Laser-driven terahertz spin transport:
driving force and applications

Dissertation

zur Erlangung des Grades eines
Doktors (Dr. rer. nat.)

am Fachbereich Physik
der Freien Universitat Berlin

vorgelegt von

Seyed Mohammadreza Rouzegar

Berlin, October 2023



This work was done between January 2018 and October 2023 in the Terahertz Physics
Group (Prof. Dr. Tobias Kampfrath) of the Department of Physics at the Freie Universitét
Berlin and at the Department of Physical Chemistry at the Fritz-Haber-Institute of the
Max-Planck-Society.

Erstgutachter: Prof. Dr. Tobias Kampfrath

Zweitgutachter: Prof. Dr. Martin Wolf

Tag der Disputation: 18.04.2024



Abstract

The research field of spintronics emerges as a promising solution to address the core chal-
lenges posed by charge-based electronic information processing, aiming to reduce power
dissipation while delivering lasting endurance and robust read and write capabilities. Spin-
tronic circuits have already made their mark, finding practical applications in commercially
accessible magnetic random-access memories. However, to effectively compete with future
complementary metal-oxide—semiconductor (CMOS) and photonic technologies, funda-
mental spin operations speed should ideally extend to terahertz (THz) frequencies. In
this respect, an exciting discovery is a new class of highly efficient and broadband THz
emitters based on magnetic heterostructures, harnessing spintronic effects at terahertz
frequencies.

This work is dedicated to addressing a series of fundamental questions, for example: What
is the primary driving force for spin currents in spintronic THz emitters (STEs)? How
do these spin currents relate to other processes such as ultrafast demagnetization dynam-
ics? How do spin currents propagate through different material systems? What are the
maximum speeds of spin current propagation? How can the spin conductance of various
materials be quantified? Finally, how can the amplitude of the THz radiation from STEs
be maximized to values exceeding 1 MV /cm?

First, we compare two central phenomena in femtomagnetism: ultrafast demagnetization
and ultrafast spin currents in magnetic heterostructures. Strikingly, our findings unveil
that both phenomena are driven by the same force, a generalized spin voltage, i.e., the
excess of magnetization relative to equilibrium. We conclude that the spin voltage is
genuinely ultrafast, and the decay of the spin voltage is predominantly due to spin-flip
processes inside the ferromagnet, with only a minor fraction of spins contributing to the
transport.

Subsequently, we explore spin current propagation in copper and MgO tunnel junctions.
Our results reveal that spin currents in copper propagate at high speed, reaching the Fermi
velocity vp = 1.1 nm/fs with velocity-relaxation time of of 7 = 4 + 2 fs, and we separate
ballistic and diffusive modes of spin transport. Furthermore, we introduce the new con-
cept of THz spin-conductance spectroscopy. We apply this method to measure the spin
conductance of an MgO tunnel junction, allowing to separate different spin-transport con-
tributions, including coherent tunneling and incoherent resonant spin tunneling mediated
through MgO defects.

Finally, based on these findings, we significantly improve the STE performance by optimiz-
ing the heat management and maximizing the THz outcoupling. Our proposed Si-based
STE design outperforms previous glass-based STEs by a factor of six, achieving a peak
electric field of 1.7 MV /cm. Eventually, Si-STEs prove to be highly effective in inducing
nonlinear effects such as the THz Kerr effect in diamond or Zeeman torque in magnets.

In conclusion, this work demonstrates the significant potential of terahertz spin transport
that can shape the future of ultrafast circuits.
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Kurzfassung

Das Forschungsfeld der Spintronik ist ein vielversprechender Ansatz fiir die zentralen Her-
ausforderungen, die bei ladungsbasierten elektronischen Informationsverarbeitung auftre-
ten. Sie zielt darauf ab, Warmeverluste zu reduzieren und gleichzeitig eine dauerhafte
Nutzung, sowie robuste Lese- und Schreibfdhigkeiten zu bieten. Spintronische Schaltkrei-
se haben bereits erste Erfolge erzielt und finden praktische Anwendung in kommerziell
verfiighbaren magnetischen Random-Access-Speichern. Um jedoch effektiv mit zukiinftigen
komplementiren Metall-Oxid-Halbleiter- (CMOS) und photonischen Technologien konkur-
rieren zu konnen, sollte die Geschwindigkeit der fundamentalen Spinoperationen idealer-
weise in den Terahertz-Frequenzbereich ausgeweitet werden. Eine bedeutende Entdeckung
ist eine neue Klasse hoch effizienter und breitbandiger THz-Strahler, die auf magnetischen
Heterostrukturen basieren und spintronische Effekte bei Terahertz-Frequenzen nutzen.

Diese Arbeit widmet sich einer Reihe grundlegender Fragen, z.B.: Was ist die treibende
Kraft von Spinstrémen in spintronischen THz-Strahlern Emittern (STEn)? Wie korrelie-
ren Spinstréome mit dem zentralen Phdnomen der ultraschnellen Entmagnetisierungs? Wie
breiten sich Spinstréme durch verschiedene Materialsysteme aus? Was sind die maximalen
Geschwindigkeiten der Spinstrompropagation? Wie kann die Spinleitfihigkeit verschiede-
ner Materialien quantifiziert werden? Und wie kann die Amplitude der THz-Strahlung von
STEn optimiert werden, um nichtlineare Effekte anregen zu kénnen?

Zunichst untersuchen wir zwei grundlegende Phédnomenene des Femtomagnetismus: ul-
traschnelle Entmagnetisierung und ultraschnelle Spinstréme in magnetischen Heterostruk-
turen. Bemerkenswerterweise zeigen unsere Ergebnisse, dass beide Phdnomene von dersel-
ben Kraft angetrieben werden, nédmlich von einer verallgemeinerten Spin-Spannung, d.h.,
dem Uberschuss an Magnetisierung im Vergleich zur Gleichgewichtsmagnetisierung. Dar-
aus folgt, dass diese Spin-Spannung tatséchlich auf ultraschnellen Zeitskalen operativ ist
und ihre Relaxation hauptséchlich auf Spin-Flip-Streuung im Ferromagneten zuriickzufiih-
ren ist, wobei nur ein kleiner Teil der Spins zum Transport beitréigt.

Anschlieflend erforschen wir die Ausbreitung von Spinstrémen in Kupfer- und MgO-Tunnel-
barrieren. Unsere Ergebnisse zeigen, dass Spinstrome mit hoher Geschwindigkeit, nahe der
Fermi-Geschwindigkeit vp = 1.1 nm/fs bei Streuzeiten von 7 = 4 + 2 fs, durch Kupfer
propagieren. Dabei gelingt es uns, ballistische und diffuse Modi des Spintransports zu se-
parieren. Dariiber hinaus fithren wir das Konzept der THz-Spinleitfahigkeitsspektroskopie
ein. Wir verwenden diese Methode, um die Spinleitfdhigkeit einer MgO-Tunnelbarriere zu
messen und separieren verschiedene Spintransportbeitréige, einschliefSlich kohédrentem und
inkohérentem, resonantem Spin-Tunneln durch MgO-Defekte.

Basierend auf diesen Ergebnissen verbessen wir schliefllich die Leistung des STEs signifi-
kant, indem wir das Warmemanagement und die Auskopplung der THz-Strahlung opti-
mieren. Der vorgeschlagene Si-basierte STE iibertrifft glas-basierte STE um einen Faktor
6 und erreicht eine Spitzenfeldstéirke von 1.7 MV /cm. Dabei erweist sich der Si-STE als
duflerst effektiv beim Anregen nichtlinearer Effekte wie dem Kerr-Effekt in Diamant.

Abschlielend zeigt diese Arbeit das erhebliche Potenzial von Terahertz-Spintronik auf, die
die Zukunft ultraschneller Schaltkreise gestalten kann.
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Introduction

An important cornerstone of our society is the rapid development of digital communication.
There is a permanent quest for high computational power, and faster, smaller and more
efficient devices. The electron spin is envisioned to play a pivotal role to meet these growing

demands.

1.1 Spintronics

Conventional electronics rely on encoding binary information (0/1) with the charge of
electrons. However, we are approaching insurmountable physical limits in our capacity
to further enhance the speed and miniaturization of these charge-based electronic devices
without significant power dissipations due to the leakage current [152, 194, 263].

Spin-based electronics (spintronics) aims at extending electronic functionalities by incor-
porating the electron spin degree of freedom. Indeed, binary information (0/1) can be
encoded to electron spin states (1/)) [11, 195, 211, 213|. Integrating spintronic circuits
into existing electronic technology holds the key to future progress. At the least, three
fundamental spin operations are essential for constructing spintronic circuits as shown in
Fig.1.1: (1) writing information by reversing the spin direction (1 to |), (2) transporting
spin angular momentum through space, and (3) detecting the spin information [251, 285].
Each of these spin operations is elaborated further below.

(1) The electron spin can be turned around by applying a torque, which can be achieved
through various means. Examples of spin torque sources include an external magnetic field
via Zeeman torque, a spin-polarized current using the spin-transfer-torque (STT) [145,
257], or an electric field via spin-orbit torque (SOT) [194]. Indeed, STT is already utilized
in magnetoresistive random-access memories (MRAM) to switch the spin orientation [112].
These STT-MRAMSs are on the brink of commercial availability through companies such
as Samsung or Everspin Technologies [194].

(2) Spin currents can be carried by spin-polarized conduction electrons or spin waves, also
known as magnons [45]. They can be induced by gradients of spin voltage (i.e., an excess
of spin), temperature or electrostatic potential. The gradient of spin voltage, also known
as spin accumulation, is achieved in magnetic heterostructures, in which the inversion
symmetry is broken either by the structure or by the light field [30, 43, 67]. Temperature-
driven spin-transport effects were discovered only recently, including the spin Seebeck effect
(SSE) [15, 218, 248], spin-dependent Seebeck effect (SDSE)[15, 232], anomalous Nernst
effect (ANE) and others [15]. Moreover, a gradient in electrostatic potential induces a
charge current, that is converted into a spin current via spin Hall effect (SHE) in materials
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. 1. Turn spins around 3. Detect spin dynamics
Optical pump
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Figure 1.1. | Elementary spin operations. (1) Turning spin around using torque. (2) transport
spin by inducing gradients of spin voltage, temperature, or electrostatic potential. (3) detecting
spin operations. In ultrafast time scales, femtosecond laser pulses and THz electromagnetic pulses
(0.1-30 THz) are used to drive and detect these spin dynamics. This figure is adapted from [120]
with permission of Tobias Kampfrath.

with large spin-orbit coupling.

(3) Finally, spin currents can be detected by the torque they exert on magnetization
through STT. This torque can be measured by various magneto-resistive and magneto-
optical effects [183, 188, 190, 198]. More directly, spin currents can be detected via spin-
to-charge conversion (SCC) either in a bulk material with large spin-orbit coupling via
inverse spin Hall effect (ISHE) [119, 218] , or at an interface by inverse Rashba Edelstein
effect (IREE) [156].

In order to make spintronic operations compatible and competitive with other information
carriers such as electrons in field-effect transistors [51] and photons in optical fibers [90],
it is essential to push their speed to femtosecond time scale and, thus, into the terahertz
(THz) frequency range.

1.2 Implementing THz spintronics

Pushing spintronic operations to ultrafast time scales requires the development of special-
ized tools for achieving spin operations at THz frequencies and implementing fast detection
techniques. Femtosecond (fs) laser pulses (visible to near-infrared) and THz electromag-
netic pulses are used to drive and probe spin operations.

The terahertz spectral window ranges from 0.1-30 THz, which corresponds to an electro-
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magnetic wave with wavelength of 10-3000 pm or photon energy range of 0.4-125 meV.
The THz window fills the gap between frequencies (few 100 THz) of optical light sources
and gigahertz (GHz) frequencies of typical electrical sources [29, 92] as shown in Fig. 1.2.
THz electromagnetic fields are resonant with many fundamental modes of matter, for ex-
ample, electronic intraband transport, magnons or phonons in solids [53, 276]. Moreover,
typical spin-orbit interaction energies coincide with THz photon energies, suggesting the
possibility that spin operations can be pushed to THz frequencies. Consequently, THz
spectroscopy is a powerful probe of many fundamental processes in a wide range of mate-
rials [119, 141, 218].

A fs laser pulse can be used to deposit ultrafast heat in magnetic systems and drive
numerous spin-caloric effects lying in THz frequencies. These ultrafast spin-caloric effects
result in THz electromagnetic wave emission (see Fig. 1.1). The emitted THz pulse can
be detected by time-domain THz spectroscopy (TDTS). The distinctive feature of TDTS
lies in its capacity to simultaneously measure both the amplitude and phase of a coherent
THz electric field, eliminating the requirement for phase retrieval through Kramers-Kronig
relations [192]. Furthermore, this all-optical technique does not face the limitations of the
narrow bandwidth found for electrical circuits.

Additionally, the THz pulse can be used to drive THz spin operations. In fact, the electric
field of a THz pulse is used to generate ultrafast charge currents, which can subsequently
be converted into a THz spin current via SHE and Rashba-Edelstein effect (REE) [111,
156, 183]. On the other hand, the magnetic field of a THz pulse can exert Zeeman torque
on spins, allowing for manipulation of the magnetic order [37]. The development of high-
amplitude THz sources allows pushing these spin operations to non-linear regimes [92, 102,
122, 178]. In current table-top setups, THz peak electric fields reach amplitudes around
1 MV /cm with a spectrum predominantly located at low THz frequencies ranging from
0.5-3 THz [54, 91].

Additionally, the THz radiation can be integrated to other well-stablished experimen-
tal probes such as angle-resolved photoelectron emission spectroscopy [201] and scanning
tunneling microscopy [47, 273] to gain access to fundamental processes on ultrafast time
scales.

THz radiation has extensive applications beyond spintronics in various industries owing to
its exceptional selectivity and sensitivity. Notably, THz imaging serves an important role in
quality control in manufacturing processes [59, 172], as well as in security applications such
as at airports [85]. Furthermore, the imminent advent of 6G wireless telecommunication is
based on harnessing THz frequencies [58, 135, 225], offering an enormous data transmission
rate enabled by the abundant spectrum within the THz range. Simultaneously, the research
field of THz radars is experiencing a fast development, driven by the manifold potential
applications such as autonomous driving [46, 271]. Due to these impressive potential
applications of THz radiation, a central focus of this thesis pertains to the development of
a robust, efficient and broadband THz source.
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Figure 1.2. | Electromagnetic wave spectrum. The THz spectrum lies in between the microwave
and the near-infrared (NIR) regime, covering the frequency range from 0.1 to 30 THz corresponding
to wavelengths from 10 to 3000 pm. The THz photon energy (0.4 meV to 125 meV) is resonant with
many fundamental modes of matter, such as manipulation of electron spin, electron-hole bound
state (excitons), and electronic intraband transport. This figure is taken from [77] with permission
from T. S. Seifert and O. Giickstock.

1.3 THz spintronics: relevance and status

The integration of spintronics with femtosecond laser pulses and THz radiation has yielded
remarkable outcomes in recent years. Notably, THz pulses have been employed to apply
THz spin torques (Zeeman, SOT, NSOT), enabling the fast switching of magnetic order.
For instance, Jhuria et al. [108] effectively reversed the magnetic order in Co|Pt stacks via
SOT by using a 6 ps THz pulse. More recently, Behovits et al. [20] used intense THz pulses
to exert Neel spin-orbit torque (NSOT) to rotate the Neel vector in the antiferromagnet
MngAu by up to 30 degrees.

Additionally, THz transmission spectroscopy has been successfully employed to probe mag-
netoresisitive effects such as GMR [111], anisotropic magnetoresistance (AMR)[183] and
anomalous Hall effect [223] at THz frequencies.

Moreover, laser-induced spin caloritronic effects has been demonstrated to operate at the
THz frequency regime. Seifert et al. [222] measured the spin current generated by the spin
Seebeck effect (SSE) in an insulating ferromagnet /metallic paramagnetic system, observing
spin currents with speeds as fast as 1 THz. In metallic magnetic heterostructures, spin
currents reached even faster speeds, up to 10 THz [119, 218]. More recently, it has been
shown that the ANE is also active at THz frequencies [64].

A significant milestone emerged through the demonstration that spin Hall effect operates
at THz frequencies, resulting in numerous new developments and functionalities [218]. In
particular, the THz spin current generated by spin caloritronic effects can be converted
into a THz charge current, emitting a measurable THz electromagnetic wave. This has led
to the emergence of a novel class of spintronic THz emitters (STE) that combines many
benefits of other THz sources [119, 218].

Ultrafast spin current generation and transport hold paramount importance in THz spin-
tronics. There are still many fundamental open questions revolving around the driving
force of THz spin current generation [19, 67, 170, 218], its relaxation [61, 239], and its
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subsequent spin transport dynamics (ballistic, superdiffusive and diffusive) [14, 164, 283].
Form an applied point of view, STEs are routinely used in many laboratories [10, 96, 243,
255, 268] owing to multitude of advantages. However, it is noteworthy to mention that
the peak of the THz electric so far has been limited to 0.3 MV /cm [219]. To effectively
drive various non-linear phenomena, considerably higher field strengths are required [92].
Thus, a comprehensive study to optimize the amplitude of the THz spin current and THz
electromagnetic field out-coupling to maximize the peak field in STE is highly desirable.

With the rapid development of THz spintronics, the need for novel techniques to char-
acterize spin transport on ultrafast timescales in various material systems becomes more
pronounced. Ultrafast electron transport is characterized by its conductance via THz
transmission spectroscopy [111, 183, 224]. However, an equivalent approach to character-
ize spin transport in THz frequencies is missing, and thus needs to be developed.

1.4 This thesis

This thesis is motivated to address the above open questions regarding THz spin trans-
port, while simultaneously exploring its potential for practical applications. The primary
objectives of this thesis are i) gaining a more profound understanding of laser-induced THz
spin transport, ii) developing new techniques to characterize ultrafast spin transport in
various material systems by quantities that are as intrinsic as possible, and iii) employing
the previous insights to optimize the THz emission from STEs. Ultrashort femtosecond
laser pulses and ultrabroadband THz time-domain spectroscopy serves as the main tool to
pursue these goals. The subsequent sections elaborate on each objective in more detail.

Chapter 2 is dedicated to providing the essential concepts and theoretical background
required to understand the subsequent chapters of this thesis. It begins with an overview
of electron and spin transport through metals, interfaces and tunnel barriers. Subsequently,
a concise overview of the origin of itinerant magnetism in 3d transition metals is presented.
Finally, electromagnetic wave generation and propagation are addressed.

In Chapter 3, all the necessary details on the experimental methods employed throughout
this thesis are provided.

Chapter 4 is dedicated to a comprehensive understanding of the underlying driving force
of the central phenomena of laser-induced terahertz spin transport (TST) and ultrafast
demagnetization (UDM) in magnetic heterostructures. We reliably measure both processes
in one setup using broadband terahertz emission spectroscopy. Intriguingly, our findings
suggest that the rate of the UDM in a single ferromagnetic metal layer F follows the
same time evolution as the TST from F into an adjacent normal-metal layer N such as Pt
or W. This observation, combined with our modeling, leads to a remarkable conclusion:
UDM in F and TST in F|N are both driven by a generalized spin voltage, i.e., an excess
of magnetization, which is defined even for arbitrary, nonthermal electron distributions.
These findings allow us to apply the extensive knowledge of UDM to TST to enhance
spin-current amplitudes.

In chapters 5 and 6, we make first use of the spin-voltage concept and characterize the
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spin current propagation in non-magnetic materials X. We consider two extreme choices of
the intermediate layer X: a highly conductive metal X=Cu and insulating X=MgO. Spin
transport through Cu and MgO covers an entirely different modes of spin propagation,
band-like electron transport and tunneling, respectively. In particular, we investigate
ultrafast spin transport within CoFeB (2nm)|X (d)|Pt(2nm) with X being either MgO or
Cu as an intermediate layer.

More precisely, in chapter 5, the spin current j4(¢) transmitted through a X= Cu(d)
interlayer with thickness d is measured as a function of Cu thickness d. The spin current
exhibits an increasing delay and stronger dispersion when d increases. By using both THz
emission and transmission spectroscopy and an analytical dynamic-diffusion model, we
can describe the spin current propagation for a spin velocity of 1.1 nm/fs, which agrees
well with the Fermi velocity of Cu, and a electron scattering time of 7 = 4 + 2 fs. In the
framework of our model, we can separate ballistic and diffusive components of the spin
current. We conclude that, for thicknesses of d > 2 nm, the spin current is dominated by
diffusive transport.

To characterize spin transport through X= MgO(d) tunnel barriers with thickness d (Chap-
ter 6), we develop a new technique to obtain transport information independent of extrinsic
experimental factors. We are able to retrieve the complex-valued spin conductance éd(w)
of MgO layers (thickness d =0 — 6 A) over a wide frequency range (0.5-8 THz). We can
explain the measured spin conductance by three different contributions: (i) spin transport
through Pt pinholes in MgO, (ii) coherent spin tunneling and (iii) incoherent resonant spin
tunneling through defect states in MgO. A remarkable signature of incoherent resonant
tunneling is its relaxation time that grows monotonically with d to as much as 270 fs at
d=6 A, in full agreement with an analytical model. We anticipate that the developed
terahertz spin-conductance spectroscopy will yield new and relevant insights into ultrafast
spin transport for a wide range of materials.

In Chapter 7, we turn to applications by building upon the insights gained in the previous
chapters. More precisely, we improve the performance of spintronic terahertz emitters by a
factor of up to six in field amplitude through an optimized photonic and thermal environ-
ment. We generate terahertz pulses with peak electric fields above 1.5 MV /em, fluences
of the order of 1 mJ/cm? and a spectrum covering the range 0.1-11 THz. Remarkably, the
field and fluence values are comparable to those obtained from a state-of-the-art terahertz
table-top high-field source based on tilted-pulse-front optical rectification in LiNbO3. The
optimized STE has all attractive features such as ease-of-use and the straightforward ro-
tation of the terahertz polarization plane. Therefore, it opens up a promising pathway to
nonlinear terahertz spectroscopy using STEs.

Finally, Chapter 8 summarizes the main results and findings of this thesis.



Conceptual background

This chapter provides the essential theoretical background to comprehend the following
chapters of this thesis. It gives a short overview of electron dynamics under electromagnetic
wave perturbations in transition metals. It also presents a simple model to understand
itinerant magnetism in Fe, Co, and Ni transition metals. Furthermore, spin transport and
related Hall effects in metallic heterostructures are discussed. Finally, THz generation and
propagation are described in a didactical way.

2.1 Photoexcited electrons in a crystalline solid

Coupled subsystems

This thesis deals with ultrafast dynamics of photoexcited electrons in metallic magnetic
heterostructures. To model these dynamics, we subdivide the system into three coupled
baths: ionic lattice, electron orbitals and electron spin as shown in Fig. 2.1 [7, 150].

The ionic lattice includes positively charged nuclei and core electrons. The core electrons
are bound to the nuclei and have less impact on material properties. These ions are
arranged in a periodic structure called Bravais lattice, forming a crystalline structure. This
periodic arrangement of ions has a significant impact on the electron dynamics. However,
ions can move due to thermal excitations and, thus, perturb the discrete translational
symmetry. The motion of ions in the lattice is described by the quasi-particles called
phonons [7].

The rest of this Section focuses on electron orbital, while electron spin is discussed in
Section 2.3.

2.1.1 Bloch electrons

The motion of electrons can be accurately described by a many-body Hamiltonian includ-
ing all electrons and ions and their interactions such as the Coulomb interaction. In a
system with a large number of electrons and ions, it is practically impossible to solve the
underlying Schrodinger equation. Therefore, as a first approximation, we consider the so-
called independent-electron approximation, which assumes that each electron moves in an
effective single-electron potential U(r) produced by the static lattice and other electrons
[149]. In a crystal lattice with perfect periodicity, the potential U(r) is also periodic, and
therefore, it satisfies U (r + R) = U(r), where R is Bravais lattice vector.

The wave function ¥ of a single electron in the periodic potential U(r) fulfills the Bloch
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Figure 2.1. | Subsystems of condensed matter. Crystalline solids can be viewed as three bathes:
electron orbitals, ionic lattice and electron spin. These subsystems interact with each other (shown
here with red arrows). This figure is redrawn from [77] with the permission of Oliver Giickstock
and Sebastian Méhrlein.

theorem

Upon (1) = F Ty e p (r), (2.1)

where el*”

" is a plane wave with wave vector k, up s k(7) is a lattice-periodic function that
satisfies up s k(1) = upsp(r + R) for all R in the Bravais lattice, b is the band index,
and s =1, | is the electron spin. The wavefunction Wy, is called a Bloch wave, and the
electrons are called Bloch electrons [7]. Note that the Bloch theorem implies that a single
electron does not scatter from fixed ions in a perfect crystal [3]. However, deviations from

perfect crystallinity, i.e. phonons and impurities, induce scattering between Bloch states
[7].

There are two extreme cases of Bloch electrons: nearly free and tightly bound electrons.
Examples of nearly free electrons include the conduction band of alkali metals like Na, and
noble metals like Al and Cu. They experience a weak and almost constant potential, since
core electrons screen the positively charged ions. Therefore, one can describe the motion of
ik-r (

conduction electrons with plane waves of the form e similar to the Sommerfeld model

of the free electron gas) that is modified by the presence of the weak potential [7].

In contrast, the tight-binding model is used to, e.g., describe the d-shells of transition
metals where the periodic potential is strong, and electrons are almost bound to their
ions.

Fermi-Dirac statistics.

Electrons are fermions and, thus, obey the Pauli exclusion principle, implying they cannot
occupy the same Bloch state. A consequence of this fact is that the occupation number of
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a given Bloch state (b, s, k) follows Fermi-Dirac statistics according to [7]

1

e T) = e = 0 R T

(2.2)

Here € is the electron energy with wave vector k, u is the chemical potential, kg = 1.38 x
10723 J/K is known as Boltzmann constant, and T is the electronic temperature. At zero
temperature T' = 0 K, electrons fill the energy bands up to the Fermi energy er. At higher
temperatures, electrons in the energy range of O(kgT') below ep, gain thermal energy and
fill the states to an energy range O(kpT') above ep [7]. Assuming the occupation of each
Bloch state is fully given by its energy ¢, the electronic spin-dependent energy density wus
and the electron density N with spin s are given by

Ug = Jde € D () n'(e), (2.3)
N, = Jde Dy (€) n'(e), (2.4)

where Dg (€) = > 0 (€ — €5 &) is the spin-dependent density of Bloch states [3,5].
Electron chemical potential.

The electron chemical potential represents the change in Helmholtz free energy, denoted
as F(N,V,T), when an electron is added or removed from the system [7]

p=F(N+1,V,T)— F(N,V,T), (2.5)

where N is the number of electrons and V' is the volume. The Helmholtz free energy is
defined as F' = U — TS, where U is the internal energy and S is the entropy. For large
systems, one can show the chemical potential simplifies to

. oF é,/\j\//", T)’ (2.6)
where F' = F(N,V,T)/V. Importantly, the value of chemical potential determines the
number of electrons in the system. Note that the electron chemical potential p varies with
temperature according to Eq. (2.6). This shift can be quantified by using Fermi-Dirac
distribution in Eq. (2.2) and the Sommerfeld expansion [7], resulting in:

k3 D' (ep) .
6 D(EF)

= €p — (2.7)

At T = 0 K, the chemical potential equals u = ep. However, at higher temperatures,
chemical potential varies depending on the density of states D and its slope D’ at ep [7].
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Figure 2.2. | Ultrafast excitation of metals. a) The femtosecond laser pulse creates a coherent po-
larization of states above and below the Fermi energy in the metal. (b) After a few femtoseconds,
dephasing quenches this polarization and creates pairs of electrons and holes. (c¢) Electron-electron
interaction thermalizes the electronic system, which can again be described with Fermi-Dirac statis-
tics with a higher temperature. (d) Electrons interact with phonons (e-ph) and bring them out of
equilibrium. (e) On much longer time scales, all subsystems reach an equilibrium with the same
temperature. This figure is taken from [118] with the permission of T. Kampfrath.

2.1.2 Ultrafast optical excitation of electrons and subsequent dy-
namics

Femtosecond laser pulses are used throughout this thesis as a tool to drive ultrafast pro-
cesses in metallic heterostructures. Once a laser pulse is partly absorbed in metallic layers,
it brings all subsystems out of equilibrium [72]. Each subsystem eventually relaxes back
to its equilibrium on different time scales, as shown Fig. 2.2.

First, the electric field of the ultrashort laser pulse with angular frequency w induces a
coherent superposition composed of pairs of states above and below the Fermi energy ep.
After a few fs, this coherence has relaxed, and one can characterize the electronic system
by occupation numbers [4]. The transition rate of this process is given by Fermi’s golden
rule

2w
Qij = ?|MZ]|2(5 (Gi — Gj — hw) s (28)

where M;; is the matrix element of the electric dipole operator, and 7w is the energy
difference between initial and final states.

Now, the electronic system is in a non-equilibrium state that can be described by occu-
pation numbers, which, in general, do not obey Fermi-Dirac statistics. Due to electron-
electron (e-e) scattering, more electron-hole pairs are created, known as carrier multipli-
cation. On a time scale of 10-100 fs, electrons thermalize, and the occupation number can
be again approximated by a Fermi-Dirac distribution [72].

In parallel with e-e scattering, due to electron-phonon (e-p) scattering, energy is transferred
from electrons to the ionic lattice. Therefore, the electron temperature decreases, while
the phonon temperature increases. On the time scale of 100 fs - 1 ps, the electronic and

10
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phononic subsystems equilibrate and reach the same temperature [72]. The energy transfer
from electrons to phonons can be described by a two-temperature model (2TM), which is
described in appendix A.2. Finally, heat will diffuse to the surroundings on a much longer
time scale.

2.2 Electron transport

Electron and spin transport are the central phenomena of this thesis. Generally, they can
be driven by spatial gradients of electronic occupation numbers like gradients of electro-
static potential, chemical potential (electron density) or temperature [7]. In this section,
our primary focus will be on electron transport, while the description of spin transport is
provided in section 2.4.

First, we present the classical Drude model as a simple toy model to find the response
to an electric field, i.e., the gradient of an electrostatic potential. Subsequently, we will
introduce semiclassical models to describe electron transport.

