the Gd,Fe;_, layers. Thus, all three NM layers contribute constructively to the
THz emission, which leads to a high-amplitude emitter state. In the case of parallel aligned
Fe magnetic moments (T' > Teomp, see figure9.1b), all spin currents Js have the same spin
polarization. Therefore, the excited transverse charge currents J. in the two Pt layers flow in
opposite directions due to the opposite current directions of the respective Js. Furthermore,
in the W layer, the two spin currents Jg injected from the Gd,Fe;_, layers contribute to the
formation of J, with opposite signs. Consequently, the resulting THz pulse emitted by the
three NM layers shows a low amplitude. The remaining signal derives only from the difference
in the contributions of the two Gd,Fe;_, layers due to the different amounts of excited Fe

electrons.

9.2 Choice of suitable materials and layer thicknesses

To develop the five-layer system proposed above, a pre-study on a series of sub./Pt(3nm)/
Gdo.sFep7(t)/SisN4(5nm) samples with different GdgsFeg; film thicknesses 1nm < ¢ <
10nm that were prepared by magnetron sputtering at room temperature (see chapter4 for
details) has been performed. Gd, Pt, and Fe were deposited by DC sputtering. The Gdg 3Feq 7
layers were prepared by co-sputtering from the elemental targets. For the SisNy4 capping layer,
RF sputtering from a stoichiometric compound target was used. All depositions were done
on 500 pm thick Al,O3(0001) substrates, polished on both sides, on which later on the THz
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Figure 9.2: (a) M(T) curves of sub./Pt(5nm)/Gdg3Feq7(t)/SisNg(5nm) samples with different

Gdg.3Fep.7 film thicknesses t. Positive magnetization values represent Gd-dominated,
whereas negative values represent Fe-dominated net magnetizations. The sample with
t = 1 nm shows superparamagnetic behavior with an irreversibility temperature T}, =
80K. (b) shows the Curie temperature and the magnetic compensation temperature,
extracted from M(T) curves, for different layer thicknesses ¢. The shown errors were
estimated from M (T) measurements with different applied guiding fields.

spectroscopy was performed as well as on 525 pm thick Si(100) substrates with a 100 nm thick
thermally oxidized SiO layer on which the characterization of the magnetic properties was
done. The aim of this study was to find a suitable layer thickness t, for which the Gdg sFeq 7
system shows a magnetic compensation point between 5 K and room temperature and ideally
also shows a high THz emission amplitude. The compensation point of the Gd,Fe;_(t)
system is known to be strongly dependent on the composition but also on the method of
preparation. [173, 184, 402-405] However, for thin films, the compensation point also shows
a strong dependence on the layer thickness t. Therefore, as for smaller thicknesses the net
magnetization of the layers becomes more Fe-dominated, the GdgsFep7 composition was
chosen as a starting point. The Pt layer not only acts as a THz emitting layer but also
serves as a seed layer that, especially for the Si/SiO2(100 nm) substrates, prevents the GdFe
layers from reacting with the substrate and, therefore, also makes it possible to compare
the experimental results from samples grown on the different substrates (see section 7.1 and

appendix A.2, figure A.1).

For all of the prepared samples, SQUID-VSM M (T") curves with different small applied guid-
ing fields were recorded. The samples were first saturated with an applied in-plane magnetic
field upH = 7T at room temperature, and then field cooled down to 10K. Afterward, the
field was reduced to a small value poH < 5mT, and the M(T) curves were recorded from

10K to 400 K in a temperature sweep mode. The results of the samples with 2nm < ¢ < 5nm
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that were measured without an applied guiding field (effectively applied field poH ~ —4.5mT
due to trapped fluxes in the superconducting magnet of the MPMS3, see subsection 5.4.2)
are shown in figure9.2a. For the sample with ¢ = 1nm, field cooled and zero-field cooled
M (T) measurements have been performed, revealing a superparamagnetic behavior with an
irreversibility temperature 7i. of about 80 K. These curves were measured in the following
way: For the ZFC curve, the sample was cooled down in zero field from room temperature
to 5K, and then the magnetization was recorded with an applied in-plane magnetic field
woH = 10mT while warming up to 400 K. For the FC curve, the sample was cooled down
from room temperature to 5 K in an applied in-plane magnetic field ygH = 10m'T. Then, the
magnetization was recorded while warming up to 400 K with the magnetic field still applied.
The results are also shown in figure 9.2a. For the 5nm and 10nm thick films, measurements
from 300K to 600 K were performed with the oven module of the MPMS3 in order to deter-
mine the Curie temperatures. The Curie temperature and the compensation point for the
different Gdg sFeq 7 thicknesses t, extracted from the M (T') curves, are shown in figure 9.2b.
The errors for compensation points and Curie temperatures were estimated by the results
of measurements with different applied guiding fields. A Curie temperature of about room
temperature was observed for the 1 nm thin Gdg sFey 7 layer, which increases almost linearly
with the layer thickness up to 5nm. No compensation point was detected for the thinnest
layers of 1 nm and 2nm. Thus, the net magnetization of these samples is Fe-dominated at all
temperatures. For the thickest layer of 10nm, no compensation point below the Curie tem-
perature of about 500 K can be observed. Therefore, the net magnetization is Gd-dominated

at all temperatures.

Additionally, THz emission spectroscopy measurements have been performed on all sam-
ples of the series. The THz spectroscopy results shown in this chapter have been measured
by Dr. Robert Schneider and Jannis Bensmann in the group of Prof. Rudolf Bratschitsch at
the University of Minster with the electro-optic sampling setup described in section 5.6. The
THz electro-optic signals obtained at room temperature for an applied in-plane magnetic field
of 200mT and the corresponding RMS signals for the different Gdg sFeg 7 thicknesses ¢ are
shown in figures 9.3a and 9.3b, respectively. For ¢t < 4 nm, the net magnetization of Gdg sFeq 7
is Fe-dominated, while for ¢ > 5nm, it is Gd-dominated at room temperature. Thus, the
orientation of the Fe moments is reversed with respect to the direction of an applied magnetic
field. As the spin current Jg is dominated by the spin-polarized Fe electrons, the observed
change in the sign of the THz waveforms between ¢ = 4nm and ¢t = 5nm corresponds to the
thickness-dependent magnetic compensation point. [327, 394] For the applied magnetic field
of poH = 200mT, the highest THz RMS signal was obtained for ¢ = 3nm (see figure 9.3b).
For ¢ = 1nm, the magnetic layer is in a paramagnetic state, as the Curie temperature is
slightly below room temperature, resulting in a reduced THz signal. In figures9.4a and 9.4b,

the magnetization and THz RMS amplitudes with respect to the applied magnetic field for the
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(a) THz electro-optic signals and (b) THz RMS signals of sub./Pt(5nm)/Gdg.sFeq.7(t)/
SizN4(5nm) samples with different Gdg 3Feq 7 film thicknesses ¢ measured at room tem-
perature with an applied in-plane magnetic field of ugpH = 200mT and a laser pump
fluence of ® = 0.75mJ/cm?. The error bars represent the statistical error of the RMS
values and an additional error of 1.8% that is caused by small variations in the mounting
of the samples. The RMS values are divided by a factor of 0.9 to compensate for the ab-
sorption of an additional polyethylene filter used in the room-temperature measurement
setup. [299].
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(a) M(H) curves and (b) magnetic-field-dependent THz RMS signals of sub./Pt(5nm)/
Gdg 3Fep 7(t)/SizN4(5nm) samples with different Gdg 3Feq 7 film thicknesses ¢ measured
at room temperature. For the THz spectroscopy measurements, a pump fluence of
@ = 0.75mJ/cm? was used. The RMS values are divided by a factor of 0.9 to compensate
for the absorption of an additional polyethylene filter used in the room-temperature
measurement setup. [299] The error bars represent the statistical error of the RMS values.



9.2 Choice of suitable materials and layer thicknesses
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Figure 9.5: (a) THz electro-optic signals of a sub./Pt(3nm)/Gdg.sFep.7(4nm)/SisNg(5nm) and
(b) THz RMS signals of sub./Pt(3nm)/Gdg.sFe.7(t)/SigN4(5nm) (with ¢ = 4nm and
t = 5nm) and sub./Pt(3nm)/Gdg1Fep.o(t)/SisNyg(5nm) samples measured at different
temperatures with a pump fluence of = 0.75mJ/cm? at an applied in-plane magnetic
field of poH = 103mT. The RMS values were divided by a correction factor of 0.61 to
compensate for the low-temperature measurement setup (mainly absorption losses of the
emitted THz radiation at the 1 mm thick AloO3 window of the cryostat [299, 406]). The
error bars represent the statistical errors of the RMS values.

layer thicknesses 1nm < ¢ < 10nm are displayed. Similar to the Pt(5nm)/Gd Fe;_(20nm)
samples discussed in the previous chapter, the THz amplitude mainly follows the magneti-
zation curves. The magnetization curves show the expected minimum for the sample with
t = 5nm, which reflects the compensation point that is close to room temperature. Addi-
tionally, temperature-dependent THz spectroscopy measurements have been performed on
the samples with ¢ = 4nm and ¢ = 5nm. The measured THz electro-optic signals of the
sample with ¢ = 4nm are displayed in figure 9.5a. Figure 9.5b shows the THz RMS signals in
dependence on the temperature for the two samples. For the sample with ¢ = 4nm, the com-
pensation point at Teomp ~ 175K can be observed, whereas the sample with ¢ = 5nm shows
no compensation point below room temperature. Therefore, the THz spectroscopy results
agree well with the magnetization measurements shown in figure9.2. In order to generate a
high-amplitude THz signal and to have a compensation point T¢omp below room temperature,

the Gdg.sFeg 7 layer with a thickness of 3nm was chosen for further investigations.

As the second magnetic layer, Gdg 1Fegg with a thickness of 3 nm was exemplarily chosen for
the proof of concept. As mentioned before, the net magnetization of that layer is dominated
by the Fe magnetic moments for all temperatures (see also SQUID-VSM M (T) curve in
appendix A.5, figure A.15). The THz RMS amplitudes measured at 85 K and 293 K on a sub./
Pt(3nm)/Gdg.1Fep.9(t)/SisN4(5 nm) sample that was prepared in the same way as described
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9 Thermomagnetically switchable spintronic terahertz emitters

above are shown in figure 9.5b. Between 5K (not shown in the figure) and 293 K, the THz
RMS amplitude of the sample only shows a small decrease of approximately 9.5%.

For the THz emitting Pt and W layers, thicknesses of 3nm were chosen. For the Pt layers,
this thickness has been found to show the highest THz amplitude in the thickness study on
Pt(t)/Cop.3Fep 7(3nm) bilayers, discussed in section 6.2. For the W layer, it is important to
mention here that it needs to be thick enough that the two Gd,Fe;_, layers are sufficiently
magnetically decoupled from each other. A detailed study on the interlayer coupling behavior
for Pt and W interlayers (X) with different film thicknesses in a sub./Irg23Mng 77(20nm)/
Fe(3nm)/X /Fe(3nm)/SigN4(5nm) spin-valve system is shown in section10.2. Even a W
layer thickness of only 2nm has been shown to be sufficient to almost fully decouple the
magnetic layers. A study by Wu et al. [300] on the thickness-dependent THz emission of
W layers in sub./Co(4nm)/W(t) samples has shown increasing THz amplitudes for raising
thicknesses up to 5nm and the saturation of the amplitude for thicknesses from 5nm to
10nm. However, Seifert et al. [330] showed a maximum in the THz amplitude of sub./
Cop.4Fep.4Bg.2(3nm)/W(t) samples for a W layer thickness of ¢t ~ 3nm. Furthermore, other
studies on spintronic emitters with W layers, especially also on NM/FM/NM trilayer systems
with NM materials with opposite spin Hall angles, used W thicknesses in the range from
1.8 nm to 4nm [82, 310, 314, 315, 317]. Therefore, for this study, a W layer thickness of 3 nm

was selected.

