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Abstract?!

To extend current charge-based electronics by new features and functionalities, the electron
spin, as a new degree of freedom, is likely to play a major role in future information
technology. Devices using such spin-based electronics (spintronics), for example magnetic
random-access memories, are about to enter the market. To be competitive with other
information carriers, it is required to push the bandwidth of the elementary spintronic
operations to the terahertz (THz) frequency range.

This thesis addresses central open questions regarding ultrafast spin transport in proto-
typical F|N thin-film stacks. Is ultrafast spin transport mediated by magnons as universal
as indicated by previous modelling? What impact does the F/N interface between F and
N have on the ultrafast spin-to-charge current conversion (S2C)? How can we exploit spin-
tronic features for new functionalities of spintronic THz emitters (STEs)? By studying spin
current dynamics on their natural timescale, one may find new interesting effects or push
existing concepts to THz frequencies, which might advance future spintronic applications
to work at higher clock rates.

To study ultrafast spin transport in F|N bilayers, we excite them with femtosecond laser
pulses. Following absorption of the pulse, a spin current in F is launched and converted
into a transverse charge current in N and/or F, giving rise to the emission of a THz
electromagnetic pulse. Using this approach, along with an analysis based on symmetry
arguments and modeling, the following insights are gained:

First, depending on the conductivity of F, spin currents can be carried by either (i) con-
duction electrons or (ii) magnons. Remarkably, in the half-metallic ferrimagnet Fe3O4 we
observe the coexistence of these two spin transport types and disentangle them based on
their distinctly different ultrafast dynamics. Our results also indicate that the ultrafast
SSE spin current is localized close to the F/Pt interface and its ultrafast dynamics are
determined by the relaxation dynamics of the electrons in the Pt layer.

Second, interfaces of metallic heterostructures are known to have a marked impact on the
S2C process. We study thin metal films of a ferromagnetic layer F and nonmagnetic layer
N with strong and weak spin-orbit coupling. Varying the interface composition allows us
to drastically change the amplitude and even invert the polarity of the THz charge current.
Symmetry arguments and first-principles calculations strongly suggest that the interfacial
S2C arises from skew scattering of spin-polarized electrons at interface imperfections.

Third, we add a functionality to the STE and modulate the polarization of broadband
THz electric field pulses at tens of kHz by time-dependent external magnetic field with a
contrast exceeding 99 %.

In conclusion, THz emission spectroscopy is a powerful tool to explore and exploit spin-
tronic effects in the ultrafast regime, which will lay the cornerstone for spintronics at THz
frequencies.

!Parts of this abstract have been used in past conference abstracts of our own, some of which are available
online.
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Kurzfassung

Bei der Weiterentwicklung heutiger Elektronik um neue Funktionen und Funktionalititen
wird der Elektronenspin als zusétzlicher Freiheitsgrad in kiinftiger Informationstechnolo-
gie voraussichtlich eine tragende Rolle spielen. Gerite, die solche spinbasierte Elektronik
nutzen (Spintronik), wie zum Beispiel magnetische Random-Access Speicher, stehen kurz
vor der Markteinfithrung. Um mit anderen Informationstréagern konkurrenzfihig zu sein,
muss die Bandbreite der grundlegenden spintronischen Operationen auf den Terahertz-
Frequenzbereich (THz) ausgeweitet werden.

Diese Arbeit befasst sich mit zentralen offenen Fragen zum ultraschnellen Spintransport in
prototypischen F|N-Diinnschichtstapeln. Ist der ultraschnelle, durch Magnonen vermittel-
te Spintransport so universell, wie es das bisherige Modell nahelegt? Welchen Einfluss hat
die F/N-Grenzfliche auf die ultraschnelle Spin-Ladungsstrom-Umwandlung (S2C)? Wie
konnen spintronische THz-Emitter (STEs) um neue Funktionalitidten erweitert werden?
Durch die Untersuchung der Spinstromdynamik auf ihrer natiirlichen Zeitskala kénnten
neue Effekte entdeckt oder bestehende Konzepte spintronischer Anwendungen auf THz-
Frequenzen ausgedehnt werden.

Um den ultraschnellen Spintransport in F|N-Bilagen zu untersuchen, regen wir diese mit
Femtosekunden-Laserpulsen an. Nach Absorption des Pulses wird ein Spinstrom in F er-
zeugt und in einen transversalen Ladungsstrom in N und/oder F umgewandelt, was zur
Emission eines elektromagnetischen THz-Pulses fiithrt. Mit diesem Ansatz und einer Ana-
lyse auf der Grundlage von Symmetrieargumenten und Modellen werden die folgenden
Erkenntnisse gewonnen:

Erstens konnen Spinstrome, je nach der Leitfahigkeit der F-Schicht, entweder von (i) Lei-
tungselektronen oder (ii) Magnonen getragen werden. Bemerkenswerterweise beobachten
wir im halbmetallischen Ferrimagneten Fe3O4 die Koexistenz dieser beiden Spintransport-
typen und koénnen sie aufgrund ihrer deutlich unterschiedlichen ultraschnellen Dynamik
voneinander trennen. Unsere Ergebnisse zeigen auch, dass der ultraschnelle Spin Seebeck-
Spinstrom in der Nihe der F/Pt-Grenzfliche lokalisiert ist und seine ultraschnelle Dynamik
durch die Relaxationsdynamik der Elektronen in der Pt-Schicht bestimmt wird.

Zweitens die Grenzfliche metallischer Heterostrukturen ist bekannt fiir ihren Einfluss auf
den S2C-Prozess. Wir untersuchen diinne Metallfilme mit einer ferromagnetischen Schicht
F und einer nichtmagnetischen Schicht N mit jeweils starker und schwacher Spin-Bahn-
Kopplung. Durch Variation der Grenzfliche konnen wir sowohl die Amplitude drastisch
verdndern, als auch die Polaritdt des THz-Ladungsstroms umkehren. Symmetrieargumen-
te und First-Principle Berechnungen legen nahe, dass die S2C an der Grenzfliche durch
Skew-Streuung von spinpolarisierten Elektronen an Grenzflichenfehlstellen entsteht.
Drittens erweitern wir den STE um eine Funktionalitéit und modulieren die Polarisation
breitbandiger THz-Pulse bei Dutzenden von kHz durch zeitabhingige externe Magnetfel-
der mit einem Modulationskontrast groBer 99 %.

Zusammenfassend erweist sich THz-Emissionsspektroskopie als leistungsfihiges Instru-
ment zur Erforschung und Anwendung von spintronischen Effekten, die den Eckpfeiler
fiir die THz-Spintronik bilden werden.
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Introduction

In a world, where a growing number of people get access to information technology and
already extensively make use of them, the hunger for faster, smaller and more energy effi-
cient devices in terms of computational power and communication is constantly growing.
This is an excellent, interesting and rich playground for fundamental research in physics
— laying the cornerstone for future applications.

Due to the very similar subject matter of this thesis and the thesis by T. S. Seifert [248],
this chapter has substantial overlap in terms of the structure and the scientific content.

1.1 Spintronics

Nowadays, conventional electronics are based on encoding binary information by the elec-
tron charge as bits (0/1). After decades of meeting the requirements for faster and larger
computational power as well as high-density data storage as predicted by Moore’s law,
the reach of fundamental limits in size and speed ("end of Moore’s law”) is coming closer
[241, 297]. Nevertheless, the demand for faster and more energy-efficient computational
devices and storage is constantly growing.

By adding another degree of freedom, the electron spin, one may have the capability to
overcome the speed limit, may be increase engergy efficiency and go beyond Moore’s law.

This research field, called spintronics, may complement conventional electronics one day
[21, 216, 238].

Three elementary operations are required to enable the same functional scope as in con-
ventional electrons: (i) writing of magnetic information by turning spins (0/1) around, (ii)
transport of spin angular momentum through space and (iii) the generation and detection
of spin currents [280, 320]. Recent milestones in generation and detection of spin currents
are the discovery of heat-driven spin current generation (Seebeck & Nernst) and spin-
dependent Hall effects [24, 259]. The latter can be understood as spin-to-charge current
conversion or vice versa and, therefore, also allows for integration of spintronic devices into
conventional charge-based electronics.

Two main transport types are possible in spintronics: (a) spin angular momentum can
be transmitted by moving spin-polarized electrons through space. (b) the electrons are
localized and upon application of a torque to the spins a wave-like transport of spin angular
momentum arises. The associated quasi-particle is called magnon [55].

The final vision of spintronics, creating devices and integrating them into existing charge-
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based technology, is coming closer. Magnetic random-access memories (MRAMSs) are about
to enter the market. Here, spin-transfer-torque is used to switch spins and encode infor-
mation in magnetic layers [164, 284]. Such MRAMSs are already announced as in-memory
devices or even partially launched by e.g. Samsung [134] and Everspin Technologies Inc.,
respectively while the next generation based on the more efficient spin-orbit-torque switch-
ing, is pushed forward to marketability [215].

Another envisioned step implementing spintronics is the usage of antiferromagnets, which
are predicted to have a large potential for higher storage densities and reliability due to
the zero net magnetization of these materials [136]. Recently, antiferromagnetic materials,
exhibiting a specific combination of symmetry groups, drawn attention of the current re-
search because they combine antiparallel magnetic moments and spin polarized momentum
states [261].

Although first devices are about to be implemented in a large scale, there are several
unsolved issues like an increase of the spin relaxation rate, which arises in high-spin-
orbit-coupling materials. These are needed to be solved for efficient spin-to-charge current
conversion [320]. To meet the requirements for faster clock rates, spintronic concepts need
to be pushed to ultrafast timescales with speeds in the terahertz frequency range because
e.g. the next generations of wireless communication will already work in the terahertz
range [105] and beyond for optoelectronic fiber-based technologies [17].

1.2 Terahertz spectroscopy

The terahertz (THz) spectral window ranges from 0.3 to 30 THz [246] which corresponds
to wavelengths of 10 to 1000 um or energies of 1.2meV to 125meV and bridges the gap
between photonics at hundreds of THz and electronics with frequencies in the gigahertz
(GHz) regime [39]. The mentioned photon energies are resonant with many elementary
modes: e.g. spin resonances in antiferromagnets, bound electron-hole pairs (excitons),
vibrational and rotational motion of molecules [18, 123, 136, 236, 284]. Moreover, spin-
orbit-coupling, which is a central aspect of spintronics often has energies at THz frequencies
[284].

The THz spectral window is an interesting regime not only from a fundamental perspective,
also a number of applications are being developed, such as THz imaging for security
scanners at airports or for identifying biological systems like water or biological cells [68,
264]. Another field, where operational speeds are pushed to THz frequencies is wireless
telecommunication beyond 5G. This is currently under research and development [74, 105,
147]. To explore the underlying physical effects for these applications, THz time-domain
spectroscopy enables the possibility to simultaneously measure amplitude and phase of a
THz electric field without any phase retrieval algorithms [211].

While, e.g., dynamics of molecular motion [56] and dynamics of the electronic and lattice
dynamics [167, 269, 275] has been extensively studied by THz spectroscopy, the combina-
tion of the electron spin degree of freedom and THz spectroscopy is a rather new field and
exhibits interesting new developments involving antiferromagnets. Here, the THz pulse
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triggers antiferromagnetic dynamics to switch or apply torque to the order parameter, the
Néel vector [204].

1.3 Spin currents at THz frequencies

Pushing spintronics operating speeds to the ultrafast regime likely defines the next gen-
eration of spintronics — bridging the gap between electronics and photonics. Therefore,
one need to study light-matter interactions triggered by THz pulses as mentioned above
or proof known spintronic effects to be still operative at THz frequencies. Therefore, THz
emission spectroscopy is an excellent tool to study the latter e.g. ultrafast spin transport
in spintronically interesting materials and prototypical bilayer systems [138, 280].

Important results from the last decade are, e.g., that the spin Hall effect is still operative at
THz frequencies [138] and that conduction-electron mediated as well as magnon-mediated
spin transport exists. Both transport channel effects turned out to be heat-driven effects
due to the observation of their dynamics at their natural time scales [231, 250]. Moreover,
the role of temperature [175, 197], defects [196], film thickness [79, 219], strain [157] or
intermediate layers [159, 239, 252] in spin transport as well as details of spin-to-charge
current conversion [49, 107, 163, 165, 177, 287, 309, 311, 317] are intensively studied.

Interestingly, combining optically induced heat-driven spin currents with ultrafast spin-
to-charge current conversion in metallic heterostructures paved the route to a novel class
of THz sources [246]. These spintronic terahertz emitters (STE) have several advantages
compared to classical THz emitters based on semiconductors or optical rectification in crys-
tals: they are spectrally broadband without absorbing resonances, more efficient, scalable,
mechanically flexible and integrable on-chip [117, 246, 247, 298].

Although spintronic THz emitters are already working excellently and used in several labs,
many fundamental questions remain open: What impact does the interface between mag-
net (source) and non-magnet (converter) have? Is the ultrafast spin transport mediated by
magnons as universal as indicated by previous modeling [250]7 What is the impact on the

JRT A

10° 10" 10 10° 10* 10° 10° 107 10° 10° wavelength (m)

10° 10° 10° 0" 10" 10° 10" 10" 10" 107 frequency (Hz)

RF, Microwave Terahertz NIR VIS uv X-Ray

Figure 1.1. | Electromagnetic spectrum. The terahertz window sits in between the microwave
and near-infrared (NIR) regime. The small pictograms show exemplary a few fundamental modes,
which are accessible by the photon energies of THz electric fields: electron magnetic moments
(spins), rotational and vibrational motion of molecules and bound electron-hole states (excitons) —
from left to right. Figure is taken from Ref. [98] and redrawn from Ref. [245] with permission of
T. S. Seifert.
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spin transport in magnetically complex systems like antiferromagnets? How can we take
advantage of spintronic features of these THz sources to explore new functionalities?

1.4 Thesis structure

The aim of this thesis is twofold: (i) a deeper understanding of certain fundamental aspects
of spintronic effects associated with (ii) applications for spintronic THz emitters. Gaining
more insights will likely allow one to optimize spintronic THz sources in terms of their
amplitude and bandwidth and as well as to add functionalities to establish them as versatile
THz emitters.

The following chapters 2 and 3 deal with the conceptual background and experimental
methods of this thesis, respectively. In chapter 4, we focus on two possible generation
mechanisms of spin currents and, thus, THz electric fields in spintronic heterostructures:
(1) the ultrafast spin Seebeck effect (SSE), where we compare different magnetic insulators
with varying thickness and growth methods and reveal that the dynamics of the ultrafast
SSE are only governed by the thermal dynamics of the attached Pt layer and are, therefore,
universal for any magnetic insulators. (ii) The other usually dominating mechanism is the
pyro-spintronic effect (PSE) in electrically conductive magnets. Here, we gain fundamental
insights into conduction-electron-mediated (PSE) and magnon-mediated spin transport
(SSE) accessible by tuning the electrical conductivity of the magnetic layer. We find a
co-existence of both types of spin currents in the half metal magnetite.

Chapters 5 and 6 deal with the second important ingredient for THz emission in metallic
bilayer systems: ultrafast spin-to-charge current conversion (S2C). First, the influence of
the interface is studied and we observe strong S2C contributions from the interface com-
pared to bulk S2C in the magnetic or non-magnetic layer. We explain our findings by
spin-dependent (skew) scattering on impurities in the interface region. Second, the anti-
ferromagnetic material IrMn is inserted between a ferromagnetic and non-magnetic layer
to gain knowledge about the ultrafast S2C and spin transport length in this spintronically
interesting material at GHz and THz frequencies.

Chapter 7 shows an important application of spintronic THz emitters. By applying exter-
nal time-dependent magnetic fields we are able to modulate the polarity and with assistance
of a perpendicularly-oriented static magnetic field even the direction of the emitted THz
polarization at tens of kilohertz.

Finally, chapter 8 gives an outlook, where spintronic terahertz emitters are irradiated by
gamma-radiation and protons — the most critical types of radiation in space applications.
Our findings indicate that spintronic terahertz sources are robust against such high-energy
perturbations and, therefore, might be suitable sources for terahertz spectrometer in space
missions, e.g. to Mars.



Conceptual background

This chapter aims at providing the necessary theoretical background to comprehend the
main chapters of this thesis in a didactical manner: from a single particle picture and
their interactions to collective phenomena like magnetic order and (ultrafast) spin trans-
port. Finally, all relevant light-matter interactions will be presented.

Due to the very similar subject matter of this thesis and the thesis by T. S. Seifert [248],
this chapter has substantial overlap in terms of the structure and the scientific content.

2.1 Electrons in crystalline solids

In this thesis, we study thin-film samples particularly important for spintronics, which
can be considered as crystalline solids on at least a local level. Thus, the dynamics of
electrons in solids can be determined by three degrees of freedom: the electron spin, the
electron orbital motion and the crystal lattice, where the latter is often represented by its
quasi-particle, the phonon. In the following, we briefly describe electrons in a solid.

Electron
orbitals

k\ Electron spins
Spin-electron

coupling
Charge and
spin transfer

Electron-
lattice
coupling

Spin-phonon
lonic
lattice

Figure 2.1. | Subsystems of condensed matter. Schematics of the three baths: ionic lattice, the
electron orbitals and spins. Examples of interaction types between the subsystems are depicted by
the red arrows. Figure redrawn from Ref. [168] with permission of S. F. Maehrlein.
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Bloch electrons

To accurately capture the properties and interactions of electrons in solids, one requires
a many-electron Hamiltonian that can already represent any complex problem in physics.
For a simplified description one requires theoretical models. One important example is the
model of independent electrons, where each electron moves in an effective single-electron
potential. This reduces the problem to a single-electron Hamiltonian.

To describe how electrons can propagate through or be excited in a solid, we briefly in-
troduce what a crystalline solid is. Here, the term crystal structure refers to a periodical
arrangement of atoms forming different crystal classes such as cubic, hexagonal or tetrag-
onal [146]. It can be generated by periodically repeating a spatial pattern, the so-called
unit-cell. The unit cell with the smallest number of atoms is called primitive unit cell. It
has a finite number of atoms at sites ¢ and distance a to each other, where a is known
as the lattice parameter [146]. This periodic pattern of atoms and the resulting discrete
translational symmetry have a far-reaching consequence for the movement of electrons in-
side this crystal lattice. In the independent-electron model, the effective potential becomes
also spatially periodic and these electrons are called Bloch electrons [146]. It follows that
the wavefunction of a Bloch electron fulfills the Bloch theorem

\I’n,k(r) = 6ikruk(r)v (21)

where the electron sits at position = and e**" is a plane wave with k denoting the crystal
momentum. uy is a periodic function reflecting the periodicity of the crystal. For metals,
ug is approximately constant, which justifies to consider plane waves while for insulators
uy is localized at ions in the ground state. The solutions V¥, ; are named Bloch waves
[146].

The index n, the so-called band index, indicates that multiple solutions of the Schrédinger

(a) Metal (b) Half-metal (c) Insulator

Figure 2.2. | Schematic band structure for different solids. (a) In metals, the Fermi energy er lies
in the conduction band (CB) allowing occupation of states while the valence band (VB) is fully
filled. (b) The band structure becomes more complicated in half-metals where the position ep lies,
as in metals, in the CB but the band is energetically shifted for spin up and spin down, depicted
by the white arrows. (c) For er lying inside the band gap, no states of the CB are occupied. This
type of solids is called insulator.
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equation exist, which form energy bands with energies €, instead of discrete energy
levels as in atoms. Fig. 2.2 shows schematic representations of energy bands for a metal,
half-metal and insulator.

Consequently, Bloch electrons also show different properties than free electrons. For exam-
ple, their group velocity can be shown to be v = h‘ldsn’k /dk with i denoting the reduced
Planck constant (7 = h/27) and thus depends on the band curvature [146].

Fermi-Dirac statistics

To describe the population of the energy bands, one uses Fermi-Dirac statistics since
electrons are Fermions. Accordingly, the Pauli exclusion principle demands electrons to
differ in at least one quantum number, which results in a maximum energy, the Fermi
energy e, for which electrons can occupy the energy bands at temperature 7' = 0 K.

Since the energy bands ¢, 1 as a function of k¥ may not cover all energies, energetic band
gaps form. The uppermost partially filled band is called the conduction band (CB) while
the lower bands are called valence bands (VB). By the position of ep we can easily dis-
tinguish between metals with er in the conduction band and insulators with ep inside the
band gap [Fig. 2.2(a) and 2.2(c)]. Another, in this thesis important class of materials are
half-metals, where the position of e allows for occupation of electrons in the conduction
band but just for one spin species [Fig. 2.2(b)]. Details on this schematic representation
of spin-dependent density of states can be found in section 2.3.2.

The exact occupation of electrons in the states above ep for an arbitrary given electron
temperature 7' is given by the Fermi-Dirac distribution [146]

1
~ 1+ exp[(e — ) /kTT’

flep,T) (2.2)

with @ being the chemical potential, which is the conjugate variable of the mean number
of electrons constant. For T' = 0, the chemical potential u equals the Fermi energy er.
Further, we see that the occupied states are approximately separated by an energy interval
of about kT [146].

2.2 Spin interactions

2.2.1 Spin angular momentum

In this section, we will briefly discuss what spin angular momentum is and, more im-
portantly, how spin angular momentum can interact with its surrounding. Basically, an
electron has two types of angular momentum: an orbital momentum L and in addition
an intrinsic contribution S that is called electron spin [199], resulting in total angular
momentum J = L + 5. L is due to orbital motion and classically, one can imagine S to
arise from the rotation of the sphere-like classical electron about an axis through its center
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of mass. Thus, the electron spin induces a magnetic moment

s = -2 23, (2.3)

with g, denoting the electron g-factor which amounts to approximately 2. Further, up
is the Bohr magneton that is the magnetic moment an electron generates by its orbital
and spin angular momentum [199]. A proper theoretical justification of the electron spin
requires relativistic quantum mechanics, for example, the Dirac equation. This is a co-
variant Schrodinger equation and involves so-called spinors instead of scalars and scalar
wave functions, respectively [199, 263]. In 1929 Nevill Francis Mott published his results on
spin-dependent scattering of electrons off heavy nuclei, nowadays known as Mott-scattering
[184]. This marks the first experimentally direct evidence of spin angular momentum.