2.2.1 Classical transport due to electric fields: Drude Model

Originally, Paul Drude imagined a solid as an electron gas, where electrons scatter from
ions with a frequency ! In the presence of an external force, electrons move along the
direction of the applied force. When electrons scatter off, e.g., ions, they randomize their
velocities, which acts like a friction force on average. One can write the classical equation
of motion as [7]

p=-L+F, (2.9)

™

where the notation p = %p(t) is used, p = mev is the momentum of electrons, and the
force is F = —e(E + v x B). And the related current density reads

Jj=-Nev, (2.10)

where N/ = N/V is the number of electrons per unit volume V. One can solve Eq. (2.9)
for a DC electric field using a steady state approximation (i.e. p = 0 ). The resulting

current density is then [7]

2N

Me

j=o0oFE with op = (2.11)

2.2.2 Semiclassical equation of ballistic electron motion

In contrast to the classical particles of the Drude model, electrons are more appropri-
ately described as quantum-mechanical wave packets that propagate in a crystalline lat-

11
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tice according to the Schrodinger equation. A semiclassical model addresses how the mean
position r and the mean wave vector k of each electron wave packet evolves when an
external field is applied and when scattering can be neglected. The semiclassical equations
of motion are [7]

1
T = (U (k) = ﬁakeb (k) s (2.12a)
hk = F, (2.12b)

where €,(k) is the band structure, and vy, (k) is the group velocity of the packet. Thus,
in the absence of collisions, the position 7 and wavevector k of an electron can be fully
predicted from the knowledge of the band structure €, (k) and the form of the external
force F' [7].

2.2.3 Boltzmann transport equation

Importantly, Egs. (2.12) do not include electron scattering off impurities and imperfections
in the crystal lattice. Instead of tracking the scattering of each electron, the Boltzmann
approach considers the dynamics of the occupation numbers n (7, k, t) of the Bloch states
[7]. In equilibrium, electrons follow the Fermi-Dirac distribution ng (r, k,t). By applying
an external force, one generates a non-equilibrium statistical distribution n = ng+ An. Its
dynamics is described by the Boltzmann equation [7]

dn on

— = —|coll- 2.1

dt ot |Coll ( 3)
In the absence of collisions, %‘ = 0, implying the volume element (d*k d3r) moves bal-

listically through (7, k) phase space. In the presence of the collisions, we use the so-
called relaxation time approximation and rewrite the right-hand side of Eq. (2.13) as
%ﬂcou = —(n—mnp)/m>. Assuming the occupation of each Bloch state is given by its
energy, i.e., n (k) = n(e(k)), and performing the total derivative on the left side of Eq.
(2.13), it gives [39]

&’tn—l—(F-v)&En—l—('v-&r)n:—n;no. (2.14)
D

Note that F' is a true driving force (e.g. electromagnetic force), but the gradient term
(v - dr) acts as an entropic (statistic) driving force. This version of the Boltzmann trans-
port equation describes how the occupation of particles evolve under an applied force and
in the presence of scatterings. Knowing the occupation of electrons, the associated charge
current reads as [7, 39]

, B3k

12



2.2. Electron transport

Since all partially filled bands contribute to this current, the total current is summed over
all partially filled bands [7].

DC electron transport in metals

In the DC regime, the first term in Eq. (2.14) is zero, d;n = 0. In order to simplify the
Boltzmann equation, we use a diffusion approximation that assumes the changes in the
occupation to be small An « ng [7, 39]. Using partial derivatives for dpn(T (), p (7))
with respect to temperature 7" and chemical potential i, one can rewrite the Eq. (2.14)
as [7]

n=ng+m (—dno)v (k) (—e Ve + E("’)T_“ VT) , (2.16)

where pu. = —¢ + % is the electrochemical potential, which includes the electrostatic
potential ¢ with E = —V¢. Inserting Eq. (2.16) into Eq. (2.15) gives [7]

j=0Vu.+L (-VT), (2.17)

where o and L are given by [7, 39]

62
=5 f de v2 (6) 7pD (€) (—demp) | (2.18)

62
L=% fde V() oD () (e — 1) (—demp). (2.19)

Equations (2.17-2.19) are the central equations in electron transport, and one can derive
various effects. According to Eq. (2.17), the driving force for an electronic current can
be considered as either a gradient in temperature VT or the electrochemical potential
V .

In metals, d.ng has a negligible value except around the Fermi energy. Here, one can
approximate —d.ng = d(e — ep) and find

_621)% 0 D (eR)

o0 3 : (2.20)
w2 k2T
Ly = — 3f o (2.21)

where 0’ = 0.0(€)| € = ep. By inserting the free-electron-gas density of states D (ep) =

731/)\2/ into Eq. (2.20), one gets the Drude conductivity that is given in Eq. (2.11).
F

13
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2.2.4 AC conductivity of a metal

In contrast to the above described DC transport, in the AC regime (dyn # 0), one can
solve Egs. (2.14) and (2.15) in Fourier domain. We use the following definition

E(t) = de E (w)e ¥t (2.22)

where F (w) is the Fourier transform of the oscillating electric field E(t). The frequency-
dependent current density reads as [7]

jW=0cWEW; ow)=—2

= —. 2.23
1 —iwm ( )

When w = 0, Eq. (2.23) correctly reduces to the DC case. At higher frequencies w » 1/7,,
the conductivity simplifies to

e2vi D (er)

o(w) = (2.24)

—3iw

which implies that at high frequencies, o (w) does not depend on the collision rate 7, !

since electrons can follow one field oscillation without any collision.

2.2.5 Fully ballistic vs fully diffusive electron transport

We solve the Boltzmann equation (Eq. 2.14) for two extreme cases: i) the ballistic regime,
where a scattering-free transport is assumed and ii) the diffusive regime, where electrons
undergo many collisions and is valid only for times ¢ » ™. We will discuss each extreme
regime below.

Ballistic electron transport refers to collision-free electronic transport. Solving the Boltz-
mann equation (Eq. (2.14)) with the initial density n(z,t = 0) = 0 (z) as an impulsive
excitation and without any scattering processes gives

n(z,t) =0 (vg .t —|2]), (2.25)

which is called ballistic transport. For a spherical Fermi surface and vy , = vpcos 6 with
0 being the angle between the k and z axis, the current density reads [221]

Jk (2,t) = O (vrt — |2]) . (2.26)

z
2upt2

The current-pulse dispersion in Eq. (2.26) originates from the velocity distribution of the
electrons moving ballistically at angle 6 relative to the z-axis.

Diffusive transport refers to the other extreme mode of transport, which assumes that
electrons undergo many collisions with frequency 7y 1. Solving the Boltzmann equations

14
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(2.14) and )2.15), to initial condition n (z,t = 0) = ¢ (2) and using the diffusive approx-
imation (An « ng) and the steady state approximation (¢:n ~ 0) without any external
force (F'=0) gives

TD’U%

j(z,t) = =D 0y N (z,1); D= T (2.27)

which is also called Fick’s first law. Note that this equation is only valid for ¢ » m due to
the stationary approximation. Charge continuity is satisfied through

OGN +0,j=0. (2.28)

Note that the DC conductivity op and diffusion coefficient D are related through the
Einstein relation

oo = €2D (ep) D. (2.29)

One can find the electron density by solving Egs. (2.27) and (2.28) and it reads

1 22
N (z,t) = mexp <_4Dt) : (2.30)

And the diffusive current is obtained by inserting Eq. (2.30) into Eq. (2.27) and it reads

2
z z
j (2,t) = ———exp | ———= 2.31
§ent) = 5 enp (4 ) 231
which describes how an electronic current propagates in the diffusive regime. The associ-
ated dispersion is due to the electron scatterings.

Fig. 2.3(a) shows the snapshots of the electron current j(z,t) in response to an impulse
n(z,t =0) = d (z) source for fully ballistic (blue curves) and fully diffusive (red curves)
transport at t = 1,3,5 fs, assuming vp = 1 nm/fs and 7p = 10 fs. One can see that
the diffusive transport leads to a larger dispersion compared to ballistic transport due
to the scattering events. Fig. 2.3(b) shows the peak of the current at different times.
The peak position increases linearly for ballistic transport, but for diffusive transport it
is proportional to ocy/t, as expected. The slope of these curves corresponds to the speed
of propagation and it is shown in Fig. 2.3(c). At early times (¢ < 20 fs), the peak of the
diffusive current is faster than the ballistic transport. This result is unphysical since the
propagation speed cannot be larger than the Fermi velocity vp = 1 nm/fs. This problem
arises since the steady-state approximation used in the fully diffusive transport model is
invalid at early times.

The cross-over from ballistic to diffusive transport is called super-diffusive transport. We
will address this mode of transport in Chapter 5.
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Figure 2.3. |Ballistic vs diffusive electron transport. (a) Snapshots of fully ballistic and fully
diffusive transport current j(z,t) at t = {1, 3,5} fs assuming vp = 1 nm/fs and 7p = 10 fs. Curves
are shifted laterally, and the diffusive current is multiplied by 2 for clarity. (b) Peak position
evolution. (c¢) Peak velocities at different times. The diffusive model leads to an unphysical
transport at early times that is faster than the Fermi velocity.

2.2.6 Interface conductance

In the previous section, we described electron transport in bulk metals. However, in the
metallic heterostructures studied in this thesis, we encounter electron transport across
interfaces. Electrons can transmit through or reflect from an interface, giving rise to an
interface resistance. In a transmission channel shown in Fig. 2.4(a), assuming ballistic
electron transport between the two leads, one can show the charge current due to the
gradient of the electrochemical potential at the interface is [136]

J = Grp (4 — 1Y), (232

where pl and puR are the electrochemical potentials at the left and right sides of the
interface, respectively, and Grp is the interface conductance. The latter can be described
by the Landauer-Biittiker formalism, and it is given by [136]

2¢2
G = e TR, (2.33)

where Tir = >, |tmn |* and the sum is carried over all transverse modes indexed with mn,
tmn 1s the transmission probability calculated from the scattering matrix for mode mn,

16



2.3. Spin-related interactions

(@) (b)

A Left Ri ht A
€ ° : W,
N

TLR ,Ll% ,LLR

. Left ¢
Reflected IeV
+ e 4 Right
Incoming Transmitted \ﬁ’

Figure 2.4. | Interface and tunneling conductance. (a) The interface conductance Grp is given by
considering the scattering matrix of the electronic wave function at an interface between two leads.
(b) The tunneling conductance Gy, for a tunnel barrier with height ¢ and width w.

Gy = % is the conductance quantum and the factor of 2 arises due to the spin degeneracy.

2.2.7 Tunneling conductance

Owing to the wave character of electrons, they can also be transported through a potential
barrier by tunneling. For example, by applying a voltage over two conductors that are
separated by a potential barrier [Fig. 2.4(b)], one can still measure a finite charge current
through the barrier. Here, the electron’s wavefunction decays exponentially in the barrier,
and the transmission probability decreases as the thickness of the barrier increases. In the
low-voltage regime, one can calculate the conductance of a tunnel barrier with a width w
and a height ¢ [as shown in Fig. 2.4(b)] and it is given by [49, 161, 229]

Gy = —
Tu w 2TA exp

5 (2.34)

A Gy ( w)
where A is the cross-section, A = (\/W/ﬁ)fl is the tunneling decay length through
the insulators, which is typically in the order of a few angstroms [208]. Tunnel barriers
have wide range of applications such as magnetic tunnel junctions [190, 274] and resonant
tunneling diodes [6]. In Chapter 6, we will investigate spin transport through magnetic
tunnel junctions.

2.3 Spin-related interactions

So far, we did not explicitly consider electron spin. Electrons possess an intrinsic angular
momentum of |S| = %ﬁ, which is referred to as spin angular momentum. The total angular
momentum of an electron can be represented as J = L + 5, with L denoting the orbital
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angular momentum [181]. This angular momentum gives rise to magnetic moment within
solids. Other particles such as protons and neutrons also have spin angular momentum
of |S| = %ﬁ, but their contributions to the magnetic moment is negligible, specially on
ultrafast time scales, due to their weak couplings to electrons.

2.3.1 Spin magnetic moment
The spin magnetic moment is given by [181]

fie = —gegB 5 (2.35)

where up = ZZZ = 5.8107% eV/T is the Bohr magneton, g, ~ 2 is the g-factor, and 3 is the
spin angular momentum operator [18]. Conventionally, a set of eigenstates of commuting
operators 82 and 8, are chosen as a basis for spin-subspace. One finds eigenvalues of these
operators as |82 = s (s + 1) #% and |5.| = mgh, where mg = +1/2 is a quantum number
referring to “spin-up” and “spin-down” [18]. The minus sign in Eq. (2.35) means that the

magnetic moment has an opposite sign compared to the associated angular momentum.

2.3.2 Single-electron relativistic Hamiltonian

Spin angular momentum is not covered in the standard Schrédinger wave equation. One
can include spin by considering the Dirac equation instead. Expanding the Dirac Hamilto-
nian up to the first order in 1/¢, one obtains the following relativistic Hamiltonian [181]

Hsg = T + Tye + Vi + Hparwin + Hz + Hyo, (2.36)

where T' is the kinetic energy operator, and Te is its relativistic correction. The third
term VC is the potential energy, and the term fIDarwin is responsible for a relativistic
correction known as Zitterbewegung [181]. The relativistic terms Trel and ﬁDarwin are
typically negligible compared to the other terms. For spintronics, Zeeman and spin-orbit
interactions are the most relevant terms, as detailed in the following.

Zeeman interaction.

The fifth term in Eq. (2.36), Hy, is called Zeeman interaction and describes the interaction
of an electron magnetic moment . with a magnetic field B as [181]

Hy = —fi.- B. (2.37)

It implies that electrons with a magnetic moment anti-parallel to the magnetic field have
a lower energy. This effect was discovered by Pieter Zeeman, who reported splitting of the
excitation spectrum of sodium under a constant magnetic field [238].

Spin-orbit interaction.

The last term Hy, can be understood as the interaction of spin and orbital motion. In the
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rest frame of the moving electron, the total electric field E in the lab frame transforms
_ v Z<2E
Typical values are B ~ 4Z Tesla, where Z is the proton number of the considered atom.

into an effective magnetic field equal to B*ff = where v is the speed of the electron.

Similar to the Zeeman interaction in Eq. (2.37), one can write [87, 181, 260]

~

H,, = —fis - BT (2.38)

One can estimate the order of magnitude of the spin-orbit energy for heavy metals by
Hgo =~ 0.1 Z* meV which lies in the THz regime (1 THz -27/ = 4.1 meV). The effective
magnetic field is much larger than the normal available magnetic fields in the lab. Thus, at
least for heavy metals, the spin-orbit interaction is stronger than the Zeeman interaction.

2.3.3 Many-electron Hamiltonian

In a system with many electrons and ions, one uses a similar approach as for the single
electron relativistic Hamiltonian. Here, the electric and magnetic field experienced by an
electron is modified due to the motion of other electrons. In other words, E! contains
the electric field of other electrons, and B{°' contains the magnetic field due to the spins
and orbital motions of other electrons [87].

The molecular electronic Hamiltonian can be described by the Breit-Pauli Hamiltonian,
which is approximated as [87]

I:IBP = ﬁkin + I:Icou + E[Z + I:Iso + I:Iss + ﬁeea (239)

Here, Hyy is the kinetic energy operator summed over all electrons, Heo, contains electron-
ion and ion-ion Coulomb interaction summed over all electrons and ions, Hy is the Zee-
man interaction summed over all electrons and ions, and H,, is the spin-orbit interaction
containing spin-same-orbit and spin-other-orbit interactions. All these Hamiltonians are
generalizations of the single-electron Hamiltonian explained in previous section. Finally,
Hy is the spin-spin magnetic dipole interaction, and H.,. is the electron-electron Coulomb
interaction that is in particular responsible for the exchange interaction.

Origin of magnetic ordering: exchange interaction

The spin-spin magnetic-dipole interaction is too weak to induce long range magnetic order
in typical magnetic materials. Instead, exchange interaction is responsible for magnetic
order in solids. It originates from a combination of the Pauli exclusion principle and the
electron-electron Coulomb interaction Hee. Wolfgang Pauli postulated that the states of
two electrons should differ at least in one quantum number. More precisely, since electrons
are fermions and not distinguishable, their wave function should be antisymmetric upon
exchanging electrons, i.e., ¥ (rq, 81;72, 82) = —V¥ (79, S2; 71, S1), where 1 and 2 denote the
two electrons [49, 181]. This means that ¥ = 0 if 7; = 7 and s; = 89, implying that
electrons with parallel spins keep distance from each other and, therefore, reduce their
Coulomb energy with the price of an increase in the kinetic energy because ¥ becomes
more curved. In certain cases, the reduction in Coulomb energy is favorable, and spins
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Figure 2.5. | Stoner model and equilibrium magnetization. (a) The density of states of a model
band structure of a transition metal ferromagnet under an external magnetic field Bey is shown.
Electrons are populated up to the Fermi energy ep. Two spin channels (spin up/down) in the
d-band is split by an exchange energy AFE.y, where spin-up is shown in blue and spin-down in
red. The sp-band is shown in green with larger bandwidth compared to the d-band. A net
magnetization is resulting due to the population asymmetry in the spin-up and spin-down channels.
(b) Temperature-dependent magnetization of a typical ferromagnet, where magnetization vanishes
above the Curie temperature.

align parallel with each other and, thus, magnetic order arises.

2.3.4 ltinerant ferromagnetism: Stoner model

In this thesis, we mainly focus on 3d transition metals like Fe, Co, Ni, and their alloys,
which show itinerant ferromagnetism. These metals have more-than-half-filled 3d bands.

The Stoner model is presumably the simplest approach to describe itinerant magnetism
in transition metals [Fig. 2.5(a)]. Here, it is assumed that the conduction electrons are
also responsible for magnetism. In other words, the Stoner model uses Bloch’s descrip-
tion of electrons where e-e interaction is accounted by a mean field proportional to the
magnetization M. Below, we will give a short overview of the Stoner model.

Stoner Model and equilibrium magnetization

Starting point is the Hubbard model [181], whose Hamiltonian reads as

A . I o~
H = ka/\/‘k,g + F Z Nk’TNkhi, (2.40)

ks kK’

where £, is the kinetic energy of a Bloch electron with wavevector amplitude k& = |k|, I
is the strength of the effective Coulomb coupling (Stoner parameter), /\A/}m5 is the number
operator for an electron with momentum fik, s = +1 refers to electron spin, and VF is the
volume of the ferromagnet. The density of electrons with spin s is
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2.3. Spin-related interactions

N, = % ; (Ns ). (2.41)

The Stoner model uses a mean-field approximation [181] for the second term in Eq. (2.40),
so that the mean-field Hamiltonian reads as

A — Z 614;75/(/’1@75 — IVFNTNl, (2.42)
ks
with energy
€k,s = & + IN_s. (243)

In equilibrium, majority and minority electrons’ expectation value </\A/'k75> are given by

the Fermi-Dirac function nI’;’T (€k,s) with a spin-dependent chemical potential s and a
spin-independent temperature T

</\Afk5> = nlJ;’T (€ks) 5 (2.44)

and the chemical potentials us are defined by the condition that

1
Ne = WZ”fLT (€k.s)- (245)
k

The total particle density is defined as

./\/‘ZNT—F./\Q, (2.46)

and the magnetization density is

mZNT —/\/1. (2.47)

Combining Eqgs. (2.42,2.43,2.46,2.47), one gets the spin-dependent Stoner energies [181]

IN I
€ks = (Sk + ) — 55m, (2.48)
’ 2 2
where energy bands are split by an amount Ae,x = Im. One can define the spin-

independent chemical potential and the spin voltage/accumulation as [30, 181, 205]

1

p=g (), ps = —m). (2.49)

Using the spin-dependent density of states Dy = >, 6(€ — €k 5), the magnetization density
is found to be
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m = f de [DT(e)n{ () = Dy (e)n] (e)]. (2.50)

Here, the density of states for majority and minority spins are related to the spin-independent
density of state D(e) at zero magnetization as [181]

1
D, =D (e + 25m) . (2.51)

Equations (2.50) and (2.51) summarize the definition of itinerant magnetism in the Stoner
om

model and it is shown in Fig. 2.5(a). The Pauli spin susceptibility xs = Thie is defined as
[205]

1/1 1
—1
=—|—=—+—=—-1 2.52

where a positive spin susceptibility xs > 0 guarantees a stable ferromagnetic equilibrium.
Stoner Criterion

Stoner was able to explain when it is energetically favorable for a metal to split its density
of states and, thus, become ferromagnetic. The energy cost to split the bands by an
infinitesimal amount J is equal to AEx = D (er) 62. But the Coulomb interaction favors
band splitting by an amount AEg = —I D? (ex) §2. Therefore, band splitting is favorable
only when |AE¢| > |AFEKk]|, and consequently, the Stoner criterion reads as

ID(ep) > 1. (2.53)

In 3d transition metals, only metals with more-than-half-filled shells, such as Fe, Co and
Ni, show itinerant magnetism since they have many electrons (6-8 electrons) in the d-band,
and therefore, the effective Coulomb interaction I is large.

Temperature dependence

At a critical temperature, called Curie temperature T¢, a phase transition appears, and the
magnetic order vanishes [see Fig. 2.5(b)] [181]. Magnetization as a function of temperature
M(T) close to the T. can be empirically described by ~ (T, — T)“ where « is the critical
exponent [49].

The Stoner model neglects all transverse excitations and predicts Curie temperature 5-10
times larger compared to the measured experimental values, but surprisingly a correct
exponent o = 1/2 [181]. Therefore, one should treat the Stoner model as a phenomeno-
logical model and use the measured macroscopic parameters like spin-susceptibility and
M(T) curve to model experiments.

Spin waves (magnons) at non-zero temperatures can be included through Heisenberg model
to predict Curie temperature closer to experimental values [181].
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2.4. Spin transport

2.4 Spin transport

As discussed in the previous sections, electronic transport in metals depends on the den-
sity of states, especially in the vicinity of the Fermi energy. In the Stoner model of a
ferromagnet like Fe, the band structure of spin-up and spin-down are shifted in energy [see
Eq. (2.51) and Fig. 2.5(a)]. This means that electronic transport is spin-dependent in a
ferromagnet, and therefore, a charge current is spin-polarized. One can introduce a simple
model to describe the spin transport in a ferromagnet: the Mott’s two-channel model.

2.4.1 Two-channel model of spin transport

The density of states in a ferromagnet fulfills D (ep) > D' (ep). Because of the resulting
larger phase for spin-conserving scattering, spin-down electrons experience higher scatter-
ing rate, 7']% < T;. Occasionally, electrons can flip their spin during some scattering events,
which is characterized by the characteristic time 74r. Consequently, the two spin channels
are coupled, and one needs to solve the spin-dependent coupled Boltzmann equations [249]
to find spin-dependent conductivities oTand ot. In the limit of weak spin-flip scatterings,
the total charge current in a ferromagnet reads

je =j1 +j* = opE, (2.54)

and op = ol +o'. In the bulk ferromagnet, the majority spin channel, denoted as up spins,
has higher conductivity o > o¢. Consequently, we define o' = apop and ot = (1 —ap)op
where arp > 0.5 is a dimensionless factor that describes the asymmetry of conduction in
a ferromagnetic metal. A current of spin angular momentum known as spin current is

defined as

js = j1 — j* = Poy E, (2.55)

where P = js/j. = 2ap—1 is the degree of spin polarization. A non-magnetic metal (N)
like Pt and W does not have a spin-polarization (P = 0), while a ferromagnetic metal (F)
like Fe and Co has a positive spin polarization (P > 0).

2.4.2 Ultrafast spin transport across an interface

In this thesis, we deal with ultrafast spin transport across a F|N interface [see Fig. 2.6].
Before the fs laser pulse arrives, the occupations n*® (¢,t) are given by the Fermi-Dirac
function ng(e) at temperature Ty and chemical potential po, where X=F or N refers to the
layer and s =1, | refers to the electron spin.

The pump pulse deposits energy in the F|N system and brings both layers out of equilib-
rium, resulting in electron occupations nX® = ng + An*®. In the framework of the Stoner
model (Section 2.3), and using Boltzmann-type rate equations, the spin-resolved electron
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Figure 2.6. | Ultrafast spin current. A fs laser pulse deposits energy in a F|N heterostructure
and brings both systems out of equilibrium. An ultrafast spin voltage, i.e., splitting of chemical
potentials, builds up in the F layer, since spin-up and spin-down have different densities of states.
Moreover, there is a finite temperature difference between F and N layers due to the different pump
absorption and different electronic heat capacities. As a result, an ultrafast spin current is injected
into the N layer due to the gradient of both spin voltage and temperature across the interface.

current through the F|N interface is given by [205]
J* = Jde (nf® —n™®) gi, (2.56)

where .J® = A¥INj is the spin current, A¥IN is the relevant area of the F|N stack, g, (¢) =
(T5.DF*D™®) (€) and T, (€) is a spin-dependent interface transmittance. Note that Eq.
(2.56) yields zero spin transfer before the pump pulse arrives because in this case, all
distribution functions nf® and n¥® equal the same Fermi-Dirac distribution ng.

Assuming An”~* is non-zero only in a narrow energy window around the chemical potential
po of the unperturbed system, one can use the Sommerfeld expansion and linearize g;, (€)
around the chemical potential. Further, assuming a vanishing out-of-plane charge current
in F|N thin film due to the fast screening J. = J! + J* = 0, and assuming chemical
potentials for spin-up and spin-down electrons in the N layer are the same, the net spin
current J; = J' — J¢ across the interface is

Js = gur (o) Aps + 83, (o) (ATTT — ATNT) — st (o) (ATTY — ATNY) (2.57)

~1 ~1
where Aps = pft — pfv is the spin voltage, g, = [(ggr) + (gtlr) ]/2 is the spin

w2 k%Tg

2L g0 g5 /98- The first term in Eq. (2.57) is due
to the interfacial difference of the spin voltage, and the second and third term is due to

transport conductance, and sj, =
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2.4. Spin transport

Figure 2.7. | Inverse spin Hall effect. The spin current Js that is injected from F into the N
layer, is transformed into a transverse charge current though inverse spin Hall effect (ISHE). The
efficiency of the spin to charge conversion (SCC) is quantified with spin Hall angle Ogy.

the difference of the temperature for electrons with spin up and down across the F and
N interface. More details about the ultrafast spin transport in the F|N system is given in
Chapter 4 and appendix A.1.

2.4.3 Inverse spin Hall effect

The spin current Jg that is injected into the N layer can be measured by using inverse spin-
Hall effect (ISHE). In the non-magnetic layer N with spin-polarization P = 0, electrons
with opposite spin are deflected by the spin-orbit interaction in opposite directions as
shown in Fig. 2.7. Therefore, this out-of-plane spin current is transformed into a transverse
charge current with efficiency sy = Jo/Js, where sy represents spin Hall angle [218].

Three primary microscopic mechanisms are responsible for deflecting spins in opposite
directions in ISHE, and these mechanisms are elaborated upon below.

Intrinsic contribution. The intrinsic deflection mechanism does not require any scat-
tering event. In principle, a Bloch electron moving in a perfect crystal is subject to an
intrinsic spin-orbit force [Fig. 2.8(a)]. This force deflects electrons in opposite directions
based on orientation of their spins. The induced anomalous velocity is proportional to the
Berry curvature [173, 187], which acts like a magnetic field in momentum space.

Skew scattering. The skew-scattering mechanism involves spin-dependent electron scat-
tering off an impurity where electrons change their direction depending on their spin [231]
[see Fig. 2.8(b)]. In a simplified picture, skew scattering arises from the spin-orbit coupling
in the disorder potential [231]. This contribution is proportional to the electron scattering
time 7.

Side-jump scattering. This mechanism as shown in Fig. 2.8(c) is an elastic scattering
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(a) Intrinsic deflection (b) Skew scattering (c) Side jump scattering

Impurity Impurity

Figure 2.8. | Microscopic mechanisms of the inverse spin-Hall effect (ISHE). (a) The intrinsic
mechanism which deflects spins to opposite directions and perpendicular to the driving electric
field due to the spin-orbit coupling. (b) Skew scattering as an extrinsic mechanism which involves
spin-dependent scattering off impurities. (c) side-jump scattering as an extrinsic mechanism, which
involves deflection of spins in opposite direction while conserving its momentum. Figure is redrawn
from [77] with permission of O. Giickstock and T. S. Seifert.

process where the electron momentum is conserved but is displaced depending on its spin
[231]. The side-jump scattering arises due to the presence of impurities, but is independent
of the electron scattering time 7p [231, 259].

2.5 Electromagnetic wave propagation

The generation and propagation of THz electromagnetic (EM) waves in metallic het-
erostructures are central to this thesis. Upon excitation of an F|N heterostructure with
a fs laser pulse, we have seen that an ultrafast spin current is injected into the N layer
(Section 2.3) and transformed into a transverse charge current due to the ISHE (Section
2.4). This ultrafast transverse charge current acts as a Hertzian dipole and thus radiates
an EM wave that lies in the THz frequency range. In this section, we will address the THz
generation and propagation in these systems.

2.5.1 THz propagation

We consider EM waves propagating along the z direction for the experimental geometry
shown in Fig. 2.9 with translational symmetry along x-y direction, and we assume the
pump spot is much larger than the emitted THz wavelengths. Their equation of motion,
the Helmholtz equation, reads [182]

w? iw )
(#+%) Be) = =22 o (). (2.58)

where Zy = +/po/eo = 376.73 Q is the vacuum impedance. In general, jiot = jc + Jind,
where j. is the external or primary charge current (e.g., the optically induced charge
current), and jinq is the current that is induced by the emerging THz EM waves in the
medium. To simplify this complicated feedback situation, we consider a homogenous and
isotropic medium.

First, we consider a medium without an external source j. = 0. Ohm’s law implies that
Jind = 0 E and, consequently, Eq. (2.58) reads

26



2.5.  Electromagnetic wave propagation

Substrate F N air
fs laser nq n,

pump M
1 _/\,\N,
#
Js E(t)
Z

Tx
T >
/y 0 d

Figure 2.9. | Electric vs magnetic dipole radiation. A fs laser pulse excites an F|N heterostructure
leads to (1) transverse charge current in the N layer and subsequent electric dipole radiation, and
(2) ultrafast demagnetization of the F layer and subsequent magnetic dipole radiation.

(02 + k*) B (z,w) =0, (2.59)

where k? = "CJ—QQTLQ = "2—22(1 +%05) and n is the refractive index of the medium [182]. The

solution of the above equation is a plane wave of the form

E (z,t) = Ege'tk==t), (2.60)

where Ej is the amplitude of the wave, k, is the z-component of the spatial angular
frequency.