9.3 Demonstration of a thermomagnetically switchable emit-

ter system

To demonstrate the functionality of the thermomagnetically switchable five-layer emitter sys-
tem proposed above, sub./Pt(3nm)/Gdg1Fep9(3nm)/W(3nm)/Gdg sFep7(3nm)/Pt(3nm)/
SigN4 (5 nm) samples were prepared by magnetron sputtering, with the parameters that were
also used for the bilayer series. The SigNy layer prevents the spintronic layers from oxidation.
For the magnetic measurements, depositions were performed on 525 pm thick p-doped Si(100)
substrates with a 100nm thick thermally oxidized SiOy layer on top. For the THz spec-
troscopy measurements, the spintronic emitters were sputtered on 500 pm thick AloO3(0001)
substrates polished on both sides. To prove the emission scenarios presented in figure 9.1,
temperature-dependent THz spectroscopy and magnetization measurements of the five-layer
emitter system, both taken at an applied in-plane magnetic field pgH = 103 mT, were carried
out. The results are presented in figure9.6. The compensation point T¢omp of the Gdg 3Feg 7
layer can be observed as the minimum in the M (T") curve in figure 9.6a at about 160 K. The
shift of Teomp, for the five-layer system compared to the Pt/Gdg sFeq 7 bilayer series toward
higher temperatures can be explained by the different growth conditions of the GdgsFeg 7

layer on W compared to Pt and by small deviations in the composition and film thickness.
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Figure 9.6: (a) Magnetic moment per area and (c¢) THz RMS signal (pump fluence @ = 0.75 mJ/cm?)

of a sub./Pt(3nm)/Gdg 1 Fep.9(3nm)/W(3nm)/Gdg.3Fep.7(3nm)/Pt(3nm)/SigN4(5nm)
sample measured at an applied in-plane magnetic field of pugH = 103mT for differ-
ent temperatures. The minimum of the magnetic moment at 160 K and the strong
reduction in the THz RMS signal can be attributed to the compensation point of the
Gdo.3Feq 7 layer, which is marked with the dotted line. The colored arrows in (a) show
the schematic alignment of the magnetic moments of the Fe and Gd magnetic sublat-
tices of the Gd,Fe;_, layers for T > Teomp(Gdo.sFeo7) and T < Teomp(Gdo.sFeo.7),
respectively (see also figure9.1). Note that the presented magnetic moments are nor-
malized by the area of the films instead of the volume, as they derive from the two 3 nm
thick Gd,Fe;_, layers that contribute differently to the net moments. The error bars
(within the symbols) represent the statistical errors of the RMS values. (b) and (d)
display the THz electro-optic signal and the corresponding normalized spectrum for 5 K
(high-amplitude emitter state) and 300K (low-amplitude emitter state).

145



9 Thermomagnetically switchable spintronic terahertz emitters

For T' < T¢omp, the Fe moments of the FI layers in the five-layer emitter system are aligned
antiparallel and therefore lead to a strong THz signal, while above the compensation point,
the alignment is parallel, resulting in a drop in the THz signal by almost one order of mag-
nitude (see figure 9.6¢). The small remaining THz signal for temperatures above 160 K can
be explained by the different Fe contents of the two FM layers. This behavior clearly con-
firms the emitter concept presented in section 9.1. Therefore, the emitter system allows to
switch remotely from a high-amplitude THz emission state to a low-amplitude emission state
via temperature. The THz electro-optic signals for the high- and low-amplitude emitter
states and the corresponding frequency spectra are plotted in figures 9.6b and 9.6d, respec-
tively. The measured electro-optic signal is not inverted for the two emitter states. Thus,
the Gdg.1Feg9 contributes stronger to the signal than the GdgsFeg7 layer, a behavior that
is expected due to the different amounts of Fe in the layers. Accordingly, also the increasing
THz amplitude for high temperatures can be explained as the temperature dependence of
the magnetization of the Gdg sFeg 7 layer is stronger compared to the Gdg1Feg o layer (see
also figure9.5). It should be mentioned here that in the bilayer studies shown in figure 9.5,
the higher THz amplitude of the Gdg 3Feg 7 layers compared to the Gdg.1Feg g layer is caused
by a lower electrical conductivity of these samples. Therefore, these amplitudes cannot be
directly compared to the amplitudes of the five-layer system. The frequency spectrum shows
a peak at lower frequencies in the high-temperature state compared to the low-temperature
state. However, the origin of this frequency shift is so far not fully understood and has to be

clarified in further studies.

9.4 Optimization of the emitter system

The emitter concept offers many possibilities for further optimizations. For instance, the
switching temperature can be shifted toward higher or lower temperatures by adjusting the
compensation point of the FI layer. This can be achieved by varying the film composition or
film thickness. Besides, thinner layers or FM materials for the Fe-dominated Gd,Fe;_, layer
could be used to further increase the emission amplitude. In order to test the versatility of

the emitter concept, two optimized layer stacks were prepared.

For the first sample, the aim was to achieve higher THz amplitudes by reducing the film
thicknesses and using Cog.4Feg 4Bg.2, which is well known as a highly efficient FM layer for
the use in spintronic THz emitters [82], instead of the Gdg1Fepo layer. Sub./Pt(2nm)/
Cop.4Fep.4Bp.2(1.5nm)/W(2nm)/Gdg 3Fep 7(3nm)/Pt(2nm)/SisNy (5 nm) samples were pre-
pared by magnetron sputtering as described above. The Cog4Fep4Bg2 layer was DC sput-
tered from a stoichiometric alloy target. The THz amplitude and the magnetic moment in
dependence on the temperature are displayed in figure9.7. The sample reveals a compensa-
tion temperature of the GdgsFeg 7 layer of 116 K. The THz RMS amplitude of the sample
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Figure 9.7: THz RMS amplitude and magnetic moment per area of a sub./Pt(2nm)/
Cogp.4Fep.4Bo.2(1.5nm)/W(2nm)/Gdg.3Fep.7(3nm)/Pt(2nm)/SigNy(5nm) emitter sys-
tem measured at different temperatures with an applied in-plane magnetic field of
pwoH = 103mT and a pump fluence of & = 0.75mJ/cm?. The compensation tem-
perature Teomp of the Gdg.sFeg 7 layer is marked with the dashed line. The error bars
represent the statistical errors of the RMS values.

in the high-amplitude emitter state is increased by 21.0% compared to the sub./Pt(3nm)/
Gdg.1Fep9(3nm)/W(3nm)/Gdo.3Fep7(3nm)/Pt(3nm)/SigN4(5nm) sample discussed in the

previous section.

The aim of the second sample was to shift the switching temperature above room temperature.
Therefore, the GdgsFeg7 layer thickness was increased to 5nm. Instead of the Gdg 1Fegg
layer, a Cog.4Feg.4Bg 2 layer with a thickness of 2 nm was used here. The high THz RMS signal
of that system measured at room temperature, which is 9.2% lower than the RMS amplitude of
the sub./Pt(3nm)/Gdg 1Fep9(3nm)/W(3nm)/GdgsFep.7(3nm)/Pt(3nm)/SizN4(5nm) sam-
ple discussed in the previous section, measured at 5K, shows that the emitter is in the
high-amplitude state at room temperature. However, as the used THz spectroscopy setup
only allows for measurements at or below room temperature, no switching of the emitter
state could be demonstrated for this system. In figure9.8, a comparison of the THz RMS
amplitudes and the measured electro-optic signals of different emitter systems at different
temperatures is provided. The thermally switchable emitters show THz amplitudes that are
comparable to other high-power spintronic emitter systems presented in the literature [82,
83].
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Figure 9.8: Comparison of (a) the THz RMS signals and (b) the THz electro-optic signals of different
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samples. The numbers in the brackets in the sample names denote the layer thicknesses in
nm. For the comparison of the RMS amplitudes, the same time scales of the electro-optic
signals as displayed in (b) (—=1.5 to +1.9ps), with the maximum absolute signal set to
0 ps, were used. The low-temperature results were divided by a correction factor of 0.61
to compensate for the low-temperature measurement setup (mainly absorption losses of
the emitted THz radiation at the 1 mm thick Al;O3 window of the cryostat [299, 406]).
Furthermore, the amplitudes of the samples 7-11 were divided by a correction factor of 0.9
to compensate for the absorption of an additional polyethylene filter, that was used in the
measurement setup. All samples had 5nm thick SigN, capping layers. The measurements
were performed with a pump fluence of 0.75 mJ/cm?. The samples 1-3 are the thermally
switchable emitter systems described in the current chapter. Samplesl and 2 were
measured with an applied field pgH = 103 mT in the high- and low-amplitude states at
5K and 300 K, respectively, sample 3 was measured in the high-amplitude state at 300 K
with poH = 200 mT. The samples 4-6 are exemplary bilayer emitters that are discussed
in section9.2 (samples4 and 5) and chapter 8 (sample 6) measured at poH = 103mT.
The samples 7 and 8 are magnetically switchable emitter systems that are discussed in
detail in chapter 10. The low-amplitude states were measured at poH = 100mT, whereas
the high-amplitude states were measured at pgH = 9mT (sample7) and pogH = 15mT
(sample 8). The samples 9-11 are thickness-optimized high-amplitude reference samples
measured at poH = 200mT. Sample 9 is an emitter system with a comparable layer
stack to one of the most powerful spintronic emitter systems presented in [82]. The
samples 10 and 11 are thickness-optimized stacked bilayer emitters with n repetitions,
comparable to the emitters presented in [83].