Comparable to the quantum mechanical operator of the orbital angular momentum I we
can define a spin operator § that obeys to the same relations as 1. Thus, we define a
commutation relation of the spin angular momentum by

[3i, 8] = ihejisk, (2.4)

with the Levi-Civita symbol €;;, [199]. Usually, one uses a set of eigenstates of commuting
operators 2 and 4, as basis of the spin-subspace [248] with eigenvalues of A2S(S + 1) and
+hS, respectively. Here, S denotes the spin quantum number, which is S = 1/2. For the
latter eigenvalue +hS, one usually calls the two possibilities “spin up” and “spin down”
with respect to the z-axis [199].

2.2.2 Relativistic single-electron Hamiltonian

Since we are interested in magnetic phenomena due to ordered spins, we need to consider
a Hamiltonian with relativistic corrections because the electron spin is not covered in the
classical Schrodinger wave equation (see section 2.2.1) [294]. Taking the expansion of the
Dirac Hamiltonian up to the first order in 1/¢, the relativistic Hamiltonian of a single
electron is given by [199]:

ﬂrel = T + Trel + I;[C + E[Darwin + -HZ + ﬁSOy (25)

where T' and T, are the kinetic energy and its relativistic correction, respectively. He
describes the Coulomb interaction and the forth term fIDarWin is the Darwin term char-
acterizing an interaction between an external electric field E and the magnetic moment
[t of an electron that is proportional to (E x f1)2. This correction term to the Coulomb
interaction is also known as Zitterbewegung and usually negligible compared to the other
terms in Eq. (2.5) [294, 308]. The remaining two terms Hz and Hgo are discussed in more
detail in the following sections.
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Zeeman interaction

The term Hy, is called Zeeman interaction. It is of great importance for light-matter inter-
action and, especially, for the research in magnetism as well as applications in spintronics
because the Zeeman interaction describes how a classical external magnetic field B couples
to the magnetic moment [ of an electron [263]. Under the assumption of small magnetic
fields compared to other spin-dependent interactions, the Zeeman interaction is given by
[199]

A

Hy = —p. - B. (2.6)

We note that the magnetic moment of an electron consists of two contributions f1, =
Lorb + fts where fi,1, denotes the orbital magnetic moment and fis is the spin magnetic
moment.

Spin-orbit interaction

In general, as the name already says, this interaction describes how spin and orbital mo-
ments are coupled and is responsible for the magnetocrystalline anisotropy whereas the
exchange interaction (see section 2.3), as quantitatively largest interaction, is isotropic
[263]. We consider an electron with band velocity ¥, and an electric field E at position
7 of the electron. Then, it can be shown that the Hamiltonian of spin-orbit interaction is
given by [248]

I:ISO = %é (E(’f’) X E + ih

c 2cme

(V x E)(%)) . (2.7)

We see that the Hamiltonian consists of two terms, where the second one is contributing
only in the case of time-dependent magnetic fields. Thus, we restrict this discussion to
stationary magnetic fields resulting in a vanishing second term because then V x E o B
equals zero.

The first term is what one usually knows as spin-orbit interaction and describes the cou-
pling of a spin § to an effective magnetic field B, which is proportional to E x v.. The
spin-orbit interaction Hamiltonian then finally reads

fAIsoOC.§ 'Beff. (2.8)

We see that Hgo is in full analogy to the Zeeman interaction as shown above. An intuitive
picture of spin-orbit interaction can be given, if we change the frame of reference to the
electron. Here, the electron “sees” the nucleus moving with velocity v., which implies a
charge current and, thus, an effective magnetic field Beg [Fig. 2.3].

As equation (2.7) shows, E depends on the electron position 7, effectively the distance
to the nucleus. If we now consider a spherically electric potential, one can relate the
effective magnetic field to the orbital momentum by Begocr x v, ocl and we can obtain
the textbook appearance of the spin orbit interaction (SOI):

ﬁso =\l - s, (2.9)
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Figure 2.3 | Spin-orbit interaction. In the frame of reference

of the electron (orange sphere), the nucleus (blue sphere) is

Ve Aua moving with the band velocity v. generating an electric po-

tential E between the electron and itself. This creates an

effective magnetic field Beg which is experienced by the elec-

tron and couples to its spin, known as spin-orbit coupling.

| Figure redrawn from Ref. [168] with the permission of S. F.
Maehrlein.

where A\ = ugh~tc?m_'r ' E(r) denotes the spin-orbit parameter [199].

Finally, we first estimate the energy of the spin-orbit interaction under the assumption of
a static vector potential to be in the order of ~ 0.1 meV - Z* [11] with the atomic number
Z. This is already close to the THz frequency range with energies in the order of 4.1 meV
for 1 THz. Second, we compare the effective magnetic field of spin-orbit interaction to
usually available magnetic fields in table-top experiments. Here, the effective field lies
in the order of & 4Tesla - Z, which is much higher than what people normally achieve
with external magnetic fields in labs [248]. However, also the magnetic field component of
electromagnetic radiation can be large. For THz electric fields it is on the order of 1T for
the highest achievable field strengths [138, 254].

2.3 Magnetism in solids

2.3.1 Many-electron relativistic Hamiltonian

Magnetic order is a collective many-electron phenomenon. We, thus, extend the single-
electron Hamiltonian to a many-electron Hamiltonian in its relativistic form, which reads
[110]

Fye = Y (T s v) . (210)

i j>i

with the kinetic energy T;, the potential energy V; for electron i and, to account for the
interaction between electrons (i # j), a Coulomb electron-electron interaction term Vge
The terms of H ME also include all electric and magnetic fields, external and internal, caused
by the nuclei. Further, this many-electron Breit-Pauli Hamiltonian explicitly contains the
total electric and magnetic fields, which are felt by all electrons [110, 248].

Despite the in Eq. (2.5) introduced relativistic contributions, the last term I;Trel includes
also further spin-related terms such as spin-spin magnetic dipole interaction (SSMD). This
interaction is comparably small since its energy is on the order of & 1 meV but nonetheless
it causes, e.g., the magnetic shape anisotropy [43]. The corresponding Hamiltonian reads
[33]

2 o [~ . 3 A .
Hssvp = # [Msl Chsz = 5 (st 1) (fas2 - T)] : (2.11)

10



2.3. Magnetism in solids

Isotropic exchange interaction

To explain the phenomenon of magnetic ordering, we use the first part of Eq. (2.10) to
briefly describe the exchange interaction for a two-electron model. As introduced in section
2.1, both electrons in this simple model need to obey the Pauli exclusion principle and,
thus, differ in at least one quantum number. In a contemporary notation, we use the wave
function W(ry, s1; 79, 82), which has to be antisymmetric when exchanging the electrons
(U(rq, 81;72,82) = —¥(rg, 82;71,81)). From this consequence, we can already deduce
that a parallel spin alignment (s; = s2) is energetically favored since ¥ becomes zero if
also r1 = ro.

In a model of a covalent bond by Heitler-London [199], one can show that it is sufficient to
consider the wave functions as products of spin states. This results in the final exchange
interaction Hamiltonian for two spins [294]

H,, = const. — 39, (2.12)

.y S
ap2 !

where the exchange constant is defined as Jox = Eginglet — Etriplet With Eginglet = 1 + E2 +
K9 + Ji2 and Eyiplet = E1 + Eo + K12 — Jio [294]. Here, Ji2 is the exchange integral and

K15 denotes the overlap integral of the two spin states with energies ;. A more detailed
derivation can be found in Refs. [248, 294].

2.3.2 Magnetically ordered solids

Above, it was shown that the exchange interaction can cause a spontaneous ordering of
magnetic moments. For solids, we define the magnetization M as [248]

M(r) = 3 Su(r), (213)

where (f1;) are the quantum mechanical expectation values of the magnetic moment and
V' denotes a small averaging volume of the solid. Macroscopically, one can find different
types of spin ordering resulting in a net magnetization M. The simplest magnetic order
is achieved in ferromagnets, where all spins are parallel aligned and point into the same
direction [Fig. 2.4(a)]. The ordering type, which is known as antiferromagnetic order
consists of two sublattices with antiparallel aligned spins compensating each other [Fig.
2.4(c)]. Here, no net M is present. As shown in Fig. 2.4(b), we have a third type,
which is the ferrimagnetic order, in which similar to antiferromagnets two sublattices
with oppositely aligned spins exists but having a different amount of spins in one of the
sublattices. This results in a net magnetization M.

M is largely carried by the spin magnetic moment in ferromagnets such as Fe, Co and
Ni, while the orbital magnetic moment (see section 2.2.2) is only approximately 10 %
contributing to the total f1 [263]. Other types of magnetic moments are orders of magnitude
smaller than the electron spin magnetic moments [248, 263]. In the following, we will look
at two models, which try to describe magnetic ordering. First, the Heisenberg model in

11
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Ferromagnet Ferrimagnet Antiferromagnet

ittt e it
et it titit
ettt fitit

Figure 2.4. | Types of magnetic order. (a) In a ferromagnet, all spins are aligned parallel to each
other whereas in (b) ferrimagnets, the spin system consists of two sublattices with antiparallel
aligned spins but different number of spins per sublattice. (c) If the number of spins per sublattice
is same, there is no net magnetization and the system is called antiferromagnet.

the limit of localized moments and second, in the case of itinerant moments the Stoner
model has proven its usefulness.

Heisenberg model

The Heisenberg model has proven to be quite successful in describing magnetic phenomena
such as the exchange interaction in, e.g., insulators by assuming localized electrons at a
lattice site a [294]. Following the many-electron Hamiltonian, the exchange interaction in
the Heisenberg model reads in a generalized version of Eq. (2.12) as [294]

~ 1 7 /
Hex = const. — 5 DTEe S, Sy, (2.14)

a>a' n,n’

with the total electron spin S at each v with the electron in the orbital state n [248]. Since
we discuss a many-body model, in which expectation values are the physical observables,
we simplify our notation here by replacing the quantum mechanical operators with their
expectation values [294]. To simplify the situation even further, we (i) neglect the constant
term in Eq. (2.14) since it contains only spin-independent contributions. And (ii), wi
limit Hey to spin interactions of nearest neighbors. This restriction is justified because
the overlap of the electronic wave functions decays exponentially and, thus no long-range
exchange interactions will contribute significantly to Hex. Then, the simplified, effective
Heisenberg exchange interactions is given by [199]

A — Z Se- Sy (2.15)

a>a!

The exchange constant Jox can, despite from quantifying the strength of the nearest neigh-
bor interaction, also provide another information. Depending on its sign, different mag-
netic order types are assigned to it. If Jox > 0, a parallel spin orientation will occur,
and according to the previous section, we call this type of magnetic order ferromagnetic
[see Fig. 2.4(a)]. For Jex < 0, the spins will align antiparallel resulting in a ferri- or
antiferromagnetic order [see Fig. 2.4(b)-(c)] [199].

12



2.3. Magnetism in solids

Note that in metallic magnetic systems, where electrons are delocalized above the Fermi
energy, the Heisenberg model may fails. However, one can often transfer the description of
the Heisenberg Hamiltonian to an effective Hamiltonian for metals. While the Heisenberg
exchange interaction is a direct coupling of spins, there are also other indirect coupling
mechanisms in insulators as well in metals such as super exchange, double exchange, sd-
exchange or Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange [199].

Stoner model

In contrast to the Heisenberg model, the Stoner Model is the simplest model to describe
magnetic order in metals, e.g., solids with itinerant electrons, which are treated as nearly
free moving particles [181]. In the Stoner model, we make three basic assumptions: (i) the
magnetic moments of classical ferromagnets like Fe, Co and Ni are dominated by electrons
in the d-shell and form energy bands due to periodic bonds between the spins. (ii) A mean
exchange field shifts the bands for spin up and spin down relative to each other by A FEey
and (iii) the electrons obey Fermi statistics with energy bands filled to the Fermi energy
er as depicted in Fig. 2.5 [181, 263].

These assumptions already explain well how a spontaneous magnetization in ferromagnets
arises. Due to AF,y, the bands for spin up and spin down are asymmetrically populated
and give rise to a net magnetization M [248]. For metals, the band splitting AFey is
experimentally found to lie usually in the order of 1eV [181]. Lastly, charge currents
can get spin-polarized when propagating through a magnetic solid when s-electrons, which
dominate the conduction due to a higher mobility, interact with the delocalized d-electrons
[43].

Density
of states

Spin up Spin down

Figure 2.5. | Stoner model for a ferromagnet. The simplified schematic shows the density of states
of a ferromagnet with only d-like bands under the influence of an external magnetic field Bey.
The bands for spin up and spin down are filled with electrons up to the Fermi energy ep and are
split by the exchange energy AFE... This splitting leads to an imbalance of spin up and down
electrons and, thus, to a net spin polarization of the ferromagnet. Figure redrawn from Ref. [248]
with permission of T. S. Seifert.
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Critical temperature

The critical temperature T, describes the point where a magnetically ordered material
loses its magnetization and, thus, makes a transition into the paramagnetic phase [146,
263]. As seen above, magnetic order arises among others due to exchange coupling of
neighboring spins. Then, often T is introduced by spontaneous magnetization in the
Heisenberg model and its consequence to have a critical temperature, where the exchange
interaction competes with other energies in the solid [146, 248|.

For a more hand-waving picture to describe the existence of T¢.it, the Stoner picture with
its assumed Fermi statistics description may be useful. Here, it is obvious that the net
magnetization M strongly depends on the temperature T' [263]. Consequently, there exists
a critical point, in which the temperature is high enough to cause spin flips from the spin
up to spin down bands and, thus, lose M.

Note that the Stoner model is not free of assumptions and, therefore, fails in the precise
explanation of the critical temperature but gives an intuitive picture of the situation [263].
The critical temperature in ferro- and ferrimagnets is called Curie temperature T¢ while
in antiferromagnets it is named Néel temperature Tx. The relationship between M and
Tt is often found to be M ~ (T — T)” with 8 denoting a critical exponent [263].

Magnetic anisotropy and hysteresis
The local magnetization in a magnet tends to lie in a preferred direction to minimize its

total energy. The magnetic anisotropy describes how much energy is needed to rotate the
magnetization from a favored (easy) reference direction to any other axis. Microscopically,

MA

Msat

————————

Bext

Y

_1\4r

Figure 2.6. | Hysteresis loop. Hysteretic behavior of the magnetization M depending on an external
magnetic field Beyt in a magnetically ordered material. Without any applied Bey: the magnetiza-
tion remains at a value M,, the remanence, whereas the external magnetic field required to fully
demagnetize the material is called coercive field B,. The maximum achievable magnetization is
depicted by the dashed arrow and known as the saturation magnetization Mg,;. Figure redrawn
from Ref. [98].
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it arises from SOI and SSMD in conjunction with the crystalline structure (mainly via
SOI), the shape of the magnetic material (mainly via SSMD), interfaces, strain or stress
[263]. As a consequence of energy minimization, magnets form magnetization domains
without externally applied magnetic fields to minimize their stray fields, exchange and
anisotropy energies [263]. Under the influence of an external magnetic field, the magnet
uniformly aligns its spin parallel to the direction of the external field and, thus, forms a

single domain.

The response of a magnetic material to an external magnetic field Bey; often shows a
hysteretic behavior. Every externally applied magnetic field will apply torque on all non-
parallelly oriented spins to align them. Once all spins are well aligned and a single domain
is formed, the magnetization reaches its maximum and saturates, known as saturation
magnetization Mg,y [Fig. 2.6]. When By is removed, a non-zero magnetization survives,
the remanence M;. To fully demagnetize the magnetic material, one needs a Beys with an
amplitude of B, the coercive field [Fig. 2.6]. As explained above, the magnetic anisotropy
has a major influence on the energy, which is needed to change the net magnetization and,
thus, the shape of the hysteresis loop [263].

2.4 Spin dynamics

2.4.1 Spin precession and damping

After we discussed magnetism in equilibrium, we now describe the dynamics of spins, which
are required for elementary spintronic operations like switching of spins. The Ehrenfest
theorem

%@ - %<[H §]> (2.16)

is the starting point for this derivation since it gives the time evolution of a specific
operator, here the spin operator §. The brackets {...) denote the quantum mechanical
expectation value and H is the single electron Hamiltonian. For simplicity, we first limit
this discussion to a specific case where an external magnetic field interacts with an electron
spin. Therefore, we consider the Zeeman interaction as dominating interaction. It can be
shown that the spin dynamics are then given by [248]

d . 9elB , .
(& = 75708 x Ben(t). (2.17)

Equation (2.17) delineates an undamped precession of the spin around the magnetic field
Byt (t) with frequency wi, = pupBext/h that is known as Lamor frequency [248].

The general case is much more complex than introduced above and seen in the many-body
Hamiltonian Hyg, where additional terms such as isotropic and anisotropic exchange,
demagnetization and magneto-elastic contributions can occur [294]. We thus simplify
matter considerably in the following by replacing all quantum mechanical operators ({(3))
with their expectation values s. Further, we find that Bey in Eq. (2.17) is replaced by
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an effective magnetic field
h 0H(s)

Bext =
ext GellB Os

(2.18)

with H(s) denoting the spin-dependent energy of the system [170] for a spin at site ¢. This
effective field allows torques to act on the spin, which will influence also neighboring spins
[173].

So far, we discussed an undamped system, which is rather unphysical. At some point in
time the spin will return to its equilibrium position. Therefore, we have to introduce a
damping term to Eq. (2.17) by considering three different baths with which the spin can
interact: other spins, the lattice and an electron orbital degree of freedom [Fig. 2.1] [75].
As seen in Fig. 2.1 a spin cannot just interact with the other baths, also the lattice or
orbital degree of freedom have back interactions to the spin system. This backaction can
alter the effective field B.g, which reads then

B.g — B + ABog. (2.19)

A B, depends on whole history of s(¢) and other observables. In the simplest phenomeno-
logical approach, AB.g can be written as

AB.g = als(t) + agé(t), (2.20)

where $(t) contains information about the past of s(¢), and the a; are coefficients. We
include AB.g into Eq. (2.17) and get

§ X Begg +ags x §). (2.21)

As seen above, the first term describes the precessional motion of the spin and is known
as field-like torque, while the second term is the damping of the motion and, therefore,
called damping-like torque [248].

2.4.2 Landau-Lifshitz-Gilbert equation

In the section above, we discussed the dynamics of a single spin. Here, we focus on
a many-spin system and macroscopic quantities. Thus, we use the normalized average
magnetization m = ZZI\; 1 li/Nps with the local magnetic moment p; and the electron
spin magnetic moment g [248] to describe the dynamics of so-called macro-spins [12].

For a magnetic material at temperatures below their critical temperature (T' « T¢), it can
be shown [90] that the equation describing the dynamics of m are structurally very same
to the damped single-spin equation [Eq. (2.21)]. The result is the famous Landau-Lifshitz-
Gilbert (LLG) equation:

om

e (2.22)

m
— —am x Beg +abalm x S,

16



2.4. Spin dynamics

Figure 2.7 | Magnetization dynamics. A torque oc Bog x m excites 7
the magnetization m out of its equilibrium position parallel to B.g
and starts precessing around the effective magnetic field Bog back
to equilibrium due to a finite damping oc m x m.

Torque
Beff Xm

with 7g = v/(1 + a?), where v denotes the gyromagnetic ratio and « is called Gilbert
damping. We note that the LLG equation [Eq. (2.22)] includes that the average magneti-
zation is not decreasing by its dynamics [182]. Fig. 2.7 qualitatively depicts the situation
of the precessing and damped magnetization. The damping can be interpreted as the
loss of spin angular momentum to the other baths shown in Fig. 2.1, which is a complex
problem for real magnetic systems [12].

2.4.3 Magnons

As seen in the previous section, Eq. (2.22) already includes a term, in which torque can
be exerted on a spin (oc Beg x m) and may lead to the generation of a quantized spin
wave, a magnon. To get an intuitive picture what magnons are, we consider a ferromag-
netic spin structure at T" = 0K, where all spins favor to align parallel to each other to
minimize the Heisenberg exchange interaction with their nearest neighbors and, thus, the
total energy of the system [146]. If we exert torque on a single spin, it starts to precess
around its equilibrium position [see Eq. (2.22)]. Due to, e.g., exchange interaction Hey,
the neighboring spins also start to precess and, thus, initiate a wave-like propagation of
spin angular momentum through space [146] [Fig. 2.8].

Let us derive the properties of magnons in a more mathematical manner. Therefore,
we assume a perfect ferromagnetic system in the following and start with the harmonic
approximation of the spin Hamiltonian. Note that for complex magnetic systems such
as ferri- or antiferromagnets the situation complicates. The exchange Hamiltonian for

CASINININIZSSIVIVIGIG -

»|
« "

Amag

Figure 2.8. | Schematic of a spin wave. Top view of a magnon with wavelength Ay,as. The green
arrows show the projection of precessing spins due to the exchange interaction between neighboring
spins. The resulting collective wave-like motion is depicted by the red curve. Figure redrawn from
Ref. [146].
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neighboring spins at sites j and j £+ 1 is given by
- S8; - (§j_1 + .§j+1). (2.23)

For simplicity, we consider interactions with the next-nearest neighbors as negligible and
define an effective exchange field as Bjx = —Jex - (8j-1 + 8;+1)/h? that simplifies the
Hamiltonian to Hex = § - Bjx. Since magnons are a dynamical phenomenon, we get the

spin dynamics again from an Ehrenfest equation of motion [146, 248]

d<§j> . 1 ~ ~ _ 9elUB ~ ~ ex
L = | He 3 | = 0BG < BY. (2.24)

The solution describes a precession of the spin j around the effective exchange field Bjx
Further, we can linearize the equation of motion [Eq. (2.24)] under the assumptions that
the perturbation is small (s7, 5? « 8;5), the z-component of s* = s; as well as s* and s?
can be neglected for ds?/dt. Then, the linearized equations can be written as [146]

d x JexGellB

WS = T (23? — 3371 — S?H) (2.25)
d J xJe !B x T x

e el O/ Rl R 8Y (2.26)
d

Of interest is usually the propagation of such quantized spin waves, so that a solution
in the form of s; oc expli(jka — wt)] is wanted with a denoting the lattice constant, k
the length of the wave vector and w as the angular frequency of the magnon. Under the
approximation for long wavelengths, on can obtain a solution [146]

a«l

w = —2Jexgepn[l — cos(ka)] kag —JexGepa’k?. (2.28)

In summary, the frequency w of a magnon is proportional to k? for long wavelengths.
Finally, if we consider again the lowest possible excitation of a ferromagnet, the flip of
a single spin, then the quantized energy of the resulting magnon is given by enae =
(Pmag + 1/2)hw [146]. Here, nmag denotes the occupation number of the magnon with

energy Emag-

2.4.4 Spin current and torques

To close the section on spin dynamics, we turn from precessional motion of spins to the
transport of spin angular momentum through space by spin currents. Hereby, we distin-
guish between two types: spin-polarized charge currents (see section 2.3.2) and pure spin
currents. The latter describes a current, in which spin up and down are flowing in opposite
direction and, thereby, cancelling the transport of a charge current [248].