2.5.2 THz emission

In this section, we focus on EM-wave emission by electric and magnetic dipoles. The
FIN film with conductivity o(z,w) is between two half-spaces with refractive indices n;
and ny = 1, as shown in Fig. 2.9. The laser pulse induces a combination of electric and
magnetic dipole inside the film which radiates THz pulses as shown in Fig. 2.9. The
electric field of the emitted electromagnetic wave is given by

E(z,w) = sz'G (2,7, w) S (¢, w), (2.61)
where S (/,w) = =27 (jc (2',w) + jina (', w)) is the source term. The induced current
is jinda (7', w) = o(2,w)E (2',w) according to Ohm’s law. The Green’s function G (z, 2/, w)

describes the emission and propagation of an electric field from a d-like source at position
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Z' in front of a half-space and it is given by [118, 224]

eikgz
2iko

G (z, z',w) = (e_ik”’ + rgleikﬂl) , (2.62)
where the term ro1e'¥2% arises due to the reflection of the backward-propagating wave from
left half-space and 791 = (n2 — n1)/(n2 + n1) is the reflection coefficient. For thin films
where kod « 1, one can use Taylor expansion of the Green’s function G (z,z’,w) with
respect to z’. Further using thin film approximation, one finds the forward-propagating
electric filed as

Z
ni(w) + na(w) + Zp Sg dz’ o(2',w)

d : d
[J dz'ie (z',w) dwng (w) J dz' 2 j. (z',w) ] o2z
0

c 0

E(z,w) =—
(2.63)

Here the first term is the zeroth order in 2’° and is known as electric dipole (ED), and
the second term is the first order in 2’* and is known as electric quadrupole or magnetic
dipole (MD). We will explain each term below in more details.

Electric-dipole radiation

The first term in Eq. (2.63) is of electronic dipole origin and usually dominates for a
transverse charge current as shown in Fig. 9. In this case, the Eq. (2.63) can be further
simplified and the electric field right behind the sample is given by

d

Egp (w) = —Z (w) f d2’ jo(',w), (2.64)
0
and the thin-film impedance is
Z,
Z (w) = 0 (2.65)

ni(w) + no(w) + Zo S(C)l dz o(#,w)
Note that the thin-film impedance depends not only on the film conductivity, but also to
the refractive index of the left and the right medium.
Magnetic-dipole radiation

Now we consider the magnetic dipole contribution in F|N structure shown in Fig. 2.9. We
substitute the source term j.(2',w) = d,M,(%',w) arising from ultrafast demagnetization
in the F layer into the Eq.(2.63). This current distribution has a vanishing electric dipole
moment, and the magnetic dipole contribution is

- d
Euvp (w) = —Z (w) wm(w)J dz' M, (', w), (2.66)

c 0

where Z (w) is the film impedance and it’s given by Eq. (2.65). Note that the magnetic
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Figure 2.10. | THz transmission through a metallic thin film. The THz pulse Ej is incident to a
metallic thin-film. The THz pulse induces a charge current ji,q in the thin-film, which itself emits
a THz pulse denoted as FEi,q. The total transmitted THz pulse is Ey = t12Fg + Finq and t12Fy is
the transmitted THz pulse from medium 1 to medium 2.

dipole contribution is usually much smaller than the electric dipole contribution.

2.5.3 THz transmission through metallic thin-films

In this section, we describe the basic principle of THz transmission through metallic thin-
films. A THz pulse Ej (z,w) inside the medium 1 [see Fig. 2.10] is incident on a thin-film
with conductivity o(z’,w). The THz electric field induces a charge current jing (2/,w)
inside the thin-film which itself emits a THz pulse denoted as Ej,q(z,w). The transmitted
electric field reads

Ey (Z7W) = t12Ep (Za W) + Find (Zaw) s (267)

where Ei (z,w) is the total THz transmitted field to the air, t;2 = 2n1/(n; + ng) is the
Fresnel transmission coefficient and Ej,q(z,w) is the THz pulse emitted due to the induced
current. One can use a thin-film approximation where electric field is constant inside the
thin film and find the ratio of the transmitted field over the incident field as [74, 224]

_ EBy(w) _ 2ny
Tlw) = Eo(w)  ny+ng+ 2o Xg Ao (2, w) (2.68)

The transmitted THz pulse depends on the the film conductivity and refractive indices of
both media. Knowing the refractive indices, one can use THz transmission measurements
to determine the conductivity of a thin metal film. We will discuss this in more details in
Chapter 3.
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Experimental methods

A linear time-invariant (LTI) system can be fully characterized by its impulse response.
In a mathematical representation, an impulse is a Dirac delta function that describes an
extremely short pulse with an extremely large amplitude. Here, we use ultrashort intense
laser pulses as our impulse to drive spin-caloritronic effects in magnetic thin films. The
ultrashort laser pulse heats the magnetic heterostructure and drives different magnetic
phenomena. We use THz spectroscopy to measure the impulse response of the magnetic
system reliably. In particular, THz emission and transmission spectroscopy are used in
this thesis to measure spintronic effects with large bandwidth from 0.5-30 THz.

3.1 Laser systems

An ultrashort laser pulse is critical to study ultrafast phenomena. Laser systems can
provide ultrashort pulses on the femtosecond (1 fs = 10717 s) time scale. A typical laser
system consists of a pump laser, an active medium, and an optical cavity. The pump
laser creates a population inversion inside the active medium, allowing for the process of
stimulated emission. Finally, a pulsed-operation mode is achieved through Kerr lensing
inside the active medium with large gain bandwidth [65]. In this thesis, a titanium-doped
sapphire (Ti:Sa) is used as the active medium with a gain range from 670 to 850 nm [65].

Two complementary laser systems are used in this thesis: a Megahertz laser oscillator with
a high repetition rate (80 MHz) and low pulse energy (~ 11 nJ) [28], and an amplified laser
system with a low repetition rate (1 kHz) and high pulse energy (~ 7 mJ) [150]. The latter
is utilized to generate strong THz fields, which allows for probing and driving elementary
excitations in solids such as phonons and magnons [53, 119]. In most of this thesis, the
oscillator-based setup is used for THz spectroscopy. This laser system is substantially
easier to operate while delivering a similar signal-to-noise ratio compared to the amplified
laser system, and it provides short laser pulses with a time resolution of ~10 fs. In Chapter
7, the amplified laser system is used to generate an intense THz electric field.

3.1.1 Megahertz laser oscillator

The megahertz laser oscillator used in this research (Figure 3.1) is the compact M1 from
FEMTOLASERS. It is driven by a continuous-wave laser at a wavelength of 532 nm
(Coherent Verdi G8). The laser system achieves mode locking by Kerr lensing inside
the Ti:Sa active medium, thereby amplifying the most intense modes. The laser system
generates ultrashort pulses with a central wavelength of 800 nm, a duration of 10 fs, a
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Figure 3.1. | MHz laser system. (a) A continuous wave laser at the center wavelength at 532
nm pumps the Ti:Sa crystal which serves as an active medium. The optical cavity consists of two
focusing mirrors (FM) which provide high intensities inside the crystal for model locking through
Kerr lensing, an end mirror (EM), a pair of chirped mirrors (CM1/2) to compensate the optical
dispersion in the cavity, and a partially transmissive out-coupling mirror (OC). Finally, an external
cavity dispersion control (ECDC) is used to fine-tune the pulse duration. (b) The spectrum of the
output laser pulse shown in panel (a). The FWHM is larger than 100 nm, corresponding to pulses
with a duration of approx. 10 fs. This figure is taken from Ref. [77] with permissions of O.
Giickstock, S. F. Mahrlein and L. Braun.

pulse energy of ~11 nJ, and a repetition rate of ~80 MHz. The dispersion introduced by
the gain medium and other components is compensated with chirped mirrors (CM1/2).
Finally, the output of the system is split into a ratio of 80:20 to serve as a pump for THz
generation and a probe path for detection, respectively. More details on this laser system
can be found in reference [28].

3.1.2 Kilohertz laser amplifier

The amplified laser system uses a femtosecond laser oscillator (COHERENT VITARA-
T) that operates at a repetition rate of 80 MHz, a pulse duration of 25 fs and a central
wavelength of 790 nm. The output from this oscillator is split, with 25% going towards
the detection path and 75% towards the subsequent laser amplifier.

This system employs a combination of a regenerative amplifier (Coherent Legend Elite
Duo) followed by a cryogenic amplifier (COHERENT Cryo-SPA) to achieve an amplifi-
cation of about 10%. In order to prevent damage to the optical components and avoid
nonlinear effects, the pulse peak intensity is lowered by stretching the pulse duration to
hundreds of picoseconds with a grating stretcher with high group velocity dispersion. Ad-
ditionally, the average heat load on the optical components is minimized by reducing the
repetition rate to 1 kHz using two Pockels cells. More details can be found in [150].

This laser system uses three stages of amplification which results in pulses with a repetition
rate of 1 kHz, pulse energy of 21 mJ, and a central wavelength of 800nm. Then, the
amplified pulse is divided into three output beams with an average pulse energy ~ 7 mJ.
Finally, using a grating compressor, the pulse duration is shortened to 35fs. For further
information look at Ref. [86, 150].
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Figure 3.2. | Kilohertz laser system. The kHz laser system consists of an oscillator and three
amplification stages with Ti:Sa as gain medium (GM), where they are pumped with an Nd:YLF
laser at a center wavelength of 527 nm with a repetition rate of 1 KHz. The oscillator provides a
train of short pulses at MHz frequencies at a center wavelength of 790 nm. The oscillator pulses
are subsequently stretched by a grating stretcher to prevent damage to optical components and
then sent to the optical cavity for the first amplification stage, known as the regenerative amplifier
(RGA). One pulse from the MHz oscillator is picked by the first Pockels cell (PC1), enters the
cavity, and undergoes as many as ~ 13 round trips. During each round trip, the pulse is amplified
inside the Ti:Sa gain medium until the second Pockels cell (PC2) outcouple the amplified pulse
out of the cavity. This pulse is further amplified by a single-pass amplifier (SPA) and a cryogenic
amplifier (Cryo SPA). Finally, the amplified pulse is separated into three output with an average
pulse energy of ~7 mJ and then compressed to a pulse duration of 35 fs using a grating compressor.
This figure is taken from Ref. [86] with permissions of J. Heitz.

3.2 THz generation

THz-emission mechanisms can be categorized into i) resonantly induced photocurrents
like in spintronic THz emitters (STEs) [119, 218], and ii) off-resonant charge motion, like
optical rectification process in organic [281] and inorganic crystals [91, 92]. Below, we will
explain each mechanism shortly.

3.2.1 Optical rectification

Optical rectification is a nonlinear optical process that converts broadband visible or near-
infrared (NIR) laser light with frequencies w; into a THz wave with frequency wrp, =
wo — w1. In an optical rectification process, the broadband laser pulse passes through a
nonlinear crystal with a large nonlinear susceptibility x® where different frequencies of
the pump mix and induce polarization at THz frequencies. The efficiency of the optical
rectification process depends on several factors, including the strength of the nonlinearity,
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Figure 3.3. | THz generation by optical rectification. (a) Visible light passes through a medium
with a large non-linear susceptibility x(?) wherein different frequencies w; mix and their difference
WTH, = we—w1 is generated. (b) Schematic of the THz generation set up with LiNbO3 with tilted
pump pulse wave-front. It consists of two cylindrical lenses, a grating and LiNbOgs prism with
specific cut. The orange color shows the pump path and the dark red is the pump wave front. The
panel (a) of this figure is redrawn from Ref. [118] with permission of T. Kampfrath and panel (b)
is inspired from Ref. [91].

the intensity of the light, and the phase matching conditions, i.e., the difference between the
optical group velocity and the THz phase velocity. In materials such as ZnTe and GaP,
collinear phase matching is achieved by appropriate pump wavelength and polarization
[272], crystal orientation, and the choice of small crystal thicknesses [25]. Collinear phase
matching cannot be achieved for materials with a large refractive index like lithium niobite
(LiNbOg3). For these materials, phase matching is realized by tilting the pump pulse wave-
front with a grating [91, 272], as shown in Figure 3.3(b). LiNbOs can generate THz pulses
with a peak electric field beyond 1MV /cm with a spectrum covering the range between
0.1 and 3.5 THz [54, 272, 277].

3.2.2 Spintronic THz emitter

An STE consists of a ferromagnetic layer F, such as CoFeB or Fe, and a paramagnetic
layer N with a large spin Hall angle like Pt and W [218]. Upon fs laser heating of the F|N
heterostructure, the ferromagnet demagnetizes on a time scale of 100-300 fs [16, 276]. The
pump also triggers a spin current js(¢) from F into the N layer [119, 218]. The spin current
inside the non-magnetic layer N is then transformed into a transverse charge current j.(t)
due to the ISHE j. (w) = e fsu(w) js(w), where the spin Hall angle fsy measures the
efficiency of spin-to-charge conversion. There are two contributions to the total THz
electromagnetic (EM) radiation: i) magnetic dipole radiation Ejs resulting from ultrafast
demagnetization of the ferromagnet; and ii) electric dipole radiation due to the transverse
charge current inside the Pt. The radiation from electric dipole is typically much larger
than the magnetic dipole E;, » E) for typical spintronic materials [218]. Therefore, the
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Figure 3.4. | Schematic of a spintronic THz emitter. A fs laser pump heats and demagnetizes the
ferromagnet F in a time scale of 100-300 fs, which triggers a spin current js into then= Pt layer.
This spin current is then transformed into a transverse charge current j. = fspgjs inside the N
layer due to the ISHE. This transverse charge current acts as an electric dipole and readies THz
pulse with electric field E; . The demagnetization of the ferromagnet acts as a magnetic dipole
and it also emit THz pulse with electric field E,;. Typically, the total emission is dominated by
E,;. because in most relevant cases E;, » Ejy [218].

emitted THz field is

dpy
E(w) = Zpn(w) L dz' (2, w), (3.1)

where Zpn(w) is the STE conductivity and it is given by Eq. (2.65). Assuming the spin
current decays exponentially inside the Pt layer, the electric field simplifies to

d
E(w) =e Zpn Js (w) Opitanh S (3.2)
2)pt

where Apg¢ is the spin current relaxation length in Pt and the term tanh(QdAPl:t) arises due
to the Fabry-Perot behavior of the charge current inside the Pt [218]. When the thickness
of the Pt layer is larger than the spin current relaxation length, one can approximate Eq.

(3.2) to

E(w) = e Zpn Js (w) OpsApt. (3.3)

The spin current is proportional to the deposited energy density inside the ferromagnet
Js (w) cAp/dp where Ag is the fraction of the pump pulse absorbed in the ferromagnet
and dp is the thickness of the ferromagnet. The dynamics and the amplitude of the js (w)
will be discussed in details in chapter 4.

The polarization of the emitted THz pulse is perpendicular to the magnetization M, which
can be fully controlled by an external magnetic field Beyt. This allows for easy polarization
rotation without power-loss [79]. The STE offers more benefits such as large and gap-less
spectral bandwidth and scalability [218], which will be discussed in Chapter 7.
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Figure 3.5. | Electro-optic sampling and balanced detection. A femtosecond linearly polarized
probe pulse co-propagates with the THz pulse through an electro-optic crystal with a large nonlin-
ear susceptibility x(2). The THz electric field transiently changes the refractive index of the nonlin-
ear medium. The probe pulse polarization changes from linear to elliptical by passing through the
detection crystal. The change in probe polarization is measured with a balanced detection setup
consisting of a \/4 waveplate, a A\/2 waveplate, a polarizing beam splitter (pol. BS), and two photo-
diodes (PD1/2). The A/4 waveplate transforms the small ellipticity into a linearly polarized beam
with small rotation. The subsequent A\/2 waveplate rotates the polarization by 45° with a slight
imbalance. Subsequently, the polarizing beam splitter separate the s and p polarization, which is
then measured with two photodiodes. The difference in the signals measured with photodiodes is
proportional to the amplitude of the THz electric field at a given THz-probe pulse delay ¢. The
THz waveform can be fully retrieved by varying the delay ¢. This figure is adapted and redrawn
from [284].

3.3 THz electric field detection

THz electric field is measured by electro-optic sampling (EOS) within this thesis. EOS
allows one to measure both the amplitude and phase of the THz pulse simultaneously
[121, 141]. This is a significant advantage of the THz time-domain spectroscopy compared
to other methods, which rely on Kramers-Kroning relations to retrieve the phase of the
signal [25]. We use Pockels effect for EOS, which will be explained in the next section.

3.3.1 Electro-optic effect

The linear electro-optic effect, also known as the Pockels effect, describes a change in
the refractive index of a medium caused by an applied electric field. This is a y&-effect
and, therefore, only occurs in a medium with broken inversion symmetry. The THz pulse
induces a transient birefringence in the detection crystal proportional to the THz electric
field An(t)oc Erp,(t) which can be measured by a co-propagating short probe pulse [279].
Typical materials used as detection crystals in this thesis are ZnTe and GaP [121, 141].

To detect a THz pulse, a linearly polarized probe pulse co-propagates with the THz pulse
through a detection crystal. The probe pulse polarization changes from linear to elliptical
due to the induced birefringence in the detection crystal. This induced probe ellipticity is
measured with a balanced-detection setup, which is explained in the next section.
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3.3.2 Balanced detection

The induced probe ellipticity after the detection crystal is measured with a balanced-
detection setup consisting of a A\/4 and a A/2 waveplate, a polarizing beam splitter, and two
photodiodes. The \/4 waveplate transform the induced ellipticity into a linear polarization,
which is now rotated slightly compared to the original polarization. The A/2 waveplate
is aligned to rotate the probe polarization by 45° such that the polarizing beam splitter
separates it into two orthogonal linearly-polarized beams with slight imbalance due to the
THz pulse. This slight imbalance is measured by subtracting the signals from the two
photodiodes. In the absence of a THz pulse, the intensity of light at the two photo diodes
are equal which implies a zero signal.

In a linear regime, i.e., for small probe ellipticities, under perfect phase matching conditions
and assuming a §-like probe pulse, one can relate the measured photodiode intensities Iy
and I to the transient THz electric field Ege; at the detector position by [107]

I —Ii  2mdgenira

SEOS (T) = IQ + Il - Apr

Eqet (T), (34)

where Sgos (7) is the EOS signal, dge; is the detection crystal thickness, ng is the crystal
refractive index, A, is the probe central wavelength, and 741 is the effective electro-optic
coefficient capturing the efficiency of the electro-optic effect. However, this is not accurate
for broadband THz spectroscopy.

3.3.3 From EQS signal to electric field

Typically, phase matching condition is not fulfilled for a broadband THz electric field at
the detector position. To detect a broadband THz electric field Eqe; from the EOS signal
SEos, one needs to carefully model the detection response function Hgog, considering
phase matching conditions and dispersions of both refractive index and the second order
susceptibility x(?) in the THz range [121, 141]. In the linear regime, Eq. (3.4) becomes a
convolution of the form

Sros (t) = (Heos * Eqget) (1), (3.5)

where Hpog captures the EOS in the detection crystal. THz electric field can be simply
calculated in the frequency domain by Fros (w) = Sgos (w)/ Hros (w) where a Fourier
transformation with respect to ¢ is used.

3.4 THz spectroscopy
THz spectroscopy is used here to monitor the spin dynamics. Two main techniques are

used: i) THz-emission spectroscopy (TES) and ii) THz-transmission spectroscopy (TTS).
In both techniques, we use a double-modulated pump pulse. First, a mechanical chopper
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Figure 3.6. | THz emission and THz transmission spectroscopy. In THz emission mode, a magnetic
heterostructure sample (THz emitter) is placed in the first focus and there is no sample in the second
focus. The optical pump is focused into the sample by the first parabolic mirror and generates a
THz electromagnetic field. The emitted THz electric field is divergent and it is collimated by the
subsequent parabolic mirror. Si and Ge wafers are transparent for THz frequencies, while they
reflect the transmitted optical pump. The THz field is then refocused into the detection crystal.
The optical probe (gate) is also focused into the detection crystal and co-propagates with THz
pulse. The THz signal is subsequently measured via EOS. In THz transmission mode, a THz
emitter is placed in the first focus and the sample is placed in the second focus. The generated
THz pulse now is focused into the sample and interacts with it. The transmitted THz pulse is
then measured similarly via EOS. The figure is taken from Ref. [77] with permission of Oliver
Giickstock.

modulates the pump pulse intensity at frequency fchopper = 30 KHz to mitigate the 1/f
noise. Second, the delay between the pump and the probe pulse t is modulated with a
shaking reflectometer at frequency fshaker = 25 Hz for fast scanning of the THz waveform.
Combining both modulations, the setup can achieve a shot-noise-limited detection of the
THz signal.

3.4.1 THz emission spectroscopy

THz emission spectroscopy (TES) is the primary method used in this thesis. The general
layout of TES is shown in Fig. 3.6. Here, for instance, an F|N sample is placed in the
first focus without any sample at the second focus. The pump pulse heats the F|N sample
and triggers a spin current js(¢) from F into the N layer. As detailed in section 3.2, the
spin current leads to the emission of a THz EM wave with electric field proportional to
the spin current Egap, (t)ocjs(t). The electric field of the THz pulse Fgan(t) is detected via
EOS sampling and balanced detection as shown in the Fig. 3.6. The objective here is to
extract the spin current js(¢) in magnetic heterostructures from the measured EOS signal
Sros(t). Below, we will explain this procedure step by step.
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THz pulse propagation

The THz EM wave emitted from the sample propagates to the detection crystal. The
electric field of the THz wave directly behind the sample Egap(t), and at the detector
position Ege(t) are related through the convolution of the form

Eaet (t) = (Hprop * Esam) (1) , (3.6)

where Hpyop(t) captures the THz pulse propagation from the sample to the detector.
The THz-pulse-propagation transfer function Hpyop(t) can be determined by using a ref-
erence emitter based on optical rectification. Here, we use a well-known reference emit-

ter, such as 50-pm-thick GaP(110) crystal, in the first focus close to the sample of in-
EGaP

sam

terest. The GaP crystal emits a THz wave (t) which propagates to the detector

crystal Eciip(t). In the frequency domain, the propagation transfer function is given by
Hprop (w) = ES2P (W) /E$2P (w). Note that ES2P (w) is calculated and EG2F (w) is measured

sam sam
with EOS.

Spin current extraction

Once measuring the THz-pulse-propagation Hpop and EOS transfer functionsHgos, we
can extract the spin current from EOS signal. In frequency domain, the EOS signal
Sgos (w) is related to the Fguy (w) by

Spos (w)
Feom (w) = . 3.7
( ) HEOS (w) Hprop (w) ( )
Finally, the spin current is found through the relation
. Egom (W)
M= o e

The film impedance Z (w) can be measure by TTS that is described in the next section.

3.4.2 THz transmission spectroscopy

THz-transmission spectroscopy aims at measuring the frequency-dependent impedance
Z (w) of a sample. In metallic samples, one can extract the electrical conductivity o(w)
from the frequency-dependent impedance Z (w) as detailed in Chapter 2. One can use the
Drude model (described in section 2.2) for the measured film conductivity o(w) to find the
electron scattering time 7p.

In TTS, the THz emitter is placed in the first focus and the sample of interest is placed in
the second focus as shown in Figure 3.6. The transmitted THz signal through the sample
Ssample (w) and the bare substrate Ssybstrate (W) is measured via EOS. The complex-valued
sample THz transmission 7" (w) is then found from the ratio between the two signals
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2n1 (w)
n1 (W) + ng (W) + Z, S(C)l dz'o(,w)

Ssam le (w) 2n (W)
T (w) = P = Zsam (W) =
( ) Ssubstrate (W) Zo ( )

(3.9)

where nq, and ny are the refractive indices of the substrate and air, respectively. More
details about the derivation of the formula above is given in section 2.5.
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Laser-induced terahertz spin transport in
magnetic nanostructures arises from the
same force as ultrafast demagnetization

Laser-induced terahertz spin transport (TST) and ultrafast demagnetization (UDM) are
central but so far disconnected phenomena in femtomagnetism and terahertz spintronics.
Here, we use broadband terahertz emission spectroscopy to reliably measure both processes
in one setup. We find that the rate of the UDM in a single simple ferromagnetic metal
film F such as CorgFesg or NiggFeog has the same time evolution as the TST from F into
an adjacent normal-metal layer N such as Pt or W. As this remarkable agreement refers
to two very different samples, an F layer vs an F/N stack, it does not result from the
trivial fact that TST out of F reduces the F magnetization at the same rate. Instead, our
observation strongly suggests that UDM in F and TST in F/N are driven by the same
force, which is fully determined by the state of the ferromagnet. An analytical model
quantitatively explains our measurements and reveals that both UDM in the F sample and
TST in the associated F/N stack arise from a generalized spin voltage, i.e., an excess
of magnetization, which is defined for arbitrary, nonthermal electron distributions. We
also conclude that contributions due to a possible temperature difference between F and N,
i.e., the spin-dependent Seebeck effect, and optical intersite spin transfer are minor in our
experiment. Based on these findings, one can apply the vast knowledge of UDM to TST
to significantly increase spin-current amplitudes and, thus, open up new pathways toward
energy-efficient ultrafast spintronic devices.
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Chapter 4. Laser-induced terahertz spin transport in magnetic nanostructures arises
from the same force as ultrafast demagnetization
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4.1 Motivation

Fundamental operations in future spin-based electronics are the manipulation of magnetic
order, the transport of spin angular momentum and the detection of spin dynamics [251].
The research fields of femtomagnetism and terahertz spintronics aim to push the three
operations to femtosecond time scales and, thus, terahertz bandwidth [57, 60, 126, 127,
153, 251, 257]. Figure 4.1 shows the model systems in which two key phenomena of
ultrafast spin dynamics are studied extensively: a single ferromagnetic metal layer F [Fig.
4.1(a)] and a F|N stack, where N is a normal-metal layer [Fig. 4.1(b)].

4.1.1 Ultrafast demagnetization (UDM)

In F samples, uniform excitation by a femtosecond laser pulse induces ultrafast demagne-
tization [UDM; Fig. 4.1(a) [16, 94, 126, 132, 204, 262]. This effect reveals the time scales
of elementary spin interactions with electron orbital and lattice degrees of freedom and is
a central ingredient for ultrafast magnetization switching [57, 127]. Recent experiments
on ferromagnetic Fe indicate that, on a time scale of 100 fs and above, the UDM dynam-
ics are independent of the pump photon energy and only determined by the energy the
laser pulse deposits in the electronic system [38, 236]. UDM is accompanied by transfer of
spin angular momentum to the crystal lattice, as observed directly by ultrafast X-ray and
electron diffraction probes [55, 239]. Rate-equation-type theories can successfully explain
UDM and involve spin flips [35, 169], or magnon emission [18, 19, 132, 155, 247] due to
electron scattering together with spin-orbit coupling. Alternatively, exact time propaga-
tion of small clusters [244] and time-dependent density-functional theory [133] were shown
to be powerful approaches to modeling UDM.

4.1.2 Terahertz spin transport (TST)

In F|N stacks, uniform laser excitation not only triggers UDM, but also terahertz spin
transport (TST) between F and N [Fig. 4.1(b)] [40, 57, 61, 119, 153, 154, 209, 246]. Such
spin currents can be used to exert spin torque at ultrashort time and length scales. They
may, thus, excite terahertz magnons [3, 137, 200] and, ultimately, switch magnetic order
[127]. TST also serves to efficiently generate broadband terahertz electromagnetic pulses
for photonic and spectroscopic applications [31, 63, 113, 163, 189, 217, 218, 224, 243, 255,
266, 268, 270].
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Figure 4.1. | Ultrafast demagnetization (UDM) vs terahertz spin transport (TST). (a) Side view
of a single ferromagnetic metal layer (F) with magnetization M = Mu,, parallel to the y axis with
unit vector u,. Excitation by a femtosecond (fs) laser pulse triggers UDM. The transient magnetic
dipole gives rise to the emission of a terahertz (THz) pulse with field Eps(t)ocdy M (t). (b) F|N stack
consisting of F and an adjacent normal paramagnetic metal layer (N). Femtosecond laser excitation
drives a spin current with density j4(t) = js(t)u, from F to N. In N, j, is converted into a charge
current with density j.(t) = je(t)u, , leading to the emission of a terahertz electromagnetic pulse
with electric field Ej (t) oc js(t) directly behind the sample. Both Eas(t) and E; (t) are linearly
polarized perpendicular to M and measured by electro-optic sampling.

To understand TST, it is important to note that the optical pump promotes electrons from
initial states (such as [i)) to excited states (such as |e)). Two different mechanisms of spin
transfer from F to N can occur: shift-type and band-type transport.

The shift-type mechanism is operative when states |i) and |e) are concentrated at the
FIN interface and the spin polarization of |e) is more localized in N than that of |i).
Optical excitation, thus, shifts spin polarization across the F|N interface, similar to shift
photocurrents of electron charge (rather than spin) in the bulk [138, 175, 176] and at the
surface [27, 34] of semiconductors. In magnetic heterostructures and alloys, this effect was
predicted using time-dependent density-functional-theory calculations [52], termed optical
intersite spin transfer (OISTR) and experimentally confirmed subsequently [93, 228, 234,
261].

In contrast, band-type transport occurs if |i) and |e) are Bloch-type electron states in F
that have different band velocity, lifetime or energy. Consequently, pump excitation can
lead to an imbalance in terms of electron transport across the F|N interface, resulting in a
flow of spin-polarized electrons from F to N. This effect is reminiscent of injection charge
photocurrents in semiconductors [27, 138, 176]. In metallic F|N structures, it was modeled
using semiclassical Boltzmann-type transport equations, termed superdiffusive spin trans-
port [14, 101, 177] and experimentally observed by optical pump-probe techniques [30, 61,
153, 209, 246], or terahertz emission spectroscopy [78, 119, 218, 224, 243, 268, 270].

An additional spin-current component can be triggered by excitation with circularly po-
larized light [98]. Its amplitude is proportional to the chirality of the pump polarization
(positive, zero or negative) and typically two orders of magnitude smaller than the band-
like component. Microscopically, this coherent effect was ascribed to an inverse spin-orbit

43



Chapter 4. Laser-induced terahertz spin transport in magnetic nanostructures arises
from the same force as ultrafast demagnetization

torque [98].

4.1.3 Spin voltage

From a more macroscopic viewpoint, spin transport can, in general, be driven by spatial
gradients of the parameters that determine the local electron distribution in metals, that
is, electrostatic potential, temperature and spin voltage [15, 67]. While the generation
of out-of-plane electrostatic-potential gradients in metallic thin films is difficult due to
strong instantaneous screening [14], temperature gradients can be generated by ultrafast
optical excitation straightforwardly. They are expected to result in TST through the
spin-dependent Seebeck effect, which was sometimes used to rationalize the spin currents
observed in previous works [3, 44, 163, 224].