9.5 Summary

9.5 Summary

In this study, it was demonstrated that FI Gd,Fe;_, layers with a suitable film thickness
and composition can be utilized to control the THz emission state by temperature. First,
the Curie temperature, the compensation temperature, and the THz emitting properties of
Pt(3nm)/Gdg sFep 7(t) bilayers with 1 nm < ¢ < 10 nm were investigated. The strongest THz
emission was obtained for a Gdg sFeg 7 layer thickness of 3nm, also exhibiting a compensa-
tion point. For the examined sub./Pt(3nm)/Gdg1Feq9(3nm)/W(3nm)/GdosFep7(3nm)/
Pt(3nm)/SizNy4(5nm) emitter system, it was shown that an antiparallel alignment of the Fe
magnetic moments of the FI layers leads to high-amplitude THz radiation when the system is
excited by an ultrashort laser pulse. In contrast, the signal is almost one order of magnitude
lower for the parallel alignment of the Fe moments. The change in the relative alignment
of the Fe moments was realized by combining a GdgsFeq 7 layer, revealing a compensation
point, with a Fe-dominated Gdg 1Feq g layer. Thus, it is possible to switch the magnetic state
in an applied magnetic field by changing the temperature to above or below the compensa-
tion point. Due to the positive spin Hall angle of Pt and the negative spin Hall angle of W,
both materials contribute to the THz emission in a constructive manner for an antiparallel
alignment of the Fe magnetic moments in the two FI layers. Furthermore, it was demon-
strated that the amplitude can be increased further by using thinner layers and Cog 4Feq.4Bg.2
instead of Gdg 1Fep.9 and also that the working temperature for the high-amplitude emitter
state can be adjusted by changing the compensation point by increasing the Gdg sFeq 7 layer

thickness.
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CHAPTER ]_ O

Spin valves as magnetically switchable spintronic terahertz

emitters

In this chapter, results on the use of spin-valve systems as spintronic THz emitters are
presented. Despite the great potential of these systems, so far, there was only one study
reported by Li et al. [407] that focuses on the use of a magnetic tunneling junction as a
spintronic THz emitter. However, their investigated system was not optimized for the use as
a spintronic THz emitter as the magnetic layers that were used had an out-of-plane magnetic
easy axis. The aim of the work presented here was to realize a more optimized spintronic
trilayer THz emitter system with two FM layers with an antiparallel in-plane alignment of
the magnetization and a THz emitting NM layer in between them. Therefore, an additional
exchange bias layer was used to pin the magnetization of one of the FM layers in a specific in-
plane direction. Besides the potential to optimize the THz emission amplitudes, the presented
spin-valve system offers the possibility to switch the emitter from a high- to a low-amplitude

THz emission state by applying small magnetic fields.

The results were achieved in collaboration with Dr. Robert Schneider, Dr. Steffen Michaelis
de Vasconcellos, and Prof. Rudolf Bratschitsch from the University of Miinster and are pre-
dominantely published in [408].

10.1 Emitter concept

For this study, Fe was chosen for the FM layers as it is magnetically soft, and the THz emission
properties are well known. As NM layer, either Pt (positive spin Hall angle: +1.2% < 6, py <
+11% [271, 294, 295]) or W (negative spin Hall angle: —33% < 04w < —7% [296]) was
used. The NM layer is also needed to decouple the FM layers magnetically. An Irgo3Mng 77
exchange bias layer (see subsection2.4.3 for details on the exchange bias effect) was used
to pin the magnetization of the neighboring Fe layer. A schematic of the layer stack for

a sample with Pt as NM layer (without substrate and capping layer) and the excitation
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10 Spin valves as magnetically switchable spintronic terahertz emitters
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Figure 10.1: Illustration of the layer stacking and the excitation configuration. Excitation with a
femtosecond laser pulse leads to the creation of spin currents Js, caused by the spin-
polarized Fe 3d electrons. In the Pt layer, the Js are converted into transverse charge
currents J. due to the inverse spin Hall effect. Note that only Js along with the layer
stack (y-axis) are considered. Depending on the direction of the magnetization M of
the Fe layers (indicated by the red arrows), the system is either (a) in a high-amplitude
THz emitting state or (b) in a low-amplitude THz emitting state, for an antiparallel or
parallel magnetization alignment, respectively.

geometry that was used for the THz emission spectroscopy is plotted in figure 10.1. When
the system is excited by a femtosecond laser pulse, two spin currents Jg from each of the Fe
layers caused by the spin-polarized Fe 3d electrons are launched toward the NM layer. In
the NM layer, the spin currents Js are converted to charge currents J. ~ OsnJs x M /| M|
by the inverse spin Hall effect, with M denoting the magnetization of the Fe layers. The
charge currents J. then cause the emission of the radiation in the THz frequency regime.
Depending on the relative magnetization orientation of the two Fe layers, the system is in
either a high-amplitude THz emitting state where both Jg contribute constructively to J.
(see figure 10.1a) or in a low-amplitude THz emitting state where the two Js contribute in
opposite directions to J. (see figure 10.1b). Note that for the system with W as NM layer,
J. points in the opposite direction for the high-amplitude emitter state, as the sign of O, w
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10.2 Sample preparation and magnetic characterization
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Figure 10.2: (a) shows a schematic in-plane M (H) loop and (b) the corresponding THz emission
amplitudes that are expected for an ideal trilayer system with an exchange-biased Fe
layer and a free Fe layer that are magnetically decoupled from each other by a THz
emitting NM layer. The schematics in (¢) display the expected configuration of the
magnetic moments in the layer stack for the marked points in the M (H) loop.

is negative. The emitter state can be controlled by an external magnetic field H. Figure 10.2
shows (a) ideal magnetic and (b) THz amplitude hysteresis curves for such a system, as
well as (c¢) schematic illustrations displaying the configuration of the magnetic moments for
characteristic points in the M (H) loop. The images assume that the exchange bias was set
previously in the negative field direction. The M (H) loop represents the superposition of the
loop of the exchange-biased (pinned) Fe layer, which is shifted toward positive field values,
and for which the coercivity is typically increased, and the loop of the soft magnetic free
Fe layer, which is symmetric around zero field. In an ideal system that shows a sufficiently
large exchange bias effect, for both, increasing and decreasing applied magnetic fields, a field
region for which the magnetic moments in the two Fe layers point in opposite directions is
expected. For two similar Fe layers, the net magnetization for that field region is zero. For
high applied magnetic fields, the magnetic moments of both Fe layers will align parallel to
the applied field.

10.2 Sample preparation and magnetic characterization

A series of sub./Irg 23Mng 77(20 nm)/Fe(3nm)/X /Fe(3nm)/SisN4(5nm) samples with either
Pt(3-5nm) or W(2-4nm) as interlayer X was prepared. All film depositions for the mag-
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10 Spin valves as magnetically switchable spintronic terahertz emitters

netic measurements were done by magnetron sputtering at room temperature (see chapter 4
for details on the preparation) on 525pm thick p-doped Si(100) substrates with a 100 nm
thick thermally oxidized SiOs layer. For the THz spectroscopy experiments, 500 pm thick
Al503(0001) substrates polished on both sides were used. To prevent the spintronic layer
stacks from oxidation, 5 nm thick SigNy4 capping layers were used. The Irgo3Mng 77, Fe, Pt,
and W layers were deposited by DC sputtering. For the SisNy layers, RF sputtering was
applied. The Irgo3Mng 77 and the SigNy layer were sputtered from stoichiometric compound

targets.

Ir;Mn;_,(111) alloys with different compositions have been shown to exhibit an AFM order
that is suitable for the usage as an exchange bias layer. [150, 151, 154, 155, 409, 410] The
exchange bias was set by saturating the magnetization of the Fe layers with an applied in-
plane magnetic field of 388 mT at a temperature of 423 K and subsequent cooling of the sample
down to room temperature with the external magnetic field still applied. The Irgo3Mng 77
layer thickness of 20nm ensures that the blocking temperature of the Irgo3Mng 77 layer is
low enough so that the exchange bias can be set with the applied temperature of 423 K and
also that the layer is in a stable AFM state at room temperature. The chosen thickness of
3nm for the Fe layers ensures that the layers are in a stable FM state at room temperature.
Furthermore, as the exchange bias is an interface effect, which is inversely proportional to the
thickness of the coupled FM layer [131], a small thickness results in a strong pinning effect

for the pinned Fe layer.

As mentioned above, the NM layer needs to sufficiently magnetically decouple the two Fe
layers. To investigate the exchange bias effect and the influence of a possible magnetic
interlayer coupling between the two Fe layers, the magnetic properties of the samples with Pt
and W interlayers of different thicknesses were investigated. Therefore, for all samples, the
magnetic moment in dependence on the external magnetic field was measured by SQUID-
VSM. Full loops and minor loops, which were measured from negative saturation up to
field values for which only the magnetization of the free layer changed the direction, were
recorded. The results are displayed in figure 10.3. Please note that the magnetic moment
was normalized by the area of the samples rather than by the sample volume, as the two
Fe layers contribute differently to the measured moment. The exchange bias for the pinned
Fe layer was set in the negative field direction. The interlayer coupling between the two Fe
layers through the NM layer is directly reflected in the loops, and also values for the coupling
strength could be derived. [411] However, for the purpose of this work, it is sufficient to
discuss the coupling qualitatively. For the sample with X = Pt(3nm) (see figure 10.3a), the
loops of both Fe layers are shifted toward positive field values. Therefore, the Fe layers are
still coupled ferromagnetically, and it cannot be clearly distinguished between the magnetic
moment reorientation processes of the two Fe layers. The minor loop of the sample with X =

Pt(4nm) (see figure 10.3c) shows a small shift toward negative field values, indicating a weak
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Figure 10.4: Comparison of room-temperature SQUID-VSM M (H) loops between two sub./
Irp.23Mng 77(20 nm) /Fe(3nm) /Pt (5 nm)/Fe(3nm)/SizN4 (5 nm) samples deposited on a
500 pm thick AlpO3(0001) and a 525 pm thick Si(100) substrates with a 100 nm thick
thermally oxidized SiOs layer, respectively. The measured magnetic moments M were
normalized by the respective saturation magnetic moments Ms.

AFM coupling between the two Fe layers. This could be explained by a dominant RKKY type
coupling (coupling strength Jrixy ~ — sin(t)/t?) via the Pt spacer layer, which overcomes
the FM coupling (coupling strength due to induced magnetic moments Jpe ~ 1/sinh(t),
orange peel coupling strength Jo, ~ exp(—t)) for certain interlayer film thicknesses ¢. [113]
However, also magnetostatic coupling caused by the sample geometry due to uncompensated
magnetic poles near the edges might give a contribution. [412] For this loop, and also for the
loops of all other investigated samples described below, a field region for which the magnetic
moments of the two Fe layers are aligned antiparallel, and therefore the net magnetic moment
is close to zero, can be observed. For samples with 5 nm thick Pt and 4 nm thick W interlayers,
the Fe layers seem to be magnetically decoupled from each other, as no loop shift of the minor
loops can be observed (see figures 10.3e and 10.3f). Though, different contributions of AFM
and FM coupling mechanisms might just compensate each other. The samples with 2 nm and
3nm thick W interlayers show a weak FM coupling, which is indicated by the shift of the
minor loop toward positive field values (see figures 10.3b and 10.3d). However, to explain the
coupling types for the different interlayers in detail is beyond the scope of this work. Please
note that due to the different film growth of Fe on Pt compared to Fe on W, a small difference
in the saturation magnetic moment of the two systems can be observed. For the purpose of
this study, all interlayers except the 3nm thick Pt layer sufficiently decouple the two Fe
layers. An exemplary comparison of the M (H) curves of the layer stack with X =Pt(5nm)
sputtered on an AlyO3 substrate with the same layer stack sputtered on a Si/SiO2(100nm)
substrate that is shown in figure 10.4 revealed no significant impact of the substrate on the

magnetic properties.
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10.3 Terahertz emission results

The samples with 4 nm thick Pt and 4 nm thick W NM layers were exemplarily chosen for
further discussions. The SQUID-VSM loops for ascending (red triangles) and descending
(blue circles) external magnetic fields for the sample with Pt and W interlayers are displayed
in figures 10.5a and 10.5b, respectively. The solid arrows schematically show the magnetiza-
tion alignment of the two Fe layers for ascending magnetic fields. For high applied magnetic
fields, the magnetization of both Fe layers is saturated in the direction of the applied field.
Coming from negative saturation, the magnetization of the free Fe layer changes at the small
positive field value Hip, resulting in an antiparallel magnetization alignment of the two Fe
layers. This orientation persists up to a field Ho, where the magnetization of the exchange-
biased Fe starts to rotate toward the applied field direction. As the magnetization of the Fe
layer on top of the IrgozMng 77 layer is exchange-biased in the negative field direction, for
descending magnetic fields, the pinned Fe starts reversing its magnetization direction first.
However, an antiparallel magnetization alignment can only be observed for a narrow field
range (see figure 10.5b). For the sample with the Pt interlayer, the magnetization reversal of

the pinned layer even fully overlaps with the reversal of the free layer (see figure 10.5a).