More importantly, we have to differentiate the transport type of spin angular momentum.
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(a) Conduction electrons (b) Magnons

-

Figure 2.9. | Spin transport types. Schematics of spin-angular-momentum-transport types, which
can either be carried by (a) conduction electrons or (b) spin waves (magnons). The arrows depict
the propagation direction of the respective spin currents. Figure redrawn from Ref. [248] with
permission of T. S. Seifert.

&

It can either be mediated by conduction electrons [Fig. 2.9(a)] or torque-mediated, also
known as magnonic transport [Fig. 2.9(b)]. It can be shown in the non-relativistic limit
[8, 233] that a continuity-type equation for spin current densities read [266]

oM . .
W =-V _ls + 7., (229)
where j = v ® M is the linear current density and j, = w x M describes the angular
current density with w denoting the angular velocity. Thus, we can identify 7, as torque-
mediated and ls as conduction-electron-mediated spin current.

2.5 Spin transport effects

As outlined in the introduction (see Chapter 1) the development of spintronic devices
rests on three elementary operations, which are required to work efficiently to complement
existing charge-based concepts [259]. This section discusses the transport of spin angular
and spintronic effects for the generation and detection of spin currents in detail.

Importantly, spin-orbit interaction has two main consequences of interest for this thesis:
(i) it allows torques to act on spins, which will start precessing around the total local
effective magnetic field. And (ii), spin-orbit interaction has an impact on the orbital
motion of electrons and may cause the transport of spin angular momentum and thus
induce a spin current. To account for these consequences in a simple classical model, we
need to consider spin-dependent forces that modify Newton’s second law of motion which
then simply reads

mi = F(r,t,s). (2.30)

One can derive the force of the spin-orbit interaction in a classical framework which turns
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out to be a Lorentz-like force [54]

FoSux Beﬁmg’v x V x (s x E), (2.31)
c c

where the spin-orbit field B is proportional to V x (s x E'), which can cause spin deflection
phenomena such as the family of (spin) Hall effects. In section 2.2.2, we discussed the
coupling of a spin to the effective magnetic field of spin-orbit coupling. It can also lead to
a torque phenomenon known as spin-orbit torque and reads [173]

jwocsteffocsx<E><B>. (2.32)

C

In the following, we differentiate between external-field-driven and thermal effects for the
generation and detection mechanisms of spin currents.

2.5.1 Electric- and magnetic-field-driven effects

This class combines four major mechanisms, which are introduced briefly below: electric
fields in magnetic materials, spin pumping, magneto-resistive effects and spin-dependent
Hall effects. Since the spin Hall effect is of central importance for this thesis, it will be
discussed in more detail.

Electric fields in magnetic materials

First, electric fields can drive longitudinal spin-polarized currents inside a magnetic ma-
terial since the conductivity of spin up and spin down is different. Considering a simple
two-current model, the resulting spin current contribution from both spin species would
read

Jr—3,=(oy—o))E. (2.33)

Spin pumping

Second, the spin pumping technique is widely used in contemporary spintronics research.
Here, the magnetic field component B, of electromagnetic radiation couples to a magnetic
material F via Zeeman interaction. Usually, this is done at radiofrequencies to excite ferro-
magnetic materials at their resonance frequency. Consequently, the spins start precessing
and interacting with spins in an attached non-magnetic material N via exchange interac-
tion at the F/N interface. Macroscopically, the magnetization dynamics can be described

by [270, 304]

oM .
= M x By+aM x M+ M x Jumy, (2.34)

where « is the Gilbert damping and my denotes the induced magnetization in N. Finally,
this induces transfer of spin angular momentum to and polarization of spins in N [270, 304]
resulting in a gradient of spin-polarization in the N layer that, then, drives a spin current
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Js [270].

Magneto-resistive effects

Third, in magnetic materials, once the electrical conductivity is dependent on the magneti-
zation, one talks of magneto-resistive effects [268]. This class of field-driven effects includes
giant [15, 80, 209], tunneling [133], anomalous [193] or spin Hall magneto-resistive effects
[191], where the first two ones already have a huge impact on modern electronics since
hard-disk drives employ them for their read/write heads.

Spin-dependent Hall effects

Fourth, the family of spin-dependent Hall effects, including the spin Hall and its inverse or
the anomalous Hall effect, are field-driven and one of the most notable classical spintronic
phenomena [259]. As shown in the last decade the spin Hall effect can also be used to
provide ultrafast charge currents giving rise to the emission of THz-pulses [138, 246, 280].

The spin Hall effect (SHE) belongs to the family of spin-dependent Hall effects in which,
similar to the ordinary Hall effect, charge carriers are deflected and transforming the initial
charge current j. into a transverse charge current jOH. In contrast to the ordinary Hall
effect where the deflection is caused by a Lorentz force due an external magnetic field [Fig.
2.10(a)], the SHE works without external magnetic fields in non-magnetic materials [259].
Here, the spin-dependent deflection is caused by the effective magnetic field arising from
the spin-orbit interaction of the material [Fig. 2.10(b)]. Due to the spin-selective deflection,
the resulting transverse current js is spin-polarized. For completeness, in magnetic material

(a) Ordinary Hall effect (b) Spin Hall effect

Figure 2.10. | Hall effects. (a) In the ordinary Hall effect, a longitudinal charge current j. flows
inside a solid, to which an external magnetic field By is applied. In the presence of By electrons
get deflected due to the Lorentz force and accumulate on one side perpendicular to the propagation
direction of j.. This causes a transverse charge current jO®. (b) Due to spin-orbit interaction, the
effective magnetic field Bog generates a Lorentz-like force, deflecting electrons depending on their
spin species, even without external magnetic field in a non-magnetic material. Analogue to panel
(a), this so-called spin Hall effect transform j. into a transverse spin current j5%. Figure redrawn
from Ref. [248] with permission of T. S. Seifert.
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the spin-dependent Hall effect is known as anomalous Hall effect [259].

In spintronics, the SHE is as a field-driven interconversion effect since it is able to convert
charge into spin currents or vice versa, wherein it is called inverse SHE (ISHE). For all
spin-dependent Hall effects, one has to consider that the electron spin, in contrast to
electron charge, is not conserved [248, 259].

To describe the mechanisms of the SHE, AHE and ISHE, the electron momentum scatter-
ing time 7 is used in contemporary theoretical modeling since the deflection can be caused
by disorder of a solid. The relation between the driving field E and the resulting spin
current js is given by an Ohm’s law-type equation

dsij = Y00 Bk, (2.35)
k

SH
ijk
the spin-to-charge current conversion (S2C). Importantly, the spin Hall conductivity has

where ¢, is the spin Hall conductivity, which is a measure of the conversion efficiency of
three main contributions:
QSH — Qint +QSS +QSJ- (236)

Generally, one can classify these three mechanisms into, first, an 7-independent intrinsic
deflection ¢ [Fig. 2.11(a)], which is also disorder independent. The second contribution
0% is linear in 7 and is called skew scattering [Fig. 2.11(b)] and, third, the side jump con-
tribution ¢’ that is disorder-induced but independent of 7 [Fig. 2.11(c)]. Note that the
sketches in Fig. 2.11 are not reflecting the 7-dependence as it is used in modern theories
[248, 259].

Intrinsic mechanisms

The intrinsic deflection mechanism requires no scattering events, instead it originates from
a perfect crystal structure [259]. Phenomenologically, it may happen that electrons, prop-
agating through a solid, can be influenced by internal spin-orbit forces, which lead to

(a) Intrinsic deflection (b) Skew scattering (c) Side jump scattering

Impurity Impurity
Figure 2.11. | Spin Hall mechanisms. The underlying mechanisms of the spin Hall effect are
classified into one intrinsic and two extrinsic contributions. (a) The intrinsic deflection assumes a
perfect crystal lattice, which creates a spin-dependent drift velocity perpendicular to the driving
electric field E. (b) Skew scattering is an extrinsic deflection mechanism where electrons are spin-
dependent inelastically scattered off an impurity. Spin-orbit interaction can be either included in
the impurity potential analog to Mott scattering or be excluded. The latter causes the deflection by
scattering of moving charge carriers in a spin-orbit coupled band structure off an impurity [248]. (c)
The second extrinsic mechanism is side jump scattering where electrons also scatter off an impurity
but in contrast to skew scattering, it is elastic conserving the electron momentum. Consequently,
electrons get displaced depending on their spin orientation. Figure redrawn from Ref. [190].
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transverse components of the electron velocity and, thus resulting in a deflection [142].

On a more quantitative level, we consider a Bloch electron in a crystal lattice (see section
2.1) and derive its time evolution from the Ehrenfest theorem. It can be shown that the
electron velocity ve can be defined as [205]

Ve i= Vikeni + <;E x Q) (k), (2.37)

where k is the wave vector of the wave packet, Ve, 1 denotes the ordinary band velocity
and Q(k) is known as Berry curvature. The latter is a gauge-field tensor and describes
a geometrical property of an energy band [296, 303]. The second term is the emergent
anomalous velocity which is perpendicular to the ordinary velocity and the driving electric
field FE. In analogy to classical Lorentz-like forces, the Berry curvature can be seen as a
magnetic field in k-space [205].

To calculate the intrinsic contribution to the spin Hall conductivity oy, one can use the

int

Kubo formula, which is an ab-initio method in the linear response theory [148]. Thus, o,

can be shown to read

2 3
ing _ €[4k Unm,a(k) Ynm.y(k)
Oy = hfwlm D (fo = fm) 7 (2.38)

n#m (wn - wm)

Here, f are the Fermi functions of the electronic energy bands m and n, w, are the eigen
frequencies of the velocity operator and the elements i of the velocity matrix are denoted

as Umn,i-

Remarkably, equation (2.38) indicates that the intrinsic deflection originates from all oc-
cupied states while the diagonal components of the conductivity tensor depend on the
occupied states close to the Fermi energy. Finally, in systems with strong spin-orbit inter-
action, the Berry curvature is large and, thus, leads to a dominating intrinsic contribution
to the spin Hall effect [259].

Skew scattering

As outlined above, the skew scattering mechanism is linear in 7, which results in a dominat-
ing contribution in the small disorder limit [259]. Qualitatively, it is an inelastic scattering
process in which spin-polarized electrons get spin-dependently deflected while scattering
off an impurity [Fig. 2.11(b)]. One can differentiate two fundamental eventualities: (i) an
electron scatters off an impurity whose spin-orbit coupling is strong and (ii) it scatters of
an impurity without any spin-orbit interaction. In the latter case, the electron is moving in
a spin-orbit coupled band structure causing the spin-dependent change in momentum [259].

Side jump scattering

The third contribution to the spin Hall effect is side jump scattering and contains all contri-
butions, which are not captured by intrinsic deflection or skew scattering. As schematically
depicted in Fig. 2.11(c), it describes an elastic scattering off an impurity where the elec-
tron moves with the same momentum after scattering but being transversely displaced by
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Ad depending on its spin specie [259]. Since the magnitude of Ad does not depend on the
orientation of the spin, the total momentum for side jump scattering is conserved. Gener-
ally, side jump scattering is independent of 7 but arises due to the presence of impurities.
Therefore, it can be calculated from ideal electronic crystal structures in the limit of no
disorder [291].

2.5.2 Thermal effects

In contrast to the field-driven effects above, also thermal phenomena play a major in
nowadays spintronics research. Thermal effects arise from gradients of the distribution
function of, e.g., the electrons or magnons. As the distribution function of electrons in
equilibrium is a Fermi-Dirac function, the system is fully determined by the chemical
potential p and the temperature T'. Therefore, we only need to consider gradients of u
and T for the description of thermal effects.

Thus, we distinguish between gradients of temperature driving magnon-mediated spin
currents (ultrafast spin Seebeck effect, SSE) and heat-driven gradients of spin voltage
driving conduction-electron-mediated spin currents (pyro-spintronic effect, PSE). Both
mentioned effects are presented in more detail in the following sections as they complete
the basis, along with the spin Hall effect, for the ultrafast laser-driven THz emission
experiments of this thesis.

Temperature gradient: spin Seebeck effect

In analogy to the classical Seebeck effect in which a temperature gradient between to
different materials drives a voltage, spin-dependent versions were discovered in the last
decades [24]. While the spin-dependent Seebeck effect describes temperature-gradient-
driven spin currents in metallic magnets, the spin Seebeck effect (SSE) is defined to cause
a torque-mediated spin current in magnetic insulators [24].

Recently, it was found that on ultrafast time scales, the microscopic origin of the SSE
appears to be different from what is known on typical spintronic clock rates at GHz
frequencies [250]. In the following, we will focus this discussion to the in Ref. [250]
predicted model of the ultrafast spin Seebeck effect. Here, a femtosecond pump pulse
heats a bilayer thin-film stack which consists of a magnetic insulator F and a non-magnetic
metallic N layer. Since F is transparent for the pump wavelength of 800nm [250], the
entire pulse energy gets absorbed in N. Consequently, the N electron temperature rises
and induces spin fluctuations s™(¢) in N [Fig. 2.12(a)] and for electrons close to the
interface, they generate an effective magnetic field that is proportional to sN(t)Jsq, where
Jsqa denotes the exchange coefficient between F and N interfacial spins. Subsequently, an F
spin senses this effective magnetic field as a force to torque out of its equilibrium position
[Fig. 2.12(b)]. As the spins in F are coupled by exchange interaction, this initial torque
generates a magnonic current (see section 2.4.3).

To explain the dynamics of the resulting spin current js(¢), the model in Ref. [250] predicts
that the spin-current density monitors the instantaneous state of the electronic system of
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Figure 2.12. | Microscopic ultrafast SSE model. (a) Upon heating the heterostructure, the pump
energy is absorbed only in the N layer causing a temperature difference between F and N. This
increased generalized temperature of the electrons in N leads to spin fluctuations s™(#'), which are
sensed by spins in the F layer close to the interface by an effective magnetic field s™(#').Jsq with
exchange constant Jsq. Consequently, a torque is applied on the F spins. (b) At times ¢ > ¢/,
the spin is out of its equilibrium position by As™(¢). Due to the exchange interaction, a torque-
mediated spin wave in F is induced. Figure redrawn from Ref. [250] with permission of T. S.
Seifert.

N upon heating by [250]

g 4s(t) = KATN(2), (2.39)
with the pump-induced change ATN(t) in the generalized electron temperature in N and
the interfacial spin Seebeck coefficient K. Initially after optical excitation, the number
of pump-induced electrons above the Fermi level er is small since it is proportional to
ATeN (t). Importantly, the number of electrons gets increased by approximately two orders
of magnitude due to carrier multiplication by electron-electron scattering [250]. Thus, the
rise time of js(¢) shows the change from a nonthermal electron distribution to a Fermi-
Dirac distribution on a time scale of 100fs. Finally, the decay of js(¢) is dominated by
electron-phonon energy transfer. Detailed information on the model of the ultrafast SSE
and its derivation can be found in Ref. [250].

In summary, the ultrafast SSE is predicted to be (i) an interfacial effect and (ii) governed by
the dynamics of the N electrons. Both predictions remain to be experimentally shown by
variation of the F layer thickness and testing various insulating F materials while keeping
the N layer same (see Chapter 4).

Spin-voltage gradient: pyro-spintronic effect

It was recently found that the spin-current dynamics in heterostructures of ferromagnetic
metallic F and non-magnetic metallic N layers can be explained by the newly termed pyro-
spintronic effect (PSE) [231]. Here, a bilayer structure gets excited by a pump pulse, which
leads to an instantaneous increase of the electron temperature inside the F layer. This
results then in a spin accumulation, also named spin voltage Afis, which quantifies the
instantaneous excess of spin density in F. To adapt the magnetization in F to the higher
electron temperature, spin angular momentum gets transferred in two channels: from the
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(a) (b)

F Energy € N €

Figure 2.13. | Schematic of the pyro-spintronic effect. (a) Schematic of the density of states
(DOS) for a bilayer sample of F and N. Upon heating the magnetic F layer, it shifts the chemical
potentials T and ¥ and demagnetizes by spin-flips from the majority into to minority band
(yellow arrow). The shift of u¥T and ¥ causes a generalized spin voltage Afis. When attaching
an N layer, the excess magnetization can also be transported as a spin current js(t) from F to N
(red arrows) which is proportional to Afis. (b) Magnetization M as a function of temperature T
where upon heating the electronic temperature AT, instantaneously rises from T to T'. To adapt
to the actual magnetization, the system releases excess energy in form of Ajis. Figure redrawn
from Ref. [231] with permission of R. Rouzegar.

electrons to the crystal lattice of the ferromagnet and/or to the adjacent N layer as shown
in Fig. 2.13(a). Thus, it was found that Afis is proportional to the spin current density
Js(t) [231].

Remarkably, the concept of a spin voltage is still valid for nonthermal electron distributions
assuming Fermi-Dirac distributions. In this case, the spin voltage Ajis can be expressed
as the difference of the chemical potentials of spin-up and spin-down electrons [231]. The
decay of Afis happens predominantly on a time scale 7og, in which spin angular momentum
is transferred from the electrons in F to the crystal lattice or the N layer. In addition, js(t)
is governed by the relaxation of the electron excess energy that is given by a generalized
electron excess temperature AT, [Fig. 2.13(a)-(b)].

Importantly, as the PSE is identified to be the driving force of ultrafast spin currents,
it consequently follows that temperature gradients between F and N, as for the spin-
dependent Seebeck effect, play only a minor role on ultrafast time scales [231]. More
details and a thorough derivation of the PSE can be found in Ref. [231].

2.6 Light-matter interaction

Light-matter interaction is of major importance for this thesis because we study spintronic
transport effects with optical pulses and, thus induce photocurrents, which are re-emitting
THz pulses. Light is an electromagnetic wave and can be written as a superposition of
plane harmonic waves

E(w, k)« E(w)exp(ik - 7). (2.40)

Each of which is characterized by its amplitude, its angular frequency w and its wave
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vector k. Often the wavelength A is used as a quantity for the description of waves and
it is related to the wave vector by A = 2x/k. Lastly, the energy of a wave is carried by a
single photon which equals hw. We note that this thesis deals with light waves carrying
a large number of photons. Therefore, we discuss light-matter interaction phenomena
in a classical framework [248]. In addition, we only assume plane waves with vanishing
wavevector in the sample plane because the metal films under study are much thinner than
the wavelengths of the optical and THz waves as well as the dimensions of the sample are
much smaller than the laser spot diameter. Thus, we limit the further discussion to waves
propagating along z.

Excitation of electrons

By excitation of electrons from states in the valence band to the conduction band, we create
an empty Bloch state below e, a so-called hole. A hole can be considered as a particle,
which has the opposite charge mass, energy and crystal momentum of the corresponding
Bloch electron, but the same band velocity [146, 248]. If we apply an external electric field
with frequency w, electrons can be excited through an optical transition to energetically
higher states. To calculate the transition probability between the initial |¢) and the finale
state |f) within the framework of the linear response theory, we use Fermi’s golden rule
[146]

2
wif = %|Mif|25(€i —ef — hw), (2.41)

with the matrix elements of the electric-dipole operator M;;, which scales with the am-
plitude of the electric field. Energy conservation is guaranteed by the delta distribution
[248].

2.6.1 Local light-matter interaction

On a macroscopic length scale, the interaction of electromagnetic radiation with matter can
be described by the current, which get induced by the field E. Importantly, the interaction
is dominated by the electric field component of the light while the magnetic component
is typically negligible as magnetic dipoles cannot keep up with the fast oscillations of the
light [210, 248]. Therefore, one can define the induced current j;,q by

Jina = o(W)E(w), (2.42)

which is known as Ohm’s law. The conductivity tensor o, which is a 3 x 3 matrix, can be
classified in diagonal and off-diagonal components. While the diagonal entries of o refer
to current components longitudinal to the driving field, the off-diagonal elements are of
central importance for spintronics as they cause Hall-like contributions with the current
transverse to the field [259]. Furthermore, we note that the conductivity o also includes
the absorption of the incident light, which scales with Re(o) and, thus, is proportional to
Im(n?) [66].
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Drude model

The Drude model is the simplest conductivity model. Here, we treat electrons as inde-
pendent particles in an isotropic medium. This assumption is often valid for conduction
electrons in metals. The electrons are accelerated by the incident and induced light field
E(t) and collide with obstacles such as crystal imperfections, other electrons or phonons
with a rate I'. Thus, their velocity v gets randomized due to the collisions. It can be
mathematically summarized in an equation of motion [11]

me0(t) + mLo(t) = —eE(t), (2.43)

with m. denoting the electrons mass. For time-harmonic electric fields with frequency
w # 0, we can solve the equation of motion and yield for the drift velocity vp [11]

e/mel

1T iw/FE(w)' (2.44)

vp(w) =

This is a characteristic quantity for the diffusive motion of the electrons due to collisions.
We obtain the famous Drude formula for nonzero frequencies by using j = —en.vp for
the relationship between drift velocity and current with n. denoting the electron density
[11, 71, 72]

oDC

e (2.45)

ODrude (W)

. 2
with opc = £ for w = 0.

Nonlinear response

Despite from the linear response, we also consider nonlinear terms of the induced current
[Eq. (2.42)] to be important for the comprehension of this thesis. However, the second
(quadratic) and third (cubic) are sufficient. First, the quadratic response for two electric
fields E; reads [248]

3
11(2) (w) = Z del fdwg Ug,z(w, w1, WQ)E]‘ (wl)Ek(WQ) (2.46)
Jk=1

and only gives a nonzero current if the medium has locally broken inversion symmetry.
More importantly, the second-order current gives rise to frequency-mixed terms, e.g., dif-
ference wy — wo or wy 2 — w1 2, which are crucial phenomena for THz radiation generation
as difference frequency generation or optical rectification, respectively (see chapter 3.2.1)
[36]. Second, terms of the form w; + w9 are important for the linear electro-optic effect (see
chapter 3.3) that is employed to detect THz electric fields with a pump-probe technique
on ultrafast time scales [137]. Third, photocurrents typically scale linearly with the light
power and thus the square of the light field [248]. Lastly, a third-order nonlinear term is
important for the nonlinear Kerr effect which is used for passive mode-locking in femtosec-
ond laser systems to generate ultrashort light pulses. It manifests in an induced change of
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the refractive index An between the two main axes of the linearly-polarized field £ and
reads [36]
An(w) = ng(w)ceg B (w), (2.47)

where ¢ denotes the speed of light and ns is the response amplitude of the nonlinear part
of the refractive index n [36].