Interestingly, optical excitation of a ferromagnetic metal induces a transient excess of local
spin density [30], too, which is also known as spin voltage or spin accumulation. On one
hand, optically induced spin-voltage gradients were suggested to make a dominant contri-
bution to TST [67]. On the other hand, theoretical arguments [18, 170, 171] indicate that
the spin voltage, plus temperature differences between spin-up and spin-down electrons,
could drive demagnetization. It follows that the seemingly disconnected phenomena of
TST and UDM may share a common driving force: the spin voltage [30, 43, 143].

Direct experimental evidence for this exciting conjecture is, however, missing, and the
relative strength of the competing Seebeck-type transport along temperature gradients and
the interfacial OISTR remains unclear. Likewise, it is far from obvious whether concepts
like spin voltage and temperature can be applied to nonthermal electron states that prevail
in the first 100 fs after optical excitation and ultimately determine the bandwidth of
terahertz spintronic devices.

4.1.4 This work

Here, we use terahertz emission spectroscopy to reliably measure UDM and TST in one
setup. Our data reveal that the rate of UDM in F samples [Fig. 4.1(a)] and the rate of
TST in F|N stacks [Fig. 4.1(b)] have identical time evolution. The measurements along
with an analytical model based on Boltzmann-type rate equations and the Stoner approach
to ferromagnetism show that UDM and TST are driven by a common dominant force: a
generalized spin voltage of the electrons in F, which scales with the instantaneous excess
spin density. In contrast, Seebeck-type contributions due to optically induced temperature
gradients and interfacial OISTR are found to make a minor contribution to the terahertz
signal.

Importantly, both spin voltage and electron temperature can be defined for arbitrary,
nonthermal electron distributions, which often prevail in experiments with femtosecond
laser pulses.

These insights open up entirely new perspectives and synergies because they allow us to
better understand and ultimately optimize TST by exploiting the extensive knowledge
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about UDM. For example, our results indicate that the temporal onset of TST is only de-
termined by the duration of the femtosecond pump pulse. They suggest that the amplitude
of TST can, in principle, be increased by one order of magnitude.

4.2 Experimental setup

Samples and excitation

As F materials, we choose the metallic ferromagnets CorgFesg (CoFe), CogoFeq0Bog (CoFeB)
and NiggFeyy (NiFe), whose metallic components are predominantly ferromagnetic tran-
sition metals. We choose NiFe since it has a significantly larger electron-spin relaxation
time than CoFeB and CoFe [158].

For N, we choose the spin-to-charge-current conversion materials Pt and W because they
exhibit large yet opposite spin Hall conductivities [218]. Two thin films of F and F|N
are grown by magnetron sputtering on the same diamond substrate, which is transparent
at all relevant terahertz and optical frequencies. The deposition is performed at an Ar
pressure of 4 x 1073 mbar at growth rates between 0.2 A /s and 1 A /s, depending on the
material. Half of the substrate is covered by a metallic mask during deposition of the N
material, thereby resulting in an F sample and an F|N stack on the same substrate and in
the same run. All samples are protected by a 10 nm thick AlyO3 layer grown by atomic
layer deposition.

The direction of the sample magnetization M is set by an external magnetic field of about
10 mT either parallel or antiparallel to the y-axis unit vector w, [Fig. 4.1(a)]. The sample
under investigation is excited with linearly polarized laser pulses (wavelength of 800 nm,
duration of about 10 fs and pulse energy of 2 nJ) from a Ti:sapphire laser oscillator
(repetition rate of 80 MHz) under normal incidence. The pump beam diameter at the
sample position is approximately 25 wm full width at half maximum of the intensity.

The total thickness of the metal stack is significantly smaller than the penetration depth
of the pump field ( 30 nm). As a consequence, and as confirmed by calculations, the pump
field is constant throughout the thickness of the metal film to very good approximation.

Measurement of UDM and TST

Terahertz field emission— To measure the dynamics of the magnetization M (t) = M (t)u,
of an F sample [Fig. 4.1(a)] and of the spin current flowing from F into an adjacent N
[Fig. 4.1(b)] vs time ¢, the concomitantly emitted terahertz electromagnetic pulse is used
as a probe. UDM [Fig. 4.1(a)] implies a dynamic magnetic dipole that generates an
electromagnetic pulse [17, 100, 215, 276] with an electric field

E(t) oc dp 0, M (t) (4.1)

directly behind the sample (see Appendix A.1). Here, 6; = 0/t denotes the time derivative,
and dr is the thickness of F.
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In TST [Fig. 4.1(b)], the spin-current density j,(t) = js(t)u, across the F|N interface is
instantaneously converted [223] into a transverse charge-current density proportional to
Js(t) by the inverse spin Hall effect in N. It results in a time-dependent electric dipole and,
thus, emission of an electromagnetic pulse with transient electric field [218, 243, 268, 270]

Ej (t) o js(t) (4.2)

behind the sample (see Appendix A.1). As the dynamics are driven by a femtosecond laser
pulse, the bandwidth of E; and Ej;, is expected to extend to frequencies well above 10
THz.

In our setup, we detect any transient electric field E(t) such as Ej, (t) and Ep/(t) by electro-
optic sampling [121, 141, 193, 264] where a probe pulse (0.6 nJ, 10 fs) co-propagates with
the terahertz pulse through an electro-optic crystal. The ellipticity S(t) accumulated by
the sampling pulse is measured as a function of the delay ¢ between terahertz and sampling
pulse by means of a polarization-sensitive optical bridge, which consists of a quarter-wave
plate, a polarizing beam splitter and two balanced photodiodes. As electro-optic crystal,
we use GaP(110) (thickness of 250 pm) or ZnTe(110) (1 mm or 10 pm). All experiments
are performed at room temperature in a dry No atmosphere.

From signals to fields

To focus on magnetic effects, we only consider the signal component odd in the sample
magnetization,

s = S+M) - S(t,~M) @3

The waveform S(t) is related to the terahertz electric field E(t) directly behind the sample
by the convolution [222]

S(t) = (Hsp * E)(t) = f dr Hsp(t — 7)E(7). (4.4)

The transfer function Hgg(t) connects S and E and accounts for the terahertz pulse
propagation to the detection and the electro-optic-sampling process [27, 222, 276]. We
determine Hgg by using a well-understood reference emitter, GaP(110), with a thickness
of 50 pm [222]. To numerically solve Eq. (4.4) for E(t), the convolution is time-discretized
and recast in the form of a matrix equation [222]. From E(t), we obtain ¢;: M (t) [Eq. (4.1)]
and js(t) [Eq. (4.2)] straightforwardly with an estimated time resolution of 40 fs.

Expected signal contributions

In general, the incident pump pulse generates a photocurrent inside the sample whose local
amplitude is proportional to the local pump intensity. The time-dependent photocurrent
gives rise to the emission of an electromagnetic pulse with an electric field £ that has con-
tributions proportional to the electric-dipole (ED) and the magnetic-dipole (MD) moment
of the photocurrent distribution,

E = FEgp + Evp. (4.5)
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ED fields are proportional to the spatially integrated photocurrent density. Therefore, to
obtain ED radiation from a photocurrent, spatial inversion symmetry must be broken,
either by the sample structure (structural inversion asymmetry, SIA) or by the perturbing
light field (light-induced inversion asymmetry, LIA). We can, thus, write

Egp = Esia + Eria (4.6)

The F|N sample obviously possesses SIA. The THz emission due to the TST in an F|N
sample F; is of SIA orgion. Photocurrents due to LIA can arise from gradients of the
pump field along the sample normal. When the sample is turned by 180° around an axis
parallel to its magnetization, Fgia changes sign, whereas Erja does not,

Egiy = —Bgia and Egf} = Efjy (4.7)

An example of MD-type radiation Eyp is the the emitted THz field Ejs from the F sample
due to the UDM. The field Eyp is invariant when the sample is turned by 180°,

Efp = EApp - (4.8)

Note that the photocurrent generates a forward (fw)- and a backward (bw)-propagating
wave. The forward-propagating field E™ and the backward-propagating field EPY right
in front of the thin film are related to each other by

ERY = BN and EVY, = —EN, (4.9)

In our terahertz emission experiments, it is crucial to accurately separate signals that have
electric-dipole (ED) and magnetic-dipole (MD) character. For this purpose, we developed
three different methods the results of which are finally compared to each other.

Magneto-optic probing

For comparison to UDM probed by terahertz spectroscopy [Eq. (4.1)], we also conduct a
pump-probe experiment, in which the pump-induced change AM (¢) in the F-sample mag-
netization is interrogated by an optical probe pulse through the transient magneto-optic
Kerr effect (MOKE) [38]. We measure both the MOKE-induced rotation and ellipticity of
the probe-pulse polarization behind the sample [205, 206].

Note that the pump-induced MOKE signal contains contributions from AM ((¢) and changes
in the magneto-optic coefficients. A separation and deconvolution procedure [38] allow us
to extract AM(t) from the MOKE trace with a time resolution of 130 fs, provided the
pump-pulse energy has not yet been transferred from the electrons into the phonons of F.
At later pump-probe delays of typically ¢ > 0.3 ps , the increased phonon temperature
leads to additional signal contributions unrelated to AM(t) [38].
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4.3 Results

4.3.1 Terahertz emission signals

Figures 4.2-4.5 display typical terahertz electro-optic signals Spn(t) and Sg(t) from, re-
spectively, FIN and F samples with F=CoFe(3 nm) and N=Pt(3 nm). According to Eq.
(4.3), all waveforms are odd with respect to the magnetization M. The signal components
even in M are more than 40 times smaller [205]. The polarization of the terahertz pulses
associated with Sy (t) and Sg(t) is linear with the electric field perpendicular to M [205],
consistent with the emission scenarios of Figure 4.1.

Note that the total film thickness is chosen sufficiently small to prevent any pump gradients
in the film and consequently a LIA-type contribution.

We propose three separation procedures to separate different contributions in THz emission
signals. Note that all three separation procedures rely on the assumption that the terahertz
emission signal from a sufficiently thin F|N stack with N=Pt arises from TST and the ISHE
and is, thus, of ED/SIA-type. According to Eq. (4.7), the terahertz electric field directly
behind the metal stack fulfills

BN () = —Epin (1), (4.10)

provided the excitation conditions for the two configurations are identical.

A. Symmetrized sample-turning technique

Experiment design. The optical properties of the sample structure were symmetrized by
using a cap window (cap) that is identical to the substrate (sub) window [Fig. 4.2 (a,b)].
We first measured the terahertz signal in the configuration of Fig. 4.2 (a). Each sample
contained regions with the structures sub||F||cap and sub||F|N||cap, which were addressed
by translating the sample perpendicular to the incident pump beam. In this way, we
obtained signals S (¢) and SgTN (t).

By rotating the sample by 180° around the magnetization direction, we obtained the
configuration of Fig. 4.2 (b) and, thus, signals S (¢) and SII:?I%O (t). From Eq. 4.7, we
expect that the terahertz signals fulfill S%lslgo (t) = _SgTN (t). Any deviations from this
relationship are indicative of altered sample position, altered absorptance of the pump

beam and altered outcoupling of the terahertz beam between the two configurations.

F|N sample. Figure 4.2 (c) shows typical terahertz signals SEQTN (t) and S%%%O (t) taken in
the configurations of Figs. Fig. 4.2 (a) and Fig. 4.2 (b). We observe that S%%%O (t) differs
from —SgTN (t) by a scaling factor of a = 2. We attribute the scaling factor a # 1 to the
air gap between the F|N stack and the attached cap window. This air gap acts like an
optical cavity and breaks the macroscopic symmetry of the sample, thereby resulting in

different pump absorptance in the 0° and 180° configuration.
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Figure 4.2. | Symmetrized sample-turning technique. (a) 0°-configuration of the combined F|N
and F samples with F= CoFe(3 nm), N= Pt(3 nm) and diamond as substrate and cap material.
The N layer covers half of the F film, thereby enabling measurements on both F and F|N by lateral
translation of the sample. The sample is symmetrized by a cap window that is identical to the
substrate. An unwanted air gap (estimated thickness of 1 pum) forms when the cap window is
attached to the sample. (b) The 180°-configuration is achieved by rotating the 0° configuration by
180° around an axis parallel to the external magnetic field. (¢) Terahertz emission signals SgTN(t)

and S%?go (t) from the F|N stack. Note that SgTN (t) and 5}17‘81%0 (t) differ by a scaling factor of a = 2

because of different pump absorptance. (d) Same as panel (c), but for a single F layer. (e) Resulting
symmetric signal Sy () and antisymmetric signal Si; () with respect to sample turning.

We confirmed this notion theoretically by calculations of the sample absorptance. It was
found that an air gap of the order of 1 pm can easily lead to a variation of the pump
absorptance by a factor of 2 when the sample is turned by 180°.

To test the air-gap conjecture experimentally, we used an F|N sample with fused-silica
substrate. The formation of the air gap was prevented by using glycerin as liquid between
the F|N film and the cap window. The refractive index of glycerin (1.473 at 800 nm) equals
that of fused silica (1.455), resulting in a more symmetric sample. The terahertz emission
signals of Fig. 4.3 confirm that Eq. 4.10 was fulfilled to very good approximation for the
sample without air gap.

F sample. Figure 4.2 (d) shows the terahertz signals SO (t) and S (¢). In general,
the terahertz radiation emitted from the F sample has both antisymmetric and symmetric
contributions. We can use the factor a = 2 as obtained from the F|N sample on the same
substrate and accordingly correct for the different pump absorptance by replacing SI%SOO (t)
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Figure 4.3. | Impact of air gap. (a) The sample is an F|N stack with F= CoFeB(3 nm), N=
W(3 nm) and a fused silica window (500 pm) as substrate and cap. (a) The cap window is
pressed against the sample, and signals SF‘N( ) and S%%%O (t) of significantly different amplitude
are observed. (b) The formation of an air gap between F|N stack and cap window is prevented by

filling with refractive-index-matching glycerin. The resulting signals fulfill SF‘N( ) o S%?f\)f( ).

by aSE (t).

The assumptions of this procedure are that (i) the pump absorption is homogenous over
the sample area and that (ii) the air gap is the same in both configurations.

The symmetric and asymmetric signal contribution of Sf is extracted by calculating the
sum and difference according to

SY (1) + aSE (1)
. |

Sl;i‘ (t) = (4.11)

As seen in Fig. 4.2 (e), symmetric and antisymmetric signals have comparable magni-
tude.

B. Generalized sample-turning technique

This method is similar to the symmetrized-sample technique but without cap window.
The asymmetric sample geometry is captured by a linear transfer function.

Experiment design. We first measured signals in the § = 0° configuration [FFig. 4.4 (a)]
in sub||F|N and sub||F regions, yielding signals S% (¢) and SE‘N (t). By rotating the sample
by 180° around the magnetization direction, we obtained the # = 180° configuration of

Fig. 4.4 (b) and, thus, signals St2% () and Sﬁ%o( )

Note that turning of the F|N sample does in general not yield S%%%O (t) = —S](;TN (t) [see
Eq. 4.10] because excitation and emission conditions are altered upon sample turning. The

two signals are, however, connected by a linear relationship (convolution) through

SF|N( ) = —(Hgt * 5%5\5191 ) (). (4.12)
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Figure 4.4. | Generalized sample-turning technique. (a) 0°-configuration of the combined F|N
and F samples with F= CoFe(3 nm), N= Pt(3 nm) and diamond as substrate. The N layer covers
half of the F film, thereby enabling measurements on both F and F|N by lateral translation of the
sample. (b) The 180°-configuration is achieved by rotating the0°-configuration by 180° around an
axis parallel to the external magnetic field. (c) Terahertz emission signals SgTN(t) and Sé?f\}o( )

from the F|N stack. The two signals allow us to infer the transfer function Hg whose amplitude

spectrum |Hg (w)| is shown in the inset. For comparison, (Hgt # Sﬁ‘g )(t) (orange solid line) is also

displayed. (d) Same as panel (c), but for a single F layer. (e) Resulting symmetric signal SEr'N(t)

and antisymmetric signal SI;|N(t) with respect to sample turning.

The sample turning transfer function Hy captures the effect of the different excitation con-
ditions (such as the different temporal and spatial pump-pulse profile arriving at the metal
layer) and altered emission conditions (such as the propagation through the substrate).

Because Sp|y is dominated by ED radiation, we expect that the ED component of the signal
from the F' sample is subject to the same relationship, that is, S% (t) = —(Hs; * SE20°) (2).
Consequently, we can use the terahertz emission signals from the F|N sample to determine
Hg; and to, thus, eliminate the ED contribution to the terahertz signal from the F sample.
In other words, Hg; corrects for the different photonic environment due to the sample

turning.

F|N sample. Figure 4.4(c) shows the terahertz signals SF|N and SF|N As expected, the
two signals are not merely reversed versions of each other. They are delayed with respect
to each other and have slightly different shape. We numerically solve Eq. (4.12) for Hg in
the frequency domain. The modulus |Hg (w)] is plotted as a function of frequency w/27
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Figure 4.5. | Mirror technique. (a) Terahertz emission setup in reflection mode with a mirror
attached to the F|N film. The mirror is made of Al that is pressed to the sample, F= CoFe(3
nm) and N= Pt(3 nm). The sample consists of four regions (1)-(4), which are accessible by the
pump beam by lateral shifting of the sample. (b) Superposition of primary ED and MD with their
image dipoles induced by the Al mirror. Note that the mirror ED has opposite sign. (c¢) Terahertz
emission signals from the F|N sample combined with Al mirror and cap window. (d) The modulus
of the |R(w)| where R(w) = Sg”l’lgw(w)/SE‘l”N(w) in the frequency domain. (e) Terahertz emission
signals from the F sample with Al mirror and cap window.

in the inset of Fig. 4.4(c) and shows that Hg (w) has a nontrivial frequency dependence.
As a check, Fig. 4.4(c) also shows (Hg * SE8) (t), which agrees well with —S2y.

F sample. Figure 4.4(d) shows the terahertz emission signals Sgo and SI%SOO. The orange
solid line shows the calculated signal (Hg * S0 (¢), which is different from —SQ (¢),
thereby indicating a sizeable MD contribution to the signal.

The symmetric signal, which is proportional to the MD is

o S (t) + (Hgy # SEEO°) () (4.13)
F ny + ng ’

where n; and no &~ 1 are the refractive index of the substrate and air, respectively. The

antisymmetric signal thus is given as

Sz =S (t) — i Sg. (4.14)

Symmetric and antisymmetric signals are shown in Fig. 4.4(e).
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C. Mirror technique

This separation method is quite complementary to the sample-turning techniques. It relies
on Egs. (4.5) and (4.9).

Experiment design. We measured the terahertz radiation emitted into the backward (re-
flection) direction. Importantly, an Aluminum mirror was pressed against the thin film to
superimpose the forward-emitted terahertz radiation onto the backward-emitted terahertz
field [see Fig.4.5(a)]. We obtained terahertz signals that arose from the total backward-
propagating fields

ERPY — o B 4 BV (4.15)

where )\ is the Fresnel reflection coefficient of the mirror. Owing to Eqgs. (4.5), (4.9) and
(4.15), we have
ERPY = (1 + ) BRp + (1 — 7m) EApp- (4.16)

Therefore, measurement of EXPY from a good mirror allows one to extract EfE"]VD and Eﬁ’D.
For a perfect metal mirror and neglecting reflection echoes, we have r,, = —1 and, thus,
ERDw _ 2EMDP because the image ED cancels the primary ED [Fig. 4.5(b)]. In contrast,
the image MD is equal to the primary MD and, thus, doubles the amplitude of the emitted
field.

In reality, departures from r,, = —1 are expected, for instance due to an air gap between
mirror and the sample thin film. To model the impact of the attached Al mirror, we
neglect reflection echoes and obtain ry, = rmg exp(2iwdgap/c), where rmg = —1, dgap is the
air gap between the mirror and the film, w is the angular frequency of the terahertz wave,
and c is the vacuum speed of light.

Our sample structure [Fig. 4.5(a)] has four different regions: (1) subl||F|N|[sub, (2) sub||F|
NJ|Al, (3) subl|F||Al and (4) sub||F||sub. The four regions can be accessed by moving
the sample structure laterally. The four regions can be accessed by moving the sample
structure laterally.

F|N sample. Figure 4.5(c) shows terahertz emission signals from the F|N sample where
F= CoFe(3 nm) and N= Pt(3 nm). The blue solid line is the signal SETVN from the
sub||F|N||sub region. It is dominated by ED radiation [see Eq. (4.10)]. The red solid

line in Fig. 4.5(c) displays the terahertz signal from the sub||F|N]||Al region denoted as
SR,bW

FIN - We still observe a sizable signal, which indicates that r, # —1.

Fig. 4.5(d) shows the modulus of the ratio R of the two signals S}E{"wa and SET"N in the
frequency domain. We observe that |R(w)| grows linearly with frequency w/2x. The linear
frequency dependence agrees with our model [Eq. (4.16)], which predicts R ~ 1+7r, = 1+
'm0 €xp(2iwdgap/c) & 2iwdgap/c and, thus, |R| ~ 2wdgap/c. By comparing this expression
to the slope of the curve in the inset of Fig. 4.5(d), we find that the effective thickness dgap
of the air gap is of the order of 2 pm. From the root mean square of the two signal curves

in Fig. 4.5(c), we estimate that the Al mirror quenches 65% of the ED signal on average.

F sample. The blue solid line in Fig. 4.5(e) is the terahertz signal Sp¥ = Sf + Si from the
sub||F||sub region where Sp is due to the ED contribution (mainly due to SIA) in which
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the mirror image-dipole is negative, and S;I is the MD contribution due to UDM in which
the mirror image-dipole is positive as shown in Fig. X4.5(b).

From our considerations above, we estimate that 65% of the ED signal Sg of the F sample
is quenched by the Al mirror. On the other hand, the Al mirror is expected to approxi-
mately increase the MD contribution S; by a factor of about 2. Assuming that the ED
radiation from the F sample is of comparable or smaller magnitude than the MD signal,
the signal from the sub||F||Al region is dominated by MD radiation. This signal is shown
in Fig. 4.5(e).

Comparison of the three different techniques

Figure 4.6(a) shows the three signals from the F sample that symmetric either with respect
to sample turning by 180° (sample turning techniques) or with respect to the forward- and
backward-emitted waves (mirror technique). The signals are normalized to their respective
maximum.

We find that all three signals agree with each other, even in details. This agreement of the
three techniques, suggests that the symmetric component 5’; (t) contains the contribution
Ej due to UDM [Fig. 4.1(a)]. Assuming that S7 solely arises from Ey, we retrieve Ejy (t)
and, thus, the evolution of the magnetization change AM (t). To compare AM (t) to the
transient MOKE signals (Section 4.2), we match the lower time resolution of the MOKE
waveform by convoluting AM (t) with a Gaussian of 123 fs full width at half maximum.
The accordingly filtered AM (t) from the terahertz measurements is shown in Fig. 4.6(b)
(red curve) along with the magnetization dynamics measured by the transient MOKE
(black curve).

The initial quenching dynamics of the two signals agree fully. However, for times ¢t > 0.3 ps,
AM (t) evolves somewhat more slowly for the MOKE-based signal than for the terahertz-
derived dynamics. We ascribe this moderate discrepancy to MOKE-signal contributions
that are unrelated to magnetization dynamics and instead arise from pump-induced heat-
ing of the crystal lattice [38]. We conclude that the sign, magnitude and shape of the
terahertz-emission-derived AM (t) is fully consistent with the notion that the signal Si (t)
arises from UDM of the F sample as given by Eq.(4.1).

4.3.2 UDM vs TST

We can now directly compare the terahertz signal waveforms S;I (t) due to UDM of a single
layer of F=CoFe [Fig. 4.1(a)] with waveforms Sl;‘N(t)due to TST from F into N=Pt [Fig.
4.1(b)]. The result is shown in Fig. 4.7(a) and reveals a remarkable correlation: The tera-
hertz signals Sff (¢) and SP_‘|N(t) exhibit completely identical dynamics: SF_|N(t) oc SE(t).

We emphasize that we make analogous observations for two other ferromagnets, F=CoFeB
and NiFe [Fig. 4.7(a)], as well as for W as N material [Fig. 4.7(c)]. Interestingly, as seen
in Fig. 4.7(e), the terahertz emission signals S (t) for F=CoFeB (dashed black line) and

NiFe (blue solid line) have a significantly different shape: While the global minimum and
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Figure 4.6. | THz symmetric signal vs MOKE. (a) Comparison of symmetric signals from techniques
A-C. The three curves are signals from CoFe(3 nm) films, symmetric either with respect to sample
turning by 180° (sample turning techniques) or with respect to the forward- and backward-emitted
waves (mirror technique). (b) Extracted magnetization dynamics from Sg (¢) of panel (a) (red
curve), along with magnetization dynamics as measured by the magneto-optic Kerr effect (MOKE,
black curve). The magnetization evolution derived from the terahertz (THz) signal was convoluted
with a Gaussian (123 fs full width at half maximum) to match the time resolution of the MOKE
measurement.

maximum of the signals for F=CoFeB have approximately the same magnitude, the mag-
nitude of the minimum signal for F=NiFe is a factor of about 2 larger than the magnitude
of the maximum. These drastic differences are also observed in the spectra of the signals
[205] and the resulting magnetization evolution M (t) [see Fig. S9 in [205]]. They indicate
significantly different dynamics for the two ferromagnets CoFeB and NiFe.

Strikingly, however, the agreement of the dynamics of S (¢) and SE‘N(t) for each of the F
materials remains [Fig. 3(a)]. These observations are confirmed for different thicknesses
of F=CoFeB and NiFe [205] and for an electro-optic terahertz detector with enhanced
sensitivity at frequencies above 20 THz [205].

Our observation SI«:\N(t) oc Si(t) and the origins of Si (t) [Eq. (4.1)] and SP?|N(t) [Eq.
(4.2)] imply that
Js(t) oc Oy M(t). (4.17)

In other words, our terahertz emission signals show directly that, on ultrafast time scales,
the photoinduced spin current in an F|N stack has a temporal evolution that is identical
to that of the rate of photoinduced magnetization quenching of an F sample.

The most explicit manifestation of Eq. (4.17) is Fig. 4.7(b), which shows the actual
dynamics of js and 0;M as retrieved from the signals SI;|N(t) and Si (¢)(see Section 4.2).
As expected from the terahertz signals Sif (¢) and F_|N(t), both js(t) and ¢, M (t) evolve
quite differently for the samples with F=CoFeB and NiFe. They decay markedly slower
for NiFe than for CoFeB.

Equation (4.17) summarizes our central experimental result. We stress that js(¢) and
01 M (t) refer to very different samples F|N vs F. Consequently, Eq. (4.17) does not arise
from the trivial fact that transport from F to N reduces the F magnetization at the same
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rate. In our experiment, the rate d;M (t) is measured for a simple F sample, in which
spin transport out of F is disabled. Therefore, the identical dynamics of ;M (t) and js(t)
reveals a profound relationship between UDM of an F sample [Fig. 4.1(a)] and TST in an
F|N stack [Fig. 4.1(b)].

4.3.3 Driving force

Relevant mechanisms.—As summarized in Section 4.1, TST as observed here can arise
from band-like transport, shift-like transport (OISTR) and inverse spin-orbit torque. The
latter is typically two orders of magnitude smaller than the remaining contributions [98].
In addition, in our experiment, the pump pulses are linearly (not circularly) polarized,
and we do not find a THz field component parallel to the sample magnetization [205].
Therefore, inverse spin-orbit torque is negligible here.

Likewise, we can safely exclude that OISTR makes a significant contribution to the ter-
ahertz emission signal from the F|N stacks studied here. First, OISTR should have a
relaxation length of less than a unit cell width in N (0.4 nm in Pt), which is significantly
smaller than measured spin-current relaxation lengths [224, 270] (1.2 nm in [224]). Sec-
ond, while OISTR, should not be effective through intermediate layers, experiments report
a sizeable spin-current decay length of several nanometers [224] in a Cu intermediate layer
[224, 268]. Third, for OISTR, the spin-current density js(¢) should rise and fall like the
intensity envelope of the pump pulse. In contrast, the initial peak of the measured js(¢) is
much wider [100-130 fs full width at half maximum, Fig. 4.7(b)] than our time resolution
(about 40 fs).

We, thus, conclude that the TST observed here is dominated by band-like transport.

Model.—To better understand the connections between UDM and TST, we develop a
simple microscopic model of these processes. To this end, we follow Ref. [169] and treat
the electronic structure and the ferromagnetism of F in the framework of the Stoner model
[181, 238] and describe the dynamics with Boltzmann-type rate equations [4]. Accordingly,
the schematic of Fig. 4.8(a) displays the density of states of spin-up (1) and spin-down
(1) electrons vs single-electron energy e.

We assume that UDM primarily arises from quasi-elastic spin flips [132] [white arrow
in Fig. 4.8(a)] and that the pump pulse can be considered a small perturbation of the
system. At a given e, the probability of a spin-flip event is proportional to the difference
nF1 (e, t) — nFl (e, t), where n¥7(e,t) = ng(e) + Anf?(e, t) denotes the occupation number
of a Bloch state with spin o (1 or |) and energy € in F. It is a sum of the distribution
no of the unexcited sample and the pump-induced changes Anf?. The rate ;M (t) of
magnetization change is obtained by integrating over all energies e.