The switchability between antiparallel and parallel alignment of the two Fe layers allows
the usage of the system as a switchable, efficient spintronic THz emitter, as described be-
fore and illustrated in figure 10.1. To demonstrate this functionality of the emitter systems,
magnetic-field-dependent THz spectroscopy measurements were performed. All THz spec-
troscopy measurements were done by Dr. Robert Schneider in Miinster with the electro-optic
sampling setup described in section 5.6. The measurements were carried out under a dry
nitrogen atmosphere at room temperature. Figures 10.5¢ and 10.5d show the THz RMS am-
plitude in dependence on the applied in-plane magnetic field for the samples with Pt and W
of 4nm thickness as the NM layer, respectively (see appendix A.6, figure A.16 for the THz
spectroscopy results of the samples with Pt(5nm) and W(3nm) interlayers). For external
magnetic field values where the magnetization alignment of the two Fe layers is antiparallel,
the THz emission is increased by a factor of up to 15.7 for the sample with Pt and 3.3 for the
sample with W, compared to the emitter state with parallel magnetization orientation. The
amplitudes in the high-amplitude state reach about 25% of a Pt(3nm)/Fe(1.5nm)/W(3nm)
emitter (see section 9.4, figure 9.8 for a comparison of the amplitudes with other spintronic
emitter systems). For both samples, a small THz signal for the parallel magnetization align-
ment of the Fe layers could still be measured. This remaining signal is higher for the sample
with W compared to the sample with Pt. For both samples, ultrafast demagnetization of the
Fe layers after laser excitation [237, 238] can be excluded to cause a significant contribution
to the THz signals by measuring the THz emission for different excitation directions. The
THz electro-optic signals of the two samples measured for laser irradiation from the sub-

strate and the capping-layer side are displayed in figures 10.6a and 10.6b, respectively. The
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Figure 10.5: Comparison between room-temperature M (H) and THz emission spectroscopy results
measured on sub./Irg23Mng 77(20 nm)/Fe(3 nm)/Pt(4 nm)/Fe(3nm)/SigN4(5nm) and
sub. /Irg.23Mng 77(20 nm) /Fe(3nm) /W (4 nm) /Fe(3nm)/SisN4(5nm) samples. (a) and
(b) display the magnetic moment per area in dependence of the applied in-plane mag-
netic field H. (c) and (d) display the THz RMS amplitude measured with a pump
fluence of @ = 0.75mJ/cm? in dependence on H. The red triangles and the blue circles
show the values for increasing and decreasing applied magnetic fields coming from the
saturated state, respectively. The dashed arrows symbolize the sweep direction. The
solid black arrows schematically show the magnetization alignment of the two Fe lay-
ers for ascending magnetic fields. The error bars (within the symbols) represent the
statistical errors of the THz RMS signals.

measurements were performed for the low-amplitude emitter states (in positive and negative
magnetic saturation). For both samples, the signals are inverted for the two different field
values. Furthermore, the signals are also inverted if the same field value but an excitation
from the opposite sample side is used. THz emission due to ultrafast laser-induced demag-
netization does not depend on the excitation direction. [223] This indicates that also for the
low-amplitude emitter states, the THz emission is dominated by a spin-to-charge current

conversion in the interlayer due to different contributions to J. of the two spin currents Js
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Figure 10.7: Room-temperature THz electro-optic signals of (a) sub./Irg.23Mng 77(20 nm)/Fe(3nm)/
Pt(4nm)/Fe(3nm)/SigN4(5nm) and (b) sub./Irg 23Mng 77(20 nm)/Fe(3 nm)/W(4nm)/
Fe(3nm)/SizN4(5nm) samples measured with a pump fluence of ® = 0.75mJ/cm? for
applied in-plane magnetic fields of poH = 12mT and 100mT in ascending direction,
representing the signals for the high- and the low-amplitude emitter state, respectively.
Note that for the sake of better comparability, the signals are normalized to their

maximum absolute values.
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10 Spin valves as magnetically switchable spintronic terahertz emitters

coming from different Fe layers. The small remaining THz signal for the low-amplitude state
of the sample with Pt can be explained by a slightly higher contribution of the spin cur-
rent Js coming from the pinned Fe layer. The relatively strong signal for the low-amplitude
state of the sample with W is caused by significantly different contributions of the two spin
currents Jg to the charge current J., which can be explained by the different film growth of
Fe on W compared to Fe grown on Irgo3Mng 77. Here, the free Fe layer shows a higher con-
tribution to J. than the pinned Fe layer. This also leads to the minimum of the THz signal
for ascending and to the less prominent minimum for descending magnetic fields close to the
switching fields from the low- to the high-amplitude state and vice versa (see figure 10.5d).
At the minima, the Fe layers are close to a parallel magnetization alignment. However, the
free layer is still in an intermediate magnetization state close to the saturated state and,
therefore, contributes slightly less to the THz signal than in the saturated magnetic state.
Thus, the contributions of the two Jg are closer to full compensation, and the resulting THz
signal is smaller than for the parallel aligned state. However, the shape of the THz signals
for the low- and high-amplitude emitter states of the sample with Pt differs significantly,
whereas, for the sample with W, the signal shapes for the two states are almost the same.
Figures 10.7a and 10.7b show the normalized THz signals measured at 12mT and 100 mT
for ascending applied in-plane magnetic fields for the samples with Pt and W interlayers,
respectively. The signals for the two field values represent the high- and low-amplitude emit-
ter states. For the sample with Pt, the shape of the THz signal differs significantly for the
two emitter states, indicating that another effect might contribute to the signal besides the
inverse spin Hall effect. The inversion of the signal upon the magnetization switching of

the pinned layer indicates that the J; coming from the pinned Fe layer contributes slightly
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Figure 10.8: THz electro-optic signals of a sub./Irg 23Mng 77(20 nm) /Fe(3 nm)/SisN4 (5 nm) reference
sample measured at room temperature in different excitation geometries with an applied
in-plane magnetic field poH = 200 mT with a pump fluence of @ = 0.75mJ/cm?.
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more to J. compared to the J; coming from the free Fe layer. In contrast to that, the signal
shapes are almost the same for the two emitter states of the sample with W. Therefore, here
both signals can be attributed to an emission via the inverse spin Hall effect, where the Jg
coming from the free Fe layer contributes more to J, than the Jg coming from the pinned
Fe layer. Furthermore, the impact of the Irp23Mng 77(20 nm)/Fe(3nm) bilayer on the THz
emission was investigated. Contrary to THz spectroscopy studies on sub./Irg 25Mng 75(0—
10nm)/Co(3 nm) bilayers reported by Chen et al. [327], the Irg23Mng 77 layer used here does
not exhibit any significant spin-to-charge current conversion, as shown by measurements of
a reference Irg23Mng 77(20 nm)/Fe(3 nm) bilayer with laser excitation from the capping and
the substrate side (see figure 10.8). The electro-optic signal clearly does not show a change in
the sign for the different excitation directions. This strongly indicates that the THz emission
is directly caused by the ultrafast demagnetization of the Fe film and not by a spin to charge

current conversion in the Irgo3Mng 77 layer via the inverse spin Hall effect.

10.4 Switchability with small magnetic fields

In contrast to other efficient spintronic THz emitters described in the literature, the emitter

systems investigated here allow the switching from a high- to a low-amplitude emitter state
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Figure 10.9: THz RMS amplitudes for the high- and low-amplitude emitter states of (a)
sub./Irg 23Mng 77(20nm) /Fe(3 nm) /Pt(4 nm) /Fe(3nm) /SigN4(5nm) and (b) sub./
Irg.23Mng 77 (20 nm) /Fe(3 nm) /W (4 nm) /Fe(3nm) /SisNy (5 nm) samples measured at
room temperature for multiple switching cycles with a pump fluence of & =
0.75mJ/cm?. For the sample with Pt, in-plane magnetic fields of ugH = —30mT
and +20mT were used to set the emitter states. For the sample with W, fields of
toH = —10mT and +6mT were used. The dashed lines mark the THz RMS ampli-
tudes that were measured at the same field values for ascending magnetic fields in the
magnetic-field-dependent THz loops shown in figures 10.5¢ and 10.5d.
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10 Spin valves as magnetically switchable spintronic terahertz emitters

by applying small magnetic fields, as a consequence of the relatively low coercivity of the
free Fe layer. Due to the small field values in the millitesla range, fast switching rates can
be achieved with an electromagnet. The reversibility of the switching processes for multiple
switching cycles for both samples is shown in figure 10.9. For the sample with Pt, in-plane
magnetic fields of —30mT and +30mT were used to set the emitter states, while for the
sample with W, even smaller fields of —10mT and +6 mT were applied. The field values
were chosen according to the M (H) minor loops shown in figures 10.3c¢ and 10.3f in order to
clearly reach the two different emitter states. After several switching cycles, the THz RMS
signals for the high- and the low-amplitude emitter states remain constant and reach almost
the values taken from figure 10.5 for ascending external magnetic fields, which are marked

with the dashed lines, demonstrating the reversibility of the switching processes.