2.6.2 Wave propagation

To describe the dynamics of the light field, we start with a wave propagating along z in
the frequency domain as Maxwell equations dictate by [36]

2 .
(#+%) Bew) = -2 i) (2.43)

Here, we can distinguish two different regimes for the current j: (i) terms linear in j
and (ii) nonlinear currents. First, for linear optics, we consider just the linear terms
in 7 and simplify this discussion to homogeneous, isotropic, non-magnetic materials as
well as linearly-polarized electric fields with induced currents parallel to the driving field
polarization. The wave equation reads then [36]

(53 + ‘;’j) E(z,w)=0 (2.49)

and yields a plane wave of the form

E(z,t) = Egexpli(k;z — wt)] (2.50)

as solution. Ejy denotes the amplitude of the wave while k, is the z-component of the
icZ

wO
magnetic materials, magneto-optic effects may alter the polarization of the incident wave

complex-valued wave vector k, which is given by k? = “C’—;s withe = 14

o. For isotropic

as we see in the next section.

Magneto-optic Kerr effect

In modern magnetism research, the measurement of the local magnetization M state of
a magnetized material is often realized by magneto-optic (MO) effects. Famous represen-
tatives of this class are the MO Faraday effect, present in transmission geometry and the
MO Kerr effect (MOKE) for reflection geometries. For both, linear polarized light inter-
acts with the magnetized material and changes the polarization state of the transmitted
or reflected light for MO Faraday effect or MOKE, respectively [57].

In the case of MOKE, there are three different main geometries to distinguish: polar,
longitudinal and transversal [Fig. 2.14]. They differ in the orientation of M with respect
to the wave vector ki, of the incident light. Fig. 2.14 shows that the polar geometry is
valid for out-of-plane magnetized materials [Fig. 2.14(a)] while for in-plane magnetized
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(a) Polar MOKE (b) Longitudinal MOKE (c) Transversal MOKE

Figure 2.14. | Magneto-optical Kerr effect (MOKE). Linear polarized light with the wave vector kiy
is reflected on a surface of a magnetic material. The reflected wave knoke experiences a rotation
of its polarization angle as well as an ellipticity, whose are proportional to the magnetization M
of the material. One distinguishes between three main geometries depending on the orientation of
M. (a) Polar MOKE where M is parallel to the sample normal. (b) For the longitudinal MOKE
geometry, M is parallel to k;, and (c) lastly, M perpendicular to ki, is called transversal MOKE.

materials the terms longitudinal (M || ki,) and transversal (M L ki,) are used [Fig.
2.14(b)-(c)]. Importantly, for longitudinal and polar MOKE geometries, the polarization
of the reflected light acquires an ellipticity nk and rotates by an angle 0k, whereas for
transversal MOKE, a magnetization modulated intensity difference is measured [206].

Despite these three main configurations, there are several other terms for MOKE-based
configurations used such as SMOKE or CMOKE [222, 295] but they all refer all to the
same basic phenomenon. It can be shown that if n » k, the Kerr rotation 8k and ellipticity
Nk are given by [265]

7

€
g = —— W 2.51
K n(n? —1) (2:51)
= ay (2.52)
= n(n? —1)’ ’

where n is the refractive index of the magnetized material and ¢;; = E;j + ze;/j are the
complex-valued entries of the dielectric permeability tensor, which reads for cubic symme-
try of a crystal [265]

e(M,w)=| —ezy €2z O . (2.53)
0 0 e,
Terahertz transmission through metallic thin-films

In this section, we show how we can describe the transmission of THz electric fields through
metallic thin-films. Therefore, we consider a nonlinear induced current with the same
restrictions as shown in section 2.6.2 and the resulting wave equation reads

2 .
(83 + c;) E(z,w) = —%ZojNL(z,w), (2.54)
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Figure 2.15. | Terahertz transmission and emission. Two schematic scenarios of THz spectroscopy
in which a thin-film sample with conductivity o(z) between two infinite half spaces with refractive
index n; is involved. For an incident THz electric field Ej, onto the thin-film (upper panel), it
induces a linear polarization P(!)| which causes the re-emission of a reflected rEj, and transmitted
FE = tFEy, electric field with the reflection and transmission coefficients r and ¢, respectively. The
lower panel depicts a THz emission scheme. Here, a femtosecond laser pulse induces a transverse
charge current density j. that re-emits THz electric fields in the forward (Ey) and backward (Ej)
direction along z. Figure redrawn from Ref. [248] with permission of T. S. Seifert.

where jNV is defined as N = j— (1) and we abbreviate the wave equation in the following
as a source term S(z,w). It can be shown that by using a Green’s function approach with
G.(z,w), we can solve Eq. (2.54) for E

B(zw) = sz’GZ:(z,w)S(z’,w). (2.55)

We can interpret the Green’s function as a propagator of E for a delta-like source at
position 2’ [248] while we observe the wave at position z. To calculate the propagation
through a metallic thin-film with conductivity o(z), we assume two infinite half-spaces on
the left-hand and right-hand side of the metal film [Fig. 2.15]. Half space 1 has a refractive
index of n1 and meets the sample at z = 0. The second interface to half-space 2 with ny
is at position d which denotes the thickness of the sample [Fig. 2.15]. The transmitted
Green’s function is given by [137]

exp(ika|z — 2'|)
2iko

G, (z,w) = [1+ 712 exp(2ikaz)] . (2.56)

Since we are only interested in the transmitted electric field along z, we use the one-
dimensional wave equation and include the thin-film sample by a wave-vector distribution
k3(2,w) and A(k?) = iZpow/c. Half-space 2 is usually air and, thus, we set na ~ 1. Then,
the wave equation yields [248]

[63 + (kg(z,w) + A(k:Q)(z,w))]E(z,w) =0. (2.57)
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Using the Green’s function approach introduced above, we rewrite the wave function with
a source term S(z,w) = —A(k?)(z,w)E(z,w), which then reads

[02 + k2 (2,w)]E(z,w) = S(2,w). (2.58)
And solve the wave equation whose solution then yields

d
E(z,w) = t12Fin + J dZ'G.(z,w)S (7, w). (2.59)
0

We see that the solution contains two terms: first, the incident electric field Ej, multiplied
with the Fresnel transmission coefficient t19 = 2n1/(n; +n2) [66] and second, an additional
wave caused by the thin-film sample. Assuming the thin-film stack much thinner than (i)
the wavelength and (ii) attenuation length of the incident wave, it can be shown that the
Green’s function from the reference system is given by G,/(z,w) =~ ¢/[iw(ni + n2)] [248].
In addition, we consider the sample thin enough to have a constant electric field E over
the entire thin-film thickness d. Finally, we get the following relation for the transmitted
electric field

Hw) = 2 _ 2 , (2.60)

En(w)  ny+ng+ Zo X(C)l dz'o(2',w)

where Zy = 377 denotes the vacuum impedance. This equation (2.60) is a generalized
version of the famous Tinkham formula [93].

Terahertz emission of F|N heterostructures

In addition to the transmission of electric fields through a thin-film sample, we discuss the
problem in which a charge current density —ej. is induced in the sample that re-emits an
electric field [Fig. 2.15]. We restrict this problem to the forward propagating wave Ey as
shown in Fig. 2.15 and include the charge current density into the wave equation in Eq.
(2.54):

[02 + k2 (2,w)|E(2,w) = —eZowjc(z,w)/ic. (2.61)

Analogue to the previously discussed transmission problem, we again use the Green’s
function approach with the source term [252]

_ eZpwjc(z,w)

S(z,w) = — A(K*) (2, w)E(z,w). (2.62)

’c

Assuming again the second half space [Fig. 2.15] exhibiting a refractive index of ng ~ 1,
we can use A(k?) = iZpow/c and assuming all involved wavelengths and their attenuation
lengths larger than the thickness of the thin-film as well as again a constant electric field
throughout the film, we get

eZy Sg dz'je (7, w)
ni + na + Zy X(C)l do(,w)’

E(z,w) = (2.63)
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with the total impedance of the film Z(zl’ o = ”1Z+0"2 + Xg dz'o(2',w). A more thorough
derivation can be found in Ref. [252].

Finally, we focus on further parameters of the THz emission process in F|N heterostruc-
tures. First, the induced charge current density j. results from the generation of a spin
current density js in F due to the PSE (see section 2.5.2) for metallic F or ultrafast SSE (see
section 2.5.2) for insulating F. However, the spin current density js is proportional to the
total absorbed pump light energy density A [246]. Depending on the material properties
of F and N, the pump light may get absorbed differently by the two layers. Therefore, we
use js € A/(dp + Bdx), where d; denote the thicknesses of the F and N layer, respectively
and B = Im(n%)/Im(n?) [194, 231]. In addition, the spatial dependence of js(z,w) inside
the N layer is considered by [246]

d
js(z) = tanh (2 AN 1) : (2.64)

where Ao is the relaxation length of js. A detailed derivation can be found in Ref. [246].
Finally, we have to consider that the spin-to-charge current conversion from the initial jg
to j. can be quantified by an efficiency 6 and obtain ultimately [194, 231, 246]

A
dr + Bdy

E(w) Z(w)&jg(w))\reltanh( dn ) (2.65)

2)\rel

where ;¥ denotes the spin current density, which is injected into the N layer.
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Experimental methods

THz emission spectroscopy is an excellent optical tool to study charge and spin transport
dynamics. It allows to gain direct insight into the temporal evolution of ultrafast spin cur-
rents and spin-to-charge current conversion at highest frequencies. To complete the pool of
possible techniques to characterize material parameters, THz transmission spectroscopy is
suitable to obtain properties like the impedance in a broad frequency range. All THz electric
fields are detected time-resolved by the linear electro-optic effect (EOS).

Due to the very similar subject matter of this thesis and the thesis by T. S. Seifert [248],
this chapter has substantial overlap in terms of the structure and the scientific content.

3.1 Laser system

The key to time-resolved measurements of ultrafast processes are stimuli on the same
timescale or faster. Laser systems provide the fastest stimuli available as light pulses with
durations in the femtosecond regime (1fs=1071%s). Such pulsed lasers are commercially-
available and based on a variety of laser active media (e.g. solid-state, fiber, dye) [78] but
share the same basic lasing concept: an active medium is optically pumped until an inver-
sion of the populated states of the active medium is reached and re-emits electromagnetic
radiation of a single wavelength corresponding to the energy difference of the inversion
populated state to the ground or next-lower preferred state. Subsequently, the emitted
waves are coherently amplified in a simple cavity [78].

The described process produces an output with constant intensity over time, the so-called
continious wavelength (cw) mode. For a pulsed operation different mechanisms are avail-
able. The laser system used in this thesis operates in the pulsed regime with self-locking of
cavity modes by Kerr lensing inside the active medium [234]. To start this mode-locking
process, it requires comparably high intensities in the Kerr medium. Usually intensity
fluctuations, achieved by shortly detuning the cavity length, are employed to start the
highly nonlinear process of mode-locking where the refractive index of the medium be-
comes intensity-dependent [234]

n(I) = ng + ni(I). (3.1)
The laser system used for all experiments in this thesis is a high-repetition rate solid-state
Ti:sapphire oscillator compact M1 from FEMTOLASERS (now: mks Spectra-Physics)

with low signal-to-noise ratio exhibiting a pulse duration of 10fs [38]. The Ti:Sa crystal
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Figure 3.1. | MHz laser system. (a) A laser beam at a wavelength of 532 nm optically pumps
a titanium-doped sapphire crystal (Ti:Sa) at its maximum absorption wavelength. The crystal
serves as the active laser medium and is protected from thermal damages due to the high optical
pump power by having a water-cooled base plate. The optical cavity of the emitted laser radiation
at a center wavelength of 800 nm consists of the end mirror (EM) and a partially transmissive
out-coupling mirror (OC). The focusing mirrors (FM1 and FM2) provide high intensities inside
the active medium to lock the modes inside the cavity and generate ultrashort pulses. A pair of
chirped mirrors (CM1 and CM2) compensate the occurring group velocity dispersion arising inside
the cavity. The picture is a modified version from Ref. [38] with permission from L. Braun and S.
F. Maehrlein. (b) Output spectrum of the compact M1 Ti:Sa oscillator with a full-width at half
maximum of about 115 nm.

(active medium) is pumped at its absorption maximum by an optically pumped semicon-
ductor continuous wavelength laser at 532nm (Coherent Verdi G8) with an output power
of 7.5W. A detailed scheme of the cavity is shown in Fig. 3.1(a). We achieve the follow-
ing output parameters of the oscillator cavity: 80 MHz repetition rate, 11 nJ pulse energy
and a central wavelength of 800nm. An external cavity dispersion control (ECDC) unit
consisting of a pair of chirped mirrors enables fine tuning of the pulse duration, e.g., the
group velocity dispersion of transmissive optical elements of the setup is pre-compensated
with additional bounces on the chirped mirrors of the ECDC. Fig. 3.1(b) shows a typical
spectrum of the output beam with a full-width-at-half-maximum of 115 nm, indicating a
pulse duration in the order of 10 fs. Behind the cavity output, the beam is splitted into two
beams with a ratio of 80:20 to enable a time-resolved spectroscopic measurement scheme
by having a pump (80%) and probe (20%) beam from the same laser system.

3.2 THz radiation generation

3.2.1 Optical rectification

One important effect of light-matter interaction for THz radiation generation is optical rec-
tification. Here, light from a broadband visible or near-infrared laser pulse with frequencies
v; induces a second-order nonlinear polarization with difference frequencies vy, = o — 11
[see Fig. 3.2] which lie in the far and mid-infrared (THz window) [22, 230].

Two conditions need to be fulfilled for the rectification process. First, the optical medium
needs to have a broken inversion symmetry with susceptibility x(® which is a material
specific tensor and, here, among other properties, describes the efficiency of the rectification
process [36, 316]. Second, a phase matching is required, which describes the relation of the
phase velocity of the THz pulse and the group velocity of the optical pulse that have to
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Figure 3.2. | Optical rectification. Frequencies v; of the electric field from a broadband visible laser
pulse gets mixed in a nonlinear optical medium with susceptibility x(?), which also describes the
conversion efficiency of the mixing process. The resulting nonlinear polarization exhibits frequencies
UTHz = Vo — 1, which lie in the mid- to far-infrared spectral range. The picture is reproduced from
Ref. [168] with permission of S. F. Maehrlein.

be in phase with each other throughout the thickness of the nonlinear medium [316]. This
results in a constructive sum of all v, and, therefore, a broadband nonlinear polarization
[see Fig. 3.2].

An advantage of optical rectification is that the emitted THz electric field exhibits a fixed
carrier-envelope phase, so that coherent detection schemes become possible. One can
categorize optical rectification into two different types: (i) non-resonant excitation like for
crystalline emitters (ZnTe, GaP, GaSe) and (ii) resonant excitation as in photoconductive
switches or spintronic terahertz emitters. The latter resonant process will be elaborated

in more detail in the following section.

All these different types of THz emitters exhibit characteristic properties in terms of their
emitted spectral width, polarization and handleability. Photoconductive switches usually
emit rather narrowband THz electric fields from 1 to 3 THz while other emitters exhibit
the potential for the efficient generation of much more broadband spectra, e.g., ZnTe 1-
5THz, GaP 1-8 THz and GaSe 10-40 THz [155] for relatively thick crystals. By changing
their thickness, different phase-matching conditions can be achieved and, therefore, change
the spectral weight to higher or lower frequencies [36]. Moreover, phonon resonances in
the crystal-based emitter give rise to spectral gaps [39]. In photoconductive switches,
which are biased semiconductors, the incident electric field excites charge carriers above
the semiconductor band gap. The bias accelerates the charges and generates a charge
current, which re-emits a THz electric field [41].

3.2.2 Heat-driven spintronic THz emission

A recently emerging class of THz sources are spintronic terahertz emitters (STEs) based
on metallic heterostructures [249, 280]. The underlying mechanisms are twofold: (i) The
incident femtosecond laser pulse heats the heterostructure, quenches the magnetization
M of the magnetic layer F [see Fig. 3.3] and generates a spin voltage Ajfis which gives
rise to a spin current density js [231]. As shown in Fig. 3.3 this spin-polarized current
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Figure 3.3. | Heat-driven THz generation. A femtosecond laser pulse is incident on a spintronic
heterostructure consisting of a magnetic layer F and a non-magnetic layer N. The induced heat
from the laser pulse quenches the magnetization M.q by AM and give rise to a transient spin
voltage, which drives the spin current with density js. When propagating into the N layer, jg
experiences the spin-orbit coupling of the N material and gets deflected. Thereby, a transverse
charge current j. is generated that acts like an electric dipole emitting a THz electric field E.

Js propagates into the adjacent non-magnetic layer N, where (ii) js gets converted into a
transverse charge current density j. by a spin-to-charge current conversion process, e.g.,
the inverse spin Hall effect. Due to the pulsed excitation, also j. is time-dependent and
acts like a Hertzian dipole re-emitting an electric field with frequencies extending to the
THz frequency range [138, 246]. Further details on the microscopic explanations of these
mechanisms can be found in Chapter 2, sections 2.5.1 and 2.5.2.

Spintronic THz emitters feature many properties, which make them superior to the other
classes of emitters. They are able to generate a broadband and gapless spectrum from
1 up to 40 THz. No phase matching or complicated crystal-cutting is needed. STEs are
robust and in principle effort scalable in terms of the used materials [246]. As it will
be shown in Chapter 7 the linearly-polarized emission from STEs can be controlled and
modulated by an external magnetic field which make these emitters excellent candidates
for modulation-based spectroscopic techniques [100]. In terms of the efficiency, STEs
are already comparable with other tabletop THz sources and exhibit the potential to
outperform even high-field sources like LiNbO3 in the near future [247].

3.3 THz electric field detection

Electro-optic sampling

To detect the THz electric fields from any kind of sample or THz source all studies within
this thesis use electro-optic (EO) sampling. This detection method has a major advantage
for THz time-domain spectroscopy: a simultaneous detection of amplitude and phase
[139, 155]. Compared to other detection schemes there is no complicated phase retrieval
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Figure 3.4. | Electro-optic sampling. The THz electric field Ery,(t) linearly changes the refractive
index of a nonlinear medium which is probed by a linearly-polarized probe pulse. By delaying
both pulses with respect to each other with time 7 the THz electric field gets sampled by the probe
pulse and encoded in its polarization state. The induced elliptical polarization behind the nonlinear
crystal gets transformed to a polarization rotation by a quarter-wave plate and a polarizing beam
splitter subsequently projects the linear polarization onto two orthogonal axis, which are then
measured by a pair of photodiodes. The picture is a modified version taken from Ref. [98].

algorithms by, e.g., the Kramers-Kronig relations, required [36].

Linear electro-optic effect

The linear electro-optic effect, also known as Pockels effect, describes a process where
an electric field Ery, changes transiently the refractive index by An inside an optical
nonlinear medium, where An is linearly proportional to amplitude and phase of Ery, [Fig.
3.4]. Thus, the nonlinear medium becomes transiently birefringent. The co-propagating
probe pulse experiences this transient birefringence and changes its polarization state from
initially linear to elliptical. In summary, the transient amplitude and phase information
of Frp, is transferred to the polarization state of the probe pulse at a given time t.
By delaying the probe pulse with respect to the THz electric field by 7, the waveform of
Er1,(7) can be sampled [Fig. 3.4]. Typical materials for EOS are ZnTe(110) and GaP(110)
[139, 155].

Balanced detection

The final step in detecting Eryp, is the read-out of the induced probe pulse ellipticity.
Therefore, after acquiring an ellipticity from the nonlinear crystal the probe pulse propa-
gates through a quarter-wave plate, which transforms it into a polarization rotation [Fig.
3.4]. A polarizing beam splitter projects the linear polariation onto two orthogonal axis,
spatially separates them and finally, a pair of photodiodes measures the intensities of both
beams. Since the acquired ellipticity is usually small (1075-107%), one needs a suitable
method to supress the rather large background. Thus, by taking the difference of the
induced photodiode currents, one gets access to the background-free component S(7) pro-
portional to the amplitude and phase of Eqe; incident in the electro-optic detection crystal
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where d is the thickness of the detection crystal, ng its unperturbed refractive index and reg
is the effective electro-optic constant. Further, A, denotes the central wavelength of the
probe pulse and 7 the delay time between Ery, and the probe pulse. One need to note that
the measured signal S(7) does not equal Eget due to phase mismatched waves, dispersion
and a finite probe bandwidth. Therefore, we introduce a transfer function Hget

S(t) = Haet * Eqer- (3-3)

A procedure on how to get access to the emitted THz electric field behind the THz source
will be detailed in section 3.5.

3.4 THz spectrometer: emission and transmission

3.4.1 THz emission scheme

We use a double-modulated pump pulse to increase the overall signal-to-noise ratio. First,
a mechanical chopper modulates the light intensity at 30kHz to measure signals in the
frequency domain far above the 1/f noise. Second, a harmonically back and forth shaking
retroreflector with a maximal delay of 50 ps modulates of the pump-probe delay 7 at 25 Hz
(APE scanDelay 50). This second modulation allows for a fast scanning of an entire THz
waveform. In total, both modulators in combination with an optimized detection layout
pushes the setup to the shot-noise limit.

The principle optical layout of the THz spectrometer is depicted in Fig. 3.5. It enables
two basic measurement modes with its two foci: (i) linear THz spectroscopy by generating
THz radiation in the first focus and let the THz electric field transmit through a sample
of interest in the second focus to determine, e.g., the impedance of the sample. Further
details on this method are given in the following section 3.4.2. The second mode (ii)
accessible with such THz spectrometers is THz emission spectroscopy, which is the main
method used in this thesis. Here, the sample is placed in either the first or second focus
and the optically excited sample generates a THz electric field (see section 3.2). In both
modes, the electric field gets detected by electro-optic sampling in the third focus.