Similarly, the spin current js(¢) from F to N in the F|N stack is inferred by counting all spin
transmission events across the F|N interface [Fig. 4.8(b)]. As detailed in the Appendix
A1, we find that
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Figure 4.7. | Terahertz emission due to TST in F|N stacks vs UDM in F samples. (a) Terahertz
signal S’ElN(t) from an F|N stack with F=CoFe(3 nm) and N=Pt(3 nm), antisymmetric with

respect to sample turning about M (blue solid line), vs terahertz signal Si (t) from a single F
layer, symmetric with respect to sample turning (red solid line). The curves below show analogous
signals for F and F|N samples with F=CoFeB(5 nm) and F=NiFe(9 nm). Curves are scaled by
the indicated factors and offset vertically for clarity. (b) Temporal evolution of the spin current
Js(t) flowing in the F|N sample and of the rate of change 0; M (t) of the F sample’s magnetization
times the F thickness dp, as extracted from the data of panel (a). Curves are vertically offset
and normalized to their minima to allow for a better comparison of the relaxation dynamics. (c)
Direct comparison of the signals SF_IN(t) from the stacks F|Pt(3 nm) and F|W(3 nm) with F=
CoFeB(3 nm) and (d) the resulting spin current dynamics. (e) Direct comparison of the signals
St (t) from single F=CoFeB(3 nm) (red) and NiFe(3 nm) (blue) films and (f) the resulting rate of
magnetization change.
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Figure 4.8. | Simple model of UDM and TST. (a) UDM. Schematic of the density of states of spin-
up (1) and spin-down (|) Bloch electrons of a metallic ferromagnet such as Fe in the framework
of the Stoner model. Quasi-elastic spin-flip scattering events (white curved arrow) lead to transfer
of spin angular momentum to the crystal lattice. (a) TST. N acts as an additional sink of spin
angular momentum through spin-conserving electron transfer across the F|N interface (blue curved
arrows). In (a) and (b), the spin transfer rate scales with the generalized spin voltage Afis [Eq.
(4.18)], which equals p¥T — uf+ in the case of Fermi-Dirac electron distributions. (c) Illustration
of the interplay of spin voltage, electron temperature and magnetization according to Eq. (4.20).
At time t = 0, the pump pulse excites the sample with temperature Ty, causing a time-dependent
uniform increase of the generalized electronic temperature to T.(t) = Ty + AT, (dashed line). At
any subsequent time ¢ > 0, the system aims to change its magnetization from the instantaneous
value M (t) to Meq(Tu(t)), where Meq is the equilibrium magnetization versus temperature 7' (black
solid line). The spin voltage Afis(t) is proportional to the excess magnetization M (t) — Meq(Tu(t))
[blue dashed arrow, see Eq. (4.20)]. Note that this consideration is strictly valid only in the small-
perturbation regime where M (t) ~ My (see Appendix A.1).

0, M (t)

() } o Afis (t) + (Seebeck contribution), (4.18)
Js

where the quantity
A (1) = Jde (0" — nFY) (e, 1) (4.19)
has the same form for ¢;M (t) and js(t), whereas the Seebeck contribution differs. Re-

markably, Eq. (4.18) is fully consistent with our central experimental finding [Eq. (4.17)] if
Afis dominates. Consequently, we consider Afis and the Seebeck terms in more detail.
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Figure 4.9. | Initial electronic temperature increase in F vs F|N. Amplitude of the pump field along
the sample normal for (a) a single CoFeB(6 nm) film and stacks of (b) CoFeB(3 nm)|Pt(3 nm) and
(c) CoFeB(3 nm)|W(3 nm), normalized to the amplitude of the incident field. At the bottom, the
calculated values of the peak change in the electronic temperature right after excitation with an
incident fluence of 0.1mJ/cm® are shown.

Spin voltage.—If the occupation numbers n¥? in Eq. (4.19) are Fermi-Dirac functions
with chemical potentials p"?, Afis equals the spin voltage [67, 78] T — ut indicated
in Fig. 4.8(a) and (b). Therefore, Afis can be considered a generalized spin voltage that
is caused by an electron distribution with an arbitrary, possibly nonthermal imbalance
AnFT — AnFl. Upon absorption of the pump pulse, Afis rises immediately because spin-
up and spin-down electrons in a Stoner-type ferromagnet possess a very different electronic
density of states around the Fermi level [see Fig. 4.8(a)].

Impact of temperature gradients.—The Seebeck-type term [15] in Eq. (4.18) is propor-
tional to the difference ATFT — ATF! in the case of ;M (t) [Eq. (A.17)], whereas it equals
a linear combination of ATF! — ATNT and ATFV — ATN for jg (t) [Eq. (A.18)]. Here,
ATX is the pump-induced change in the generalized temperature of electrons with spin o
in X=F or N. It scales with the electronic excess energy [Egs. (A.35) and (??)] and equals
the conventional temperature change once the electron distribution is thermal.

To estimate the F|N peak temperature differences ATOF T — AT&V" directly after excitation
by the pump pulse, we assume the same temperature for spin-up and spin-down electrons
and an incident fluence of 0.1 mJ/cm?. For CoFeB(3 nm)|Pt(3 nm), we obtain ATF —
AT, (1)\1" = 160 K. This value is sizeable because it is comparable to the temperature increase
AT =200 K of F.

To evaluate the impact of the initial F|N temperature difference on spin transport, we note
that the Seebeck contribution to ¢;M (t) and js (t) in Eq. (4.18) is a linear combination of
very different terms: ATFT — ATFV vs ATF? — ATN? . Therefore, the Seebeck component
would result in different dynamics of 0, M (t) and js (¢) if it was significant. However, as
we observe identical dynamics [Fig. 4.7(a) and (b)], the Seebeck terms very likely play a
minor role in our photoexcited F and F|N samples.

To check this conclusion further, we compare the spin-current dynamics in CoFeB(3 nm)|
Pt(3 nm) to that in CoFeB(3 nm)|/W(3 nm), the latter of which exhibits an about 4
times larger electronic temperature difference AT&T T — AT(%\I" = 608 K directly after pump
excitation. If a Seebeck contribution was relevant, one should observe different spin-current
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dynamics in the two samples. Again, however, we observe almost identical dynamics
[Fig. 4.7(c) and (d)]. Therefore, TST and UDM in our samples are predominantly driven
by a transient spin voltage rather than temperature gradients.

According to Eqgs. (A.17) and (A.18), two reasons can explain the negligible Seebeck con-
tribution in our data. (i) The Seebeck coefficients are small, and/or (ii) the electronic
temperature differences ATFT — ATV and ATF? — ATN? relax faster than our time reso-
lution of 40 fs. We consider it unlikely that reason (i) applies universally to the manifold
of samples studied here. In contrast, scenario (ii) is very plausible because energy trans-
port can be very efficient directly after optical excitation. During this early stage, a large
fraction of the excited electrons is found at energies of up to fiw, = 1.6 eV above the
Fermi level, where fiwy, is the pump photon energy. Each of these electrons carries up to 2
orders of magnitude more energy than a thermal electron relative to the Fermi level [222].
Consequently, energy equilibration between F and N is expected to be much faster than
spin equilibration by spin transport, where constantly //2 of spin angular momentum is
transferred per electron, independent of the electron energy.

To summarize, our experiments strongly indicate that temperature differences between
spin-up and spin-down electrons and electrons in F and N make a minor contribution to
UDM and TST. This behavior likely arises because all electronic subsystems Xo attain
approximately equal generalized temperatures faster than our time resolution of 40 fs.
Consequently, we consider only one common generalized electron temperature ATX? =
AT, in the following.

Dominant driving force.—Our observations [summarized by Eq. (4.17)] and modeling
[leading to Eq. (4.18)] directly imply that the generalized spin voltage Afis of F is the
dominant driving force of both UDM [Fig. 4.1(a)] and TST [Fig. 4.1(b)]. Therefore, the
traces of d;M (t) and js(t) in Fig. 4.7(b) directly monitor the evolution Afis (t) of the
spin voltage. Notably, the dynamics for CoFeB and CoFeB|Pt agree well with a spin-
voltage transient of Fe on W that was measured by time-resolved photoelectron emission
spectroscopy recently [30].

We expect the spin voltage to be larger when the magnetization of F is further away from
its instantaneous equilibrium value. Indeed, our modeling in Appendix A.l shows that,
in the limit of uniform electron temperature and small transient magnetization changes
[M (t) ~ Mpy], the generalized spin voltage scales according to

Al () M () = Meg (Te()) - (4.20)

In other words, Afis (t) is proportional to the transient excess spin density, that is, the dif-
ference between the instantaneous magnetization M (t) and the equilibrium magnetization

Meq (Te(t)) that would be attained at the instantaneous generalized electron temperature

T. (t) = Ty + AT, (t). This remarkable and highly intuitive theoretical result is illustrated
by Fig. 4.8(c).

D. Modeling the spin dynamics
To understand the shape of the temporal evolution of Afis and, thus, ;M (¢) in the

60



4.4. Discussion

F sample and js in the F|N stack, we remark that Afis and the uniform generalized
electron excess temperature AT, are connected by Eqgs. (4.18) and (4.20). As shown in
Appendix A.1, one obtains

0
AJis (t) AT, (t) — reSJ dr e~ I=T AT, (t — 1), (4.21)
0

where I'.;! is the time constant of electron-spin equilibration. To illustrate Eq. (4.21), we
consider a step-like increase of the generalized uniform electron temperature. Once AT,
jumps to a nonzero value, Afig (t) follows without delay according to the first term on
the right-hand side of Eq. (4.21). It triggers transfer of spin angular momentum from
the F electrons into the F lattice (UDM) and, possibly, into N (TST). The loss of excess
magnetization, however, decreases Afis through Eq. (4.20). Consequently, Afis decays on
the time scale I';!, as dictated by the second term of Eq. (4.21).

es

In our experiment, the excess energy of the F electrons and, thus, AT, rise instantaneously
upon pump-pulse excitation, and they subsequently decay due to energy transfer to the
crystal lattice [4, 95]. As shown in Appendix A.1l, we can accordingly model the evolution
of AT, by

AT, (t) O (1) [(1 — R) e '»* + R], (4.22)

where O (t) is the Heaviside step function, I, 651 is the time constant of electron-phonon
equilibration, and R is the ratio of electronic and total heat capacity of the sample. With
these assumptions, Eqs. (4.18) and (4.21) yield the simple result

&M (1)

—Test o—Tept '
i } %0 (1) [Aese Aep 1. (4.23)

where Aes = (Les—RIep) / (Les — Lep) and Aep, = (1=R)I'ep/ (I'es — Iep). We apply Eq. (4.23)
to our measured data in Fig. 4.10 in two steps. First, to account for the experimental time
resolution, Eq. (4.23) is convoluted with a Gaussian of 40 fs full width at half maximum,
which matches the initial rise time of the calculated and all measured 0, M (t) and js ().
Second, we take only I'.s and the rather trivial overall amplitude as free sample-dependent
fit parameters. For I, and R, literature values are assumed (see [205]). Figure 4.10
demonstrates that Eq. (4.23) excellently describes the experimentally determined ;M (t)
and Js (t).

4.4 Discussion

Our experiments show that UDM of an F sample and TST in a F|N stack exhibit identical
temporal dynamics [Fig. (4.7) and Eq. (4.17)]. Combination of this observation with
our model [Eq. (4.18)] implies that UDM and TST are predominantly driven by the spin
voltage Afis (t) rather than temperature gradients. The modeling also very well captures
the temporal dynamics of d; M (t) and js (t) by only three parameters: I'es, I'ep and R [Fig.
(4.10) and Eq. (4.23)]. In the following, we discuss the impact of N and F materials on
the dynamics of Afis () and potential extensions of our model.
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Figure 4.10. | Measured and modeled dynamics of the rate of magnetization change 0, M (t) in F
samples and the spin-current density js(¢) from F to N in F|N stacks. (a) Evolution of d;M (t)
of an F=CoFeB sample (red solid line) and js(¢) in F|Pt and F|W stacks (blue solid lines). Grey
solid lines are fits based on Eq. (4.23) with I'es and the overall amplitude scaling as the only fit
parameters. (b) Analogous to (a), but for 0;M(¢) in CoFeB and js(t) in NiFe and NiFe|Pt.

4.4.1 Impact of N and F on dynamics

Impact of N— At first glance, Fig. 4.1 suggests that the presence of N modifies the dy-
namics of the spin voltage in F due to (i) additional spin relaxation, which increases [,
and (ii) different overall cooling dynamics of the electrons, which alters I, However, the
identical temporal evolution of Afis in the F and F|N samples [Fig. 4.7(b), (d)] shows that
the coupling to N does not significantly perturb the dynamics of (i) spins and (ii) electrons
in F.

To discuss this behavior quantitatively, we consider Eq. (4.23) and note that the slope
of the curves ;M (t) and —js (t), normalized to the respective minimum, approximately
equals — (I'es + I'cp) right after excitation (Fig. 4.10). The reason is that both electron-
spin (I'es) and electron-phonon (Ip) equilibration contribute to the decay dynamics of
Afls. For an F sample with F=CoFeB, we find I';' = 104 fs [Fig. 4.105(a)], which agrees
with previous reports [83] and is four times smaller than I';;! = 420 fs. Therefore, we have
I'es » I'cp, and the slope of the initial decay of 0, M (t) is dominated by .

When N=Pt is attached to CoFeB, we expect a larger I'es (due to the new spin dissipation
channel of TST) and an increase of Iy, by 20% (see Table S2 in [205]). In contrast,
we experimentally observe an equally fast decay of ;M (¢) and js (t) [Fig. 4.10(a)], as
confirmed by our fits, which yield a very similar I'.;! for CoFeB and CoFeB|Pt. Therefore,
the time constant I.;' of F and F|N samples is almost the same. In other words, TST into
the Pt layer does surprisingly not accelerate spin-electron equilibration (Ies) in CoFeB,
and the slightly faster electron cooling (I'sp) is negligible because I'cp « . This finding
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is further supported by the nearly identical spin-current dynamics js (t) in CoFeB|W and
CoFeB|Pt [Figs. 4.7(d) and 4.10(a)]. We, thus, reveal a large potential for increasing
the amplitude of TST, which in our samples has only a minor impact on electron-spin

equilibration.

Impact of F material — We finally test NiFe as F material because its Iy is known to be
substantially smaller than for CoFeB [158]. Indeed, both d; M (¢) and js (¢) decay 50% more
slowly for NiFe (I';! ~ 200 fs) than for CoFeB (I';! ~ 100 fs) [Figs. 4.7(f) and 4.10(b)].
This observation is consistent with previous work [158] in which a slower electron-spin
relaxation for NiFe (demagnetization time of 190 fs) than for Fe (demagnetization time of
100 fs) was reported. In contrast, I'es remains the same for the NiFe|Pt and NiFe samples

within our experimental uncertainty.

4.4.2 Model implications

Our experimental results and the model developed here have important implications re-
garding the magnitude of the spin current and its relaxation time.

Fluence dependence.— First, we emphasize that Eq. (4.20) and, thus, Fig. 4.8(c) are
even valid for large excitation fluences, provided one considers small times ¢y « 1/les
directly after optical sample excitation, that is, when the magnetization is still unchanged
(M (to) =~ My, see Appendix A.1). According to Eq. (4.20) and Fig. 4.8(c), an increase
of the pump fluence and, thus, the peak electron temperature T, (to) should result in
a monotonically increasing spin-current amplitude j (t9). However, once T, (to) exceeds
the Curie temperature Tc, an abrupt saturation of js (t9) and, thus, the emitted terahertz
peak field should occur. These expectations were recently confirmed in a terahertz emission
study, in which the pump fluence was varied over a large range [255].

Temperature dependence.— According to our model, the time constant I';! is propor-
tional to the magnetic spin susceptibility x* of the F material [Eq. (A.33)]. Because x¥
increases with the equilibrium temperature 7y up to the Curie temperature Tc [Eq.(A.23)],
our model implies a slowing down of UDM and TST as T} increases. For UDM, this notion
is consistent with previous experiments [204] and simulations [169]. For TST, it is subject

of ongoing experiments.

The preceding considerations are certainly qualitative, but nevertheless demonstrate the
predictive power of our model.

4.4.3 Possible model extensions

Our analytical model of UDM and TST successfully describes all experimental observations
of this work and makes predictions about the fluence and temperature dependence of UDM
and TST, which are consistent with previous studies. It even applies to nonthermal electron
distributions, which are ubiquitous in the first 100 fs following optical excitation of metals
[222].

The central ingredients of our model are the Stoner approach to the electronic structure,
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rate equations and quasi-elastic electron scattering to describe the dynamics of the Bloch
states and the linearization of energy-dependent coefficients around the Fermi energy.
A uniform electronic temperature in the vicinity of the F|N interface followed from a
comparison of experiment and theory, as addressed in section 4.3. In the following, we
discuss the soundness of other relevant model assumptions and possible extensions if other
material systems or observables are of interest.

The Stoner model as phenomenological model.— The Stoner model is presumably the
simplest approach to ferromagnetism in a single-electron framework [181]. It includes the
exchange interaction between electrons through an effective magnetic field that is propor-
tional to the mean local spin polarization. Therefore, the Stoner model captures magnons
only through their mean impact on the spin polarization but neglects the transverse spin
fluctuations they induce.

Despite these restrictions, the Stoner model is routinely used to successfully explain mag-
netoresistive phenomena such as tunneling and giant magnetoresistance [238] and spin-
caloritronic effects such as the spin-dependent Seebeck and the anomalous Nernst effect
[15, 24]. The Stoner model was also successfully used for numerical simulations of UDM of
3d-type metallic ferromagnets [169] and to fit instantaneous photoelectron emission spec-
tra of optically excited Co [56]. In the latter case, however, partially unrealistic values of
the Stoner-model fit parameters emerged. We conclude that the Stoner model provides
a good phenomenological description of various magnetism phenomena, but the values of
the microscopic parameters should not be overinterpreted.

Consequently, in our treatment (Appendix B A.1), all microscopic Stoner-model parame-
ters are eventually replaced by macroscopic observables such as the temperature-dependent
equilibrium magnetization Meq and the magnetic spin susceptibility xF.

Beyond the Stoner model.— An extended description of our experiment could make use of
an sd-type model, in which localized magnetic moments and their transverse fluctuations
are described by a Heisenberg Hamiltonian for d-type electrons, whereas band-like spin
transport arises from s-like electrons [18, 155, 247].

Recently, sd-type descriptions of UDM [18, 155, 247] and TST [18, 247] were established.
They should enable a better understanding of the role of magnons and possibly allow
one to calculate more complex observables such as photoelectron emission spectra [40,
93]. A future task is to extend the sd-type approach to more complex magnets such as
ferrimagnets [99] and to nonthermal electron [38] and magnon [151] distributions.

Electron scattering and moment expansion.— So far, we model electron scattering with-
out spin conservation as quasi-elastic single-electron processes. Therefore, electron-electron
collisions that do not conserve the total electron spin are neglected. They could be ac-
counted for with a more elaborate treatment [169], which is not implemented here for the
sake of simplicity. Spin-conserving electron-electron scattering is, however, fully accounted
for.

Our model assumes that microscopic quantities such as the electronic density of states
[Fig. 4.8(c)] can be linearized around the Fermi energy. As detailed in Ref. [38], this
assumption is justified because, only 30 fs after optical excitation, the transient electron
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distribution is most likely significantly less than 1 eV wide. On this energy scale, the cal-
culated density of states of Fe, Co and Ni varies roughly linearly [76]. Note that a possible
Stoner gap in the single-electron excitation spectrum is not relevant in our model. The
considered spin-flip processes arise from electron-impurity and electron-phonon scattering
and, thus, do not constrain the scattering phase space due to conservation of the electron
wavevector.

Crystal lattice dynamics.— Each electronic spin-flip event in our model implies transfer
of angular momentum to the crystal lattice. One could further resolve this transfer with
respect to phonon wavevector and frequency by suitable rate equations for the crystal-
lattice degrees of freedom. Such an extension could be interesting for the description of
diffraction experiments resolving ultrafast motion of the crystal lattice [55, 239]

Spin voltage in N.— Our model neglects a possible spin voltage in N throughout the
considered time interval. This assumption is justified for Pt because its spin relaxation
time of 15 fs [68] is shorter than all other time scales in our experiment. However, for N
materials with longer spin relaxation time, a sizeable spin accumulation can be expected
that hampers and possibly slows down the spin transfer from F to N. This expectation is
consistent with numerical simulations of spin transport in Fe|Ru stacks, which indicated
a significant spin accumulation in the Ru regions close to the Fe|Ru interface along with
slower spin-transport dynamics [119]. This feedback effect could be straightforwardly
included in our model by allowing for a nonvanishing spin voltage in the N layer.

To summarize, the preceding discussion shows that the assumptions of our modeling are
justified and that its scope in terms of materials and observables can be extended even
further by moderate extensions.

4.5 Conclusions

Our experiments and analysis based on a simple model of UDM and TST allow us to draw
significant conclusions from both a fundamental and applied viewpoint.

Spin voltage vs temperature gradient.— UDM and TST are driven by the same force:
a generalized spin voltage [Eq. (4.19)], which quantifies the excess of spin polarization
relative to the current equilibrium value [see Fig. 4.8(c) and Eq. (4.20)]. We suggest
to term the heat-induced spin voltage the pyrospintronic effect because it is analogous
to the pyroelectric effect of a pyroelectric material, in which the spontaneous electric
polarization is forced to follow the instantaneous temperature. The pyrospintronic effect
is a predominantly ultrafast effect because the relaxation time of the spin voltage is limited
by the electron-spin relaxation time, which typically amounts to 100 fs and less in typical
metallic ferromagnets.

We emphasize that our measured spin current is not the result of a spin-dependent Seebeck
effect: [15] To quantitatively explain our data, we neither have to assume a temperature
difference between F and N nor between majority and minority electrons in F. It appears
that temperature gradients become relevant (i) on longer time scales, when the spin voltage
has decayed, or (ii) in structures where F is not excited, implying no change in spin
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voltage. An example of (i) is the spin-dependent Seebeck effect under stationary conditions
[96, 166, 256]. An example of (ii) is an F|Pt stack with an insulating F' material such as
yttrium iron garnet [124, 222], which is not excited when the photon energy of the pump
pulse is smaller than the electronic bandgap.

Spin-voltage decay.— After the pump pulse has excited the electronic system of F, the
generalized spin voltage and, thus, ;M (t)and js () jump to a nonzero value and subse-
quently relax by electron-spin equilibration, while the significantly slower electron-phonon
equilibration has a minor influence. Our results also strongly suggest that the impact of
TST on [ is negligible in our experiments.

The previous conclusion implies that the photoinduced spin voltage primarily decays due
to spin-flip processes in F also in the F|N stack. In other words, only a small fraction of the
available excess spin angular momentum is transferred to N. We, thus, anticipate that the
spin-current amplitude can, in principle, be increased significantly by using more transpar-
ent F|N interfaces [147] and F materials with larger electron-spin relaxation time I.;'.

Peak current and bandwidth.— Regarding speed and bandwidth, we note that the tem-
poral onset of TST is truly ultrafast and predominantly only limited by the duration of
the pump pulse depositing energy in the electrons of F [see Eq. (4.21) and Fig. 4.10. This
feature is in remarkable contrast to the interfacial spin Seebeck effect [222], where carrier
multiplication is required to reach maximum spin current.

To optimize the peak amplitude and relaxation time of the spin current in metallic F|N
stacks, Appendix A.l provides relationships of these characteristics to microscopic and
macroscopic material quantities.

Impact on other research fields.—Importantly, our study allows us to apply the extensive
knowledge about UDM of F samples to TST from F to an adjacent layer N. This insight
is expected to be very helpful to boost spin-current amplitudes in numerous applications
such as spin torque, [3, 137] spintronic terahertz emitters [218, 243, 268, 270] and, po-
tentially, energy harvesting [125]. Our findings also provide a new straightforward link
between concepts of femtomagnetism and spintronics. In particular, terahertz emission
spectroscopy holds great promise to be an excellent ultrafast monitor of the evolution of
the generalized spin voltage.



Accessing ultrafast spin-transport dynamics
in copper using broadband terahertz
spectroscopy

We study the spatiotemporal dynamics of ultrafast electron spin transport across nanometer-
thick copper layers using broadband terahertz spectroscopy. Our analysis of temporal delays,
broadening and attenuation of the spin-current pulse revealed ballistic-like propagation of
the pulse peak, approaching the Fermi velocity, and diffusive features including a signifi-
cant velocity dispersion. A comparison to the frequency-dependent Fick’s law identified the
diffusion-dominated transport regime for distances >2 nm. The findings lie the groundwork
for designing future broadband spintronic devices.
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5.1 Motivation

Following the rapid development of terahertz (THz) and antiferromagnetic spintronics
[115, 185], THz spin currents (T'SCs) are expected to play an essential role in concepts of
future large-bandwidth spintronic devices [114]. For example, very recently, THz-pulse-
driven TSCs were used to manipulate an antiferromagnetic memory bit on sub-picosecond
time scales [20]. Another and complementary trigger of TSCs is optical excitation of
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thin-film multilayers by femtosecond laser pulses. This approach was successfully used for
ultrafast spin-torque generation [26, 43, 154, 164, 200, 209, 214] or spintronic THz emission
[31, 79, 99, 119, 189, 207, 218, 220, 282]. The latter concept has also found utility in THz
investigation of formation [196, 203, 205] and dynamics [75, 80, 109, 163, 184] of ultrafast
spin transport itself.

Following the theory works on TSCs [14, 116, 209, 283], there is a rising number of experi-
mental studies in the last years. For example, previous experiments inferred the temporal
dynamics of a TSC after traversing distance d from its impact on the magnetization of an
adjacent layer [43, 164, 214] or by optical second-harmonic generation [164, 165]. Other
works also addressed the spatial evolution of TSCs, i.e, the amplitude reduction of emit-
ted THz pulses with increasing d, and deduced the relaxation length of the underlying
TSCs [75, 224]. However, to reveal the complex propagation character of the ultrafast
spin transport, direct experimental detection of the entire spatiotemporal evolution of the
TSC dynamics, including its absolute temporal delay is required.

5.2 Spatiotemporal evolution of THz spin currents

In this Letter, we investigate such spatiotemporal evolution of sub-picosecond spin-current
pulses through a thin copper layer of thickness d using time-domain THz emission spec-
troscopy with a high temporal resolution of 40 fs. By analyzing the THz signals, we
directly infer the propagation speed of TSC pulses, their broadening and attenuation with
d. We observe a ballistic-like propagation of the leading edge and peak of the TSC pulse
with a speed approaching the Fermi velocity of Cu. The TSC pulse duration is found to
increase by a factor >1.5 over a distance of d = 8 nm. Using a simple model based on
a frequency-dependent Fick’s law, we extract intrinsic spin-transport parameters, identify
the dispersion of propagation velocities due to electron scattering as the source of the TSC
pulse broadening and reveal diffusion as dominant spin-transport regime for d > 2 nm.

Our general approach to the generation, propagation and detection of a TSC is shown in
Fig. 5.1. The sample is a F'|X|N trilayer [220] where F' = CoFeB is a ferromagnetic
thin film, N = Pt is a heavy metal with a large spin-Hall angle fsp, and X = Cu(d) is
the interlayer with thickness d. First, a femtosecond laser pulse excites the F|Cu(d)|N
sample and deposits the fraction AdF of the incident pump-pulse energy in F'. It generates
an ultrafast spin voltage u (t) in F' [205] and, as a consequence, a sub-picosecond spin-
current pulse js (z = 0,¢) is launched from F into the intermediate Cu layer [205], where
z is the out-of-plane coordinate (Fig. 5.1) and t is time. The amplitude of ud (t) is
assumed to scale with A% and the corresponding normalized dynamics ps (t) = pd (t) /AL
to be d-independent. Second, the spin current propagates inside the X layer and undergoes
attenuation and dispersion. We assume the propagation of the TSC proceeds in the linear-
response regime and, thus, can be described inside X by the convolution relation [208§]

Jo(211) = f At (1) P (2t — ). (5.1)
Here, the response function P (z,t) is the spin-current density that would be obtained for
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Figure 5.1. | THz spin current generation, propagation, and detection in a trilayer F'|Cu(d)|Pt.
(a) A fs laser pulse excites a ferromagnetic layer (F = CoFeB, in-plane magnetization M, green
arrow) and injects a spin current pulse js(z = 0,t) (red arrow) into an intermediate layer Cu with
thickness d where it undergoes attenuation and dispersion. Finally, js is converted into a transverse
charge current j.(t) in the Pt detection layer by the inverse spin Hall effect and radiates a THz
pulse E%(t). (b) A sketch of the wedge design of the sample, showing the delayed, attenuated and
broadened signals j, (d,t) and E%(t) for different d, selected by the corresponding pump-laser spot
position .

a d(t)-like spin voltage. Third, the current js (z = d,t) arriving at the Pt detection layer
is converted into a total transverse charge current j. (t) oc fsmjs (d,t) via the inverse spin
Hall effect. We choose N = Pt because its large inverse spin Hall effect dominates all other
spin-to-charge-current conversion processes in the system [78, 113, 282]. Finally, the j. (t)
emits a THz pulse with the electric field

EL(t) = eZ9A%j. (t) oc ZUALj, (2 = d, 1), (5.2)

which is detected. Here, Z% is the frequency-independent impedance of the sample. By
measuring £ (t) for d = 0, we obtain y, (t) from Eqs. (5.2) and (5.1). By increasing d,
one can approximately reconstruct js (z = d,t) in the Cu spacer.

We summarize that our interpretation of the evolution of j; using Eq. (5.1) and (5.2) relies
on the following assumptions: (i) js (z = 0,t) originates solely from u (t) in F [208]. (ii)
Its amplitude scales with A% [78, 205, 224]. (iii) The presence of the Cu layer does not
change the dynamics of s (t) in F' [see Supplementary Fig. S2 in [106]]. (iv) js (d,t) is
fully absorbed and converted inside N [224]. (v) The measured j. (t) is exclusively due to
spin-charge conversion in N = Pt, i. e., fsg#0 only inside N [78, 80]. It follows that the
values of Z¢ and A% impact only the amplitude of js (d, t), not its dynamics.

In the experiment, we measure an electro-optical THz signal that is related to E? (t) by
the convolution relation

S4(t) = (H * Ed) (t) . (5.3)
Here, H (t) is the setup transfer function that can be determined experimentally [134,
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183]. Using Eq. (5.3), E%(t) is retrieved by the deconvolution procedure detailed in 3.4
(80, 109].

5.3 Samples and experiment

Our F'|Cu|N stack has the layer structure CosoFeq9Ba(2 nm)|Cu(d)|Pt(2 nm) and is grown
by electron-beam evaporation on a double-side polished Al;O3 substrate [Fig. 5.1(a)]. On
half the sample area, the Cu layer forms a wedge with a gradient of dd/dr = 3.1 nm/mm
along the x direction [Fig. 5.1(b)]. This configuration allows us to conveniently select d (x)
in the range between 0 and 7.5 nm by positioning the pump laser beam at the appropriate
position z. The other part of the sample lacks the wedge (d = 0) and forms a stripe of
F|N used for referencing.

To access relative amplitudes of js (2,t) in Eq. (5.2), the sample is characterized for all d
in terms of the absorbed pump-pulse energy fraction A% in F and the total impedance Z¢
using the THz transmission spectroscopy [see Fig. 5.2]. The measured Z¢ are found to be
almost frequency-independent up to 7 THz for all d [Fig. 5.2(b) and (c)]. For d = 11 nm,
the stack conductance G is dominated by the Cu layer (Fig. 5.2) and, thus, the Drude
model [183, 223] G (w) «c1/(1 — iwT) can be used to estimate the electron scattering time
7 in Cu. Indeed, it provides a good fit to the data for 1 < 7 < 10 fs [Fig. 5.2 (f)]. This 7 is
much smaller than the several tens of fs typical for epitaxial Cu layers [7, 71] and assigned
to the polycrystalline nature of our evaporation-deposited wedge.