10.5 Thickness-optimized emitters

Further improvement of the emission amplitude could be achieved by decreasing the FM
and AFM film thicknesses. Therefore, thickness-optimized versions of the emitters presented
above were investigated. A series of sub./Irg23Mng 77(¢)/Fe(3nm)/Al(3nm) samples with
different Irgo3Mng 77 film thicknesses ¢ = 5,7,10nm was prepared to find the minimum
Irg.23Mng 77 thickness for which an exchange bias effect is still observable. The Al layers
only serve as cappings to prevent the underlying layers from oxidation. SQUID-VSM M (H)
loops that were measured after setting the exchange bias are displayed in figure 10.10. For

the sample with ¢ = 7nm, a small exchange bias and an enhanced coercivity are still ob-
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Figure 10.10: Room-temperature SQUID-VSM M (H) loops of sub./Irg23Mng 77(t)/Fe(3nm)/
Al(3nm) samples with ¢ = 5,7,10nm. The measured magnetic moments were nor-
malized by the respective saturation magnetic moments Ms.
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Figure 10.11: (a) and (b) show the magnetic moments per area of sub./Irga23Mng 77(7nm)/
Fe(1.5nm)/Pt(t)/Fe(1.5nm)/SigNy4 (5 nm) samples with Pt thicknesses ¢ of 4nm and
7nm measured in dependence of the applied in-plane magnetic field. (c) and (d)
display the respective THz RMS amplitudes measured with a pump fluence of
@ = 0.75mJ/cm?. The exchange bias was set in the positive field direction before the
measurements. All values were recorded at room temperature. The red triangles and
the blue circles show the values for increasing and decreasing applied magnetic fields
coming from the saturated state, respectively. The dashed arrows indicate the sweep
directions. The solid black arrows schematically show the magnetization alignment
of the two Fe layers for descending magnetic fields. The field region for which an an-
tiparallel magnetization alignment of the two Fe layers can be observed in the M (H)
loops is marked with the dashed lines. The error bars represent the statistical errors
of the THz RMS signals.

servable. Therefore, this thickness was chosen for two sub./Irg23Mng 77(7nm)/Fe(1.5nm)/
Pt(t)/Fe(1.5nm)/SigN4(5nm) samples with Pt interlayer thicknesses ¢ = 4nm and 7nm.
SQUID-VSM M (H) loops of these systems, which were measured after setting the exchange
bias in positive field direction, clearly show an antiparallel magnetization alignment of the
two Fe layers for certain applied fields (see figures 10.11a and 10.11a). Due to the reduced

Fe thickness, the exchange bias is enhanced compared to the bilayer Irg23Mng 77 thickness
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Figure 10.12: (a) Room-temperature SQUID-VSM M (H) loops of a sub./Irg.23Mng 77(7nm)/
Fe(1.5nm)/Pt(4nm)/Fe(1.5nm)/SigN4(5nm) (sub. = AlyO3) sample measured for
different exchange bias setting temperatures. For the first measured loop (yellow di-
amonds), the field poHset = 500mT was applied in positive direction. For all other
loops, which were measured sequentially for increasing exchange bias setting tempera-
tures, Hget was applied in the negative direction. The magnetic switching fields of the
pinned Fe layer in negative and positive field direction were read out for the magnetic
moment values marked with the dashed red line and the dotted blue line, respectively.
(b) shows the values of the magnetic switching fields after application of the exchange
bias setting field —Hget at different exchange bias setting temperatures.

series presented above. However, the THz emission amplitudes measured for different exter-
nal fields, which are displayed in figures 10.11c and 10.11d, show a dependency that does not
correlate with the SQUID-VSM M (H) loops as was the case for the samples described in
section 10.3. A SQUID-VSM M (H) loop of the sample with ¢ = 4nm that was measured
after the THz spectroscopy measurements were performed still showed a similar curve as the
loop displayed in figure 10.11a that was measured on the sample deposited on the Si/SiOq
substrate, directly after setting the exchange bias (see figure A.17 in appendix A.6). The
discrepancy between the behavior of the THz signals and the magnetization loops can be
explained by the influence of the laser pump pulse on the exchange bias. For sufficiently high
laser pump fluences @, the exchange bias can be partially or even completely reset in the
direction of an applied magnetic field due to the local heating of the Irg.o3Mng 77 spin system
induced by the laser pump pulses. [413-415] The laser-induced reset of the exchange bias led
to the observed almost symmetric curves of the THz amplitudes measured for ascending and
descending applied magnetic fields. In order to investigate the temperature, which is nec-
essary to reverse the exchange bias direction, room-temperature SQUID-VSM M (H) loops
of the AlyO3/Irg.23Mng 77(7nm)/Fe(1.5nm)/Pt(4 nm)/Fe(1.5 nm)/SigN4(5nm) sample have

been recorded after setting the exchange bias at different temperatures in the opposite direc-
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10.5 Thickness-optimized emitters
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Figure 10.13: THz RMS signals of a sub./Irg.23Mng 77(7nm)/Fe(1.5nm)/Pt(7nm)/Fe(1.5nm)/
SisN4(5nm) sample measured at room temperature with different pump fluences @.
The error bars represent the statistical errors of the RMS signals.
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10 Spin valves as magnetically switchable spintronic terahertz emitters

tion compared to the initial one. The results are displayed in figure 10.12. The measurements
show that the blocking temperature of the system is in the range of 363K < T} < 393 K.
Even for a setting temperature of 313 K, the exchange bias of the pinned layer is partially re-
versed. The reversed part increases for higher temperatures until the exchange bias is almost
entirely reversed for T = 363 K. To further investigate the influence of the laser excitation
on the exchange bias, a THz spectroscopy pump fluence series was measured for the sample
with ¢ = 7nm. Before the measurements, the exchange bias was set by applying a magnetic
field of upH = +200mT and exciting the system at room temperature with a laser pump
fluence of 1 mJ/cm? (repetition rate 1kHz) for 30 min. The measurements were sequentially
performed without resetting the exchange bias, from negative to positive applied magnetic
fields and vice versa. The results are displayed in the chronological order of the measure-
ments in figure 10.13. Note that the displayed RMS signals were measured with a smaller
delay time window than the results displayed in figure 10.11d and therefore are not directly
comparable. For a pump fluence of 0.075mJ/cm?, a similar behavior as for the samples with
thicker Irg.o3Mng 77 layers discussed in section 10.3 can be observed. However, for increasing
pump fluences, the THz amplitudes for ascending and descending applied magnetic fields
become more and more symmetric. Figure 10.14a shows the maxima and minima (the RMS
signals in the low-amplitude emitter states measured at pgH = —100mT) of the THz am-
plitudes in dependence on the laser pump fluence. In figure 10.14b, the ratios between the

maxima and minima are displayed. These show the clear trend that for increasing pump
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Figure 10.14: (a) shows the maxima (max.) for ascending (asc.) and descending (desc.) applied
magnetic fields and the minima (min.) (the RMS signals in the low-amplitude emitter
states measured at poH = —100mT) of the THz RMS signals of the measurements
displayed in figure 10.13 in dependence on the laser pump fluence @. The error bars
represent the statistical errors of the RMS signals. (b) displays the ratio between the
maximum and the minimum values shown in (a).
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10.6 Summary and outlook

fluences, the reached maxima become more and more independent from field sweep direction,
as the exchange bias is reset during the measurements. Furthermore, the differences between
the high- and low-amplitude emitter states (for descending applied magnetic fields) sequen-
tially become smaller, as no complete antiparallel magnetization alignment of the Fe layers
is reached anymore for high pump fluences. By comparison of the THz emission results with
the M (H) loops shown in figure 10.12, it can be estimated that the laser pump pulses lead
to heating of the Irg3Mng 77 spin system (see section 3.1 for an introduction to the three
temperature model) up to temperatures in the range of 313K < Ty, rvn < 363K, so that

the exchange bias is partially reversed.

An option that could be applied to allow the use of the emitter system in the high-amplitude
state at high pump fluences would be to first set the emitter state by setting the exchange
bias and afterward, coming from the saturated state in the exchange bias direction, applying
a small field in the opposite direction to get the antiparallel magnetization of the Fe layers.
The THz spectroscopy experiments could then be done in the high-amplitude state without
an applied magnetic field. As no external field is applied, no laser-induced resetting of the
exchange bias is expected. However, the drawback of this method is that the emitter system

cannot be magnetically switched between the two emission states anymore.

10.6 Summary and outlook

In this section, the suitability of spin-valve systems with a pinned and a free FM Fe layer,
decoupled from each other by either a W or a Pt layer, for the usage as efficient spintronic
THz emitters has been demonstrated. The emitters allow the control of the THz emission
amplitude by external magnetic fields. For the investigated Irg23Mng 77(20 nm)/Fe(3nm)/
Pt(4nm)/Fe(3nm) and Irp23Mng 77(20 nm)/Fe(3nm)/W (4 nm)/Fe(3nm) systems, the rela-
tive magnetization alignment of the two Fe layers can be changed by switching the magne-
tization of the free Fe layer with small applied in-plane magnetic fields poH < 30mT. This
goes along with a change of the THz emission amplitude by a factor of up to 15.7 and 3.3
for the two systems, respectively. Due to the relatively small field values that are sufficient
to control the magnetization alignment, short switching times can be achieved, which might

be useful for future applications.

Furthermore, a first study on thickness-optimized systems with 7nm thick Irg.o3Mng 77 layers
and 1.5nm thick Fe layers has been performed. It could be shown that for these thinner
layer stacks, the exchange bias is influenced by the heating of the Irgo3Mng 77 spin system
induced by the laser pump pulses. Therefore, these emitters show the intended behavior only

for small laser pump fluences.
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10 Spin valves as magnetically switchable spintronic terahertz emitters

One idea to overcome this problem would be to use patterning techniques on one of the Fe
layers instead of the additional exchange bias layer. For a sufficiently small stripe pattern, a
strong magnetic shape anisotropy in one in-plane axis along the stripes would be introduced.
Therefore, the THz amplitude might be further increased, as no additional pinning layer would
be needed, and higher pump fluences could be used. Instead of using a stripe patterning,
also a magnetic layer system with a growth-induced in-plane magnetic easy axis along with

a certain direction [308] could be used instead of one of the Fe layers.

Another idea is to make use of an emitter that can be switched from the low to the high-
amplitude state and vice versa by applying an electrical current through an additional NM
layer or NM conducting paths on top of the SigsNy layer. The current would create an external
magnetic field that could be used to switch the free FM layer. Therefore, this would be a
method for on-chip control of the THz emission amplitude. Furthermore, it would allow

shorter switching times between the two states.
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CHAPTER ]_ ]_

Summary

This work has been dedicated to the investigation of different spintronic THz emitters. The
main emission process in such systems is based on a laser-induced generation of a spin cur-
rent Js from a FM or FI layer toward a NM layer in which a conversion into a charge current J,
via the inverse spin Hall effect occurs, leading to the emission of electromagnetic radiation in
the THz frequency regime. The focus has been set on experimental studies of the influence of
the magnetic properties of different FM/NM and FI/NM spintronic bilayers on the THz emis-
sion characteristics. Furthermore, efficient emitter systems that allow for switching the THz
emission amplitude by temperature or small applied magnetic fields have been developed.
For this purpose, more than 100 samples have been grown by magnetron sputter deposition.
The magnetic properties and the THz emission characteristics of the emitter systems were
investigated by SQUID-VSM measurements and THz-TDS, respectively. Additionally, the
samples’ structural, electrical, and optical properties were analyzed by various techniques.
Moreover, a phenomenological model has been developed describing the experimentally mea-
sured THz emission amplitude of the investigated FI/NM sample series in dependence on
the composition of the magnetic layers. In the following, the main results of the presented

studies are summarized.

In the first study (see chapter 6), spintronic Pt/Co,Fe;_, bilayers with varying Co content
0 < x < 1 were investigated. The underlying idea was that the well known high spin
polarization of FM Co,Fe;_, alloys with 0.2 < = < 0.4 might also be reflected in the THz
emission amplitude of Pt/Co,Fe;_, emitters. The layer thicknesses have been optimized
with regard to the THz emission amplitude to 1 nm for the Co,Fe;_, and 2.5 nm for the Pt
layers. It has been shown that the THz emission only weakly depends on the Co content,
indicating that laser-excited spin-polarized Fe and Co electrons contribute in a similar way
to Js. The magnetization and the THz emission amplitude show a maximum at slightly
different Co contents x. The THz amplitude does not directly correlate with the measured
net magnetization, as it depends on the efficiency to inject spin currents into the Pt layer JJ,

which includes interface effects and the spin polarization of the Co,Fe;_, close to the Fermi
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11 Summary

edge, and the THz emission efficiency of the layer stack. The emission efficiency slightly
decreases with increasing Co content. Accordingly, the estimated values of JJ have been
shown to mainly follow the THz emission amplitude. Furthermore, the dependence of the
THz emission on the laser pump fluence @ has been investigated, revealing a stronger increase
of the THz emission with rising @ for samples with high Co content for ¢ < 0.75mJ/cm?. In
addition, thickness-optimized stacked bilayer [Pt/Cog sFeg 7/SisNy], emitters with 1 <n <5
have been prepared to further increase the THz emission amplitude. A maximum increase
of the THz emission amplitude of 36 % has been observed for n = 2. The studies showed
that Co,Fe;_, layers can be used as efficient spin current injection layers in THz emitting
spintronic bi-/multilayer systems. For thickness-optimized bilayers, a maximum increase of
the THz emission amplitude of ~ 46% compared to Pt/Fe and ~ 19% compared to Pt/Co

could be achieved for x = 0.6.