3.4.2 THz impedance

To quantify the electrical transport at THz frequencies we employ a referenced transmission
method of THz pulses through the metallic thin-film of interest [Fig. 3.5]. To consider
the influence of the mechanically supporting substrate of the thin-film, the transmission is
measured through the bare substrate and the thin-film on top of the substrate. The spectral
ratio T'(w) of these two transmitted fields S;(w) yields almost directly the frequency-
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Figure 3.5. | Schematic of the THz setup. This THz spectrometer can be operated in two modes:
(i) THz transmission and (ii) THz emission. In mode (i), the optical pump pulse is incident on
a THz source generating a THz electric field, which gets focused onto the sample under study. A
silicon wafer separates THz electric field and optical pump. In mode (ii), either the first or second
focus is empty and just the sample of interest, emitting a THz electric field, is placed in one of the
foci. In both modes, the THz pulse and the probe pulse get focused into a nonlinear crystal, where
the probe pulse samples the THz electric field by the linear electro-optic effect. All information of
the sampled THz pulse is encoded in the polarization state of the co-propagating probe pulse and
is read out by a balanced detection consisting of a quarter-wave plate, a Wollaston prism and a
pair of photodiodes. The picture is taken from Ref. [98].

dependent impedance Z(w) of the entire stack (metal plus substrate) [99, 246].

Z(w) 1

Ssample(w) = 21 (w
2 = 2m( )nl(w)—i-ng(w)—i-ZoG(w)'

Ssubstrate (w)

T(w) = = 2n3(w) (3.4)

As further indicated in equation (3.4) also the sheet conductance G(w) of the metal film can
be extracted. ni(w) and no(w) denote the refractive index of the substrate material and
air, respectively, while Zy = 377} is the vacuum impedance. More details on how to infer
the frequency-dependent electrical conductivity from THz transmission measurements can
be found in Chapter 2, sections 2.6.1 and 2.6.2.

3.5 Extraction of spin currents

As outlined in section 3.3 (EOS), the detected electric field does not equal the emitted
field directly behind the THz source. The measured signal S(t) equals the electric field
Eem(t) behind the sample surface convoluted with a setup-specific transfer function H(t)
[131]

S(t) = (H = Eem)(t). (3.5)

H contains the response of the electro-optic detector Hget as well as the propagation
of the THz electric field from the sample to the detection crystal Hprop. To get Eem,
we employ a two-step referencing method. First, we measure H(t) by deconvoluting the
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measured signal from a reference emitter (e.g. 50-pum-thick GaP(110)) based on optical
rectification, whose emission is well understood [281] and, therefore, can be simulated with
setup- and measurement specific parameters. Second, we deconvolute the measured signal
with the previously found H(t) up to a cut-off-frequency of w./2m = 40 THz to get Eem(t).
Frequencies |w| > w. are omitted because the small amplitudes of S(w) and H(w) may
lead to significant uncertainties of the retrieved E(w) [45].

This method relies on deconvolution of time-domain data, which is not straightforward.
By transforming this inversion problem into a matrix-based problem, the deconvolution
in the time domain gets possible. Another option is solving the inversion problem in the
frequency domain by Fourier transforming all signals to S(w). Here, the convolution
becomes a multiplication S(w) = H(w) + Fem(w) and with knowledge of the emitted field
of the reference emitter Eep, ref(w) we obtain

Ssample (W )

Eem(w) = Eem,ref(w) : Sref(w)

(3.6)

Finally, assuming transport of the spin current js(w) from F to N with conversion to a
pure charge current j.(w) via the ISHE, we can extract js(w) by a generalized Ohm’s law
[131, 246, 250]

Eem(w) = eZ(w)fspIngs(w). (3.7)

Here, e is the elementary charge, fgg denotes the spin Hall angle and Ay describes the
spin propagation length in the non-magnetic layer N. In Eq. (3.7), the electron charge -e
shows up because js and j. are given in units of half of Planck’s constant //2 and of -e,
respectively. The sample impedance can be calculated by using Eq. (2.63).
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Transition of laser-induced terahertz spin
currents from torque- to
conduction-electron-mediated transport

Spin transport is crucial for future spintronic devices operating at bandwidths up to the
terahertz range. In F|N thin-film stacks made of a ferromagnetic/ferrimagnetic layer F
and a normal-metal layer N, spin transport is mediated by (1) spin-polarized conduction
electrons and/or (2) torque between electron spins. To identify a crossover from (1) to (2),
we study laser-driven spin currents in F|Pt stacks where F consists of model materials with
different degrees of electrical conductivity. For the magnetic insulators yttrium iron garnet,
gadolinium iron garnet (GIG) and ~y-Fey Os, identical dynamics is observed. It arises from
the terahertz interfacial spin Seebeck effect (SSE), is fully determined by the relazation of
the electrons in the metal layer, and provides a rough estimate of the spin-mizing con-
ductance of the GIG/Pt and y-Fey O3 /Pt interfaces. Remarkably, in the half-metallic fer-
rimagnet FesOy (magnetite), our measurements reveal two spin-current components with
opposite direction. The slower, positive component exhibits SSE dynamics and is assigned
to torque-type magnon excitation of the A- and B-spin sublattices of FesOy. The faster,
negative component arises from the pyrospintronic effect and can consistently be assigned
to ultrafast demagnetization of minority-spin hopping electrons. In general, our results
provide a route to the contact-free separation of torque- and conduction-electron-mediated
spin currents.
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Chapter 4. THz spin currents from torque- and conduction-electron-mediated transport

4.1 Motivation

A. Spin currents

Control over spin currents is a cornerstone of spintronic technologies [280]. Functionalities
in such diverse fields as energy conversion and information technologies are envisaged to
benefit from the generation, processing, and detection of spin currents [37, 258, 278, 297].
An important goal is to push the bandwidth of spintronic operations to the terahertz
frequency range, corresponding to ultrafast time scales [280, 284].

A model system for the investigation of the transport of spin angular momentum is the
FIN thin-film stack of Fig. 4.1(a), where spin can be transmitted from a ferromagnetic
or ferrimagnetic layer F to an adjacent nonferromagnetic/nonferrimagnetic metal layer
N. The spin current in F is mediated not only by (1) spin-polarized conduction electrons
[195], which typically dominate spin transfer in metals, but also by (2) magnons, i.e.,
torque between coupled spins [5, 35|, which is the main transport channel in insulators.
Accordingly, spin transfer across an F/N interface can be mediated by (1) spin-polarized
conduction electrons traversing the interface [see (1) in Fig. 4.1(a)] and by (2) spin torque
between adjacent F and N regions [(2) in Fig. 4.1(a)]. As mechanism (2) results in the
excitation of magnons in F [250], it can be considered as magnonic spin transfer.

In general, to drive an incoherent spin current of density js from F to N, a difference in
temperature or spin chemical potential (also known as spin accumulation or spin voltage)
between the two layers is required [24, 231]. For example, for a temperature gradient
between F and N, the resulting spin current arises from the interfacial spin-dependent
Seebeck effect (SDSE) [260] for channel (1) or the interfacial spin Seebeck effect (SSE)
[3, 145, 226, 273, 274, 303] for channel (2).

In any case, the spin flow from F to N can be detected by conversion of the longitudinal
Js into a transverse charge current with density j. [Fig. 4.1(a)] and measurement of the
resulting voltage. For this purpose, N materials with sufficiently large inverse spin Hall
effect (ISHE), for instance, Pt, are well suited.

B. THz spin transport

A powerful and ultrafast approach to deposit excess energy in F|N stacks is optical exci-
tation by femtosecond laser pulses [Fig. 4.1(a)]. Measurement of the ultrafast transverse
charge current j. as a function of time ¢ allows one to resolve elementary relaxation pro-
cesses such as electron thermalization [250] and electron-spin and electron-phonon equili-
bration [231]. It also delivers insights into the role of temperature [175, 197], strain [163],
defects [196], film thickness [79, 219], intermediate layers [159, 239, 252], and spin sub-
lattices [82, 120] in spin transport and into details of spin-to-charge-current conversion
[49, 99, 107, 165, 177, 287, 309, 311, 317].

For an insulating and pump-transparent F, temperature gradients between F and N (i.e.,
the SSE) were found to be the dominant driving force of the ultrafast js [143, 250]. For
metallic F, in contrast, such temperature differences (i.e., the SDSE) were concluded to
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Figure 4.1. | (a) Schematic of photoinduced spin transport in an F|Pt stack, where Pt is platinum,
and F is a magnetic layer with equilibrium magnetization M. An ultrashort laser pulse excites
the sample and induces an ultrafast spin current with density js from F to Pt along the z axis.
In the Pt layer, js is converted into a transverse charge current with density j. that gives rise to
the emission of a terahertz electromagnetic pulse. Schematics (1) and (2) indicate spin transfer
across the F/Pt interface that is mediated by (1) spin-polarized conduction electrons and (2) spin
torque, the latter coupling to magnons in F. Both flavors (1) and (2) can be driven by gradients
of temperature and spin accumulation. (b) Simplified schematic of the single-electron density of
states vs electron energy e of the tetrahedral A and octahedral B sites of the ferrimagnetic half-
metal FegO4. The DC conductivity predominantly arises from the B-site minority-type hopping
electrons of the e-sublattice. (c¢) In our interpretation, optical excitation of the FezO4|Pt stack
triggers spin transfer through both the spin Seebeck effect (SSE) and pyrospintronic effect (PSE).
While the SSE current is mediated by torque between Pt electrons and Fe3O,4 electron spins far
below the Fermi level pg [(2) in panel (a)], the PSE transiently increases the chemical potential of
the B-site minority-spin electrons around pg and, thus, induces a conduction-electron spin current

[(1) in panel (a)].

make a minor contribution. Instead, spin-voltage gradients were suggested and identified
as the relevant driving force of spin transport on subpicosecond time scales in metals
[27, 53, 85, 161, 185, 231]. More precisely, dynamic heating of F leads to a transient spin
accumulation or spin voltage, which quantifies the excess of spin angular momentum in
F. This phenomenon, which may be termed pyrospintronic effect (PSE), induces a spin
current across the F/N interface [85, 231]. While the pump polarization has no impact on
these incoherent effects, pump-polarization-sensitive spin transport was reported in several
cases and ascribed to coherent torque [121, 218].

There are important open questions regarding the role of terahertz SSE and PSE. First,
the SSE was so far only observed in F|Pt stacks with F made of yttrium iron garnet (YIG)
[143, 250]. According to the microscopic model of Ref. [250], the spin-current dynamics
should be fully determined by the relaxation dynamics of the Pt electrons, independent of
the insulating F-layer material. This quite universal implication remains to be shown.

Second, with increasing electrical conductivity of the F material, a transition from ultra-
fast SSE to PSE should occur, which was not yet observed. At the crossover point, both
spin transport channels (1) and (2) may be operative [Fig. 4.1(a)], and disentangling them
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is crucial to maximize the overall generation efficiency of spin currents. The experimental
separation of conduction-electron- and magnon-carried incoherent spin transport is chal-
lenging under quasistatic conditions [126, 235, 250]. However, on femtosecond time scales,
SSE and PSE dominate and exhibit different temporal dynamics, as indicated by previous
works [231, 250]. Thus, a separation of the two phenomena might be possible.

C. This chapter

In this chapter, we study ultrafast photogenerated spin currents in F|Pt bilayers as a func-
tion of various magnetic model F materials with different degrees of electric conductivity:
the ferrimagnetic insulators maghemite (7-Fe2Os3), gadolinium iron garnet (GdsFes;0;2,
GIG) and YIG (with a thickness ranging over three orders of magnitude), the ferrimag-
netic half-metal magnetite (Fe3Oy4), and for referencing purposes, the ferromagnetic metal
iron (Fe).

We reveal that the ultrafast dynamics of the SSE is independentof the choice of the mag-
netic insulator (YIG, GIG, or y-Fe2Q3), its thickness (3.4 nm to 3 um) and growth method.
Remarkably, in the half-metallic ferrimagnet FezO,4, we observe simultaneous signatures of
both SSE and PSE, whose ultrafast spin currents counteract each other. The PSE current
is much smaller and of opposite sign than with Fe. We assign the PSE current in FesOy
to the minority hopping electrons [Fig. 4.1(b)].

4.2 Experimental details

A. THz emission setup

We use the laser system and THz emission setup presented in sections 3.1 and 3.4.1, respec-
tively, for studying THz spin currents in F|N bilayers with varying F layer conductivity.
The sample under study gets pumped by femtosecond laser pulses, which launch a spin
current density js. By the ISHE [see section 2.5.1], js gets converted into a transverse
charge current density j. [Fig. 4.1(a)] that finally emits THz radiation [see section 3.2.2]
(83, 99, 107, 138, 244, 246, 250, 301, 311, 317]. We detect the transient terahertz electric
field by electro-optic sampling in a 1-mm-thick ZnTe(110) crystal, resulting in the electro-
optic signal S(t, M) [139, 155, 300]. During the experiments, the in-plane equilibrium
magnetization M of the sample is saturated by an external magnetic field (magnitude
~ 100 mT). We measure signals for two opposite orientations + M. Because we are only
interested in odd effects in the magnetization M, we focus on the antisymmetric signal

S(t, -I-Mo) - S(t, —MO)

S(t) = . : (4.1)

All data are acquired at room temperature in air if not mentioned otherwise. To extract
the spin current dynamics js(t) from the measured signals S(t), we use the referenced
extraction method - in the time- and frequency-domain - presented in section 3.5.
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B. Material choice

For the F material in our F|Pt stacks, we choose common and spintronically relevant
two-lattice ferrimagnets with increasing degree of electric conductivity: (i) insulating YIG
(thickness 3.4nm to 3 um), (ii) insulating GIG (58 nm), (iii) insulating y-Fe2O3 (10nm),
and (iv) the half-metal Fe3O4 (10nm) [57]. For referencing, (v) the ferromagnetic metal
Fe (2.5nm) is used. As the N material, we choose Pt for all samples due to its large
spin Hall angle [259]. The approximate F-material conductivities [198, 253, 262, 267] are
summarized in Fig. 4.2(a).

The insulating F materials transfer spin angular momentum by torque [Fig. 4.1(a), (2)],
whereas for the metal Fe, the spin current is expected to be carried predominantly by
conduction electrons [Fig. 4.1(a), (1)] [231].

In this respect, Fe3Qy is special because it exhibits both localized and mobile electrons
with magnetically ordered spins. More precisely, the ferrimagnet Fe3O4 is a half-metal
[see Fig. 2.2] since its conductivity is dominated by hopping-type transport of minority
electrons. FegO, possesses two sublattices A and B of, respectively, localized Fe?t /Fe3*t
and Fe3* spins, which couple antiferromagnetically [57]. In the so-called magnetoelectric
model, the spins of the hopping electrons are aligned predominantly antiparallel to Mg
due to exchange interaction with A and B and, thus, form the so-called e-sublattice [28—
30, 188].

A highly simplified schematic of the electronic structure of Fe3O, is displayed by the spin-
and site-resolved single-electron density of states in Fig. 4.1(b) [10, 154]. The majority
(spin-up) electrons exhibit an electronic bandgap with a calculated magnitude of 1.7eV
[127], while the presence of minority (spin-down) hopping electrons at the Fermi level pyg
[188] makes magnetite a half-metal. The measured spin polarization at o amounts to -
72 % in Fe304(001), indicating a nonvanishing number of majority hopping electrons [Fig.
4.1(b)] [286].

C. Sample details and excitation

Details on the sample fabrication can be found in the Appendix of Ref. [131]. In brief,
the YIG films are fabricated by three different techniques [pulsed laser deposition (PLD),
sputtering, and liquid-phase epitaxy (LPE)]. The Fe|Pt reference sample is obtained by
growing an Fe layer on top of half the F|Pt region for most of the samples. The terahertz
emission signal from the resulting F|Pt|Fe regions is dominated by Pt|Fe and equals the
reversed signal from an Fe|Pt layer [250]. By means of the Fe|Pt reference signals, the
time axes of the terahertz signals from all samples can be synchronized with an accuracy
better than 10 fs.

The pump electric field is approximately constant along z [Fig. 4.1(a)] throughout the
thin-film stack of our samples. Therefore, the locally absorbed pump-pulse energy is only
proportional to Im(n?), where n is the complex-valued refractive index of the material at
the pump wavelength (800nm). While the Pt and Fe layers are strongly absorbing [see
section 2.6.1] [Im(n?) = 28 and 30] [207], Fe3O, is weakly absorbing (2.3) [243], and YIG,
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Figure 4.2. | Terahertz emission from F|Pt bilayers as a function of F conductivity. (a) Electrical
conductivities of the studied F materials on a logarithmic scale. (b) Electro-optic signals of ter-
ahertz pulses emitted from various F|Pt bilayers with F = YIG (thick and thin), GIG, ~-FesOs,
Fe304, and Fe. Note the different amplitude scalings. The time-axis origin is the same for all
signals and was determined by the signal from Fe|Pt reference stacks (Fig. S1 in [cite paper]).
The dashed vertical line marks the minimum signal for the insulating F materials YIG, GIG, and
~-Fea03, and the two black arrows label a sharp feature in the traces for F = Fe3O,4 and Fe. (c)
Fourier amplitude spectra of the signals of panel (b), normalized to peak height 1. Dashed lines
show two duplicates of the spectrum of 4-FeoO3|Pt. Curves in (b) and (c) are vertically offset for
clarity.

GIG, and 7-FepO3 are largely transparent to the pump beam [Im(n?) < 1.5] [223, 293].

~

4.3 Results and discussion

A. Terahertz emission signals

Figure 4.2(b) shows electro-optic signals S(t) [Eq. (4.1)] of terahertz pulses emitted by
the Fe|Pt, 7-FeaO3|Pt, Fe3O4|Pt, GIG|Pt, and the thinnest as well as the thickest YIG|Pt
samples. Terahertz signals from all other YIG samples can be found in Fig. 4.3(a). Mea-
surements of YIG(3 um)|Pt(5nm) [250] and FezO4|Pt confirm that the terahertz signal
increases linearly with the pump power (Fig. S7 in Ref. [131]). We make two observations
in terms of (i) signal shape and (ii) magnitude.

(i) The waveforms from all samples with YIG, GIG, and y-FeyOgs exhibit very similar
dynamics (Figs. 4.2(b) and S3 in [131]). In contrast, the signal for FezO, features a
steeper initial rise, a sharp notch right before the first maximum (see black arrow), and
a subsequent smaller peak. The global minimum is shifted to later times, as indicated
by the dashed vertical line. This trend is even more enhanced for Fe|Pt and indicates
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Figure 4.3. | Impact of film thicknesses of the YIG|Pt stacks on THz emission. (a) THz emission
signals vs pump probe delay from YIG(a)|Pt(b) with varying YIG thickness (¢ = 3.4nm and
b=5nm,a=5—120nm and b = 3nm, ¢ = 3um and b = 5nm). The YIG thin films were grown
by pulsed laser deposition, sputtering and liquid-phase epitaxy. (b) Amplitude (root mean square)
of the THz signals of YIG(a)|Pt(b) vs YIG thickness a normalized to the largest peak signal.

that different processes occur in the samples as the F-material conductivity increases [Fig.
4.2(a)] [57, 58, 86, 262, 267].

(ii) While the signals from all YIG-based samples have similar strengths [Fig. 4.3], the
signals from the v-FeoO3 and FesO4 samples are nearly one order of magnitude larger. The
signal from Fe|Pt is even more than two orders of magnitude larger than from YIG|Pt.

By Fourier transformation of the time-domain waveforms S(¢) [Fig. 4.2(b)], the normalized
amplitude |S(w)| as a function of frequency w/27 is obtained [Fig. 4.2(c)]. As expected
from the time-domain data [Fig. 4.2(b)], the terahertz signal of the YIG, GIG, and -
FeoO3 samples have approximately the same amplitude spectrum. For Fe3Oy4, however, a
slightly blueshifted spectrum with an increased bandwidth is found. This trend is more
pronounced for the Fe|Pt spectrum.

B. Spin current for insulating F materials

As detailed above, we retrieve the spin-current dynamics from the measured terahertz
signal waveforms. Figure 4.4(a) displays the resulting spin-current density js(¢) vs time ¢
in 7-Fea03(10nm)|Pt(2.5nm), GIG(58 nm)|Pt(2nm), and the YIG(3 pm)|Pt(5 nm) sam-
ples, normalized by the pump excitation density. We observe that (i) js(¢) in GIG|Pt,
~v-FeaO3|Pt, and all YIG|Pt samples exhibits very similar temporal dynamics. (ii) The
overall amplitude of the spin current in -FesO3|Pt is about up to one order of magnitude
larger than for the thinnest YIG|Pt samples. Observations (i) and (ii) are fully consistent
with the temporal shape and global amplitude of the underlying raw data [see Fig. 4.2(b)].
They have four important implications.

1. SSE dynamics
First, it is remarkable that the optically induced spin currents in F|Pt bilayers proceed
with the same dynamics, even though the magnetic layer is made of very different insula-
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tors (F = YIG, GIG, and 7-Fe203) and covers, in the case of YIG, three different growth
techniques. Note that, in these samples, the pump pulse is to the largest extent absorbed
by the Pt layer. Therefore, observation (i) confirms the previous notion [250] that the
ultrafast dynamics of the optically induced SSE current are solely determined by the re-
laxation dynamics of the electrons in the Pt layer as described in more detail in section
2.5.2.

2. Impact of YIG thickness

Second, finding (i) also implies that the dynamics of the spin current are independent of
the YIG thickness, which covers a wide range from 3.4nm to 3um (Fig. S2(b) in Ref.
[131]). This result supports the notion [250] that the spin current traversing the YIG/Pt
interface stems from YIG regions less than a few nanometers away from the YIG /Pt inter-
face. It is easily understood given that magnons in YIG have a maximum group velocity
of typically < 10nm/ps [59] and that most of the ultrafast spin-current dynamics proceed
within < 1ps [Fig. 4.4(a)].