In the THz emission experiments, the sample is excited by a train of ultrashort laser pulses
(wavelength 790 nm, duration 10 fs, repetition rate 80 MHz, energy per pulse 2 nJ) from
a Ti:Sapphire laser oscillator. The pump beam is focused to a spot with a full width at
half maximum (FWHM) of the intensity of ~30 pm on the sample. Its lateral position x
sets d with a precision of ~0.1 nm [Fig. 5.1(b)]. The magnetization M of the F layer is
controlled by an external magnetic field of ~10 mT. The emitted THz electric field E (t)
is detected as an electrooptical (EO) signal S (¢) via EO sampling [121, 141] in a 250 pm
thick GaP(110) crystal by using linearly polarized probe pulses (0.6 nJ) split from the
pump beam. Even though the temporal resolution of the subsequent analysis is ~40 fs,
a continuously scanning delay line together with a high signal-to-noise ratio of our setup
allows us to resolve the minimal increment of time ¢ and, thus, also the temporal delays
At of S (t), as fine as 1.6 fs.

5.4 THz signals and spin currents

Typical THz-emission waveforms S%(¢) from the CoFeB|Cu(d)|Pt samples are shown in
Fig. 5.3(a). As d increases from 0 to 7.5 nm, the overall signal amplitude decreases by
roughly a factor of 20. Interestingly, the absolute maximum and minimum of S%(t) un-
dergo a gradual temporal shift At (dashed arrows), where At appears to be larger for the
minimum.

To extract the TSC density js (z = d, t) directly behind the Cu layer, we apply Egs. (5.2)
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Figure 5.2. | Optical and THz properties of the trilayer. (a) Schematic of THz transmission
spectroscopy as described in 3.4. (b) Measured frequency dependent THz impedance Z(w) for the
F|Cu(d = 0)|N and (c¢) F|Cu(d = 12 nm)|N stacks with F' = CoFeB(2nm) and N = Pt(2nm).
Z(w) is approximately constant in w as shown by fits by a constant (orange horizontal lines),
giving a mean Z for each Cu thickness d. (d) The extracted mean Z(d) dependence for our full
set of samples F|Cu(d)|N. The grey curve is a spline-type interpolation used in the analysis. (e)
Measured (grey points) and calculated (red curve) optical absorptance A% of the whole F|Cu(d)|N
stack series. The calculated A? is the sum of the absorptance of Pt (A%, green curve), CoFeB
(AZ, blue curve) and Cu (A%, orange curve). (f) Real part of the THz conductance G (w) for
d = 11 nm, obtained by the procedure described in 3.4. It is compared to the fit by a Drude model
for 7 = 4 fs (orange curve) and 1 fs < 7 < 10 fs (orange shaded area).

and (5.3) to S%(¢) normalized by Z?A% and use assumptions (i-v) (See 3.4). Figure 5.3(b)
shows the resulting j, (2 = d, t) for various values of z = d and, thus, provides the approxi-
mate spatial evolution of the ultrafast dynamics of the TSCs. The rise time of js (d = 0,1t)
indicates that the time resolution of the extracted TSCs is 40 fs. Both the gradual at-
tenuation and the rising temporal shift At of the THz signals S%(t) vs d are preserved
in the TSCs [arrow in Fig. 5.3(b)]. Importantly, js (d,t) undergoes a notable broadening
that is clearly visible for js (d = 0,t) vs the normalized js (d = 7.5 nm, t) (red dashed line)
without any further analysis. This behavior indicates that the TSC undergoes a significant
dispersion.

To quantify these qualitative observations, we look at the details of the measured spin
current by extracting temporal delay At, the full width at half maximum (FWHM), and
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Figure 5.3. | THz spin currents j;(z,t) after traversing the Cu interlayer. (a) Measured THz
emission signals S¢(t) from F|Cu(d)|N stacks for d = 0, 0.6, 2.2, 3.4, 4.7, 5.9, 7.5 nm (color-
coded). (b) Extracted spin-current dynamics js(z = d,t) according to Egs. (5.1) and (5.2). The
dashed black arrow indicates the delay At of the current peak. (c) Spin currents js(z = d,t)
calculated using the spin-propagation model of Egs. (5.1), (5.4), (5.5) with vp = 1.1 nm/fs and
7 =4 fs. (d) The ballistic contribution to js(z,t) by taking 7ot = 7 in Eq. (5.2). Red dashed curves
are js(z = d,t) for d = 7.5 nm with maximum normalized to unity. Inset: the ratio of ballistic and
diffusive components in js(z,t) as a function of d.

amplitude of the spin current pulses. First, we extract At relative to js (d = 0,t) for the
leading edge (at half maximum) and peak of the spin current for all measured d. The
resulting At vs d [Fig. 5.4(a)] shows a monotonic nonlinear increase. The propagation
velocity of the leading edge and peak of js(d,t) can be obtained from fitting the mean
slope of At (d) (not shown), yielding a large propagation speeds of (0.6 £0.1) nm/fs and
~ 0.4 nm/fs, respectively, almost reaching the Fermi velocity of electrons in Cu. Moreover,
the pulse leading edge seems to propagate faster than the subsequent pulse peak. This
behavior implies a broadening of the leading edge and, possibly, the whole TSC pulse
Js (d,t) as d increases. Second, the FWHM of js (d, t) vs d is shown in Fig. 5.4(b). Indeed,
we find a significant pulse broadening from 100 fs at d = 0 by a factor of 1.5 at d = 7.5 nm
of Cu. Third, the amplitude of the peak TSC decreases exponentially with d with a
relaxation length of Aep = (11.1 £ 0.3) nm [Fig. 5.4(c)].

Error analysis

The aim of the experiment is to resolve relatively small temporal shifts of emitted wave-
forms. Since the wedge design requires changing the position of the sample in order to
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vary d, it is crucial to analyze potential associated sources of experimental uncertainties.
These are (i) the Gouy phase shift [128, 144] of the emitted THz pulse, (ii) variations of
the substrate thickness due to its lateral inhomogeneity, and (iii) long-term temporal drifts
of the laser pulse train.

Mitigation of uncertainties. (i) We mitigate the potential Gouy phase shift, caused by a
variation of z position of the sample due to lateral scanning over the wedge, by setting the
sample plane normal to the z-axis and the propagation direction of the excitation laser
beam with an accuracy of < 0.1°. A lateral displacement of the sample over 3 mm results
in an apparent temporal shift of S (¢) of less than 0.1 fs. (ii) The impact of a thickness
variation of the substrate (ii) is ruled out by repeating same lateral scanning by 3 mm
over the reference part of the sample where the Cu interlayer thickness d = 0, resulting in
negligibly small apparent temporal shifts of <1 fs [see Fig. 5.4(a)]. This test also confirms
no impact of Gouy phase shifts. Finally, (iii) the long-term stability of the laser pulse train
was addressed by the measurement protocol: each waveform recorded from the wedge part
of the sample (d > 0) was complemented by a subsequent measurement of a waveform
emitted from the reference part of the sample (d = 0), serving as a temporal referencing.
The stability of these reference waveforms was, however, excellent and of the order of 1
fs.

5.5 Model

To better understand the observed TSC-pulse dynamics [Figs. 5.3(b) and 5.4(a-c)], in
particular its edge and peak delay and temporal broadening, we make use of an ana-
lytical model of ultrafast spin transport in Cu [116, 283]. It relies on two macroscopic
relationships that can be derived from the Boltzmann transport equation. (i) In a gen-
eralized version of Fick’s law, js (z,w) = —D; (w) 0, us, the diffusion coefficient is propor-
tional to the Cu conductance. Thus, it has the same Drude-type frequency dependence,
D, (w) G (w) ocl/ (1 — iwT), with 7 estimated in Fig. 5.2(f). And (ii) the time-domain
continuity equation, 0,js0c — Oips — 2445/ Tsf, Where the second term is due to the spin
relaxation in Cu [13, 227, 231, 254].

By combining (i) and (ii) (see Appendix A.3), we find that the response function P [see
Eq. (5.1)] can be written as the Fourier integral

P(z,t) = f dwe!F(@)z—iwt (5.4)
Here, for each frequency w/2m, the associated complex-valued wavevector k is given by
the dispersion relation ¢2k? = w? +iw (771 + 27‘8_fl> — 2(774¢) ! where € = vp/+/3 is the

mean electron band velocity projected on the z direction. By considering that 75 » 7
[13, 227, 231, 254], this relation simplifies to

A (5.5)
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Figure 5.4. | Analysis of j(d,t) from Fig. 2(b). (a) Delay At of the peak (orange triangles) and
leading edge (red squares) of the spin current js(z = d,t) as a function of Cu thickness d. (b)
Full width at half maximum (FWHM) (circles) and (c) peak amplitude of js(z = d,t) vs d. In all
panels, results of the model with vp = 1.1 £ 0.2 nm/fs and 7 = 4 &+ 2 fs are shown by orange solid
curves (central values) and orange shades (uncertainties). The results of the ballistic contribution
are shown by dark-red dashed curves.

Egs. (5.4) and (5.5) allow us to interpret TSC-pulse propagation through Cu as signal
transmission. The frequency-dependent pulse group velocity dyw and attenuation Im & (w)
follow from the dispersion relation [Eq. (5.5)]. Note that the model captures both ballistic
and diffusive transport, which prevail, respectively, for angular frequencies w much larger
and smaller than the rate 7! of electron scattering. For example, for w » 7!, we can
neglect the second term on the right-hand side of Eq. (5.5), and the TSC-pulse group

velocity approaches the mean electron band velocity .

We use Egs. (5.1), (5.4) and (5.5), the experimentally given s (t), and the known vp =
1.1 nm/fs [71] and 7 = 4 fs [Fig. 5.2(f)] to calculate the resulting TSC dynamics. The
calculated js (z = d,t) [Fig. 5.3(c)] agree well with the measured js(d,t) [Fig. 5.3(b)].
From the modeled dynamics, we extract the peak delay At, the pulse FWHM and peak
amplitude of js (z = d, t) as a function of d and plot them as orange lines in Fig. 5.4(a)-(c).
The orange shaded areas correspond to a small variation of vp by +0.2 nm/fs and 7 by
+2 fs. We find reasonably good agreement of model and experiment, showing that the
transport features can be explained by a combination of ballistic and diffusive components.
However, we find that the model underestimates the T'SC pulse broadening and has a slight
mismatch with At.

5.6 Discussions

To get more insight into the role of electron scattering, we extract the ballistic component
Js.b (2,t) of the calculated js (z,t) by considering 74 = 7 = 4 fs in the full dispersion re-
lation. This choice depolarizes all electrons that have experienced a scattering event and,
thus, does not make them available for diffusive spin transport. The resulting ballistic
component jsy, (d,t) [Fig. 5.3(d)] decays considerably faster with increasing d than the
diffusive component js (z,t) — jsp (2,1), as also documented by the ratio of the 2 contri-
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butions [inset in Fig. 5.3(d)]. For comparison, the parameters At and attenuation of the
maximum of the ballistic component are shown in Fig. 5.4(a) and (c) as dark-red dashed
curves. We see that the attenuation and broadening of the measured TSC pulses cannot
be explained by scattering-free spin transport and requires a non-ballistic component. In-
deed, the observed amplitude relaxation length of A,y ~ 11 nm is about 5 times larger
than the mean free-path of A\, = ¢7 &~ 2 nm along z. Fig. 5.3(d) and 3(c) also highlight
that the diffusion (scattering-based) transport modes are dominating the propagation for
d > 2 nm.

Interestingly, the propagation speed of the TSC pulse front or its peak still reaches values
close to vp and almost matches wave-front velocity ¢ expected by the model. This ob-
servation indicates that the leading parts of the T'SC pulse are formed by electrons that
experience only a few collisions, allowing the ultrafast (ballistic-like) spin signal propaga-
tion over length scales of more than 10 nm, not strictly limited by A,. To directly observe
modes propagating at the speed vg, it would be necessary to fulfill w > 1/7 by using
materials with significantly larger 7 by increasing the bandwidth of our experiment and
analysis.

The source of the visible underestimate of the TSC pulse broadening by the used model
[Fig. 5.4(b)] could lie in disregarding a possible initial velocity distribution at ¢ = 0.
Indeed, the varying z-component of the initial velocity v, = vp cos(f) of electrons moving
at angle 0 from the out-of-plane z-axis might also induce an effective velocity distribution,
not included in the model, and it can lead to an additional broadening of js (z = d,t)
[164, 221]. However, if we apply the ballistic-only model with a homogeneous initial
distribution of § described in Methods in Ref. [221], it would induce a broadening by only
a factor of ~1.2 over 8 nm of Cu, i.e., a significantly smaller value than what was observed
in the measured dynamics. In order to include a more realistic initial v,-distribution in
the model, one would need to analyze the orbital symmetry matching between CoFeB and
Cu.

5.7 Summary

In summary, we employed time-domain THz emission spectroscopy to directly measure the
spatial and temporal evolution of ultrafast spin currents triggered by optical excitation of
metallic thin films. The observed temporal delays, significant broadening and attenuation
of TSCs for varying Cu spacer thickness indicate diffusion-dominated spin transport and
related dispersion of TSCs. A simple model based on the dynamic diffusion equation ex-
plains very well our data by assuming realistic values vp = 1.1 nm/fs and 7 = 4 fs. If
confirms the dominant role of electron-scattering in TSCs for thicknesses d > 2 nm. No-
tably, the analysis of the T'SC pulse font revealed that the spin current speeds approaching
the Fermi velocity. This methodology facilitates practical implementation of spin currents
in ultrafast spintronic devices. For spintronic emitters, we anticipate that Cu intermediate
layer can be used to tune the spin current profile and consequently the performance of the
spintronic THz emission.
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Terahertz spin conductance probes of
coherent and incoherent spin tunneling
through MgQO tunnel junctions

We study femtosecond spin currents through MgO tunneling barriers in CoFeB(2 nm)/
MgO(d)/Pt(2 nm) stacks by terahertz emission spectroscopy. To obtain transport infor-
mation independent of extrinsic experimental factors, we determine the complex-valued
spin conductance Gy (w) of the MgO layer (thickness d = 0-6 A) over a wide frequency
range (w/2m = 0.5-8 THz). In the time (t) domain, G4 (t) has an instantaneous and de-
layed component that point to (i) spin transport through Pt pinholes in MgQO, (ii) coherent
spin tunneling and (iii) incoherent resonant spin tunneling mediated by defect states in
MgO. A remarkable signature of (iii) is its relaxation time that grows monotonically with
d to as much as 270 fs at d = 6 Ao, in full agreement with an analytical model. Our results
indicate that terahertz spin conductance spectroscopy will yield new and relevant insights
into ultrafast spin transport for a wide range of materials.
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Chapter 6. Terahertz spin conductance probes of coherent and incoherent spin tunneling
through MgO tunnel junctions

6.1 Motivation

Transport of electron spin angular momentum is of central importance for future spintronic
devices. To keep pace with other information carriers such as electrons in field-effect
transistors [51] and photons in optical fibers [90], spintronic transport needs to be pushed
to terahertz (THz) bandwidth and, thus, femtosecond time scales. Interesting applications
of ultrafast spin transport include emission of broadband THz pulses [119] and generation
of spin torque [126] for ultrafast magnetization switching.

To better understand and optimize THz spin transport, we need tools to adequately char-
acterize it. An important quantity is the spin conductance G = Is/Apg, which quantifies
how much spin current Ig is obtained when a spin-voltage drop Aug is applied across a
conductor [Fig. 6.1(a)]. We focus on longitudinal spin transport, which can be described
by populations of spin-up and spin-down electron states. At frequencies «1 THz, spin
transport measurements typically rely on contacts [15, 156, 231]. At THz frequencies,
however, measurement procedures of G still need to be developed.

In this work, we introduce an approach to measure the spin conductance of a thin film
X between a ferromagnetic metal layer F' and a heavy-metal layer H [Fig. 6.1(a)]. Using
THz emission spectroscopy [220], we obtain the complex-valued spin conductance G (w)
at frequencies w/2m = 0.5-8 THz. In the time domain, G(t) vs time ¢ can simply be
understood as the spin current that would be obtained for a §(t)-like spin-voltage pulse.
Our procedure is demonstrated for the ubiquitous tunnel-barrier material X = MgO and
reveals dynamic signatures of coherent and incoherent spin tunneling. We expect that THz
spin conductance spectroscopy will provide important insights into ultrafast spin transport
in a wide range of materials.

6.2 THz spin-conductance spectroscopy

The general idea of THz spin-conductance spectroscopy is shown in Fig.6.1. It relies on
a F|X|H stack, where the ferromagnetic layer F' (here CoFeB) serves as spin-current
source, X is the layer under investigation, and the heavy-metal layer H (here Pt) acts
as detector. First, a femtosecond laser pulse induces an ultrafast generalized spin voltage
ps(t) in F' = CoFeB [23, 205] that drives a spin current through X = MgO. Second, the
spin current jg () arriving in the F' = Pt detection layer is converted into an in-plane
charge current jco (t) ocjg (t) by the inverse spin Hall effect (ISHE). Third, jo (¢) gives rise
to the emission of a measurable ultrashort THz electromagnetic pulse with electric field
E(t) [119, 218].

In the frequency domain, the spin conductance of MgO is given by an Ohm-type law,
js (w) = Gq (w) Jis (w), where d is the thickness of X. The spin voltage in Pt is neglected
owing to the short spin lifetime in Pt [68]. To determine fig (w), we conduct a reference
measurement on a sample without interlayer (i.e., d = 0), where jif (w) = G™ (W) ps (W)
with known G,

In our experiment, we measure electrooptic signals S (t) and S™f (¢) rather than the emitted
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Figure 6.1. | Spin conductance spectroscopy of a layer X. (a) A F|X|H stack is excited by a
femtosecond laser pulse. The resulting transient spin voltage s (¢) in the ferromagnetic layer F
(here CoFeB) drives a spin current jg through X (here MgO). The spin current arriving in the heavy
metal layer H (here Pt) is converted into an in-plane charge current jc that is measured by detecting
the THz pulse it emits. The dynamics of pg (t) is determined using a sample with d = 0, which
exhibits a spectrally flat interface spin conductance g"f. (b) Considered spin-transport channels
through MgO: flow through conducting pinholes (PH), coherent tunneling (CT) and incoherent
resonant tunneling (IRT). For IRT, vpx e~** is the probability of an electron to tunnel from
F = CoFeB to a defect at position z in X = MgO, whereas vx g e~ (@=2)/* refers to the tunneling
probability from z to H = Pt.

THz electric field E (t). However, S and E are related by an instrument response function
that cancels in the frequency domain when the reference measurement is considered [222].
As derived in Appendix A.4, the X spin conductance G4 normalized to the frequency-
independent reference conductance G™f is fully determined by the observables S and Sref
through

Galw) _Jjs@) _ S
o T W 5 W)

(6.1)

In the last step of Eq. (6.1), we took advantage of the facts that (i) the measured optical
absorptance and THz impedance of all the samples of our experiment are the same and,
thus, cancel, and that (i) the spin conductance G**f (w) = ¢™! of the F|Pt interface is
constant over the frequency interval considered here (see Appendix A.4).

6.3 Experimental details

As spin conductor X, the nonmagnetic insulator MgO is chosen. It is extensively used as
a tunnel barrier in magnetic tunnel junctions, which provide large tunneling magnetore-
sistance for applications in nonvolatile memory devices [5, 110, 258, 274].

The samples are sub||TaN(1.5 nm)|CoFeB(2 nm)MgO(d)|Pt(2 nm)|TaN(1.5 nm) stacks
with various MgO thicknesses of 0 < d < 15 A. The sample with d = 0 is the reference
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Figure 6.2. | THz-emission raw data from CoFeB(2 nm)|MgO(d)|Pt(2 nm). (a) Time-domain
electro-optic THz signals S; (t) odd in the CoFeB magnetization M for various MgO thicknesses
of d =0, 3.0, 4.5 and 6.0 A. The signal for d = 0 is the reference signal S™ = § l4—o- (b) Fourier
amplitude spectra normalized to their maximum of the signals shown in panel (a).

sample. All layers are grown on an MgO substrate (sub) by DC magnetron sputtering in
ultrahigh vacuum at a base pressure of 4 x 1073 mbar, except the MgO layer, which is
grown in the same vacuum chamber by radio-frequency sputtering using an off-axis gun
tilted 90° from the substrate plane [256]. Atomic force microscopy shows a roughness <2 A
of all layers [256].

In the THz emission experiments [Fig. 6.1(a)], the F' magnetization M of F' = CoFeB
is saturated by an external magnetic field of about 10 mT. The sample is excited by a
train of linearly polarized ultrashort laser pulses (central wavelength 790 nm, nominal
pulse duration 10 fs, pulse energy 2 nlJ, repetition rate 80 MHz) from a Ti:Sapphire laser
oscillator, focused to a spot of 30 pm full width of half maximum (FWHM) of intensity. The
emitted THz pulse is detected by electro-optic sampling in a GaP(110) crystal (thickness
250 pm) using linearly polarized probe pulses (0.6 nJ) from the same laser. This procedure
yields the THz signal S (t) as a function of delay t between probe and THz pulse [205].

6.4 THz signals

Figure 6.2(a) and Fig. S1 in Ref. [207] show THz emission signals S(¢) odd in M from
CoFeB|MgO|Pt stacks for various MgO thicknesses d. Signal components even in M are
minor.

The signal for d = 0 is known to be dominated by ultrafast spin transport from CoFeB
into Pt with Gy—o (w) = g™ = const,, [23, 78, 205, 218]. When d is increased from 0 A to
6.0 A, the signal amplitude decreases by a factor of 60 [Fig. 6.2(a)]. One can show that,
in this range, the THz signal is dominated by spin transport from F through MgO into H
and the ISHE in H, consistent with the signal origin for d = 0 (see S1 in [208]).
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Interestingly, with increasing d, the signal amplitude not only drops, but the initially sharp
temporal features become smoother [Fig. 6.2(a)]. This trend suggests the emergence of
slower components in the spin-current dynamics jg (¢). It is confirmed by the normalized
Fourier spectra [Fig. 6.2(b)], whose width decreases with increasing d and whose maximum
shifts to lower frequencies.

6.5 Frequency-domain spin conductance

To gain more intrinsic insight into the spin transport through MgO from the signals of
Fig. 6.2, we make use of Eq. (6.1) to determine the normalized spin conductance G (w) Jgret
as a function of frequency w/2r = 0.5-8 THz. The modulus |G4 (w) /¢*f| is displayed in
Fig. 6.3(a). It consists of a frequency-independent component and an additional contribu-
tion below 3 THz. As expected from Fig. 6.2(a), we observe a drastic overall amplitude
reduction with increasing d. At the same time, spectral weight is shifted to frequencies
below 3 THz. The spectral phase arg Gy (w) [Fig. 6.3(b)] of the spin conductance and its
slope vs w increase with d, indicating an increasingly non-instantaneous response.

6.6 Time-domain spin conductance

To obtain the time-domain spin conductance G (t), we inversely Fourier-transform G g (w).
The resulting normalized Gy (t) /g is shown in Fig. 6.4(a) for all MgO thicknesses.

Note that G4 (t) can be considered as the spin current through MgO that is induced by an
impulsive spin voltage. Therefore, G4 (t) for d = 0 would ideally equal a §(t)-type signal.
However, as the bandwidth of our setup is finite, the extracted G (t) is the response to a
broadened J-like pulse dexp(t). To achieve a unipolar dexp(t), which is as short as possible
and free of oscillations, we apply a suitable window function gexp (w) to Gg(w) /g*f prior
to Fourier transformation [38]. Our gexp(w) [dashed line in Fig. 6.3(a)] approaches zero at
12 THz. The resulting § (t)-type spin-voltage pulse dexp(t) has a FWHM of 90 fs [dashed
line in Fig. 6.4(a)] and defines the time resolution of Gg4 (t).

For d > 0, the extracted Gy (t) traces [Fig. 6.4(a)] consist of an initial instantaneous re-
sponse with a shape similar to dexp(t) plus a subsequently decaying component, whose rel-
ative weight increases with d. This result is fully consistent with the spectra of Fig. 6.3(a),
where the broad background and feature below 3 THz correspond to the instantaneous
and slower time-domain response [Fig. 6.4(a)].

6.7 Interpretation

Thin MgO films have been studied extensively in the past. For d < 10 A, structural im-
perfections are reported, in particular oxygen vacancies [36, 123, 157, 167, 245, 252] and
pinholes connecting F' and H [130, 241]. Accordingly, we consider 3 possible contributions
to the total spin current through MgO in CoFeB|MgO|Pt stacks [Fig. 6.1(b)]: (i) spin
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Figure 6.3. | Frequency-domain THz spin conductance G4 (w) of MgO layers with various thick-
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transport through Pt- or CoFeB-filled pinholes (PH) in the MgO film [131, 241], (ii) co-
herent off-resonant electron tunneling (CT) through the MgO tunnel barrier [32, 33, 159]
and (iii) incoherent resonant tunneling (IRT) through intermediate defect states in the
vicinity of the Fermi energy of the CoFeB and Pt layer[70, 240, 245, 252, 253]. As the
currents (i)-(iii) add up independently [Fig. 6.1(b)], the spin conductance is the sum

Gy =G 4+ GST + GIFT. (6.2)

While the PH and CT processes are instantaneous [139, 205] on the time scale of our
experimental resolution of 90 fs [dashed black line in Fig. 6.4(a)], the IRT mechanism may
require more time to proceed.

We briefly discuss each mechanism in more detail. Regarding GFH, one expects that, for
d < 6 A, MgO grows in islands [130] or exhibits pinholes [241]. The pinholes are filled with
Pt of the subsequently grown Pt layer and, thus, provide a conductive channel between
the CoFeB and Pt layer [Fig. 6.1(b)]. GLY depends on the in-plane areal fraction fJ'H of
pinholes according to GdPHocgref f}; H_ Thus, for fC];H = 1, the reference situation (d = 0)
is recovered. Because the PH contribution is instantaneous analogous to the reference
sample, we obtain GFH (t) = fPHgrefs(¢).

CT [Fig. 6.1(b)] through the entire MgO barrier is instantaneous on the scale of our time
resolution [139]. Therefore, GST (t) = g§T (1 — fF™) § (¢), where the coefficient g§7T is the
amplitude of the impulsive spin current in the absence of pinholes.

Regarding IRT, oxygen vacancies are known to provide localized electronic states within
the MgO band gap and, thus, open up a resonant transport channel [123, 157, 167]. In the
simplest IRT realization, an electron tunnels from F' into a MgO vacancy and, subsequently,
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into H [Fig. 6.1(b)], similar to resonant tunneling in quantum wells [73, 148, 157, 275]. One
can quantify the resonant tunneling as GIRT(t) = gFT(#)(1 — fI'1), where giRT(¢) is the
IRT-related spin conductance of an MgO barrier without pinholes. Based on Fig. 6.1(b),
we model gi*T(¢) by a single-sided exponential decay gg({)T@ (t)e~'/7a where © (t) is the
Heaviside step function and 74 can be considered as the characteristic time of IRT.

With these specifications, Eq. (6.2) turns into

Ga (1)

e = Aa () + BaO (e ™, (6.3)
where
g§" PH gzl%T
Ag =i+ (1= g‘fef , By=(1-f") PR (6.4)

We fit the convolution of G4 [Eq. (6.3)] and our time resolution dexp to the time-domain
data of Fig. 6.4(a), where 74, A4, By and possible deviations ¢y from time zero [i.e.,
t >t —tpin Eq. (6.3)] due to substrate thickness variations [224] are fit parameters.

The model fits [Fig. 6.4(a)] describe our data excellently. The resulting amplitude Ay of
the § (¢)-like contribution [Fig. 6.4(b)] decreases monotonically with MgO thickness d. One
can show that A; ~ fI* (see [208]). This assignment and Fig. 6.4(b) are consistent with
previous work in which fi,DH was found to decrease with increasing MgO thickness d on a
scale of 2 A [241]. According to calculations [256], MgO layers close to the CoFeB and
Pt interface are slightly metallic. They have a total thickness of about 4 A and can be
understood to have a large PH fraction. This effect may explain the pronounced drop of
Ag from d = 3.0 A to 4.0 A [Fig. 6.4(b)].

Using Ay ~ ng, we can now determine gg%T /g ~ By/ (1 — Ay), i.e., the peak amplitude
of the IRT contribution [Eq. (6.3)], which is found to decrease strongly with increas-
ing d [Fig. 6.4(c)]. Remarkably, the characteristic IRT time 74 is found to grow with d
[Fig. 6.4(d)], consistent with the increase of the slope of arg Gy (w) vs w [Fig. 6.3(b)].

6.8 Model of dynamic IRT

Qualitatively, we suggest the following dynamic scenario for the IRT conductance géRT (t) =
gggT@ (t)e~t7a. At time t = 0, a 6(t)-like spin voltage in CoFeB drives instantaneous
tunneling of spin-polarized electrons from CoFeB to MgO defect states. Simultaneously,
spin-unpolarized electrons from Pt are transferred to maintain local charge neutrality.

The subsequent tunneling events from occupied defect states to CoFeB or Pt are stochastic.
Their rate ¢, N is proportional to the number N? of spins ¢ =1 or | occupying the defect
state. Accordingly, we obtain a (i) simple temporal exponential decay of N7 and, thus,
the o-current from defects to Pt. (ii) The characteristic time of this process increases with
increasing d because the tunneling from defects to Pt becomes less likely as d and, thus,
the average distance of defect and Pt grow. Finally, as two tunneling events over distance
d are involved, (iii) the spin current from CoFeB to Pt decreases with increasing d. The
implications (i), (ii), (iii) of our model are fully consistent with the experimental results
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Figure 6.4. | THz spin transport through MgO layers. (a) Measured time-domain THz spin
conductance of MgO films for various thicknesses d (thin solid lines). The spin conductance G 4(t)
can be understood as the current that is driven through the MgO layer by a ¢ (¢)-like spin voltage
in the CoFeB layer. Due to the finite time resolution, the d-function is broadened to the fictitious
impulsive spin voltage dexp (t) (dashed black line). Accordingly, the extracted conductivity curves
are also broadened and display G g #dexp. Thick solid lines are fits based on Eq. (6.3). (b) Amplitude
Ag ~ fUH of the instantaneous, i.e., dexp (t)-like component of G4(t) vs MgO thickness d (blue
circles). (c) Amplitude By/(1—Ay) ~ gg}]T /g* of the delayed current component vs MgO thickness

o

(blue circles). The red solid line is a fit based on Eq. (6.5) with A = (1.2 £0.1) A. (d) Decay time
74 of the IRT current component vs MgO thickness (blue circles). The red solid line is a fit based
on Eq. (6.5) with '™t = (50 £ 5) fs.

of Figs. 4(a), 4(c) and 4(d), respectively.