In the second and the in third study, Pt(5 nm)/Tb,Fe;_,(20nm) (see chapter 7) and Pt(5nm)/
Gd,Fe;_,(20nm) (see chapter 8) bilayers with varying RE content 0 < x < 1 were inves-
tigated. The goal of these studies was to systematically investigate the role of FI layers
with complex magnetic properties in spintronic emitter systems. Thus, the amorphous FI
RE,Fe;_, alloys, which offer various magnetic states depending on the composition and
temperature, were ideal candidates for these investigations. It could be shown that for both
systems, mainly laser-excited spin-polarized Fe 3d electrons contribute to the generation of Js.
Therefore, the THz emission amplitude follows the in-plane magnetization of the Fe magnetic
sublattice, leading to a composition-dependent inversion of the THz signals close to the mag-
netic compensation point. For both series, the composition dependence of the THz emission
amplitude for a fixed applied magnetic field of samples with z < 0.6 could be qualitatively
described by a simple phenomenological model using only the measured THz electrical con-
ductivity, the net magnetization, the absorption of the laser pump pulses, and the RE content
of the samples. For low RE contents x < 0.05, a strong decrease in the electrical conductivity
has been demonstrated to cause a strong increase in the THz emission efficiency and, accord-
ingly, the measured THz amplitude. For higher RE contents, the THz amplitude has been
found to be strongly dependent on the magnetic anisotropy of the samples. The Pt/Tb,Fe;_,
samples exhibit a strong perpendicular magnetic anisotropy for 0.15 < x < 0.5. Thus, the
maximum magnetic field applied for the THz emission experiments of pgH = 544 mT is not
sufficient to magnetically saturate the samples in in-plane direction for samples in this com-
position range and the THz amplitude accordingly shows a local minimum at x = 0.4 that
correlates with a maximum in the measured effective magnetic anisotropy. Furthermore, the
results of the magnetic and THz emission properties give a strong indication for complex
canted states between the Fe, and Tb magnetic sublattices that could be caused by the high
magnetic anisotropy in combination with the in-plane applied magnetic fields and the pro-

nounced fanning cones especially of the Tb, but also the Fe magnetic sublattices in Tb,Fe;_,.
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This makes the interpretation of the measured data challenging and also causes deviations
from the developed model. For a more accurate description, element-specific measurements
of the magnetic reversal behavior would be necessary. In contrast to that, the Gd,Fe;_,
alloys exhibit only a small perpendicular magnetic anisotropy for the samples with = = 0.2
and x = 0.25 and the Fe and Gd magnetic moments are more collinearly aligned. Therefore,
the samples can be saturated with relatively small magnetic fields, and the developed model
well describes the influence of the magnetic anisotropy that, in particular, plays a role for
small applied magnetic fields pgH < 100mT. For puoH 2 100 mT, high, almost constant THz
amplitudes can be observed up to z ~ 0.3. For high RE contents, the RE Fe;_, alloys of
both series become gradually paramagnetic with increasing z at room temperature. Com-
bined with the decreasing Fe content, this leads to decreasing THz amplitudes. In general,
the Pt/Gd,Fe;_, samples show higher THz amplitudes due to higher impedance values, re-
sulting in higher THz emission efficiencies. Besides the investigations at room temperature,
also measurements at low temperatures (7' ~ 80 K) have been performed. The THz emission
of samples with a RE dominated net magnetization is strongly enhanced at low tempera-
tures. Especially samples with RE,.Fe;_, layers that are in a paramagnetic state at room
temperature become FI (or FM, for z = 1) at low temperatures and show surprisingly high
THz amplitudes. The high THz amplitudes of the pure Pt/RFE samples (the amplitude of
the Pt/Gd sample even exceeds the amplitude of the Pt/Fe sample at low temperatures) give
a strong indication that, at least for the RE rich samples at low temperatures, spin-polarized
RE electrons play an important role for the emission process. Furthermore, this finding is
supported by significant changes in the THz signal shapes for 2 0.7. For samples with
z < 0.6, the composition dependence of the emitted THz radiation at low temperatures can
still be qualitatively described by the model developed for the room-temperature results. In
addition to the bilayer samples, also the THz emission of several single-layer Gd,Fe;_, (20 nm)
samples have been investigated in order to estimate the influence of the THz signal directly
emitted by the ultrafast demagnetization of the magnetic layers. Here, only for the pure
Fe layer, a significant contribution of about 14% of the THz signal of the respective Pt/Fe
bilayer reference sample has been found. However, for the single-layer samples with high
Gd content (xr = 0.6 and x = 0.8), the emitted THz signals that might be caused by the
anomalous Hall effect give a significant contribution to the THz signal that even overcomes
the THz radiation caused by the inverse spin Hall effect in the Pt layer of the bilayer refer-
ence samples. The studies demonstrated that the THz emission properties of Pt/RE,Fe;_,
bilayer systems can be systematically tailored by varying the magnetic properties of the FI
layers. In particular, the polarization of the emitted THz signal can be switched by 180° by
varying the temperature across the magnetic compensation point or the composition of the
RE, Fei_, layer.
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11 Summary

The observed inversion of the THz signal emitted by Pt/Gd,Fe;_, layers with a Gd-dominated
compared to a Fe-dominated net magnetization has been utilized to realize a functional emit-
ter system as presented in the fourth study (see chapter9). Here, it has been demonstrated
that FI Gd,Fe;_, layers with a suitable film thickness and composition can be utilized to
control the THz emission state by temperature. To this end, a Pt(3nm)/Gdo.1Fepo(3nm)/
W(3nm)/GdgsFep7(3nm)/Pt(3nm) emitter system has been developed. The GdgsFeg;
layer in this system shows a magnetic compensation point at around Tcomp = 160 K, whereas
the magnetization of the Gdg.1Fepg layer is Fe-dominated at all temperatures. Thus, the
relative alignment of the Fe magnetic moments of the FI layers can be changed from antipar-
allel to parallel by adjusting the temperature from below to above Ttomp. Due to the positive
spin Hall angle of Pt and the negative spin Hall angle of W, all NM layers contribute to
the THz emission in a constructive manner for an antiparallel alignment of the Fe magnetic
moments in the FI layers. In contrast, the generated spin currents contribute destructively
to the THz emission process for a parallel alignment. Therefore, heating the emitter from
below to above T¢omp leads to a drop in the THz emission amplitude of about one order of
magnitude. The study demonstrated that the compensation point of suitable FI layers can
be utilized for highly efficient spintronic emitter systems that allow for the switching of the

THz emission between a low-amplitude and a high-amplitude state by temperature.

The last presented study (see chapter 10) demonstrated the suitability of spin-valve systems
with a pinned and a free FM Fe layer, decoupled from each other by either a W or a Pt
layer, for the usage as efficient spintronic THz emitters that allow for the control of the THz
emission amplitude by small external magnetic fields. In the investigated Irg 23Mng 77(20 nm)/
Fe(3nm)/X /Fe(3 nm) systems with either X = Pt(4nm) or X = W(4nm), the magnetization
of the pinned Fe layer is exchange-biased by an AFM Irg93Mng 77 layer. Thus, the relative
magnetization alignment of the two Fe layers can be changed by switching the magnetization
of the free Fe layer with small applied in-plane magnetic fields pgH < 30mT. This goes
along with a change of the THz emission amplitude by a factor of up to 15.7, as for an
antiparallel relative magnetization alignment, the spin currents launched from the Fe layers
contribute in a constructive way to the THz emission, whereas for a parallel alignment, the
spin currents contribute destructively to the THz emission. The relatively small field values
that are sufficient to control the magnetization alignment allow for short switching times

between the two emitter states, which could be useful for future applications.

The different studies shown in this work demonstrate that the THz emission properties of
spintronic emitter systems can be tailored by using suitable magnetic layers and that also
FI RE, Fei_, alloys can be used instead of FM layers to achieve efficient emitter systems.
However, especially the high THz emission amplitudes observed at low temperatures and
the THz emission of the Gd,Fe;_, single layers that indicate the contribution of a different

emission process, which is not based on the inverse spin Hall effect, are still not entirely
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understood and need to be clarified in future works. The thermally and the magnetically
switchable emitter systems might open the way for future applications as well as for further

improvements in the THz emission amplitude.
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APPENDIX A.

Supplementary material

A.1 List of samples

In the following tables, all sputtered samples that were used for this work, with the sample
numbers, the layer stacks, and the relevant sputter rates and angles are listed (the sputter
rates for the capping layers are not included in the tables). The numbers in the brackets
of the layer stacks denote the film thicknesses in nm. All magnetrons were adjusted to the
similar sputter angle o unless mentioned in the footnotes. The sputter angles « are given as
a distance in mm (see [342] for details). The sputter rates ¢ are given in A/s. All metallic
targets were sputtered with DC power supplies unless mentioned in the foot notes. For all

Pt depositions, a sputter rate of ¢p; = 0.5 A /s was used.