3. SSE amplitude and gii
Third, we observe that the spin current in the 7-FeoO3|Pt sample is ~ 3 times higher than
for the thickest YIG|Pt or GIG|Pt sample. To understand how this observation is related
to the F/Pt interface, we consider Eq. (??) and note that the terahertz SSE coefficient
equals [250]
kg gt
T MipVine

(4.2)

Here, kg is the Boltzmann constant, and Mir is the interfacial saturation magnetization.
The real part g;l of the spin-mixing conductance describes the spin conductance of the
F /Pt interface in terms of spin torque [Fig. 4.1(a)]. The volume Vi, denotes the F volume
with which a Pt conduction electron effectively interacts when it scatters off the F/Pt
interface. At the ultrafast time scales of our experiment, Viy is given by the range of the
exchange interaction between Pt and F, which approximately equals the lattice constant
a of F according to ab initio calculations [129]. We, therefore, assume Vi, = a® [250]. On
longer time scales, magnon propagation increases the effective interaction volume [303].
Consequently, in the DC SSE theory, Viy; equals a magnon coherence volume [290, 303].

To determine the order of magnitude of gl* from the terahertz peak signal |S|max =
max|S(t)|, we note that the peak electron-temperature increase ATN(t) of Pt scales with
A/d. Here, A denotes the total pump-pulse absorptance of the F|Pt sample, and d is
the Pt-layer thickness. By combining Eqgs. (??), (??), and (4.2), we obtain the scaling

relation 5
1 HSHmaXMIFa d

VA (4.3)

which allows us to provide a rough estimate of the magnitude of gil relative to the YIG|Pt
reference sample. While ||S|max [Fig. 4.2(b)] and A are measured [99], Mir and a are taken
from the literature [1, 52, 57, 61, 64, 70, 89, 95, 116, 132, 187, 198], where bulk saturation
magnetization values are assumed for Mr [1, 52, 57, 61, 116, 132, 187]. The impedance
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Figure 4.4. Ultrafast photoinduced spin transport in F|Pt stacks. (a) Curves show the
spin-current density js(¢) in magnetic-insulator|Pt and Fe|Pt stacks, i.e., YIG(3 pm)|Pt(5nm),
GIG(58 nm)|Pt(2nm), 1-Fe2O3(10nm)|Pt(2.5 nm), and Fe(2.5nm)|Pt(2.5nm), as extracted from
the terahertz emission signals of Fig. 4.2(b). FEach signal is normalized by the pump-
excitation density inside the Pt layer and by the indicated factor. (b) Spin current js(t) in
Fe304(10 nm)|Pt(2.5nm) along with scaled spin currents in -Fe;Og|Pt and Fe|Pt. The violet
arrows F1 and F2 mark characteristic features of the curves. Note that js(¢) in FesO4|Pt can be
well described as a linear combination of the other two spin currents (light violet curve). (c¢) Same
as in panel (b), but for the terahertz-emission raw signals.

Z is calculated using Eq. (??) and the measured conductance [99] and literature values
of the substrate refractive index [115, 151]. All values and references are summarized in
Table 4.1 along with the inferred gil.

Table 4.1 indicates that gil of the v-FeyO3/Pt interface is ~ 6 times larger than for the
YIG/Pt reference. This value is consistent with previous measurements [60, 221, 290],
which exhibit significant variations. For GIG/Pt, gIl is a factor of ~ 0.1 smaller than the
YIG/Pt reference interface because the magnetizations of the two spin sublattices of GIG
nearly compensate each other at room temperature. We are not aware of any previous gli

measurement of GIG/Pt.

4. Induced charge backflow

The SSE spin current [Eq. (??) and Fig. 4.4(a)] and, thus, charge current are nonnegative
because ATeN > 0 at all times. This observation suggests that the primary photocurrent
Je = Osnjs [Eq. (?7)] separates opposite charges in the Pt-film plane whose electric field
induces a backflow ji,q of charge and the emission of a secondary terahertz wave. We note
that this screening effect is already included in Eq. (??), which connects the terahertz field
behind the sample with the primary photocurrent j., not the total current j. + jing.

As shown in Ref. [252], Eq. (??) is an excellent approximation for all spatial Fourier
components of the in-plane current distribution that contribute to the electro-optic signal
S. For spatial Fourier components with larger in-plane wave vectors k|, the impedance
Z becomes k|| dependent, indicating a more complex pattern of the induced current dis-
tribution. These spatial Fourier components, however, result in evanescent waves or are
blocked by the effective apertures of our setup and, thus, do not propagate to the electro-
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Table 4.1. | Material parameters of Fe, YIG, GIG, 7-Fe;03, and Fe;0,. They are measured (d,
A, 0Fe, |S(F|Pt)|max), calculated (Z(F/Pt), g*(F/Pt)), or taken from literature for the determi-
nation of the relative spin-mixing conductance g* according to Eq. (4.3). Note that most of the
experimentally acquired parameters are relative values and, therefore, normalized to the respective
values of YIG. The bulk saturation magnetization of GIG is close to zero at room temperature.
To account for the continuous heating of the sample by the pump beam, we took the GIG mag-
netization at 400 K. The other materials do not show such a drastic dependence of the saturation
magnetization with temperature at our operating temperatures as GIG and are, therefore, given
at room temperature (300 K).

Parameter F = Fe YIG GIG v-Fea O3 Fe30y4
Lattice constant a (nm) 0.286 [64] 1.252 [70] 1.247 [89] 0.834 [95] 0.8396 [198]
Bulk saturation magnetization up/a® 4.3 [57, 61] 29.6 [52, 57 10.5 [1, 116] 25.0 [57, 132]  30.06 [57, 132]
Pt thickness d (nm) 2-5 5 2 2.5 2.5

F|Pt absorptance A 0.55 0.50 0.50 0.50 0.50
Conductivity o (kS/m) ~1000 ~0.1 [262] ~0.1[267]  ~0.35 [198] ~20 [253]
Infrared refractive index of substrate - 3.5 [151] 3.5 [151] 3.07 [115] 3.07 [115]
Rel. impedance Z(F|Pt)/Z(YIG|Pt) - 1.0 2.5 0.6 0.1

Rel. peak signal |S(F[Pt)|max/|S(YIG|Pt) | max - 1.0 1.6 8.0 8.8

Rel. gi*(F/Pt)/gM* (YIG/Pt) - 1.0 ~0.1 ~6 ~45

gt (10" m=2): previous work - ~1-15 [221, 290] - ~1-10 [60]  ~4-20 [69, 214]

optic detection [252].

C. Spin current in Fe|Pt

The ultrafast pump-induced spin current in the Fe|Pt reference sample is shown in Fig.
4.4(a) (blue curve). It rises and decays much faster than the SSE-type spin currents in
the F|Pt samples with a magnetic insulator [Fig. 4.4(a)].

As described in section 2.5.2; a previous work by Rouzegar et al. [231] showed that the
spin-current dynamics in F|Pt stacks with ferromagnetic metallic F can be explained by the
PSE, which we shortly repeat here for convenience and extend the description to the needs
of this chapter: excitation by the pump pulse leads to a sudden increase of the electron
temperature of F as well as of the spin voltage Afig, also called spin accumulation, which
quantifies the instantaneous excess of spin density in F. As the system aims to adapt the
F magnetization to the excited electronic state, spin angular momentum is transferred
from the electrons to the crystal lattice of F and/or to the adjacent Pt layer. Remarkably,
temperature gradients between F and Pt (i.e., the SDSE) were concluded to make a minor
contribution on subpicosecond time scales [231], resulting in the simple relationship:

Js(t) o Afis(t). (4.4)

In the case of Fermi-Dirac distributions, Ajis equals the difference of the chemical poten-
tials of spin-up and spin-down electrons, but the concepts of generalized spin voltage and
temperature still apply for nonthermal electron distributions [231].

The transfer of spin angular momentum out of the F electrons into the crystal lattice
or the Pt layer leads to a decay of the spin voltage on time scale 7,s. The dynamics of
Js(t) is, thus, governed by 7 and the relaxation of the electron excess energy of F, as
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parameterized by the generalized electron excess temperature ATE . Quantitatively, the
dynamics of Afis(t) and, thus, js(¢) can be described by [231]

Afis(t) oc ATF (t) — JOO I xp <—T) ATF(t - 7). (4.5)

0 Tes Tes

Following excitation by the pump [231], AT F immediately jumps to a nonzero value. The
spin voltage Afis(t) and js(t) follow without delay, according to the first term of Eq. (4.5).
Due to the subsequent transfer of spin angular momentum out of the F electrons, the spin
voltage relaxes with time constant 7., as forced by the second term of Eq. (4.5).

Consequently, the spin current in Fe|Pt rises instantaneously within the time resolution
of our experiment (~40fs) [231], much faster than in, for instance, YIG|Pt [Fig. 4.4(a)].
Its decay is predominantly determined by electron-spin equilibration on the time scale
Tes, With a minor correction due to the significantly slower electron-phonon equilibration
[231]. To summarize, the very different dynamics of SSE (magnetic-insulator|Pt) and PSE
(Fe|Pt) seen in Fig. 4.4(a) suggest that both effects and, thus, torque- and conduction-
electron-mediated spin transport can be separated.

D. Spin current in Fe30,4|Pt

Figure 4.4(b) displays the spin current js(¢) flowing from FeszOy4 to the Pt layer. We observe
two features with different dynamics: (F1) a fast and sharp negative dip (see violet arrow
F1), followed by (F2) a slower positive feature (arrow F2) that decays with a time constant
of 0.3ps. As Fe3Oy is a halfmetal, it is interesting to compare the dynamics in Fe3O4|Pt
to those in the two F|Pt stacks with the insulator F = ~-FeoO3 and the metal F = Fe [see
Fig. 4.4(b)]. For F = 4-Fes03, the spin current across the F/Pt interface is mediated by
spin torque, whereas for F = Fe, it is predominantly carried by spin-polarized electrons.

Note that the fast feature (F1) is comparable with js(¢) of Fe|Pt (blue curve), whereas the
slower feature (F2) resembles the js(t) of 7v-FeoOs|Pt (orange curve). As shown in Fig.
4.4(b), we are even able to reproduce the js(t) of Fe3O4|Pt by a sum of -0.026 js(t) of Fe|Pt
and 0.51 js(¢) of v-FeaO3|Pt. We emphasize that such very good agreement is also observed
for the corresponding terahertz electro-optic signals of Fig. 4.2(b), as demonstrated in Fig.
4.4(c).

We confirm explicitly that other signal contributions are negligible: magnetic-dipole radia-
tion due to ultrafast demagnetization of Fe3O4 (Fig. S4 in [131]) [13, 25, 122, 165, 231, 313]
and signals due to Fe contamination of FesO4 by the nearby Fe reference layer, which would
yield a signal like that from Fe|Pt [Fig. 4.5(a)].

To summarize, the spin current in FesO4|Pt can be very well represented by a superposi-
tion of spin currents in two very different samples comprising insulating and conducting
magnetic materials, respectively. This remarkable observation strongly suggests that the
spin current in Fe3O4|Pt has contributions from both the PSE, i.e., through spin-polarized
electrons, [see (1) in Fig. 4.1(a)] and the SSE, i.e., through spin torque and magnons [see
(2) in Fig. 4.1(a)].
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E. Physical interpretation for Fe30,4|Pt

We suggest the following scenario to explain the coexistence of SSE and PSE in Fe3Oy.

1. SSE

The pump excites mainly Pt and, thus, establishes a temperature difference between Pt
electrons and Fe3O4 magnons, leading to the SSE spin current across the FesO4/Pt in-
terface [Fig. 4.1(a), (2)]. From the measured spin-current amplitudes [Fig. 4.4(b)], we
infer that the spin-mixing conductance of the Fe3O,4 /Pt interface is a factor of ~ 45 larger
than that of YIG/Pt [see Table (4.1)], consistent with the literature [69, 214]. The sign of
the current agrees with that of YIG|Pt, suggesting the SSE in Fe3Oy4 is dominated by the
A and B spin sublattices, whose total magnetization is parallel to the external magnetic
field, whereas the e-sublattice is oppositely magnetized.

2. PSE

The pump also excites the hopping electrons of FesOy, either directly by optical absorption
in FesO4 or by ultrafast heat transport from Pt to the interfacial Fe3O4 regions. Because
magnetic order of the e-sublattice is understood to decrease with increasing temperature
[28-30, 188], the spin voltage of the e-sublattice electrons changes upon arrival of the
pump [Figs. 4.1(b) and 4.1(c)] and, thus, triggers spin transfer to the crystal lattice
and/or the adjacent Pt layer [Fig. 4.1(a), (1)] [231]. Remarkably, as the e-sublattice spins
are on average aligned antiparallel to the equilibrium magnetization M [Figs. 4.1(b) and
4.1(c)], the PSE tends to increase the magnitude of the total magnetization in Fe3Oy,
whereas in Fe, it is decreased. We, thus, interpret the observed opposite sign of the PSE
currents in FesO4|Pt and Fe|Pt [Fig. 4.2(b)] as a hallmark of the ultrafast quenching of
the residual magnetization of the e-sublattice minority hopping electrons in Fe3Oy.

The much smaller amplitude of the PSE current in Fe3O4|Pt than Fe|Pt can have several
reasons. First, the transport of spin-polarized electrons requires charge conservation [114,
169] and, thus, an equal backflow of charges. However, because the Fe3O4 spin polarization
at the Fermi level is high (-72%) [286], there are fewer majority states permitting the
backflow electrons from Pt to FesOy [231]. Second, the mobility of the Fe3O4 hopping
electrons is likely lower than that of the Fe conduction electrons [28, 188]. Third, at
room temperature, the magnetization of the e-sublattice is significantly smaller than the
total Fe3O4 magnetization [188]. The nonvanishing e-sublattice magnetization inferred
here suggests that its ferromagnetic-to-paramagnetic transition covers a wide temperature
range, possibly because of sample imperfections such as impurities [188].

The relaxation time of the PSE is approximately given by the electron-spin equilibration
time 7eg. Figure 4.4(b) suggests that the 7.5 values of Fe3O4 and Fe are comparable and of
the order of 100fs. This conclusion is consistent with previous measurements of ultrafast
demagnetization of Fe3Oy4, in which an instantaneous drop of the signal was observed
directly after optical excitation [186].

It appears that the PSE dynamics does not significantly perturb the slower SSE dynamics,
thereby suggesting that the e-sublattice does not excite magnons of the A and B spins to
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a sizable extent on time scales < 1ps. Indeed, in laser-induced magnetization dynamics
of Fe3O,4 [186], the instantaneous signal drop was followed by a much larger component
with a time constant > 1ns. To summarize, we can consistently assign the PSE current in
Fe304 to the demagnetization of the e-sublattice-type minority hopping electrons at the
Fermi energy.

F. Interface sensitivity

The relative values of the spin-mixing conductance gii as inferred above are order-of-

magnitude estimates. They need to be taken with caution in particular because gii, M,
and, thus, the SSE are very sensitive to the F/Pt interface properties and, therefore, to the
growth conditions of the F|Pt stack [99, 101, 214]. For instance, as observed for YIG|Pt
previously [250], the spin current amplitude may vary by up to a factor of 3 from sample
to sample. Different interface properties may also explain the amplitude variations of the
terahertz signals between the various YIG|Pt samples studied here [Fig. 4.3(b)].

For Fe304|Pt, the SSE contribution is robustly observed for samples with Pt grown at room
temperature. However, when the Pt deposition temperature is increased to 720 K, the SSE
component disappears [Fig. 4.5(b)]. We assign this effect to Pt-Fe interdiffusion at the
interface, which magnetizes Pt in the vicinity of Fe, as reported previously [225, 279].
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Figure 4.5. | Impact of the Fe reference layer and growth conditions on the THz emission signal
from Fe30,4|Pt. (a) THz signal waveforms from FezO4|Pt with and without an additional Fe layer
in adjacent lateral sample regions [see Fig. S1]. As the two signals exhibit almost identical temporal
dynamics, we exclude that a sizeable number of Fe atoms is present on top of the nominally Fe-
uncovered FesOy4|Pt regions. (b) THz emission signals from Fe3Oy4|Pt stacks for different growth
temperatures of the Pt layer: 290 K (violet line) and 720 K (black line). For the latter, the SSE
contribution [maximum of the THz electric field at -0.4 ps (violet curve) due to slower spin current
dynamics] is not observable any more, while the PSE contribution is still present. For comparison,
the thick blue line shows the reversed THz signal from Fe|Pt.
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4.4 Conclusion

We study ultrafast spin transport in archetypal F|Pt stacks following femtosecond optical
excitation. For the ferrimagnetic/ferromagnetic layer F, model materials with different
degrees of electrical conductivity are chosen. For the magnetic insulators YIG, GIG, and
~v-Feo O3, our results indicate a universal behavior of the interfacial SSE on ultrafast time
scales: The spin current is solely determined by the relaxation dynamics of the electrons
in the Pt layer, and it is localized close to the F/Pt interface.

Remarkably, in the half-metallic ferrimagnet FesO4 (magnetite), our measurements reveal
two dynamical spin-current components, which exhibit opposite sign and PSE- and SSE-
type dynamics. The SSE component is assigned to magnon excitation of the A and B
spin sublattices [see (2) in Fig. 4.1(a)], whereas the PSE component can consistently be
assigned to ultrafast demagnetization of e-sublattice minority-spin hopping electrons [(1)
in Fig. 4.1(a)].

Our results show that measuring heat-driven spin currents faster than their natural sub-
picosecond formation time allows one to unambiguously separate SSE and PSE contribu-
tions by their distinct ultrafast dynamics. Finally, insights into the physics of ultrafast
spin transport are also potentially interesting for tailoring terahertz spin currents and for
related applications such as spin torque [4, 152, 227] and spintronic emitters of terahertz
radiation [40, 48, 77, 102, 108, 149, 249, 301].
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THz spin-to-charge current conversion by
interfacial skew scattering

The efficient conversion of spin to charge transport and vice versa is of major relevance
for the detection and generation of spin currents in spin-based electronics. Interfaces of
heterostructures are known to have a marked impact on this process. Here, terahertz (THz)
emission spectroscopy is used to study ultrafast spin-to-charge-current conversion (S2C) in
about 50 prototypical F|N bilayers consisting of a ferromagnetic layer F (e.g., NigiFeyg,
Co, or Fe) and a nonmagnetic layer N with strong (Pt) or weak (Cu and Al) spin-orbit
coupling. Varying the structure of the F/N interface leads to a drastic change in the am-
plitude and even inversion of the polarity of the THz charge current. Remarkably, when N
1s a material with small spin Hall angle, a dominant interface contribution to the ultrafast
charge current is found. Its magnitude amounts to as much as about 20 % of that found in
the F|Pt reference sample. Symmetry arguments and first-principles calculations strongly
suggest that the interfacial S2C arises from skew scattering of spin-polarized electrons at
interface imperfections. The results highlight the potential of skew scattering for interfacial
S2C and propose a promising route to enhanced S2C by tailored interfaces at all frequen-
cies from DC to terahertz.
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Chapter 5. THz spin-to-charge current conversion by interfacial skew scattering

5.1 Motivation

The spin of the electron bears large potential as information carrier in future electronics
[280]. An essential operation in spintronic devices is the transformation of spin into charge
currents and vice versa [259]. A generic structure for studying such spin-to-charge-current
conversion (S2C) is the prototypical bilayer of Fig. 5.1(a): A spin current with electron-
number density js flowing along the z direction is converted into a transverse charge
current with density j.. S2C and its inverse process facilitate the efficient detection and
generation of spin currents, the central element of spintronic operations [259]. A highly
relevant application of the resulting spin current is to exert torque on nearby spins to
switch their magnetic order [172], even with terahertz (THz) fields [204].

In a local picture, S2C may be described by the relationship
Je(z) = 0(2)js(2), (5.1)

where the spin Hall angle (SHA) 6(z) quantifies the strength of S2C at position z. Note that
a nonvanishing 0(z) can occur at any plane z in a metal bilayer [Fig. 5.1(b)]: In the bulk of
the ferromagnet (F), the bulk of the nonmagnet (N), and at the two interfaces of the F layer.
Major S2C effects are the inverse spin Hall effect (ISHE) [259] in nonmagnetic materials
and ferro- or ferrimagnets and the inverse Rashba-Edelstein effect (IREE) [135, 317], the
latter only occurring in regions with broken inversion symmetry like interfaces.

Recently, the operational speed of S2C was extended to ultrafast time scales using bilayer
structures as that of Fig. 5.1(a). First, a femtosecond laser pulse was used to generate
spin currents perpendicular to the plane through the ultrafast spin Seebeck effect [250] and
ultrafast superdiffusive spin currents [50, 82, 85, 120, 171, 196, 240, 246, 302, 306, 310].
By means of S2C, the spin current was converted into an inplane ultrashort charge current
burst giving rise to the emission of THz electromagnetic waves. This scheme has enabled
new applications such as spintronic emitters of ultrashort THz electromagnetic pulses
[82, 120, 196, 240, 246, 302, 306, 310).

In view of these applied aspects, a fundamental understanding and, eventually, control of
S2C are highly desirable. Extensive research indicates that the most efficient materials for
bulk S2C conversion are still Pt and W [259], which mainly rely on the ISHE due to their
strong spin—orbit coupling. To boost S2C, researchers have, therefore, started studying
the role of interfaces. Recent works have shown that tailored interfaces of nonmagnetic
materials such as the interface between Bi and Ag exhibit sizeable S2C due to the IREE at
sub-GHz frequencies [104, 237] and in the THz regime [121, 135, 158, 317]. Recently, THz
emission even from single ferromagnetic layers was observed and ascribed to interfacial
effects [309]. It is, thus, highly interesting to further explore interfacial S2C in terms of
signatures beyond the IREE.

In this work, we study ultrafast laser-driven S2C in the F|N bilayer model system. To
identify possible contributions of the F/N interface, we: i) consider all combinations out
of six F and three N materials with bulk S2C of different strength and sign and ii) modify
the interface while leaving F and N bulk as unaffected as possible. In bilayers with N = Cu
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and Al, a surprisingly strong S2C is found, even though Cu and Al are known to have a
negligible bulk ISHE. We show that S2C in these samples is drastically affected by modifi-
cation of the interface. For example, in NigjFej9|Cu, the interface contribution is dominant
and estimated to be as large as 20 % of S2C in NigiFeg|Pt. Based on symmetry argu-
ments and first-principles calculations, we consistently assign the interfacial S2C observed
here to skew scattering of spin-polarized electrons at interface imperfections. Our results
highlight a promising route to enhancing S2C by exploiting interface-related conversion
mechanisms.