More quantitatively, a rate-equation treatment and the assumption of vanishing out-of-
plane charge current (see Appendix A.5) reproduce the relationship g it (¢) = gé%TQ (t) et/

with

1—e %A

—d/)\ _
gip e, 7yt = T

(6.5)
Here, I' ! quantifies the spin lifetime in a defect state for an infinitely thin MgO layer,
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and A is the spin decay length in a MgO barrier. Eq. (6.5) provides good fits to the data

of Fig. 6.4(b), (c) and yields 't = (50 £5) fs and A = (1.2 £ 0.1) A in good agreement
with theoretical predictions [33, 269] .

6.9 Discussion

Measurement of the THz spin conductance relies on the measurement of just two THz
emission signals, without having to know any instrument response functions, in contrast
to extraction of the charge source current. This approach can be extended to, in principle,
any layer X other than MgQO, if the following conditions are fulfilled: (1) The signal
exclusively arises from the spin current jg arriving in H. (2) jg solely originates from
the spin voltage ug. (3) The presence of the layers X and H|X does not change the ug
dynamics of F.

For our CoFeB|MgO(d)|Pt system, (1) is fulfilled for the reference sample (d = 0), but also
for d # 0 because the ISHE of Pt dominates spin-to-charge conversion of the metal stack
(see Appendix A.4 and [208]). (2) is fulfilled for the reference sample [205] and, thus, for
d # 0, too. (3) is fulfilled because the presence of X in F|H stacks was shown to leave the
spin-voltage dynamics unchanged [205]. If X has a large optical and THz refractive index,

the modified pump-propagation and current-to-THz-field conversion need to be accounted
for [208].

In conclusion, we demonstrate THz conductance spectroscopy for the example of MgO
barriers. In the time domain, we find ultrafast signatures of IRT, i.e., an exponentially
decaying spin current with a relaxation time that increases with the MgO layer thickness.
This behavior arises because the tunneling probability decreases with increasing thickness
of the tunneling barrier. We anticipate that our method can be used to measure the
spin conductance of a large set of materials, ranging from simple metals [164] to complex
materials such as antiferromagnets [80, 140, 212], potentially also involving a transverse
spin-current component.

85



Chapter 6. Terahertz spin conductance probes of coherent and incoherent spin tunneling
through MgO tunnel junctions

86



Broadband spintronic terahertz source with
peak electric fields exceeding 1.5 MV /cm

In this work, we improve the performance of an optically pumped spintronic terahertz emit-
ter (STE) by a factor of up to 6 in field amplitude through an optimized photonic and ther-
mal environment. Using high-energy pump pulses (5 m.J, >1 m.J/cm?, 800 nm, ~80 fs), we
routinely generate terahertz pulses with focal peak electric fields above 1.5 MV /cm, fluences
of the order of 1 mJ/cm? and a spectrum covering the range 0.1-11 THz. Remarkably, the
field and fluence values are comparable to those obtained from a state-of-the-art terahertz
table-top high-field source based on tilted-pulse-front optical rectification in LiNbOs. The
optimized STE inherits all attractive features of the standard STE design, for erxample,
ease-of-use and the straightforward rotation of the terahertz polarization plane without the
typical 75% power loss found in LiNbOs setups. It, thus, opens up a promising pathway
to nonlinear terahertz spectroscopy. Using low-energy laser pulses (2 nJ, ~0.2 mJ/cm?,
800 nm, ~10 fs), the emitted terahertz pulse has a focal peak electric field of 100 V/cm,
which corresponds to a 2-fold improvement, and covers the spectrum 0.3-30 THz.
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This chapter was published as Broadband spintronic terahertz source with peak electric
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Chapter 7. Broadband spintronic terahertz source with peak electric fields exceeding
1.5 MV/cm

7.1 Motivation

Terahertz (THz) radiation, which covers the range 0.1-30 THz, is a powerful tool to spec-
troscopically study fundamental modes of matter, for example, electronic intraband trans-
port, magnons or phonons in solids [53, 278]. Thus, efficient broadband THz sources are
of large interest for linear spectroscopy to extract the linear optical response over a large
spectral range or the thickness of a known material with high precision [233]. On the other
hand, high-amplitude THz sources are important, too, because they enable one to not only
probe but drive numerous elementary excitations. This approach allows one to disentan-
gle fundamental interactions between different subsystems or to push various degrees of
freedom into highly nonlinear regimes [92, 102, 122, 178].

Laser-driven table-top THz emitters are typically based on 1) resonantly induced pho-
tocurrents and 2) off-resonant charge motion, also termed optical rectification. Examples
of 1) include photoconductive antennas [22, 103, 230], shift-current emitters [162], laser-
ionized gases [12, 62, 146, 160] and spintronic THz emitters (STEs) [31, 69, 218-220, 255].
Examples of 2) are inorganic crystals such as ZnTe, GaP and LiNbOj3 [54, 69, 91] and
organic materials like BNA [199, 235, 280, 281].

Photoconductive antennas are commonly used sources for linear THz spectroscopy, and
they can generate THz pulses with peak fields up to 200 kV/cm at kilohertz repetition rates
with a spectral bandwidth that is typically limited to <6 THz at 10% of the amplitude
maximum [103, 230]. More broadband THz pulses with fields up to 1 kV/cm at megahertz
rates can be generated by ultrafast shift currents upon resonant interband photoexcitation
of quantum-well emitters [162]. Organic crystals cover different THz frequency ranges at
large field strengths of more than 2 MV /cm [199]. They are typically affected by gaps in
the 1-10 THz window [235, 280, 281] and often require infrared wavelengths for pumping
and, thus, optical parametric amplifiers for prior frequency conversion. Their long-term
stability can be impacted by the applied pump laser fluence and power [202]. Air-plasma
THz sources offer gap-less THz radiation over the range 1-40 THz [160] with the peak
electric field reaching 0.4 MV /cm [12]. However, they require pump pulses with energies
above ~1 1J and react sensitively to laser and setup fluctuations [31, 242].

In terms of high-field THz sources, LiNbOg is a workhorse of nonlinear THz spectroscopy
and delivers peak fields beyond 1 MV/cm with a spectrum of 0.1-3.5 THz [54, 84, 91,
272, 277]. Rotation of the THz polarization plane often relies on projection operations
by two wire-grid polarizers and is accompanied by an amplitude reduction of up to 50%.
The THz-source alignment is challenging because it requires a tilted-pulse-front scheme
for phase matching and a reflective telescope for tight THz-beam focusing [84].

Spintronic THz emitters (STEs) offer significant potential as THz sources, since they
combine many benefits of other emitter types [2, 9, 31, 41, 66, 82, 98, 142, 186, 189, 216,
218, 220, 237, 243, 265-267, 270] . In particular, STEs permit generation of broadband
and single-cycle THz pulses independent of the pump wavelength and pump polarization.
The alignment is straightforward, and control of the THz polarization or even polarization
landscape is easy by an external magnetic field [42, 89, 129, 180]. Although the approach
is easily scalable with regard to the STE area and, thus, pump-pulse energy, peak fields
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are, so far, limited to 0.3 MV /cm [219] . However, to drive nonlinear processes and achieve
sufficient signal strengths, peak THz fields exceeding 1 MV /cm and fluences of the order
of 1 mJ/cm? are highly desirable.

In this work, we significantly improve the performance of a STE by optimizing the manage-
ment of light and heat flow. Our photonic and thermal modifications allow us to generate
THz pulses with peak electric fields above 1.5 MV /cm and fluences above 1 mJ/cm? for
800 nm, 5 mJ pump pulses. The covered spectral range 0.1-11 THz is limited primarily
by the pump-pulse duration. Remarkably, the field and fluence values are comparable to
those obtained from a state-of-the-art THz table-top high-field source based on LiNbOs.
The optimized STE still has all attractive features of the standard STE, for instance, the
straightforward rotation of the THz polarization plane, which is important for nonlinear
spectroscopic applications. In particular, the THz field can be reversed easily without
the typical 75% power loss found in LiNbOg3 setups. We demonstrate the power of the
optimized STE in THz-pump optical-probe experiments.

7.2 Standard vs Si-STE design

7.2.1 Standard STE design

The conventional STE design is shown in Figure 7.1(a). It is based on a substrate such as
glass or sapphire on top of which a spintronic trilayer stack W(2 nm)|CogoFegoB2o(1.8 nm)|
Pt(2 nm) is grown [Figure 7.1(b)]. The magnetization M of the ferromagnetic CogoFegoBag
(CoFeB) layer is set by an external magnetic field. An incident femtosecond laser pulse
deposits excess energy in the electrons of CoFeB, resulting in a transient generalized spin
voltage that drives a spin current from CoFeB into the Pt and W layers [23, 78, 109, 205].
The inverse spin Hall effect of Pt and W converts the spin current into an ultrafast in-
plane charge current that emits an electromagnetic pulse with frequencies extending into
the THz range. The THz waves from Pt and W add up constructively because Pt and W
have spin Hall angles of opposite sign [218, 224].

Building on its success [63, 79, 174, 197, 218, 219, 256], the STE design of Figure 7.1(a) can
be improved further. First, the transfer of excess energy into the substrate by heat flow
is suboptimal for glass substrates as used previously [88, 219]. The energy deposited by
the pump beam can lead to a stationary increase of the working temperature of the STE.
As a consequence, a single pump pulse will more easily increase the transient electronic
temperature above the Curie temperature of the magnetic layer, resulting in saturation of
the STE THz output vs pump power [255].

Second, only 50-60% of the incident pump power is absorbed in the trilayer. This value
can be increased to >90% by using dielectric cavities. The residual transmitted pump can
be disturbing and is, thus, usually removed by subsequent filtering [219].

Finally, the THz-pulse outcoupling into the forward direction is not ideal because about
75% of the generated THz electromagnetic power is emitted into the backward direction,
i.e., into the substrate. To illustrate this behavior, we calculate the THz electric-field
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Figure 7.1. | Two photonic and thermal environments of the STE. (a) Standard STE configuration.
An incident pump pulse (teal) deposits 50-60% of its energy in a metallic STE stack (yellow),
resulting in the emission of a THz electromagnetic pulse (red). The red solid line indicates the
calculated THz electric-field amplitude. The backward-propagating THz field is strongly attenuated
in the sapphire substrate but increases abruptly when traversing the interface to air. (b) The STE
stack is a metallic trilayer W(2 nm)|CoFeB(1.8 nm)|Pt(2 nm), in which the ferromagnetic CoFeB
layer has in-plane magnetization M. Pump excitation induces a spin voltage that injects a spin
current j, into the adjacent Pt and W paramagnetic layers. In these layers, js is transformed into
a transverse charge current j. that acts as a source of THz electromagnetic pulses propagating
forward and backward. (c) Si-based STE (Si-STE) design with a >2 larger forward-propagating
electric field. The enhancement relies on >95% deposition of the pump pulse in the STE stack,
negligible attenuation in the Si and the discontinuity of the forward-propagating THz electric field
at the Si/air interface. (d) Si-STE design details. The STE is sandwiched between a dielectric
mirror [SiO2(165 nm)|TiO2(94 nm)]5 and a MgO layer, which minimize pump transmission into Si
and reflection into air. (e) Calculated fraction A, of the incident pump energy that is absorbed in
the STE metal stack (purple curve) and measured pump-pulse intensity spectrum of the low-energy
setup (green).

amplitude by a transfer-matrix approach [191], the result of which is shown by the red
solid line in Figure 7.1(a).

7.2.2 Si-based STE design

To address the three challenges identified above, we introduce a Si-based STE [Si-STE,
see Figure 7.1 (c)], which has an optimized photonic and thermal environment. First,
to minimize the steady-state temperature increase of the metal films due to excess-energy
accumulation, substrates with good thermal conductivity at 300 K are required. Therefore,
Si (150 W/m K), diamond (1500 W/m K) and sapphire (30 W/m K) are very good
candidate materials [105, 168, 226], but not glass (1.5 W/m K) [8].
following, Si is the most suitable choice.

As shown in the
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Figure 7.2. | Forward- and backward-propagating THz wave in standard STE. (a) THz electro-
optic signal of forward- and backward-propagating THz wave in low-energy operation. (b) Fourier
amplitude of the signals of panel (a).

Second, to optimize the photonic environment, we note that the THz electric field leaving
the STE increases monotonically with the pump absorptance Ap, of the spintronic trilayer
and the impedance of the STE including any substrates, capping and buffer layers. The
figure of merit (FOM) for the forward-propagating THz wave, which is the direction of
interest, can, thus, be written as

Zo eiwngdg/c 2ng

FOM = _—
ni + nog + Zo/RS N9 + Nair

Ap. (7.1)

The first factor on the right-hand side of Eq. 7.1 is the impedance of the STE alone, i.e.,
as sandwiched between half-spaces with THz refractive index n; and ng [218]. The second
factor accounts for the THz-pulse propagation through the window (refractive index nq
and finite thickness ds) behind the STE, while the third factor is a Fresnel coefficient that
quantifies the transmission into air (refractive index n,iy; ~ 1). Here, Zy ~ 377 Q and ¢
are, respectively, the impedance and light velocity of free space, and R, ~ 140 € is the
sheet resistance of the STE metal trilayer measured with a 4-point probe. The last factor,
Ap, is the fraction of the incident pump-pulse energy that is absorbed in the STE metal
stack.

In the previous STE design [see Figure 7.1(a)] [88, 218, 219], the first window is the glass
or sapphire substrate of the trilayer, and the second window is air (ng = nair, do = 0). The
resulting evolution of the THz field amplitude [red solid line in Figure 7.1(a)] shows that
the backward-traveling wave is strongly attenuated by the sapphire window as shown in
Figure 7.2. Because the refractive index of sapphire exhibits sharp features and shows up
in the impedance [first factor in Eq.7.1], the spectrum of the forward-emitted wave is also
frequency-dependent [79]. At a wavelength of 800 nm, the pump absorptance is A, = 0.6,
as indicated by the reflected and transmitted pump pulses in Figure 7.1(a).

To enhance the forward-emitted THz amplitude, we propose a new Si-based STE (Si-STE)
design, [see Figure 7.1(c)]. It relies on the idea that most of the THz electromagnetic energy
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Figure 7.3. | Electric-field discontinuity of the forward-propagating THz pulse at the substrate/air
interface. (a,b) Standard STE configuration on diamond substrate pumped through substrate
[(a)] and metallic side [(b)]. (c¢) Forward-propagating THz time-domain signals normalized by the
deposited power for the configurations of panels (a) and (b) as measured with a GaP(250 pm)
crystal. (d) Fourier amplitude of the THz signals shown in panel (c¢). The inset shows the ratio of
the two signals.

generated in the trilayer propagates into the adjacent window with the larger refractive
index (see Figure 7.3). Consequently, we choose air (ny &~ 1) as the first half-space and
high-resistivity Si (n2 &~ 3.4 » n;) as the second. These two media exhibit a spectrally flat
refractive index with negligible attenuation throughout the range 0.3-30 THz. Diamond
has similarly promising THz-optical properties as Si, but is not considered further because
of its high cost for upscaling to 5-cm size. Sapphire is discarded, too, because of its
significant THz-wave attenuation [see Figure 7.1(a) and Figure 7.2].

Note that the Si-STE configuration air||Pt|CoFeB|W||Si increases the product of the first
three factors in Eq. (7.1) by 44% compared to the previous STE design based on glass or
sapphire substrates | Figure 7.1(a)]. The major reason is the increased transmission from
Si (ng2) to air (third factor), which amounts to 1.55. It still overcompensates the decreased
trilayer impedance (first factor), which equals 57  and 53  in the standard STE and the
Si-STE design, respectively. This effect is confirmed by the calculated spatial evolution of
the THz field amplitude [red line in Figure 7.1(c)], which exhibits a significant amplitude
increase at the Si/air interface.

Third and finally, we embed the trilayer between a dielectric mirror [SiO2(165 nm)|TiO,
(94 nm)|5 and an impedance-matching layer MgO(70 nm) [see Figure 7.1(d) and Figure
7.4(a)] [88]. In this way, we push the pump absorptance from A, = 60% in the sapphire-
based STE | Figure 7.1(a)] to a calculated value >95% in the Si-STE in the range 740-
840 nm [ Figure 7.1(e) and Figure 7.4(c)]. The pump reflectance is reduced to <3%, as
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Figure 7.4. | Dielectric cavity design of Si-STE. (a) SiSTE design is same as Figure 7.1(d). Dielectric
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Figure 7.5. | Magnetic field distribution and THz polarization control. (a) Photograph of the
large-area high-power Si-STE. It is mounted inside a Halbach array of permanent magnets. The
emitter diameter is 5 cm. (b) Magnetic-field distribution inside the Halbach array as measured
with a Hall probe. The field amplitude is color-coded, while the arrows indicate the direction of
the field. (c) Emitted THz power measured at the maximum incident pump fluence of 1.1 mJ/cm2
vs the azimuthal rotation angle of the Si-STE.

indicated by the absence of reflected and transmitted pump pulses in Figure 7.1(c) and
Figure 7.4(c). The dielectric mirror also reduces the amount of pump-induced free charge
carriers in Si to <1%, which may otherwise attenuate and distort the THz pulse.

The THz amplitude evolution [red solid lines in Figure 7.1(a) and (c)] summarizes the
benefits of the optimized STE [ Figure 7.1(c)] relative to the previous design [Figure 7.1(a)].
In the standard STE, ~25% of the emitted THz power propagates into the far-field in the
forward direction, whereas it is 255% in the Si-STE design.
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Figure 7.6. | Low-energy STE operation. (a) Schematic of the setup. A laser pulse [bandwidth-
limited duration ~10 fs, spectrum in Figure 7.1(e)] is focused into the STE (incident fluence
~0.2 mJ/cm?). The resulting THz pulse is collimated with a parabolic mirror and focused into
a ZnTe(110) crystal (thickness 10 pm) for EOS by the probe pulse. (b) THz electro-optic signal
waveforms (probe ellipticity) obtained from a standard STE and a Si-STE [ Figure 7.1(a) and (c)].
(c) Fourier amplitude of the THz signals shown in panel (b). (d) Extracted electric field from the
signals shown in panel (b). (e) Fourier amplitude of the extracted electric field.

7.3 Experimental details

7.3.1 STE fabrication and characterization

STE trilayers W(2 nm)|CoggFegoB2o(1.8 nm)|Pt(2 nm) are deposited on top of Si||dielectric
mirror or sapphire substrates using a Singulus Rotaris magnetron tool with a base pressure
of 4x10~8 mbar by DC-magnetron sputtering. Radio-frequency sputtering is used for the
MgO(70 nm) impedance-matching layer from a composite MgO target. The deposition
rates for Pt, W, CoggFegoBog and MgO are 0.91, 1.58, 0.66 and 0.09 A s71, respectively,
under pure Ar flow used as sputtering gas. The double-side-polished Si wafer has a resis-
tivity >10 k€2/cm. The dielectric mirror [SiO2(165 nm)|TiO2(94 nm)|s is grown on top of
the Si (Siegert Wafer GmbH).

For STEs with pump-transparent substrate such as sapphire [Figure 7.1(a)], the pump
absorptance A, of the STE metal stack is experimentally determined by measuring the
fractions of the reflected (R) and transmitted (7") pump power through A, =1—-R—T.

For the Si-STE, we find zero reflectance and transmittance into air within the accuracy of
our measurement of ~1%. Therefore, 100% of the pump power is absorbed in the Si-STE
metal stack and the Si substrate. To estimate the pump power entering the Si substrate,
we separately measure the reflectance of the dielectric-mirror stack on top of the Si slab
and find >95%. We, thus, expect a pump transmittance T' < 5% into the Si substrate
for the Si-STE, resulting in A, = 1 — R — T > 95%. This result is consistent with our
calculations in the range of the pump-pulse spectrum [Figure 7.1(e) and Figure 7.4(c)].
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7.3.2 Low- and high-energy THz setups

To put our expectations to test, standard and Si-STEs (TeraSpinTec GmbH) are excited
with femtosecond laser pulses, and their THz emission is measured in a low-energy (2 nJ,
~0.2 mJ/cm?) and high-energy (5 mJ, ~1 mJ/cm?) regime.

In the experiment, a homogeneous distribution of the in-plane magnetization M of the
STE’s CoFeB layer is achieved by an external magnetic field of approximately 10 mT,
which is provided by a Halbach array of permanent magnets [183] (see Figure 7.5 ). As
the array is rigidly connected to the STE, rotation of the STE allows us to rotate the
CoFeB magnetization M in the plane.

For low-energy operation [Figure 7.6(a)], laser pulses [bandwidth-limited duration ~10 fs
full width at half maximum (FWHM) of intensity, center wavelength 800 nm, repetition
rate 80 MHz, pulse energy up to 2 nJ, intensity spectrum in Figure 7.1(e)] are focused
onto the STE surface with a spot size of 30 pm, resulting in a maximum incident fluence
of 0.2 mJ/cm?. By using two 90° off-axis parabolic mirrors, the generated THz pulse is
focused into a ZnTe(110) crystal (thickness 10 pm) glued to a ZnTe(100) substrate [141],
where its electric field is monitored by electro-optic sampling (EOS) with laser pulses from
the same laser.

The resulting signal S (t) vs time ¢ and the THz electric field E(t) incident onto the
detection crystal are in the frequency domain connected by [121, 141]

S (w) = Hros (w) E (). (7.2)

Here, the tilde denotes Fourier transformation, w/27 is frequency, and Hgos (w) is the
transfer function of the EOS process. We note that EOS acts akin to a polarizer that
projects the THz electric-field vector E onto a direction v with |v| = 1. Therefore,

E@t) =vE(t), (7.3)

where v is given by the azimuthal angle of the ZnTe crystal and the direction of the probe
polarization [250].

For high-energy operation [Figure 7.7(a) and (b)], pump pulses (35 fs if bandwidth-
limited, 800 nm, 1 kHz, up to 5 mJ) are derived from an amplified Ti:sapphire laser
system. The collimated pump beam is enlarged to a width of 2 cm (FWHM of intensity)

2. The generated

using a telescope, resulting in an incident fluence of up to 1.1 mJ/cm
THz beam is focused into a ZnTe(110) crystal (thickness 10 pm) for electro-optic sampling
using pulses (x20 fs if bandwidth-limited, 800 nm, 80 MHz, <1 nJ) from the seed laser
oscillator [38, 151]. The THz power is measured by a power-meter (GenTec THZ9B-BL-
DZ-D0). The approximate intensity distribution of the beam cross section in the THz
focus is obtained by placing a microbolometer array (Xenics Gobi+ 640) at the position

of the electro-optic crystal [Figure 7.7(c)].

In both setups, the standard STE is pumped from the substrate side. The pump radiation
traversing the STE is filtered out by a Ge wafer (low-power setup) or a combination of an
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ITO dichroic mirror and a Si window in Brewster angle (high-power setup). In contrast,
the Si-STE is excited from the air side. As no pump radiation traverses the Si-STE, no
further filtering of the beam is required.

Finally, as a reference of the STE under high-fluence operation, we employ a state-of-
the-art THz source based on tilted-pulse-front excitation of a LiNbOgs prism. It is driven
by pump pulses analogous to the STE, but time-stretched and with slightly less energy
(400 fs, 4.2 mJ) to avoid crystal damage [69, 91, 92, 210].

7.4 Results

7.4.1 Low-energy megahertz operation

Figure 7.6(b) shows THz signal waveforms S (¢) from a standard STE and a Si-STE. We
find that the Si-STE delivers an amplitude that is a factor of 2 larger than that from the
standard STE. This value reaches almost the ideal enhancement factor of 2.3 [see Figure
7.1(a) and (c)]. We ascribe the minor discrepancy to the astigmatism that arises as the
strongly divergent THz beam traverses the Si window of the Si-STE (see the inset of Figure
7.3(d)).

The amplitude spectrum |S (w) | of the THz signal is shown in Figure 7.6(c). The dip at
frequency w/2m ~ 5 THz arises from a zero of the EOS transfer function Hgog(w) of the
ZnTe crystal [Eq. (7.2)] [141]. It results in temporal oscillations of S (), as seen in Figure
7.6(a) [207].

To extract the transient THz electric field F (t) in the beam focus right in front of the
electro-optic detection crystal, we make use of Eq. (7.2) and deconvolute the calculated
Hgos(w) [121] from the measured THz signal waveform [21, 104, 117] (see Fig. S4 in [207]).
The resulting field E () is shown in Figure 7.6(d). We find a peak field of 100 V/cm.

For both emitters, the spectrum of the electric field covers the range 0.3-30 THz at the 10%
level of the peak amplitude [Figure 7.6(e)]. The Si-STE spectrum is smoother compared to
the standard STE since the frequency dependence of the Si refractive index is substantially
smoother than that of sapphire, in particular in the range 12-14 THz [79].

To summarize, under low-energy operation, the Si-STE design provides a factor of 2 higher
amplitude of the emitted THz field compared to the standard STE. This increase is only
slightly smaller than our expectation of the 1.4-fold higher THz outcoupling and the 1.6-
fold higher pump absorptance. According to the photocurrent generation mechanism of
the STE, the amplitude fluctuations of the THz pulses scale with the energy fluctuations
of the pump pulses and, thus, the stability of the pump laser. The fluctuations of the
measured THz signal waveforms depend, in addition, on the stability of the whole THz
time-domain spectrometer [207].
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Figure 7.7. | High-energy STE operation. (a,b) Schematics of the setups. The collimated pump-
pulse beam (~35 fs if bandwidth-limited, 800 nm, 5 mJ, 1.1 mJ/cm?) is partially transmitted by
the STE on sapphire [panel (a)] and removed by an ITO dichroic mirror and Si wafer. In contrast,
the Si-STE [panel (b)] fully absorbs the pump beam. The generated THz beam is focused into a
ZnTe(110) crystal (thickness 10 pm) for electro-optic sampling by the probe pulse. (c) Intensity
distribution of the Si-STE THz-beam focus as measured with a microbolometer array. (d) Electro-
optic signal of STE and Si-STE THz pulses and (e) their amplitude spectra. (f) Focal THz electric
field of Si-STE extracted from the electro-optic signals for 3 magnetization directions of the Si-STE.
The detector is insensitive to the THz electric field emitted at 90° magnetization orientation. (g)
Measured THz power and peak electric field vs incident and, thus, absorbed pump fluence for the
Si-STE.

7.4.2 High-energy kilohertz operation

Figure 7.7(c) shows the spatially resolved intensity of the focused THz beam from the
large-area Si-STE as measured by the microbolometer array. The THz spot has a circular
shape and a width of about 100 pm (FWHM of the intensity). At the highest excitation
fluence (1.1 mJ/cm?), we measure a THz pulse energy of 90 nJ. Remarkably, this value is
more than one order of magnitude larger than reported previously using a large-area STE
design on a glass substrate [219].

Electro-optic signal waveforms S (t) of the emitted THz pulses and their amplitude spectra
|S (w) | are shown in Figure 7.7(d) and (e). As in the low-energy case, the Si-STE is found
to outperform the standard STE on sapphire and provides even a factor >2 larger THz
signal strength. At the same time, the temporal [Figure 7.7(d)] and spectral [Figure 7.7(e)]
shapes of the two STE designs remain approximately the same.

The extracted electric field E (¢) in the beam focus is shown in Figure 7.7(f). We find a
peak electric field of 1.740.2 MV /cm, which implies a peak magnetic field of 0.6+0.1 T.
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Time-integration over E2 (t) /Zy yields an incident fluence of 0.740.1 mJ/cm? in the beam
center. This value is fully consistent with the measured spot size (100 pm) and energy
(90 nJ) of the THz pulse, which imply a fluence of 0.8 mJ/cm? [207]. Note that both
the microbolometer array and the power-meter most likely have a frequency-dependent
response over the large STE bandwidth, implying some uncertainty of the measured THz
power and spot size.

The THz field can be perfectly reversed by a 180° rotation of the emitter. If we rotate the
emitter by 90°, the extracted field approaches zero [Figure 7.7(f)]. As the electro-optic
detector is polarization-sensitive [Eq. (7.3)], this finding indicates that the emitted THz
pulse is indeed linearly polarized. The polarization direction can be directly controlled
by the emitter rotation. Power measurements confirm that the emitted THz power is
independent of the polarization of the emitted THz radiation (see Figure 7.5).

The THz peak field and pulse energy as a function of the incident and, thus, absorbed
pump fluence are shown by Figure 7.7(g). The fluence scaling of the THz pulse energy
changes from quadratic to linear at a fluence of ~0.2 mJ/cm?. Note that this value is more
than a factor of 3 larger than in previous work in which a glass substrate was used [219],
as expected from the significantly higher heat conductivity of the Si-STE’s Si substrate.
Therefore, to operate the Si-STE in the field-linear-with-fluence regime, the pump fluence
should be kept at ~0.2 mJ/cm? or below. Interestingly, in this mode, the THz field in
the center of the THz beam focus is independent of the pump-beam diameter because an
increased pump diameter implies a smaller THz focus size that compensates the decreased
fluence [174, 219].

We summarize that, under high-energy operation, the Si-STE design provides a factor of
2.1 larger amplitude of the emitted THz field compared to the standard STE on sapphire.
This performance improvement agrees well with our results from low-energy operation. It
follows our expectations of a 1.4-fold higher THz outcoupling and a 1.6°-°-fold higher pump
absorptance, where the exponent 0.5 arises from the fluence dependence [Figure 7.7(g)].
The remaining amplitude enhancement of 1.2 is ascribed to the higher heat conductivity of
Si as compared to sapphire. The 6-fold amplitude enhancement relative to the previously
demonstrated glass-based large-area STE [219] is even more dramatic. We primarily assign
it to the much higher heat conductivity of Si relative to glass.