Pt(5nm)/Co,Fe;_,(3nm)/SigN4(5 nm) series (chapter 6)

Number Layer stack o Pco Pre
B171121_1  sub./Pt(5)/Cop.sFeo.s(3)/SizNa(5) 180 020 043
B171121_2  sub./Pt(5)/Coo.aFeo o(3)/SizNa(5) 180 027 043
B171121_3  sub./Pt(5)/Coo.cFeo.4(3)/SizNa(5) 180 035  0.25
B171121 4 = sub./Pt(5)/Cop.sFeq 2(3)/SisN4(5) 18.0 0.41 0.11
B171121_5 = sub./Pt(5)/Co(3)/SisNa(5) 180 035 -

B171121_6  sub./Pt(5)/Fe(3)/SisNa(5) 180 - 0.25
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A Supplementary material

Pt(tpt)/Coo.3Fep 7(tcore)/SigN4(5 nm) series (chapter 6)

Number Layer stack o bco Pre
B171213_1  sub./Pt(5)/Cop sFeq 7(3)/SizN4(5) 17.5 0.16 0.40
B171213_2  sub./Pt(5)/Cog.sFeo.7(2)/SisN4(5) 175 016 040
B171213_3  sub./Pt(5)/CopsFeq.7(1.5)/SisNy(5) 175 0.6  0.40
B171213_4  sub./Pt(5)/Cog.sFeo. 7(1) /SiN4(5) 175 016  0.40
B17121376 sub./Pt(5)/Coo,3Feo 7( )/SI3N4(5) 17.5 0.16 0.40
B171213_7  sub./Pt(4)/Coo.sFe.7(3)/SisNy(5) 175 016  0.40
B171213_8  sub./Pt(3)/Cog.3Feo 7(3)/SizN4(5) 175 016  0.40
B171213_ 9  sub./Pt(2)/Cop sFe.7(3)/SisNu(5) 175 016  0.40
B171213_10 sub./Pt(1.5)/CopsFeq7(3)/SisNa(5) 175 0.6  0.40
B171213_11 sub./Pt(1)/Cog.3Feq.7(3)/SizN4(5) 175 0.16 0.40
Pt(2.5nm)/CozFe;_,(1 nm)/SigN4(5 nm) series (chapter 6)
Number Layer stack o Dco Ore
B181012_4  sub./Pt(2.5)/Fe(1)/SisN4(5) 175 040 -
B181012_ 5  sub./Pt(2.5)/CogoFeqs(1)/SisNy(5) 175 013  0.555
B181012_6  sub./Pt(2.5)/Cop 3Feq 7(1)/SisN4(5)  17.5 016  0.40
B181012_8 = sub./Pt(2.5)/CopsFeq5(1)/SisN4(5) 175 029  0.31
B181012 9 = sub./Pt(2. 5)/000,6Fe0,4(1)/813N4(5) 175 035 025
B181012_11 sub. /Pt(2 5)/Co( )/SigN4( ) 175 - 0.35
CozFe;_;(1nm)/SigNy4 (5 nm) series (chapter 6)

Number Layer stack o Pco Pre
B210818 1 = sub./CopsFeq 7(1)/SisN4(5) 17.5 0.16 0.40
B21081872 sub./Coo,GFeOA(1)/Si3N4(5) 17.5 0.35 0.25
B210818_3  sub./Co(1)/SisNy(5) 175 035 -
B210818_4  sub./Fe(1)/SisNy(5) 175 | - 0.40
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[Pt(2.5nm)/Cog 3Fep7(1 nm)/Si;,Ny(5 nm)],

A.1 List of samples

series (chapter 6)

Number Layer stack o bco bre
B180502_4  sub./Pt(2.5)/Cog.3Feq.7(1)/SizN4(5) 17.5 0.16 0.40
B180502_5  sub./[Pt(2.5)/Cop.3Feq.7(1)/SisN4(5)]s 17.5 0.16 0.40
B181017_1 = sub./[Pt(2.5)/Cop.3Fep.7(1)/SisNyg(5)]s 17.5 0.16 0.40
B181017_2  sub./[Pt(2.5)/Cop.3Feq.7(1)/SisN4(5)]s 17.5 0.16 0.40
B181017_3  sub./[Pt(2.5)/Cop.3Fep.7(1)/SisNyg(5)]s 17.5 0.16 0.40

[Pt(2.5nm)/Tbg 1Fep 9(1 nm)/Si;N4(5nm)],

series (chapter 6)

Number Layer stack « o1 Ore
B180427_2  sub./Pt(2.5)/Thg.1Feq.9(1)/SisNy(5) 1751 0.16 0.53
B180427_3  sub./[Pt(2.5)/Tbg 1Fego(1)/SisN4(5)]z 17.51 0.16 0.53
B190114_6  sub./[Pt(2.5)/Tbg 1Feo(1)/SizsN4(5)]2 17.52 0.16 0.53
B190114_7  sub./[Pt(2.5)/Tbg 1Feo(1)/SizsN4(5)]s 17.52 0.16 0.53
B190114 8  sub./[Pt(2.5)/Tbg 1Feo(1)/SizsN4(5)]s 17.52 0.16 0.53

L' Tb sputter angle o = 14mm, 2 Tb sputter angle o = 12.5 mm

[Pt(5 nm)/Nig g1Fep19(3 nm)/Si;,Ny(5 nm)],, series (chapter 6)

Number Layer stack o ®NiFe
B171026_1 = sub./Pt(5)/Nig g1Fep.19(3)/SizN4(5) 18 0.30
B171026_2 = sub./[Pt(5)/Nig.s1Fep.10(3)/SisN4(5)]2 18 0.30
B171026_3 = sub./[Pt(5)/Nig.s1Feo.19(3)/SisN4(5)]s 18 0.30
B171026_4  sub./[Pt(5)/Nig.g1Feg.10(3)/SisNy(5)]5 18 0.30
B171026_5 = sub./[Pt(5)/Nig.s1Feo.19(3)/SisN4(5)]s 18 0.30

Reference samples (B180702__2 was also used as emitter for the THz transmission

spectroscopy experiments to determine the THz conductivities)

Number Layer stack a ®Fe dw
B180702_2 = sub./Pt(3)/Fe(1.5)/W(3)/SizN4(5) 15 0.20 0.20
B190502_2 = sub./Pt(3)/Fe(3)/SisN4(5) 17.5 0.16 -
B201118 3 = sub./Pt(3)/Fe(3)/SisN4(5) 17.5 0.30 -
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Pt(5nm)/Tb,Fe;_,(20nm)/Co(2 nm) series (chapter 7)

Number Layer stack a o1 bre
B170929_1 = sub./Pt(5)/Tbh(20)/Co(2) 185  0.885% -
B170929 2  sub./Pt(5)/Tbg.1Feq.9(20)/Co(2) 185 016! 0.53
B170929 3  sub./Pt(5)/Tbg 2Feq.5(20)/Co(2) 185 030! 0.445
B170929 4  sub./Pt(5)/Tbg 3Feq.7(20)/Co(2) 185 036! 0.31
B170929_5  sub./Pt(5)/Tbg sFeq.5(20)/Co(2) 185 068! 0.25
B170929 6  sub./Pt(5)/Tbg 7Feq 3(20)/Co(2) 185  0.885! 0.14
B170929_7  sub./Pt(5)/Tbg sFep.2(20)/Co(2) 185  1.085% 0.10
B170929_8  sub./Pt(5)/Fe(20)/Co(2) 185 - 0.25
B170929_14 sub./Pt(5)/Tbg oFeq.1(20)/Co(2) 185  2.00 0.085
B171212_1  sub./Pt(5)/Tbg 4Feq.6(20)/Co(2) 175  1.02 0.25
B171212_2  sub./Pt(5)/Tbg 45Feq 55(20)/Co(2) 175 0.53 0.16
B171212_3  sub./Pt(5)/Tby s5Fe.45(20)/Co(2) 175 0.40 0.18
B171212_4  sub./Pt(5)/Tbg ¢Fep.4(20)/Co(2) 175 047 0.26
B171229 1  sub./Pt(5)/Tbg o5Feq.05(20)/Co(2) 18.02 0.08' 0.56
B171229_2  sub./Pt(5)/Tbg.15Feq g5(20)/Co(2) 180 0.24' 0.50
B180124_1  sub./Pt(5)/Tbg 22Feq 75(20)/Co(2) 175 033! 043
B180124_3  sub./Pt(5)/Tbg 24Fe.76(20)/Co(2) 175 0361 042
B180124_5  sub./Pt(5)/Tbg 26Feq.74(20)/Co(2) 175 040! 0.42
B180124 7  sub./Pt(5)/Tbg 2sFeq 72(20)/Co(2) 175 039! 0.37
B180125_1  sub./Pt(5)/Tbg g3Feq.97(20)/Co(2) 1753 0041 048
B180129_1 = sub./Pt(5)/Thg.o15Fe.085(20)/Co(2)  17.5% 0.02' 048

I Tb sputtered with RF power supply, 2 Tb sputter angle « = 10mm, ? Tb sputter angle o = 6 mm,

4 Tb sputter angle o« = 4mm
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Pt(5nm)/Tb,Fe;_»(20nm)/SigN4(5 nm) series (chapter 7)

A.1 List of samples

Number Layer stack a o1 bre
B171212_5  sub./Pt(5)/Thg.sFep.4(20)/SizNy(5) 17.5 1.02 0.25
B171215_1 = sub./Pt(5)/Thg 4Fep.6(20)/SisNy(5) 17.5 0.47 0.26
B171215_2  sub./Pt(5)/Thg.2Fep.8(20)/SizNy(5) 17.5 0.30 0.445
B171229_ 3  sub./Pt(5)/Tbhg.1Fep.9(20)/SizN4(5) 18.0 0.16 ' 0.53
B171229 4  sub./Pt(5)/Tbo.15Fe0.85(20)/SisNyg(5)  18.0 0241 050
B171229 5  sub./Pt(5)/Tbg.osFeo.05(20)/SisN4(5)  18.0 2  0.08 0.56
B180102_1 = sub./Pt(5)/Thg.2Fep.5(20)/SisNy(5) 18.0 0.30 1 0.445
B180102_2 = sub./Pt(5)/Thg.sFep.7(20)/SizNy(5) 18.0 0.36 1 0.31
B180102_3 = sub./Pt(5)/Thg 5Fep.5(20)/SisNy(5) 18.0 0.68 0.25
B180102_4 = sub./Pt(5)/Thg.7Fep.3(20)/SizN4(5) 18.0 0.885 0.14
B180102_5 = sub./Pt(5)/Thg.sFep.2(20)/SizN4(5) 18.0 1.085 0.10
B180102_6 = sub./Pt(5)/Thg.9Feq.1(20)/SizN4(5) 18.0 1.72 0.07 3
B180102_7 = sub./Pt(5)/Th(20)/SizN4(5) 18.0 1.72 -
B180102_8 = sub./Pt(5)/Fe(20)/SisN4(5) 18.0 - 0.20 3
B180124_2 = sub./Pt(5)/Tbg.22Feq 75(20)/SisN4(5) 175 0331  0.43
B180124_4 = sub./Pt(5)/Thg 24Fep 76(20)/SisNy(5)  17.5 0.36 1 0.42
B180124_6 = sub./Pt(5)/Tho.asFep.74(20)/SisNyg(5) 17.5 0401 0.42
B180124_8  sub./Pt(5)/Tbg.asFeq.72(20)/SisNy(5) 17.5 0391 037
B180129 1  sub./Pt(5)/Tbg.o3Feq.07(20)/SisN4(5) 17.5%  0.04 0.48
B180129_3  sub./Pt(5)/Tbg.o15Feq.085(20)/SizN4(5) 17.5°  0.02 0.48

L' Th sputtered with RF power supply, 2 Tb sputter angle o = 10 mm, 3 Fe sputtered with RF power

supply, 4 Tb sputter angle & = 6 mm, ® Tb sputter angle @ = 4mm
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Pt(5nm)/Gd,Fe;_»(20nm)/SigN4(5 nm) series (chapter 8)

Number Layer stack « bca bre
B180423_1  sub./Pt(5)/Gdp.20Feo.50(20)/SisNg(5) 17.5 0.33 0.47
B180423_ 2 = sub./Pt(5)/Gdg 40Feq.60(20)/SisNy(5) 17.5 0.45 0.24
B180423_3  sub./Pt(5)/Gdo.e0Fe0.40(20)/SisN4(5) 17.5  0.59 0.14
B180423_4  sub./Pt(5)/Gdg.soFeo.20(20)/SisNg(5) 17.5 0.90 0.08
B180424 3 = sub./Pt(5)/Gd(20)/SisNy(5) 17.5 0.60 -