5.2 Experimental details

1. Experiment design

A number of methods to measure the strength of S2C of a given F|N bilayer sample
are available [177]. Here, we make use of THz emission spectroscopy for the following
reasons: First, it features a large sample throughput per time, which is essential for the
large number (& 50) of samples of our study. Second, THz emission spectroscopy can be
applied to as-grown bilayers without micro-structuring. Finally, the high signal-to-noise
ratio permits the investigation of samples with relatively small S2C strength [246]. We
emphasize that THz emission spectroscopy was shown to deliver values of the relative
S2C conversion strength which are fully consistent with values extracted from established
electrical techniques based on broadband ferromagnetic resonance [177], harmonic Hall
measurements [177] and the DC spin Seebeck effect [59].

Our THz emission spectrometer is schematically shown in Fig. 5.1(a) and described in
sections 3.1 and 3.4.1 in chapter 3. The transient electric field E(¢) of the emitted THz
pulse is detected by electro-optic sampling [see section 3.3] in the far-zone, resulting in an
electro-optic signal waveform S(t) that is related to FE(t) through a linear transfer function
37, 250].

2. Sample details and characterization

Our samples are metallic F|N bilayers with an MgO protective coating. They are deposited
on glass substrates by sputtering, resulting in the sample structure glass (500 pm)||F(3 nm)|
N(6 nm)/MgO(3nm). To identify possible interface contributions to S2C, we first con-
sider all combinations of six common ferromagnetic materials (such as Fe, Permalloy Py
(NigiFeig), and Co) and three common nonmagnetic materials (Pt, Cu, and Al) with dif-
ferent magnitude and sign of their bulk S2C. In this way, we vary the S2C strength 6
(Eq. (5.1)) of the N layer from strong (Pt) to very weak (Al or Cu) and of the F layer
from positive (Py, like Pt) to negative (Fe or Co) [180, 190, 285]. The direction of the
F-layer magnetization + M is set by an external magnetic field that is sufficiently strong
to saturate the sample magnetization. In a second step, we modify the F /N interface while
leaving F and N bulk as unaffected as possible.

To further characterize our F|N bilayers, we measure their optical absorptance A and
THz impedance Z. Both A and Z are important to normalize the measured THz emission
signals, thereby enabling a direct comparison of the S2C strength between different samples
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(@) Pump pulse External magnetic THz pulse Electric-field
(10fs,800 nm)  (®) field: +30 mT detector

(b) 0(2)

Figure 5.1. | Photoinduced spin transport and spin-to-charge current conversion (S2C) in F|N
bilayers. (a) Side view of a F|N bilayer consisting of a ferromagnetic metal layer (F) and an
adjacent nonmagnetic metal layer (N). A femtosecond laser pulse excites the metal stack from the
substrate side. The calculated pump-field profile inside the bilayer is indicated by the red dashed
line. The optical excitation drives a spin current from F to N whose density js(z,t) decays on
the length scales A and Ay as the distance from the F/N interface increases. Spin current also
flows in the vicinity of the F/substrate interface. At any position z, js is converted into a charge
current with density j., leading to the emission of a THz electromagnetic pulse. (b) Example of a
possible z-dependence of the local S2C strength 6(z) in the F|N bilayer [Eq. (5.1)]. F/N denotes
the interface region.

[252].

5.3 Results and discussion

A. Raw data

The THz waveforms seen in Fig. 5.2, which displays typical THz emission signal waveforms,
were obtained from Py|N bilayers for N being Pt, Cu, and Al. We focus on the signal
component odd in the sample magnetization,

S(t) = S(t, M) — S(t,— M), (5.2)

which strongly suppresses all non-magnetic contributions to the signal. It is typically at
least one order of magnitude larger than the even signal S(t, M) + S(t,—M) (see Fig.
Sla in Ref. [99]). The signal strengths observed for Py|Cu and Py|Al are quite sizeable
relative to that of Py|Pt, which is known to exhibit strong S2C.

We note that the signal waveforms S(¢) have approximately the same shape for all samples,
apart from a global scaling factor [Fig. 5.2 and Fig. S1b in Ref. [99]]. To compare signals
from different samples, it is therefore sufficient to consider amplitudes, which are obtained
by taking the root mean square (RMS) of the waveform multiplied with the waveform’s
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Figure 5.2. | THz emission from Py|N. The curves show time-domain electro-optic signals S(t) of
THz pulses emitted from photoexcited Py|N bilayers, where N is Pt, Cu, or Al. All shown signals
are odd with respect to the sample magnetization M [see Eq. (5.2)]. Note the rescaling factor for
Pt.

polarity (+1). We checked that the signal grows linearly with pump power (Fig. S2 in
Ref. [99]).

B. Evaluating the S2C strength

To evaluate the strength of S2C, one needs to extract the amplitude of the charge current
[250, 252]. We, therefore, consider the relationship between the THz field and the charge-
current density j. flowing in the sample plane. In electric-dipole approximation, the Fourier
amplitude of the THz electric field directly behind the sample [see Eq. (2.63)] is given by
[250]

E(w) =eZ(w)l.(w) = eZ(w) szjc(z,w). (5.3)

Here, Z is the measured sample impedance, which quantifies the charge-current-to-field
conversion efficiency. It is found to be approximately constant over the range from 0 to
5THz (see Fig. S3 in Ref. [99]). Because the THz signal is found to grow linearly with
the absorbed pump fluence (see Fig. S2 in Ref. [99]), the current density j. and, thus, the
sheet charge current I, = {dz j. do also.

With these insights, the following procedure is applied to each THz-signal waveform [180]:
We i) take the RMS of S(¢) and normalize it by ii) the absorbed pump fluence and iii)
the THz impedance Z. We, thus, obtain the RMS amplitude of the total sheet charge
current I. per deposited pump fluence, as shown in Figs. 5.3-5.6 and Figs. S4 and S5 in
Ref. [99] for various sample parameters and divided by the amplitude of a F|Pt reference
sample. Whereas Fig. 5.2 displays typical THz emission signal waveforms, Figs. 5.3,
5.5, and 5.6 show normalized THz pulse amplitudes as a function of 3 x 3 different F/N
material combinations [Fig. 5.3] and for several interface variations [Figs. 5.5 and 5.6].
The amplitude of the Py|Pt sample in Figs. 5.3-5.6 is set to unity. The corresponding
values for Z and the absorbed pump power can be found in Table S1 in Ref. [99].

Figure 5.3 displays the THz-current amplitude for all combinations of the F-layer materials
Py, Fe, Co and the N-layer materials Pt, Cu, and Al. In particular, Fig. 5.3(a) (F =Py)
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Figure 5.3. | THz charge-current amplitude from 3 x 3 different F|N samples. Bars show the
root-mean-square amplitude of the THz sheet charge current, normalized by the absorbed pump
power from (a) Py|N, (b) Fe|N and (c) Co|N bilayers where N is Pt, Cu, or Al. All amplitudes
are normalized to the THz emission of Py|Pt. In each panel, the percentage above the F|Cu and
F|Al bar quantifies the THz amplitude from these samples relative to that of the respective F|Pt
reference bilayer.

demonstrates that the charge current amplitude of Py|Cu and Py|Al, respectively, amounts
to -19% and 13 % of that found for Py|Pt. To summarize, for all ferromagnets F, we find
sizeable S2C efficiencies on the order of 10 % relative to the F|Pt reference sample.

C. Impact of F and N materials

To discuss the charge-current amplitudes of Fig. 5.3 in more detail, we make two as-
sumptions. i) Immediately after optical excitation, there is a net spin current from F to
N, resulting in a transient decrease of the F magnetization. Therefore, an F/N interface
with modified spin transmittance coefficients will only change the magnitude of js at this
interface, but not its sign. We consider a violation of this assumption very unlikely.

First, if j5 flowed from N to F, it would increase the magnetic moment of F. Such behav-
ior appears unphysical because the magnetization of the ferromagnets considered here is
known to decrease upon heating. Second, previous works on a number of F|N stacks re-
ported a THz peak field whose sign and order of magnitude were consistent with the SHA
On of the N-layer material [246, 252]. This observation indicates that the spin current was
always flowing in the same direction, that is, from F to N, directly after optical excitation.
ii) The total charge current can be written as a sum of S2C in the F-bulk, N-bulk, at the
F/N interface and at the metal/insulator (I) interfaces [Fig. 5.1(b)]. Using Egs. (5.2) and
(5.3), we, thus, obtain the sheet charge current I, = {dz6(z)js(z), that is,

I = [(A0)r + (AO)x + (A0)p/n] dso + Lep1s (5.4)
where jy is the total spin current density traversing the F//N interface. The \; are effective
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electron propagation lengths over which S2C takes place [Fig. 5.1(a)]. In the F and N bulk,
S2C is due to the ISHE. Prior work suggests that on ultrafast time scales, Ap and An can
be considered as mean free-path lengths of electrons [318] in F and N, with Ay &~ 1 nm and
1.9nm for N =Pt [252] and Cu [Fig. 5.4], respectively, and A\r < 1nm for F = Fe [246, 306].
For the /N interface, the length Ap/x has a less straightforward interpretation. For an
ideal interface, Ap,n could be considered as the extension of interface states along 2z or
as the mean free path of an electron after it has traversed the interface. For a nonideal
interface, one could interpret Ap/n as the thickness of the sheet in which F and N materials
are intermixed. Finally, the term I /1 in Eq. (5.4) accounts for S2C at the F/I interface
[309], while S2C at the N/I interface was neglected because the decay length Ax [Fig. 5.4]
is significantly smaller than the N-layer thickness of 6 nm [see Fig. 5.1(a)].

We start by considering the ISHE in the N layer. From previous works [82, 120, 196, 246,
252], we know that in F|Pt samples, S2C is dominated by the ISHE of Pt. We, therefore,
consider the signal from these samples as a reference. For N=Cu and Al, in contrast,
the bulk ISHE angle is known to be only a fraction (x~ 107*...1073) of that of Pt [259].
However, in our experiment [Fig. 5.3], we observe one to two orders of magnitude larger
signals for N=Cu and Al than what is expected from the strength of the ISHE in the
N bulk. We conclude that the signal from F|Cu and F|Al predominantly arises from the
ISHE in F and/or from S2C at the F/N and F/I interfaces.

Let us tentatively assume that S2C in F|Cu and F|Al is dominated by the ISHE in F. Due
to a possibly different spin transparency of the F/N interface, the magnitude of jsp can be
different for F|Cu and F|Al. However, the sign of jy remains the same (see assumption
(1)), and so does the sign of the charge current j. in F. This expectation contradicts the
sign change seen for Py|Al versus Py|Cu [Fig. 5.3(a)] and Co|Al versus Co|Cu [Fig. 5.3(c)].
Furthermore, as both the anomalous Hall and spin Hall angles of Fe and Co are negative
[190, 285, 288], we should obtain the same sign of the THz current in Fe|N and Co|N. This
expectation is, again, in contrast to the sign change observed for Fe|Cu and Co|Cu [Fig.
5.3(c)]. Therefore, the data of Fig. 5.3 strongly suggest that the F/N and F/I interfaces
make a significant contribution to the S2C in our F|Cu and F|Al bilayer samples.
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Figure 5.4. | Spin relaxation length in Cu. THz emission amplitude(root mean square) from Py|Cu
samples as function of the Cu-layer thickness. The red solid line depicts a fit based on the model
in Ref. [252]. We obtain a relaxation length of A, = 1.9 nm.
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Figure 5.5. | Impact of Py/Cu interface structure on THz emission. Bars show the root-mean-
square amplitude of the THz sheet charge current, normalized by the absorbed pump power,
for Py|Cu bilayers grown under various conditions: (a) the Py|Cu reference [see Fig. 5.2], (b)
Py|PyOx|Cu with a PyOx dusting layer (thickness of 0.1 nm), (¢) Py|Cu deposited under a sputter
gas pressure of pa, = 0.6 Pa, and (d) Py|Cu ex situ annealed at Ty, = 150°C and (e) 250°C. In all
configurations, the sample is optically excited from the left-hand side. The schematics (top row)
show the expected qualitative interface structure.

D. Modification of the Py/Cu Interface

To dedicatedly address the significance of the F/N interface, we varied the interface be-
tween Py and Cu by modifying the growth conditions of the Py|Cu stacks as qualitatively
indicated by the schematics of Fig. 5.5. First, we dusted the Py/Cu interface by 0.1 nm
of Py oxide (PyOx). When we compare the charge-current amplitude from the standard
Py|Cu bilayer [Fig. 5.5(a)] to the Py|PyOx|Cu sample [Fig. 5.5(b)], we observe a drastic
impact: The THz charge current reverses sign, and its magnitude reduces by about 50 %.
We note that a modified spin transparency of the interface alone would only change the
charge-current magnitude, but not its sign (see assumption (i) in section 5.3). This re-
sult clearly shows that the Py/Cu interface can contribute significantly to S2C in Py|Cu
bilayers and can result even in reversal of the sign of the resulting total charge current.

Second, we increased the sputter-gas pressure from the standard value pa, = 0.3 to 0.6 Pa.
The expected effect on the Py|Cu bilayer structure is as follows: In the sputter deposition
process, the atoms are emitted from a target due to the impact of argon ions with energies
of typically 300eV [305]. On their way to the sample substrate, the energy of the emitted
atoms is reduced due to collision cascades, but it remains still far higher than the energy
(~ 0.2eV) of thermally evaporated atoms. Upon arrival at the substrate, some of the more
energetic atoms are implanted below the surface [see schematic in Fig. 5.5(a)]. This effect
is most evident when metals are sputtered on semiconductors or insulators and considered
as sputter damage [125, 144, 162, 220]. Therefore, when Cu is deposited on top of Py, some
of the more energetic Cu atoms are implanted into the Py layer, leading to the asymmetric
atomic distribution indicated in Fig. 5.5(a). By increasing pa,, the Cu atoms are slowed
down more strongly by collisions on average before they arrive at the substrate. They
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are, thus, expected to less likely penetrate into the existing Py layer, resulting in less Cu
impurities in the Py interface region [Fig. 5.5(c)]. We find that for the Py|Cu sample
grown at 0.6 Pa, the THz signal decreases by about 50 % [Fig. 5.5(c) and Fig. S7 in Ref.
[99]], but it maintains its polarity relative to the Py|Cu reference sample [Fig. 5.5(a)].
This result suggests that implantation of less Cu atoms in the Py layer decreases the S2C
strength.

Third, following growth, we annealed the Py|Cu reference sample to trigger thermally
activated diffusion in the Py/Cu interfacial region [42, 88, 166]. The resulting interface is
expected to become more symmetric in terms of the number of Cu defects in the Py layer
and Py defects in the Cu layer [see schematics in Fig. 5.5(d)-(e)]. While an annealing
temperature of T,n, = 150°C [Fig. 5.5(d)] results in an increase of the THz emission
amplitude of approximately just 10 %, annealing at 250°C has a drastic impact again [Fig.
5.5(e) and Fig. S8 in Ref. [99]]: The THz signal amplitude of the Py|Cu sample changes
sign and now agrees with the sign of the Py|Cu sample with oxygen-dusted interface.

Note that for all the samples considered in Fig. 5.5, the substrate/Py interface is not
expected to be modified significantly. We conclude that the massive changes in magnitude
and sign of the THz emission amplitude from these samples predominantly arise from S2C
at the Py/Cu interface.

E. Impact of growth direction

The schematic of Fig. 5.5(a) suggests that the Py/Cu interface and, potentially, its S2C
strength depend on the growth direction of the stack. We, thus, grew Py and Cu in reverse
order, and the expected interface structures are qualitatively indicated by the schemat-
ics of Fig. 5.6. While for the Py|Cu bilayer, we expect implantation of Cu atoms in
Py close to the Py/Cu interface [see Fig. 5.6(a)], the reverse behavior should occur for
Cu|Py [see Fig. 5.6(b)]. This notion is supported by our X-ray reflectometry measure-
ments which indicate that the interface of the Cu|Py bilayer is substantially smoother
than that of the Py|Cu stack (see Section S3 and Fig. S6 in Ref. [99]). The asymmetry
of sputtered Py/Cu and Cu/Py interfaces was already observed previously [166]. Inter-
face asymmetry is also evident in Pt|Co|Pt and Pd|Co|Pd structures in which the total
interface-induced Dzyaloshinksi-Moriya interaction does not vanish [65, 292]. Similarly,
the exchange anisotropy at the top and bottom interfaces of Py|MnFe|Py has strongly
different magnitude [150].

Here, we find that the THz emission amplitude from our reversely grown bilayer Cu|Py
[Fig. 5.6(b)] exhibits the same sign and almost the same magnitude as that of the standard
Py|Cu sample [Fig. 5.6(a)]. This remarkable behavior is in stark contrast to physically
turning the Py|Cu sample by 180° around an axis parallel to the sample magnetization M
[Fig. 5.6(c)]: The THz signal from the turned sample is a fully reversed version of that
from the initial sample [Fig. 5.6(a)], in agreement with basic symmetry considerations
(see Appendix A.1). We conclude that the Py|Cu bilayer and its counterpart Cu|Py
with inverted layer structure are not mirror versions of each other, in agreement with the
schematics of the expected qualitative interface structure of the two samples [see Figs.
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Figure 5.6. | Impact of bilayer growth direction on THz emission. Bars show the root-mean-
square amplitude of the THz sheet charge current of Py|Cu and Cu|Py bilayers, normalized by
the absorbed pump power: (a) the Py|Cu reference [see Fig. 5.2], (b) Cu|Py grown in reverse
order, and (c) the physically turned reference sample of panel [(a),(c)]. All samples are optically
excited from the left-hand side. The schematics (top row) show the expected qualitative interface
structure.

5.6(a),(b)].

F. Suggested Scenario of Interfacial S2C

We ascribe the observations of Figs. 5.5 and 5.6 to skew scattering [112, 259] of laser-
excited spin-polarized electrons off structural imperfections at the F/N interface [Fig.
5.7(a)]. These scattering centers exhibit a considerably different spin-orbit coupling rel-
ative to their environment. In our samples, they can, for instance, arise from oxygen
interface dusting [Fig. 5.5(b)], from Cu impurities in Py (abbreviated Py(Cu)) and from
Py impurities in Cu (short Py(Cu)) [Fig. 5.6(a),(c)]. Note that the difference of the
number of valence electrons and, thus, of the spin-orbit coupling of host and impurity ma-
terial in Py(Cu) versus Cu(Py) have opposite sign [97]. We, therefore, expect that skew
scattering angles and the strength 6 of S2C have opposite sign as well [Fig. 5.7(b)].

Our model along with the expected distribution of Py(Cu) and Cu(Py) impurities in the
various samples can consistently explain all our observations of Figs. 5.5 and 5.6: When the
number of Py(Cu) impurities decreases due to a higher sputter-gas pressure, the strength
of S2C does also [Fig. 5.5(c)]. Likewise, when Cu(Py) impurities are added by annealing,
they compensate and eventually exceed the S2C due to the Py(Cu) impurities, ultimately
thereby resulting in a polarity change of the THz emission signal [Fig. 5.5(d),(e)]. Finally,
in the Py|Cu and Cu|Py samples grown in reverse order, Py(Cu) and Cu(Py) impurities
are expected to prevail, respectively [Fig. 5.7(a),(b)]. Therefore, values of § with opposite
sign result. Because the spin current has opposite direction, Py|Cu and Cu|Py samples
deliver THz emission amplitudes of the same polarity [Fig. 5.6(a),(b)].
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Figure 5.7. | Possible S2C by skew scattering at interfacial imperfections. (a) Growth of N=Cu
on F =Py leads to an interfacial layer Py(Cu) of Cu atoms in a Py matrix. This layer gives rise to
skew scattering of the laserexcited spin-polarized electrons originating from the Py layer. The black
arrows indicate the mean velocity of an electron before and after traversal of the interface. The
orange symbols represent scattering events. Note that the transverse charge current is enhanced by
a long electron mean free path in N. (b) Same as (a) but with roles of Cu and Py exchanged. Note
that the bilayers of panels (a) and (b) are not mirror versions of each other, and the Py(Cu) and
Cu(Py) interface layers are expected to exhibit spin Hall angles of opposite sign. (c¢) Calculated
spin-Hall angle for 1 atom% of A impurities in a host material B, denoted as B(A). In the convention
used here, the spin-Hall angle of Pt is positive and of the order of 10 %.

G. Model Calculations

To put the scenario of Fig. 5.7(a),(b) on a more quantitative basis, we calculated the SHA
of F(N) and N(F) alloys considering skew scattering as the only S2C process. We assumed
a plausible impurity-atom fraction of 1%, which coincides with the dilute limit for which
scattering from different impurities can be considered independent. All transport calcula-
tions are based on the solution of a linearized Boltzmann equation including vertex correc-
tions and assuming the limit of diluted impurity concentrations [97]. The input parameters
were calculated from a fully relativistic Korringa—Kohn—Rostoker Green’s-function method
within density-functional theory and exploiting the local density approximation [96]. The
impurity problem was solved on a real space cluster with a central substitutional impurity
embedded in the infinite and perfect host crystal [319]. The results of the calculations are
displayed in Figure 5.7(c).

First, the sign of the calculated SHA of F(N) and N(F) is always opposite, in agreement
with the qualitative arguments in section F and with our experimental observations for
reversely grown samples [see Fig. 5.6 and Figs. S7 and S8 in Ref. [99]].

Second, Cu(Py) defects cause significantly stronger and opposite deflection than Py(Cu)
defects [Fig. 5.7(c)]. This behavior can well explain the sign change of the overall S2C of
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the as-grown Py|Cu sample upon annealing [see Fig. 5.6(a),(d),(e)].

Third, to compare the order of magnitude of measured and calculated S2C, we estimate
the SHA from our measurements. We assume S2C in Py|Pt is dominated by the Pt bulk
(I.(PyPt) = jsoAptbpt), whereas in Py|Cu, it is dominated by the Py bulk and the Py/Cu
interface (I.(PyCu) = jsoApyOpy + jsoApy/cuflpy/cu, see Section D). We obtain

0 N I.(PyCu) — I.(CuPy) o - Apt
Py/Cu IC(PyPt) o )‘Py/Cu.

(5.5)

The difference I.(PyCu) — I.(CuPy) cancels the contribution of S2C in the Py layer
(jsoApyfpy), which is expected to be the same for the two samples. In Equation (5.5),
the first factor is &~ 0.2 [Fig. 5.3(a)], Opy ~ 0.1 [200, 259, 314] and A\py = 1nm [246, 252],
and the effective extension Apy /c, of the interface region is taken to be on the order of 1 nm
213, 288]. We obtain Opy/c, = 2%, which is in good agreement with the order of mag-
nitude of the calculated SHA of Ni(Al), Al(Ni), Fe(Al), and Al(Fe). A similar conclusion
can be drawn for the other systems shown in Fig. 5.3.