B180430_1  sub./Pt(5)/Gdg.10Fe0.00(20)/SisN4(5) 1751 0.21 0.67
B180430_2  sub./Pt(5)/Gdg.30Fe0.70(20)/SizNy(5) 17.5 1  0.47 0.39
B180430_3  sub./Pt(5)/Gdg.25Fe.75(20)/SisN4(5) 17.5 1  0.30 0.32
B180507 1  sub./Pt(5)/Gdg.15Fe.85(20)/SisN4(5) 17.52 0.10 0.20
B180507_2  sub./Pt(5)/Gdg.o5Feq.95(20)/SisN4(5) 17.52 0.10 0.67
B200207_1 = sub./Pt(5)/Gdg.e7Feo.33(20)/SisNg(5) 17.5 0.74 0.13
B200207_2 = sub./Pt(5)/Gdp 74Fep 26(20)/SisNg(5) 17.5 0.80 0.10

1 Gd sputter angle = 15mm, 2 Gd sputter angle a = 10 mm
Gd;Fe;_(20nm)/SigN4(5 nm) series (chapter 8)

Number Layer stack « ®dad OrFe
B181018 2 = sub./Fe(20)/SisNy(5) 17.5 - 0.40
B181018_5 = sub./Gd(20)/SizN4(5) 17.5 0.47 -

B190114_1 = sub./Gdg 10Feq.90(20)/SizNy(5) 17.5 0.21 0.67
B190114_2  sub./Gdg 20Fen.50(20)/SizN4(5) 17.5 0.33 0.47
B190114_3  sub./Gdg.40Fen.60(20)/SizN4(5) 17.5 0.45 0.24
B190114_4  sub./Gdg goFen.40(20)/SizN4(5) 17.5 0.59 0.14
B190114_5  sub./Gdg.soFen.20(20)/SizN4(5) 17.5 0.90 0.08

! Gd sputter angle a = 15mm, 2 Gd sputter angle o = 12.5 mm
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Thermomagnetically switchable THz emitters (chapter9)

A.1 List of samples

Number Layer stack « bca bre dw DCoFeB
B181022_3  sub./Pt(3)/Gdg.1Fe.9(3)/W(3)/ 1751 021/ 067/ 0.25 -
Gdo.5Feq.7(3)/Pt(3)/SisN4(5) 047  0.39
B181022 4  sub./Pt(3)/Gdo.1Feq.o(3)/SisN4(5) 1751 021  0.67 | - ;
B181023_4  sub./Pt(3)/Gdo.sFeq.(1)/SizN4(5) 1751 047 039 - -
B181023_5  sub./Pt(3)/Gdo.sFe.7(2)/SisNy(5) 1751 047 039 - -
B181023_6 = sub./Pt(3)/Gdo sFe.7(3)/SisN4(5) 1751 047 039 - -
B181023 7  sub./Pt(3)/Gdo.sFeq.7(4)/SisN4(5) 1751 047 039 - -
B181023_8  sub./Pt(3)/Gdo sFeo.7(5)/SisN4(5) 1751 047 039 - -
B181023_9 = sub./Pt(3)/GdosFe7(10)/SisNy(5)  17.5' 047 039 - -

B190605_1  sub./Pt(3)/Gdo.sFeq.7(5)/W(3)/ 175 047 039 025 0.8
Cog.4Feg.4Bo.2(2)/Pt(3)/SisN4(5)

B191212 1 = sub./Pt(2)/Cop4Feo4Boo(1.5)/W(2)/ 17.5 047 039 038  0.14
Gdo.3Feq 7(3)/Pt(2)/SizN4(5)

1 Gd sputter angle o = 15 mm
Magnetically switchable THz emitters (chapter 10)

Number Layer stack « GLivin - Pre ow

B190417_1 = sub./Irg.23Mng 77(20)/Fe(3)/SisN4(5)  17.5 042 030 -

B200309_1  sub./Irg.s3Mng.77(20) /Fe(3)/Pt(4)/ 175 040 020 -
Fe(3)/SigN4(5)

B200309_2  sub./Irg2sMno.77(20)/Fe(3)/Pt(5)/ 175 040 020 -
Fe(3)/SigNy(5)

B200309_3  sub./Irg 25Mno.77(20)/Fe(3)/W(3)/ 175 040 020  0.36
Fe(3)/SizN4(5)

B200309_4 = sub./Irg 23Mng 77(20) /Fe(3)/W(4)/ 17.5 0.40 0.20 0.36
Fe(3)/SisNa(5)

B200414 1  sub./Irg 5Mng.77(20)/Fe(3)/W(2)/ 175 039 020  0.35
Fe(3)/SizsN4(5)

B200414_2  sub./Trg.25Mno 77(10)/Fe(3)/AL(3) 175 039 020 -

B200414 3  sub./Irg 23Mno.7+(7) /Fe(3)/AL(3) 175 039 020 -

B200414_4  sub./Irg23Mng 77(5)/Fe(3)/Al(3) 175 039 020 -

B200421 1 = sub./Irg2sMng.77(7)/Fe(1.5)/Pt(4)/ 175 039 020 -
Fe(1.5)/SizNy4(5)

B200506_1 = sub./Irg 23Mng 77(7) /Fe(1.5)/Pt(7)/ 17.5 0.39 0.20 -

Fe(15)/813N4(5)
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A.2 Spintronic Pt/Co,Fe;_, terahertz emitters
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(b)

(d)]

()

Figure A.1: Transmission electron microscopy results of sub./Pt(3nm)/Fe(3nm)/SizN4(5nm) sam-
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ples grown on (a,c,e) 525 pm thick p-doped Si(100) substrates with a 100 nm thick
thermally oxidized SiOy layer and on (b,d,f) 500 pm thick AloO3(0001) substrates.
(a) and (b) show bright-field images of the samples, and (c—f) display corresponding
EDX elemental maps for (c,d) Fe and (e,f) Pt. The white lines show the average Fe
and Pt distributions in the layer stack.

LI 1 ¥ 1 ¥ 1 ¥ 1 ¥ 1 ¥ L (b) L T L 1 L 1 L 1 L 1 L 1 LI |
x=0.00 2000 } x=0.18
%1000- .
= X
R
© or il
N
< L
c
S.1000 | -
E =
""" —0—oop | -2000 —0—o00p |
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6

External magnetic field u,H (T)

External magnetic field ,H (T)



A.2 Spintronic Pt/Co,Fe;_, terahertz emitters
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Figure A.2: Room-temperature SQUID-VSM M (H) loops of sub./Pt(5nm)/Co,Fe;_,(3nm)/

SisN4 (5 nm) samples with different Co content z measured in in-plane and out-of-plane
direction.
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Figure A.3: (a) Measured THz electro-optic signals of sub./Pt(5nm)/CozFe;_,(3nm)/SizN4(5nm)
samples with varying Co content = and (b) calculated corresponding frequency spectra
that were normalized to the respective maxima.
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Figure A.4: THz RMS amplitudes of sub./Pt(5nm)/Co,Fe;_5(3nm)/SizN4(5nm) samples with Co
content x = 0, x = 0.4, and x = 1 measured with an applied magnetic field puoH =
200mT in dependence on the laser pump fluence @. The inset shows the magnified
image for small pump fluences. For & < 0.45mJ/cm?, the sample with pure Pt/Fe
(x = 0) shows a higher RMS signal than the sample with pure Pt/Co (x = 1). The
error bars represent the statistical errors of the RMS values.
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Figure A.5: Room-temperature SQUID-VSM M (H) loops of sub./Pt(2.5nm)/Co,Fe;_,(1nm)/
SizN4 (5 nm) samples with different Co content z measured in in-plane and out-of-plane
direction. The insets show the magnified images for small field values with the rema-
nence Mg and the coercivity Hc marked with dashed lines. The in-plane values of the
samples with x = 0, x = 0.2, and z = 0.6 shown in the insets were measured separately
from the loops for high field values shown in the main graphs with a smaller field steps
than the main loops.
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Figure A.6: (a) Measured THz electro-optic signals of sub./Pt(2.5nm)/Co,Fe;_,(1nm)/
SisN4(5nm) samples with varying Co content and (b) calculated corresponding
frequency spectra that were normalized to the respective maxima. A small increase
in the THz emission at about 2 THz can be found for samples with high Co content
(x >0.8).
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A.3 Spintronic Pt/Tb,Fe;_, terahertz emitters

A.3 Spintronic Pt/Tb,Fe;_, terahertz emitters
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Figure A.7: SQUID-VSM M (H) loops of sub./Pt(5nm)/Tb,Fe;_,(20nm)/Co(2nm) samples with
different Tb content x measured in in-plane and out-of-plane direction at 300 K.
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Figure A.13: SQUID-VSM M (H) loops of sub./Pt(5nm)/Gd,Fe;_,(20nm)/SisN4(5nm) samples
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A.5 Thermomagnetically switchable spintronic terahertz emitters
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Figure A.14: Transmission T, reflection R, and absorption A of the 1.53eV pump laser in
sub./Pt(5nm)/Gd,Fe;_,(20nm)/SisN4(5nm) samples with different Gd content z
measured at the temperature T = 85 K. The room-temperature results are displayed
in gray.

A.5 Thermomagnetically switchable spintronic terahertz emit-

ters

1020 )\ H=103 mT

RN
o
o
o

980

960

Magnetization (kA/m)

940

920

0 50 100 150 200 250 300
Temperature (K)

Figure A.15: SQUID-VSM M (T) curve of a sub./Pt(3nm/Gdg.1Fep9(3nm)/SisNy4(5nm) sample
measured with an applied magnetic field pgH = 103 mT from 300K to 5K in a tem-
perature sweep mode during the cool down.
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A.6 Spin valves as magnetically switchable spintronic tera-

hertz emitters
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Figure A.17: SQUID-VSM M (H) loops of  sub./Irg.23Mng 77(7nm)/Fe(1.5nm)/Pt(4nm)/
Fe(1.5nm)/SigN4(5nm) samples deposited on 500pm thick Aly;O5(0001) sub-
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main text for details).
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APPENDIX C

Abbreviations
AFM antiferromagnetic
AHE anomalous Hall effect
BL blocked
DC direct current
DMI Dzyaloshinsky-Moriya interaction
EA magnetic easy axis
EB exchange bias
EDX energy-dispersive X-ray spectroscopy
EUV extreme ultraviolet
FC field cooled
FI ferrimagnetic
FM ferromagnetic
GMR giant magneto resistance
1B insulating barrier
ip in-plane
IREE inverse Rashba-Edelstein effect
ISHE inverse spin Hall effect
MOKE magneto optical Kerr effect
MPMS Magnetic Properties Measurement System
NM non-magnetic metal
oop out-of-plane
OR optical rectification
PCA photoconductive antenna
PM paramagnetic
P-MOKE polar magneto optical Kerr effect
RBS Rutherford backscattering spectroscopy
RE rare earth
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C Abbreviations

RF radio frequency

RKKY Ruderman—Kittel-Kasuya—Yosida

RMS root mean square

SHE spin Hall effect

SP superparamagnetic

SSE spin(-dependent) Seebeck effect

SQUID superconducting quantum interference device

SQUID-VSM superconducting quantum interference device-vibrating sample
magnetometer

TEM transmission electron microscope

THz terahertz

THz-TDS terahertz time domain spectroscopy

M transition metal

T-MOKE transversal magneto optical Kerr effect

7FC zero field cooled
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