Note that Equation (5.1) implies a local S2C scenario, that is, j. is determined by js at the
very same position z. While this approach is appropriate for the intrinsic ISHE mechanism,
the skew-scattering scenario of Fig. 5.7(a) is actually nonlocal: The charge current j.
behind the interface is determined by the wavevector change due to skew scattering right
at the imperfect Py/Cu interface. Therefore, the transverse motion of the electron persists
until the next scattering event in the “cleaner” bulk of the Cu layer occurs. In this picture,
the characteristic length Apy/c, is rather given by the mean free path of the electron in Cu,
which equals 1.9nm [see Fig. 5.4]. With this refined consideration, Equation (5.5) yields
Opy/cu = 1%, which agrees even better with the calculated values of the SHA. This value
may still be overestimated because our analysis neglects a possible spin memory loss at
the Py/Cu interface [229] [Eq. (5.4)] and the contribution I py /1 [Eq. (5.5)]. We conclude
that the order of magnitude of the measured S2C strength 0p/n of the F/N interfaces
[Fig. 5.3] is in good agreement with the calculated values of the SHA of N(F) and F(N)
materials [Fig. 5.7(d)].

H. Discussion

Our model calculations are consistent with the observations of Figs. 5.5 and 5.6 and the
order of magnitude of the F-N interfacial S2C contribution. We did, however, not attempt
to compare the signs of measured THz charge currents and calculated SHAs for all samples
for two reasons. First, the actual interface structure (F(N) vs N(F)) is not known and may
vary when the F or N material is changed. Second, the ISHE of the F layer may make
another contribution to S2C and so add an offset to the measured THz charge current.
The same argument applies to a contribution to the THz charge current from ultrafast
demagnetization [313].

Regarding other S2C mechanisms, we cannot fully exclude contributions from the side-
jump scenario [81] or the IREE [135, 317]. However, a sizeable IREE appears to be
rather unlikely. First, the IREE requires strongly Rashba-split interface states that are
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not trivially available in our samples since the N-layer materials Cu and Al lack strong
spin-orbit interaction [212]. Second, from the Rashba perspective, the two Cu|Py samples
of Fig. 5.6(b),(c) are approximately identical. Thus, a sign change of the IREE in these
two samples is rather unexpected, in contrast to the experimental observation. Third, the
good agreement of our experimental data with the calculated skew-scattering contribution
strongly suggests that the other sources of S2C play a minor role in our samples.

5.4 Conclusion

In conclusion, we observed sizeable S2C induced by interfaces of F|N bilayers with weak
bulk spin-orbit coupling, as large as 20 % of S2C in F|Pt reference layers. Our results
have important implications. First, they show that interfacial contributions to S2C need
to be considered before the measured magnetization-dependent transverse charge current
is assigned exclusively to bulk effects in the F or N layer. Second, interfacial S2C can arise
from effects beyond the usually considered IREE mechanism. Sign and order of magnitude
of the interfacial S2C observed here are consistent with a dominant role of skew scattering of
spin-polarized electrons at F(N) and/or N(F) interface layers [Fig. 5.7(a)]. Third, the skew
scattering off Cu(Py) interfacial imperfections [Fig. 5.7(b)] is enhanced by the relatively
long relaxation length (Apy/cy & 1.9mm) of the ballistically propagating electrons in the
Cu layer [Fig. 5.4]. This remarkable nonlocal mechanism opens up a promising route to
enhancing S2C by controlling the structure of the spintronic interface.
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Radiation hardness of spintronic terahertz
emitters

Ezploring space or other planets relies on appropriate tools. Remarkably, THz time-domain
spectrometers are envisioned to be suitable optical tools for the identification of various
gases or solids. While femtosecond laser systems are meanwhile successfully tested to meet
the harsh conditions in space, suitable THz sources, ideally very broadband, still need to
be found. Spintronic THz emitters (STEs) may be a good choice due to their unique and
versatile properties. However, it remains open whether STEs can meet the requirements for
space applications. Here, we test the radiation hardness of STEs with v and high-energetic
proton radiation and find STEs to be robust against these types of cosmic radiation. These

results highlight even more the versatility of spintronic THz sources.

Publication information

These preliminary results are a first version of the manuscript Radiation hardness of spin-
tronic terahertz emitters, which is currently in preparation by O. Gueckstock, N. Sto-
janovic, T. Kampfrath, M. Gensch et al. (2022).
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8.1 Motivation

Spectroscopic methods in IR and THz have been proven to be very powerful in space re-
search [256] due to the presence of many fundamental absorption modes of gases and solids
in this frequency range, which are relevant for planetary research. The two established
methods for planetary research, THz heterodyne [118] and Fourier-Transform Infrared
spectroscopy (FTIR) [9], lack the required compactness due to their high complexity. This
disadvantage makes them less favorable for robotic exploration missions.

THz time-domain spectroscopy, on the other hand, is an emerging technique which already
successfully competes with FTIR. It has the potential to overcome the limitations of FTIR
with respect to compactness, robustness while providing similar range of potential insights.
To make existing THz TDS systems compatible with the harsh conditions of space missions,
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(a) (b)

Spintronic M(t)
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Figure 8.1. | THz transmission and emission spectroscopy. (a) A femtosecond laser pulse excites
a spintronic THz emitter generating broadband THz pulses E(t) with frequencies ranging from
1-30 THz. The emitted pulse E(t) is either directly measured in an electro-optic detection (EOS)
or (b) transmitted through a gas cell E’(t). Subsequently, F’(t) is measured by EOS.

one needs to test all components such as the femtosecond laser system, the THz source
and detection unit for space-readiness. Recently, fiber lasers were demonstrated to be
an excellent option for space applications, and they will become space-ready within the
next few years [156]. Further, spintronic THz emitters (STEs) [246] may be a suitable
THz source. They have been shown to be, e.g., cost-efficient, compact, scalable, on-chip-
integrable and offer amplitude modulation at kHz rates [100, 117, 246, 247]. It remains to
be tested whether STEs can withstand the harsh conditions emerging in space missions.

In this chapter, we (i) show how powerful THz time-domain spectroscopy can be for
the identification of spectral fingerprints of gases and (ii) test the radiation hardness of
spintronic THz emitters by irradiating them with ~-radiation and high-energetic protons.
First, by measuring the transmission of ambient air, we identify water-vapor absorption
lines between 1-13 THz and observe a bending mode of CO5 at 20 THz. Second, we show
that the spintronic THz emitter is robust against radiation levels of «v and proton radiation
as required for missions to Mars or its moons.

8.2 Experimental details

To study the suitability of spintronic THz emitters for space applications, we perform linear
and non-linear THz spectroscopic experiments. We use a femtosecond laser oscillator (see
Chapter 3 for details) [Fig. 8.1(a)] to heat a metallic spintronic heterostructure N|F|N
consisting of a ferromagnetic (F) and two non-magnetic (N) layers [246]. Upon excitation
by the laser pulse a spin voltage [see section 2.5.2] and, thus, a longitudinal spin current
Js is generated [231] in the vicinity of the F/N and N/F interfaces and gets converted by
the inverse spin Hall effect into two constructively superimposed charge currents j.. Due
to the pulsed excitation, j. acts like an antenna and, thus, ejects an electromagnetic pulse
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with frequencies in the THz regime [138, 246] [see Fig. 8.1(a) and section 3.2.2].

Using this source, we perform two types of THz spectroscopic methods: (I) THz emis-
sion to study the radiation hardness of the STE and (II) linear THz spectroscopy, where
the STE serves as source of broadband THz pulses to demonstrate the sensitivity of THz
transmission probes for the identification of various gases in a gas cell [Fig. 8.1(b)]. The
emitted or transmitted broadband THz electric fields are measured by electro-optic sam-
pling [139, 155] in a 10-pum-thick ZnTe(110) crystal. All experiments are performed in a
dry atmosphere if not mentioned otherwise.

8.3 Preliminary results and discussion

A. Identification of gases

THz time-domain spectrometers are envisioned to be advantageous tools for space applica-
tions. Linear THz spectroscopy [Fig. 8.1] was already used to identify spectral fingerprints
of water or NH3 in a spectral range of 2.5-2.7 THz [73]. To expand the scope of elements
to tag by spectroscopic methods, it is desirable to use broadband THz sources such as
the spintronic THz emitter. In this regard, Fig. 8.2 shows two examples of how to utilize
THz transmission spectroscopy: (1) for identification of water vapor absorption lines in
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Figure 8.2. | THz spectroscopy for identification of water vapor and CO». (a) Broadband THz
emission spectra from a spintronic THz emitter under ambient conditions (blue) and in a dry
atmosphere (orange). The spectra are normalized. (b) THz transmission spectra from an STE
transmitting through a gas cell which is filled with carbon dioxide CO2 (top panel) or molecular
nitrogen Ny (bottom panel). Note the dip around 20 THz in the COz transmission spectrum. (c)
Extracted COg extinction line from panel (b).
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the spectral range from 1-13 THz [Fig. 8.2(a)] and (2) determination of an extinction line
from carbon dioxide (COz2) [Fig. 8.2(b)-(c)].

For (1), the measured amplitude spectrum in a dry atmosphere [Fig. 8.2(a), orange line]
clearly lacks the extinction lines that are visible in the measurement under ambient condi-
tions [Fig. 8.2(a), blue line]. Other features, which are arising in both spectra, are related
to phonon absorption of the electro-optic detection crystal, a two-photon-absorption in Ge
and the impedance of the sapphire substrate. Details can be found in Chapter 7.

For (2), in addition to the identification of water vapor also gases like COq are detectable
by THz time-domain spectroscopy [Fig. 8.2(b)-(c)]. Here, we compare the transmitted
amplitude spectra of broadband THz pulses from an STE through a gas cell filled with
either COq [Fig. 8.2(b), upper panel] or molecular nitrogen (N2) [Fig. 8.2(b), lower panel].
We make two observations: (i) water vapor absorption can be seen in both cases [Fig.
8.2(b)] because, in contrast to the data shown in Fig. 8.2(a), the THz pulses still travel
through humidified air from the gas cell to the detection crystal. More importantly, (ii)
the COg9 spectra show a strong extinction around 20 THz. By division of the two spectra
in Fig. 8.2(b), we can isolate this CO2 extinction line as shown in Fig. 8.2(c) which is in
good agreement with literature [174] reporting a CO2 bending mode at 20 THz by resonant
absorption. Interestingly, we also observe the CO2 bending mode in the data shown in
Fig. 8.2(a) which indicates how strong the absorption is considering the amount of COq
under ambient conditions to be in the order of hundreds of parts per million [153].

In summary, linear THz time-domain spectroscopy with broadband spintronic THz emit-
ters is a sensitive and versatile tool for identifying spectral fingerprints of various gases,
shown here for CO5 and water vapor.

B. Irradiation of spintronic THz emitters

Before employing spintronic THz emitters for space applications, one needs to test how
they would perform under the conditions in space. Here, we test one aspect, the radiation
hardness of STEs, by intentionally irradiating them with different doses of high-energy ~
and proton radiation. Both are the most severe types of radiation usually occurring for
space applications [189]. We choose a radiation level up to 15kRad that corresponds to
the qualification tests required for components on space missions to Mars.

Figure 8.3(a) shows raw data THz signals S(¢) emitted from STEs irradiated with 7-
radiation with an absorption dose from 1 to 15kRad. An unirradiated STE serves a
reference [Fig. 8.3(a), red line]. The corresponding amplitude spectra are shown in panel
(b) of Fig. 8.3. We normalize each spectrum to the peak amplitude and offset them
vertically for clarity.

Remarkably, we observe (i) only a very small impact on the amplitude and (ii) almost
no change in the temporal dynamics upon irradiation. In detail, the amplitude spectra
in Fig. 8.3(b) exhibit almost no change of the spectral content as a function of absorbed
irradiation dose. Analogous conclusions as for the ~y-irradiated STEs also apply to the
proton-irradiated STEs (data not shown).
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Figure 8.3. | THz emission raw data of ~-irradiated STEs. (a) Electrooptic signals S(t) from an
STE for various absorbed doses of v-radiation. The non-contaminated STE reference is shown in
red. (b) Fourier amplitude spectra of the THz waveforms from panel (a). The spectral content of
the STEs remains constant under exposure of «-radiation with an absorption dose up to 15kRad.

Next, to judge the impact on the THz amplitude quantitatively, we contract the waveforms
of Fig. 8.3(a) to a single value by taking the root-mean square of each waveform and plot
them as a function of the absorbed irradiation dose in Fig. 8.4(a)-(b) for +- and proton-
irradiation, respectively. All data is normalized to the respective reference, which is shown
as a red triangle. All STEs used for these irradiation tests are taken from the same growth
batch and are characterized by THz emission spectroscopy before irradiation. Within a
batch, we observe a deviation of the global amplitude up to 4% (see light orange area in
Fig. 8.4(a)-(b)), which includes systematic uncertainties.

On the one hand, we observe that the THz amplitude of ~-irradiated STESs lies within our
confidential range and, thus, does not change under the influence of y-radiation exposure.
On the other hand, the proton-irradiated STEs show a decrease of their amplitude by
8 % compared to the reference STE, independent of the absorbed irradiation dose. Likely,
the high-energetic protons, whose penetration depth into metals lies in the micrometer
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Figure 8.4. | Impact of + and proton irradiation. (a) Root-mean-square values of the THz wave-
forms [Fig. 8.3(a)] as a function of the absorbed ~y-irradiation dose. The non-irradiated STE serves
as reference and is shown with a red triangle. All values are normalized to the reference. The light
orange bar in the background shows the variation of 4 % of the emitted THz pulse amplitude from
STEs from the same growth batch and systematic uncertainties. (b) Same as in panel (a) but for
proton-irradiation.
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range [255], modify the interface properties of the N/F/N heterostructure of the STEs. As
reported in Chapter 5 and 6, the interface can drastically alter the THz emission amplitude
upon interface modifications [99, 101].

8.4 Conclusion and future directions

In summary, we first exemplary show how THz time-domain spectroscopy driven by spin-
tronic THz emitters could be employed for broadband identification of spectral fingerprints
of gases such as water vapor or COs. Second, the STE is tested with regard to its ra-
diation hardness for two major radiation sources, y-radiation and high-energetic protons.
We observe that they robustly withstand radiation levels as required for missions to Mars
and, thus, highlights one aspect for space suitability of STEs.

In the future, we will test other parameters that are required for space readiness tests to
meet the harsh conditions in space, e.g. the impact of the temperature on the emitted
THz electric field from STEs.
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Summary

In this thesis, fundamental aspects of spintronic heterostructures at highest frequencies
are studied by THz emission spectroscopy. On an applied note, the suitability of spin-
tronic THz emitters for fast polarization modulation spectroscopy and space applications
is explored.

According to this twofold nature, the thesis begins with fundamental insights into the si-
multaneous spin transport by conduction electrons and magnons in a single material. We
also validate crucial aspects of the microscopic model of the ultrafast spin Seebeck effect
proposed in Ref. [250]. Subsequently, the ultrafast spin-to-charge current conversion at
interfaces of metallic bilayers and in complex magnetic materials like antiferromagnets is
explored. The second area deals with potential applications of spintronic THz emission
and reveals, on the one hand, the unique property of spintronic THz emitters to allow for
a fast modulation of its polarization polarity and direction at tens of kilohertz. On the
other hand, spintronic THz emitters are found to be robust against the two most severe
radiation sources impacting space applications. In detail:

A. THz spin currents from torque- and conduction-electron-mediated transport

We study ultrafast spin transport in prototypical ferrimagnetic/ferromagnetic|Pt bilayers
where model materials with different degrees of electrical conductivity are employed for
the F layer [see Chapter 4]. First, our results indicate that the interfacial spin Seebeck
effect (SSE) spin current in all magnetic insulators is localized close to the F /Pt interface
and its dynamics on ultrafast time scales is determined by the relaxation dynamics of
the electrons in the Pt layer. Second, in the half-metallic ferrimagnet magnetite, our
measurements reveal two dynamical spin-current components — one with slow SSE and
the other with fast pyro-spintronic-type dynamics.

Our results point out that measuring heat-driven spin currents on their natural sub-
picosecond time scale allows one to unambiguously separate SSE and PSE contributions
by their distinct ultrafast dynamics. This insight may be interesting for tailoring terahertz
spin currents and for related applications such as spin torque [4, 152, 227] and spintronic
THz emitters [40, 48, 77, 102, 108, 149, 249, 301].

B. THz spin-to-charge current conversion by interfacial skew scattering

Another important operation for spintronics is spin-to-charge current conversion (S2C),
which is the subject of Chapter 5. Here, we study the impact of the interface on ultrafast
S2C in metallic bilayers systems of F|N. We observe a sizeable S2C induced by the F/N
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interface with N layers with weak bulk spin-orbit coupling, which is as large as 20 % of the
S2C in F|Pt reference samples.

Our results, including sign and order of magnitude of the interfacial S2C, are consistent
with a dominant skew scattering process of spin-polarized electrons at F(N) and/or N(F)
interfaces. This remarkable nonlocal mechanism opens up a promising route to enhancing
S2C by controlling interface properties. This work also implies that interfacial contri-
butions to S2C need to be considered before magnetization-dependent transverse charge
currents are exclusively assigned to bulk S2C effects in the F or N layer.

C. Ultrafast spin propagation and conversion in the antiferromagnet IrMn

In Chapter 6, it is shown that ultrafast spin injection and S2C in the antiferromagnet
IrMn are operative up to 30 THz. We estimate the upper bound of the spin-to-charge
conversion efficiency in IrMn to roughly 10 % of the conversion in Pt. By comparing the
results obtained by THz emission spectroscopy to ferromagnetic resonance measurements
(FMR) in the GHz regime, it is revealed that the characteristic length of the spin transport
is four times larger at GHz frequencies. We suggest that this feature arises from the
dominance of ballistic electron transport in the THz regime, whereas in the GHz regime
electronic diffusive transport dominates that is potentially superimposed by a magnonic
contribution.

Finally, in the THz regime we find that again significant contributions of the interfaces
can contribute to or even dominate the spin-to-charge current conversion processes. Thus,
interfacial S2C may be useful for optimization of ultrafast spintronic functionalities in an-
tiferromagnetic materials.

D. Modulating the polarization of broadband THz pulses at kHz rates

In Chapter 7, we turn to applications by adding a functionality to spintronic THz emitters.
By modulating the magnetization of an STE by external magnetic AC fields, we show
that the polarity of THz electromagnetic pulses from an STE can be controlled with a
modulation contrast better than 99 % at modulation frequencies of up to 50kHz. Two
modes of polarization control are tested: in the polarity mode, the external AC magnetic
field switches the magnetization and, thus, the polarity of the emitted THz electric field.
By adding a perpendicularly oriented DC magnetic field, modulation of the direction of
the THz peak field becomes possible. In both modes, the modulation is broadband and
uniformly affects all spectral components of the THz pulse from 1 to 30 THz.

This work enables interesting applications in all kinds of modulation spectroscopy like
low-noise probing of small magnetic effects in materials by THz emission spectroscopy
[121, 231, 250] and THz transmission spectroscopy [193] or for THz time-domain ellipsom-
etry [232]. Future work will aim at increasing the modulation frequencies in both modes to
frequencies above 50kHz and at extending our approach to a periodic full-circle rotation
of the THz polarization plane.
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Finally, the suitability of STEs for space applications is investigated [see Chapter 8]. First,
it is demonstrated that broadband THz transmission spectroscopy is of added value for
gas identification in space. Second, two radiation sources, v and proton irradiation, which
usually cause problems in the area of space flights, are analyzed. It is shown that STEs
lose a few percent of their field amplitude under the maximum irradiation dose of the two
types of radiation but their broadband spectrum remains unaffected.

This study lays the foundation for the potential use of STEs as broadband and versa-
tile THz sources in the first integrated THz time-domain spectrometer for space applica-
tions.
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Appendix

A.1 Basic symmetry considerations

The following symmetry analysis was published in the supporting information of Ref. [99]
by Gueckstock et al. (2021).

We analyze what happens to the THz emission signal when the F|N sample is turned by
180° about an axis parallel to the F-layer magnetization M. According to our experimental
geometry [Fig. 5.1(a)], the THz emission originates from an in-plane charge current I. =
§dzj.(z) that is quadratic in the pump electric field E, (see Fig. S2(b) in Ref [99]).
Because E,, is approximately constant over the thickness of the F|N stack [Fig. 5.1(a)],

we can write
3

I = Y dijp(M)Ep; By, (A1)
k=1

where the response function d;j,(M) is a 3'd_rank tensor depending on M. The indices
1, j and k can take the values 1,2,3, which refer to the x, y and z Cartesian components,
respectively. In Eq. (A.1), the time dependence of I, d;ji, Ep; and Epy, and the integration
over the time arguments of E; and Epy is suppressed because they are not relevant for
what follows.

We choose the z-axis parallel to the surface normal of the sample, and the magnetization
is chosen to point along the z-axis. Therefore, a rotation by 180° about an axis parallel
to M is described by the diagonal matrix R* = diag(l,—1,—1). Upon rotation of the
sample, the response function of the sample transforms like a polar tensor according to
Ref. [32]

3
Ay (M) = Y R5 RS R diji(M). (A.2)

i'Q
i,7,k=1

Because of M’ = R*M = M and because R" is diagonal, the summation in Eq. (A.2) is
restricted to i’ =4, 7' = j and k' = k, resulting in the simple product

tik(M) = RE RS Ry dije(M). (A.3)

In our experiment, I, is observed to be directed along the y-axis (perpendicular to M),
and E}, is oriented along either the x- or y-axis. We are, thus, only interested in d;kk with
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k =1 or 2, for which Eq. (A.3) becomes
k(M) = —dyx(M). (A4)

We conclude that under the conditions of our experiment, the thickness-integrated charge
current reverses sign when the sample is turned by 180° about an axis parallel to the
sample magnetization.
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