7.4.3 THz waveform shape

To understand the shape of the THz electric-field waveform E (t) [Figure 7.7(f) and Figure
7.8], we note that the instantaneous THz electric field behind the STE metal stack is
proportional to the instantaneous sheet charge current I (t) in the STE [218, 224]. The
latter can be described by the convolution [205]

I (t) o (Hste = E2) (1) (7.4)
of the squared pump electric field Ef) (t) and the STE response function

Hgrr (t) =0 (1) (AeseipeSt - Aepeipept) . (7.5)
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Figure 7.8. | Measured and modeled dynamics of the focal electric field from the Si-STE. The blue
curve shows the electric field E(t) extracted from the electro-optical signal S(¢). The red curve is
a fit according to Eqgs. (7.4) and (7.6) with I';' = 107 £ 5 fs and the pump-pulse duration of 84
fs (FWHM intensity) as fit parameters. The gray curve shows the resulting charge current inside
the Si-STE metal stack.

Here, O(t) is the Heaviside step function, Aes = (Les — 7Lep)/(Les — Lep), Aep = (1 —
") lep/(Les — Tep), Togt and T, e;)l are material-dependent time constants of electron-spin
and electron-phonon relaxation, and r is the ratio of electronic and total heat capacity
of the metal stack. The THz field E(t) in the focus is approximately proportional to the
time-derivative of I.(t) [219], i.e.,

E(t) oo, (1) (7.6)

We calculate I';;! and r according to ref. [205] and obtain I';;' = 950 fs and 7 = 0.15 for
the fluence of 1 mJ/cm? used in our experiment. We fit the extracted THz field E(t) by
Egs. (7.4) and (7.6), where Ies and the duration of the Gaussian pump intensity profile
E?) (t) are fit parameters.

An excellent fit is obtained for I';! = 107 + 5 fs and a pump-pulse duration of 84 + 3 fs
(FWHM of the intensity) as shown in Figure 7.8. The pump duration is a factor >2 longer
than that of a bandwidth-limited pump pulse (35 fs) and likely arises from chromatic
dispersion of the telescope lenses before the STE, which cannot be compensated entirely.

To summarize, in the dynamics E (t) of the focal electric field of Figure 7.8, the width of the
first (positive) peak and of the leading edge of the second (negative) peak is predominantly
determined by the pump duration. The width of the relaxation tail of the second peak is
given by both the pump duration and the electron-spin relaxation time I',;! of the STE.
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Figure 7.9. | Si-STE vs LiNbO3. Quantitative back-to-back comparison of nonlinear THz spec-
troscopy with THz pulses from an Si-STE (blue solid lines) vs a LiNbOj3 source without (red solid
lines) and with polarizers (light-red solid lines) enabling THz field reversal from E (t) to —E (t).
(a) Electric fields obtained with a ZnTe(110) detector (thickness 10 pm). The inset shows the
Fourier amplitude of the electric fields. (b) Signal of THz Kerr effect o«cE? in a diamond window
(thickness 200 pm). The resulting optical birefringence is probed by a pulse polarized 45° with
respect to the direction of F.

7.4.4 Comparison to LiNbO; source

To evaluate the Si-STE performance, we compare it to the gold standard of laser-driven
table-top high-power THz sources: a state-of-the-art LiNbO3 source. Figure 7.9(a) shows
the transient THz electric field generated by the Si-STE and the LiNbOj3 source. We
find similar THz peak fields above 1 MV /cm for LiNbOg [81, 91] and 1.5 MV /cm for the
Si-STE.

However, the two sources are complementary in terms of spectral content as they cover
the different spectral ranges 0.1-3.5 THz (LiNbOg3) and 0.1-11 THz (Si-STE) at the 10%
amplitude level. Accordingly, the pulses have durations of 500 fs (LiNbOg) and 200 fs
(Si-STE) FWHM of the field envelope [207]. The THz fluences are comparable, too, and
amount to 1.1 mJ/cm? (LiNbO3) and 0.7 mJ/cm? (Si-STE).

As a further check, we use the THz pulses from the Si-STE and LiNbOg3 sources as pump
pulses to induce a transient birefringence that scales quadratically rather than linearly
with the instantaneous off-resonant THz pump field: the THz Kerr effect in a diamond
window (thickness 200 pm) [50, 210]. The probe is polarized at 45° relative to the THz
field, and we measure the induced linear birefringence by the ellipticity the optical probe
acquires upon propagation through the sample.

Typical signals are displayed in Figure 7.9(b). As expected, they are unipolar and ap-
proximately proportional to the squared THz electric fields [Figure 7.9(a)], resulting in
substantially faster dynamics for the Si-STE than the LiNbOj pulse. Deviations from the
instantaneous scaling ocE? (t) are ascribed to a mismatch of the propagation velocities of
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pump and probe pulses [207] and, possibly, a noninstantaneous THz Kerr effect of diamond
[179]. Consistent with Figure 7.9(a), the responses are of similar amplitude.

We emphasize that, in a substantial number of nonlinear THz experiments, signal contribu-
tions odd and even in the driving THz field occur. To separate them, one needs to measure
the sample response to both the THz field E(t) and its reversed version —E(t). Exam-
ples are studies in ultrafast magnetism [38, 97] and THz scanning tunneling microscopy
[1, 48].

The THz electric field from the Si-STE can be reversed without loss in THz power by
rotating the external magnetic field by 180°. In contrast, to reverse the THz waveform
from the LiNbOj3 source, we make use of two wire-grid polarizers at angles of, respectively,
+45° and 90° relative to the polarization of the incident THz beam. We note that this
commonly used projection approach leads to THz amplitude losses >50%.

To demonstrate the implications of such field reversal, we measure the electro-optic signal
and THz-Kerr effect again for THz pulses from LiNbOg3 after the two polarizers for field
reversal. The result is shown by the pink solid lines in Figure 7.9(a) and Figure 7.9(b):
The THz electric field is reduced by about 50% [Figure 7.9(a)], while the THz-Kerr-effect
amplitude reduces to <25% [Figure 7.9(b)], consistent with the expectations. Such signal
reduction does not occur for the STE setup.

7.5 Conclusion

Our results demonstrate a significant performance improvement of STEs, which is a direct
consequence of the improved thermal and photonic configuration. For high-energy and
large-area operation, the Si-STE design exhibits a 4-fold and even 36-fold enhancement
in terms of THz power compared to a standard STE on sapphire and glass, respectively
[219]. The broadband THz fields from this easy-to-use source are highly interesting for
spectroscopic studies of the linear and nonlinear response of fundamental modes of all
phases of matter over a broad range of frequencies and pump fluences.
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Summary

In this work, ultrafast spin transport in magnetic heterostructures has been investigated
at THz frequencies. THz emission spectroscopy was employed to reveal the underlying
microscopic transport dynamics. The objectives of this thesis were threefold: i) finding the
driving force of ultrafast spin currents, ii) to explore and characterize spin transport within
various material systems, and iii) enhance the terahertz emission of STEs. First, we found a
striking connection between terahertz spin transport (TST) and ultrafast demagnetization
(UDM) in magnetic heterostructures, revealing both arising from the same driving force.
Subsequently, we studied spin transport through paramagnetic Cu layer, and we identified
the spin current dispersion and separated ballistic and diffusive mode of transport. We also
introduced the spin-conductance-spectroscopy technique for characterizing ultrafast spin
transport across various materials. Applying this method to spin transport through MgO,
we unveiled distinct mechanisms governing spin transport and tunneling. Concluding our
investigation, we optimized terahertz radiation from STEs by optimizing THz outcoupling
and maximizing the heat transport out of the STE. Below, the key findings of this thesis
are summarized:

1) Spin voltage is the driving force of UDM and TST

Ultrafast demagnetization (UDM) and Terahertz spin transport (T'ST) are both driven
by a common force, referred to as a generalized spin voltage, indicating the surplus spin
polarization in relation to the equilibrium magnetization. This work proposes the term
"pyrospintronic effect” for the heat-induced spin voltage, drawing an analogy to the pyro-
electric effect observed in pyroelectric materials, where electric polarization follows instan-
taneous temperature changes. The pyrospintronic effect is predominantly ultrafast due
to the limited relaxation time of the spin voltage governed by electron-spin relaxation,
especially in metallic ferromagnets. It’s important to emphasize that the observed spin
current does not stem from a spin-dependent Seebeck effect [15]. Temperature gradients
are found to be relevant either on longer timescales when the spin voltage has decayed,
or in scenarios where the ferromagnetic layer is not excited, implying no change in spin
voltage [96, 124, 166].

Upon excitation of a ferromagnet with a fs laser pulse, the spin voltage jumps to a nonzero
value and subsequently relax through electron-spin equilibration, while electron-phonon
equilibration has a minor influence since it is significantly slower. Our results also strongly
indicate that the impact of TST on spin voltage dynamics is negligible in our experiments.
This insight suggests that the decay of photoinduced spin voltage is primarily driven by
spin-flip processes in F, even in the F|N stack. Consequently, only a small portion of the
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excess spin angular momentum transfers to N. We thus anticipate that the TST amplitude
can be increased significantly by using more transparent F|N interfaces and F materials

with larger electron-spin relaxation time.

Regarding speed and bandwidth, it is noteworthy that the initiation of T'ST is genuinely
ultrafast and mainly limited by the pump pulse’s duration depositing energy into the
electrons of F. This contrasts significantly with the interfacial spin Seebeck effect, where
carrier multiplication is necessary to reach peak spin current [222].

This study bridges the understanding of UDM in F samples to TST from F to an adjoining
N layer, offering potential enhancement avenues for spin-current amplitudes in various
applications like spin torque [3, 137, 200], spintronic terahertz emitters [218, 243, 268, 270],
and energy harvesting [125] [13]. Furthermore, these findings establish a direct link between
femtomagnetism and spintronics. In particular, terahertz emission spectroscopy holds
great promise to be an excellent ultrafast monitor of the evolution of the spin voltage.

2) Accessing ultrafast spin-transport regimes in copper

Chapter 5 addressed the spin current propagation through a Cu intermediate layer. We
employed broadband time-domain terahertz (THz) spectroscopy to reconstruct optically
generated spin current pulses in a trilayer of F|Cu|N, where F=CoFeB and N=Pt are thin
ferromagnetic and nonmagnetic films and Cu is a wedge-shaped spacer. We resolved the
spatiotemporal evolution of the spin current js(d,t), while it is propagating through an
increased travel distance in a Cu layer. We observed the spin current pulse undergoes
a gradual temporal shifts and a significant dispersion. The propagation velocity of the
leading edge of js(d,t) reaches (0.6 = 0.1) nm/fs, almost reaching the Fermi velocity of
electrons in Cu. We could explain the peculiar spatiotemporal evolution of the spin current
by a simple dynamical diffusion model and assuming realistic values of electron velocity
of vp = 1.1 £ 0.2 nm and velocity relaxation time of 7 = 4 + 2 fs.

Further, by a thorough analysis of the resulting spatiotemporal dynamics of the spin
current in terms of its temporal shifts and broadening, combined with a dynamical diffusion
model, led us to the following conclusions: i) The maximal propagation speed of the initial
parts of the spin-current profile is ballistic-like and reaching values close to Fermi velocity,
even over traveled distances of 8 nm, i. e., larger than the mean free path in Cu. ii)
The broadening and attenuation observed in the spin current pulse can be attributed to
the direct influence of electron-scattering events on ultrafast spin transport. iii) For the
majority of spin-polarized electrons propagating within copper, the dominant mode of
transport is diffusion, particularly at distances exceeding 2 nm.

3) Ultrafast spin conductance spectroscopy in MgQO tunnel junc-
tions

We presented a novel technique in Chapter 6 that allows one to measure the complex-
valued spin conductance of any given layer across a broad bandwidth covering the terahertz
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(THz) range. In the time (#) domain, the spin conductance G4(t) has a very intuitive
interpretation: It can be considered as the spin current through a given layer that is
induced by an impulsive, i.e., §(t)-like spin voltage. Therefore, G4(t) contains important
information on spin transport on microscopic (i.e., femtosecond) time scales, free from the

impact of instrument response functions.

To demonstrate our approach, we used broadband THz emission spectroscopy and mea-
sured the spin conductance of an important model system, MgO tunnel junctions, over a
wide frequency range (0.5-8 THz). We observed time-domain signatures of various spin
transport mechanism in MgO tunnel barriers: (i) transport through metallic pinholes,
(ii) coherent tunneling, and (iii) incoherent resonant tunneling. While (i) and (ii) pro-
ceed instantaneous within the time resolution of our experiment, (iii) shows delayed spin
transport due to trapping and subsequent release of spins in MgO defects.

The simple example of MgO indicates that our approach can be used to measure the THz
spin conductance of a large set of materials, ranging from simple metals [164] (conduction-
electron spin transport) to complex materials such as antiferromagnets (magnon spin trans-
port) [80, 140, 212]. Importantly, our method is easy to use because THz spin conductance
can be measured without knowledge of any instrument transfer functions. This accessibil-
ity makes it viable for research groups equipped with a terahertz time-domain spectroscopy
system or a femtosecond laser.

4) Broadband spintronic terahertz source with peak electric fields
exceeding 1.5 MV /cm

In Chapter 5, we significantly improved the performance of an optically driven spintronic
terahertz emitter (STE) by optimizing the management of light and heat flow. Our new Si-
based STE (Si-STE) design features almost 100% pump absorptance, enhanced terahertz
outcoupling and maximized heat-transport into the substrate.

For large-area emitters driven by 5 mJ, 50 fs, 800 nm femtosecond laser pulses, we ac-
cordingly increased the amplitude of the emitted terahertz electric field by a factor of 6
compared to the state of the art [219], resulting in peak fields of 1.5 MV /cm, a fluence
of the order of 1 mJ/cm2, with a gapless spectrum covering the range 1-11 THz. In the
low-energy operation mode driven by 1 nJ, 10 fs, 800 nm pump pulses, we could improve
the emitted THz field by a factor >2 and achieved electric fields up to 100 V/cm and a
gapless bandwidth of 0.3-30 THz.

We compared our new Si-STE design to LiNbOj3, which is the gold standard of table-top
high-power terahertz sources. In the high-energy mode, we find comparable peak fields (1.5
vs 1 MV/cm for STE vs LiNbO3) and fluences (0.7 vs 1.1 mJ/cm2). As a first test with
respect to nonlinear terahertz material responses, we used the emitted terahertz electric
field from both sources (Si-STE and LiNbOs) to induce the THz Kerr effect in a 200 pm
thick diamond window. While a terahertz Kerr signal of comparable magnitude was found
for both the Si-STE and LiNbO3, the signal dynamics are substantially faster for the Si-
STE-generated THz pulse owing to its significantly shorter THz pulse duration (200 fs vs
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500 fs).

The optimized STE (Si-STE) still has all attractive features of the standard STE, e.g.,
straightforward rotation of the terahertz polarization plane by an external magnetic field,
ease-of-use and independence of the pump wavelength. Thus, we believe that the Si-
STE is a highly interesting alternative to terahertz sources such as LiNbO3 and nonlinear
organic crystals and will, thus, find widespread application in linear and nonlinear terahertz
spectroscopies.



Appendix

A.1 Spin dynamics model

The model presented here was developed by P. W. Brouwer and T. Kampfrath, both
affiliated with the Department of Physics at Freie Universitdt Berlin, Germany. The
numerical implementation was carried out by R. Rouzegar and D. Rei8.

This Appendix belongs to the paper [205] and the same publication information reported
in Chapter 4, page 41, also applies here.

The goal of this Appendix is to model the spin dynamics of a single thin ferromagnetic
metal layer F and an F|N stack where F is in contact with a thin normal-metal layer N.
We assume that each layer X (F or N) can be treated as homogeneous.

A.1.1 Electronic structure

We describe the electronic structure of F and N by the Stoner model [181] in which a given
electron feels the exchange coupling to other electrons through the mean magnetization
M = Mwu, (Fig. 4.1). Transverse spin fluctuations perpendicular to M due to magnons
are summarized by the reduced magnitude of M. The Stoner model provides a good
phenomenological description of various magnetism phenomena [15, 24, 56, 169, 238], but
its microscopic parameters should not be overinterpreted [56].

The state of the electronic system in a given layer X is fully characterized by the occupation
numbers n‘;f“ of a Bloch state (k,o). Here, o0 =1, ] refers to the electron spin, and k
summarizes the band index and wavevector. We define the magnetic moment m = mu,
of F such that (¢*/2) ppm = MV* where M = Mu, is the magnetization [Fig. 4.1(a)],
g" =~ 2 is the electron g-factor, up is the Bohr magneton, and V¥ is the volume of F.
Similarly, we define the spin current through the interface as J, = j, AFIN where (1/2) js

is the spin-current density, and A¥N is the area of the F|N stack.

We adopt a simplified description in which the occupation of each Bloch state (k, o) is
fully given by its energy €} (¢), that is,

nik? (t) = n*7 (g7 (1), ). (A1)
To model magnetic order, we make use of the Stoner model, in which the Bloch energy
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depends on the pump-induced change Am in the magnetic moment according to

o (t) = 57 + IXTAm (t) + e X (t). (A.2)

Here, ekXO" is the Bloch energy before arrival of the pump pulse, and IX7 = [XT = +1X /2
quantifies the strength of the effective electron-electron Coulomb interaction for X =F
only. The electrostatic potential ¥ accounts for a possible charging of a given layer X
due to transport, where —e is the electron charge.

A.1.2 Rate equations

Before arrival of the pump pulse, the nX7 (¢, t) are given by one and the same Fermi-Dirac
function ng (€) at temperature Ty. We now focus on the rate of change nfo = gno =

Fo

on¥? /ot of the electron occupation numbers nf'? in F. As detailed in the following, it is

determined by four contributions,

hFo‘ — ,r'lFo|

sc+n U|sf+n G|tr+n 0|I' (AB)
The first term on the right-hand side of Eq. (A.3) captures spin-conserving (sc) scattering
events and the excitation by the pump pulse. It, thus, fulfills

0= JdeDF“ I (A.4)

sc’

where DX7 (e,t) = 3, 6 (e — €7 (t)) is the instantaneous density of Bloch states with
spin o.

Impurity- or phonon-mediated spin-flip (sf) events are captured by the second term of
Eq. (A.3) and assumed to be quasi-elastic following Refs. [132, 171] and. They are not
restricted to so-called Stoner excitations, in which the electron wavevector is conserved
[181]. As indicated by Fig. 4.10(a), the rate of change of the electron occupation n'T
due to elastic spin-flip scattering is proportional to n¥! and the number (1 — nFl) DF! of
available unoccupied spin-down states at the same energy € plus an analogous term for the

reverse process,

- T F_F F F F_F|pF F F Fly st

n T‘sf: —Pgn T(l—n i)D v+ PEnfD l(1—77, T) =—(n T—n l) DSFT' (A.5)
Here, gy (€) = (P5D¥TDF}) (€), and the factor Py (e) is proportional to the square of the
matrix element for a spin-flip scattering event. The analogous equation for the rate of
change of n' (¢) is obtained by simply swapping 1 and |.
The third term of Eq. (A.3) captures spin transport (tr) across the F|N interface [see

Fig. 4.10(b)]. We assume the transmission events to be spin-conserving and elastic.
Consequently, we can consider spin-up (¢ =1) and spin-down (o =|) electrons separately.
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By counting transmission events analogous to Eq. (A.5), we obtain

-Fo| _ _ (,Fo _ No gg‘ A
7] = = (7 =) T (A6)

where g¢; (€) = (T3D¥7 DY) (€), and T () is a spin-dependent interface transmittance.

The last term of Eq. (A.3) arises because n is evaluated at a fixed € while the Bloch energy
changes according to Eq. (A.2). We obtain

hFo‘I — an/IFam _ ]’FO’ (aenFa) (m|sf + m|tr)7 (A7)

where nFo’ = g.nfo = on¥7/oe. In the last step of Eq. (A.7), we split the rate of change of
the magnetization into the contributions of spin flips and spin transport. As the electronic
band structure depends on the magnetic moment m [see Eq. (A.2)], DY (¢), g« (¢) and
g7 (€) are also time-dependent. This time dependence is left implicit in our discussion.

A.1.3 Spin transfer rates
We are interested in the dynamics of the F magnetic moment

m = J de (DFTnFT — DFvpfY). (A.8)

Using Eq.(A.5), its rate of change due to spin-flip events is given by

My = —2Jde (nFT - nFi) i (A.9)

Using Eq.(A.6), the spin-resolved electron current through the F|N interface can be calcu-
lated by

J? = Jde (nFU - nN") Joe- (A.10)

We note that Egs. (A.9) and (A.10) yield zero spin transfer before the pump pulse arrives

Fo No

because in this case, all distribution functions n"? and n"*? equal the same Fermi-Dirac

distribution ng with chemical potential uy and temperature Tp.

A.1.4 Moment expansion

As the relevant observables 7| and J? involve differences of distribution functions only,
we focus our discussion on the difference

AnX? = nX7 _p, (A.11)

of the distribution function n*? (e, t) and the equilibrium distribution ng. We assume that
AnX? is significantly nonzero only in a relatively narrow energy window around the chem-
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ical potential pg of the unperturbed system and that the energy-dependent weight factors
DY (¢), gt (€) and gg, (¢) can be well approximated by the Sommerfeld approximation
[38]

W(e) ~ W (uo) + W (no) (€ = po), (A.12)

where W stands for DY, g or 2. Integrals involving these functions, such as Eqs. (A.9)
and (A.10) , then turn into

JdeW (€) AnX7 (€) = W (o) APXT + W' (jug) AAX, (A.13)

which is just a linear combination of the zeroth and first moment of An?, that is,

APX = JdeAnX” and AAXT = Jde (€ — pio) An°. (A.14)

In the case that nX? = ng + AnX? is a Fermi-Dirac distribution with chemical poten-
tial £X? and temperature TX%, the APX? and AAX? become Fermi-Dirac integrals and
reduce to

Xo Xo xo _ TkE Xo)2 2 L xo 2
APX =X~y and AAYT = TB[(TX0) - ] 4 S (YT - )’ (A15)

Because (,uXJ — ,uo)2 is typically small, one can interpret AP? and AAY, respectively, as
changes in a generalized chemical potential and a squared generalized temperature. We
emphasize, however, that the definition of the moments APX? and AAX? [Eq. (A.14)]
also applies to nonthermal electron distributions ng + An~?.

In Ref.[30], the difference Aus=AurT — Auft is termed spin voltage. We accordingly
term

AP, = APFT — APF! (A.16)

generalized spin voltage. In the main text, AP, is written as Ajis, and further below
[Eq. (A.35)], we will express AAX? by the generalized excess temperature ATX? of the
Xo electrons.

As the pump-induced variation of the electron distribution functions nX? and, thus, the
transient state of the electronic system is fully characterized by the moments APX? and
AAX? it is sufficient to determine the dynamics of APX? and AAX?. This conclusion is
consistent with a recent thermodynamic treatment of ultrafast spin dynamics [170]. In the
following, we will connect the phenomenological coupling coefficients of Ref. [170] with
the parameters of our simplified microscopic description.

A.1.5 Relevant observables

We apply Eq.(A.13) to the rate of change of the magnetic moment [Eq.(A.9)]. We find

thly = —29sf (10) APs — 2% (110) (AAFT — AAFY) (A.17)
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where the first term on the right-hand side describes magnetization relaxation driven by
the generalized spin voltage [Eq. (A.16)]. The term proportional to AAFT — A AV is a term
analogous to the Seebeck effect, which contributes as long as the generalized temperatures
of spin-up and spin-down electrons are different.

The magnetic moment of F' is also modified by spin transport through the F|N interface,
—ml, = Js = JV — J'. We assume vanishing charge transport, J' + J¥ = 0, and the same
chemical potential for spin-up and spin-down electrons in N, APNT = APNL = APN,
These assumptions allow us to eliminate N — &% [205]. Along with Eqgs. (A.10), (A.13)
and (A.14), we find

—1l,, = Js = gur (110) APs + 7, (o) (AAFT — AANT) — st (up) (AATY — AANY) | (A.18)

-1 -1
where 2¢;,! = (gtTr) + (gér> and s7. = g¢irg%' /9. The two final terms in Eq. (A.18)

are again of Seebeck type and vanish once the temperatures of F and N have equilibrated.
In this regime, the driving force of both T.fLF‘Sf and mF‘ . 18 given solely by the spin voltage
AP, of F.

The total energy of the F electrons including their spins is in the Stoner model given by

1
EF=ZJ&k—u@Dmﬁh+ﬁﬂﬂ. (A.19)

By using D7 (¢) = D’ (¢) I¥1i and Eq.(A.8), we find that the rate of change obeys

EF=ZJ¢¢—M@ﬂ%m“—h“ma (A.20)

where the term hF"‘ ; [Eq. (A.7)] takes the time-dependence of the Bloch energies into
account.

A.1.6 Time evolution of AP,

To determine the dynamics of the system and, thus, the magnetization, it is sufficient
to determine the dynamics of the moments, that is, the generalized spin voltage AP; and
temperatures AAX?. According to Eqs. (A.3) and (A.7), we need to consider contributions
of spin flips, spin transport and spin-conserving processes,

AP, = AP,

+A P,
sf

+ AP,
tr

(A.21)

sC

By taking the time derivative of Eq.(A.14), considering Eqgs. (A.5) and (A.7), performing
the moment expansion of Eq. (A.13), and using Eq. (A.17), we obtain [205]
2

Aﬂﬁzjﬁww@mmAg+%mm@mﬂ—Aﬂ0] (A.22)
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Here,

1 1 1 1
XF o) ~ 2 (DFT i DFl) (o) = 1% (4.2)
is the inverse of the Pauli susceptibility x = @m/du, of F, which depends on the electron
distribution only implicitly through the sample magnetization m, i.e., x* (o) = x¥ (m).
The reason is that m fully determines the variations of D¥" and D}, The coefficient
sst = gle — X gst [DFT/ /(DFN? 4+ DFY /(DFl)Q] /2 quantifies the Seebeck-type response of
the spin voltage to a temperature difference between majority and minority electrons.

To determine the contribution of spin transport, we take the time derivative of Eq. (A.14),
consider Egs. (A.6) and (A.7), perform the moment expansion of Eq. (A.13) and use
Eq. (A.18). Making the same assumptions as in the derivation of Eq. (A.18), we obtain

1

AR = = | (00) AP+ 8] (o) (AATT = AANT) — 5 (o) (AT — A4™)|
r 0
(A.24)

where 57, = sZ. — g¢/x¥ /DY [205].

Excitation by the pump pulse and subsequent spin-conserving electron-electron and electron-

lattice interactions also affect the occupation numbers nX7.

By applying the moment
expansion of Eq. (A.13) to Eq. (A.4), we find that spin-conserving scattering processes
couple the spin voltage and the generalized temperature through

DFTI !

. . DF! .
= — F7 = F|
AP, . DT (o) AA SC+ DFl (o) AA o (A.25)

Equation (A.21) along with Egs. (A.22), (A.24) and (A.25) determine the dynamics of the
spin voltage, provided the dynamics of the squared generalized temperatures AAX? are
given. In these equations, the prefactors of AAX? and AP, depend on the instantaneous
state of the system and, thus, on the time-dependent occupation numbers nX?

AnXc

= ng +

A.1.7 Example: uniform electron temperature

It is instructive to summarize the preceding considerations for the example of a uniform
electron temperature AA. This situation is realized in our experiments because no indica-
tion of Seebeck-type contributions is observed. Therefore, the total rate of change in the
magnetic moment of F' can be written as

m = —giot (o) APs, (A.26)

where giot = 295t + g summarizes the contribution of spin flips [Eq. (A.17)] and spin
transport [Eq. (A.18)]. For a uniform electron temperature, the state variables AP; and
AA fully determine the pump-induced changes in the electron distributions of F and N
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and, thus, in all other observables. Indeed, combination of Eqgs. (A.21)-(A.26) yields

1 = aAP, + bAA. (A.27)

The prefactors a (t) = a (m (£)) = ¥ (10) and b () = xF (410) (DFT’/DFT - DFi’/DFi) (110)
depend on time ¢ only through m (¢) because, in the Stoner model, changes in the electronic
band structure are mediated solely by m. Note that, in standard thermodynamics of a
system with state variables ps and 7', Eq. (A.27) corresponds to the total differential

om om

dm = " dp, + ST A2
™= et T (A.28)

To connect b(m) in Eq. (A.27) to macroscopic observables, we consider an infinitesimal
quasi-static process Ps— Ps+dP; and A—A+dA. Because the system is in equilibrium at
the start and the end of this process, we have dP; = 0. Eq. (A.27) leads to dm = bdA
and, thus,

prt’ prV
b(m) = m:aq (4) = X" (o) (DFT T DFL (10) (A.29)
with m = meq (A). In other words, b (m) equals the slope of the equilibrium magnetization
curve meq (A). Combination of Eqgs. (A.27) and (A.29) yields the remarkable result

Ty [ () = mea (A O] (A.30

AP, (t) =
It shows that, in the limit of uniform electron temperature, a change in the spin voltage
is directly proportional to a change in the difference between the instantaneous magneti-
zation m (t) and the equilibrium magnetization meq (A (t)) at the instantaneous electron
temperature A (t). In the limit of small magnetization changes with m (¢) ~ my, the sus-
ceptibility x¥ (o) = x¥ (m (t)) [Eq. (A.23)] becomes time-independent, and Eq. (A.30)
turns into Eq. (4.20) and Fig. 4.10 (c) of the Chapter 4.

We emphasize that, in the relevant Eqgs. (A.17), (A.18) and (A.30), all microscopic Stoner-
model parameters, such as electronic densities of states and the Coulomb-interaction pa-
rameter, are replaced by macroscopic observables: the temperature-dependent equilibrium
magnetization meq, the generalized electron temperature A, the magnetic spin suscep-
tibility x¥ and the coefficients g and gi,. All preceding considerations also apply to
nonthermal electron distributions.

A.1.8 Linear excitation limit

From now on, we focus on the limit of weak optical excitation of the F and F|N samples. In
fact, in our experiments, all terahertz emission signals were found to scale linearly with the
incident pump-pulse energy up to the maximum available incident fluence of 0.2 mJ/cm?.
Therefore, 7 and J; and, through Eqs. (A.17) and (A.18), AP; and AAX?  and, by

Xo

Eq. (A.14), the changes in the occupation numbers An*? are also directly proportional
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to the deposited pump power. It follows that the prefactors in Eqs. (A.22), (A.24) and

Xo

(A.25) are independent of the pump-induced changes An*? in the occupation numbers

and can, thus, be evaluated for the unperturbed system. This simplification has important
consequences.

Dynamics.—First, we can solve Eq. (A.21) along with Eqgs. (A.22), (A.24) and (A.25)
for the spin voltage APs. We find that AP; is a convolution

AP, () = — (Hes % AF) () = — de Hes (t — 7) AO(7) (A.31)

of a driving force AO with a response function

He (t) = © (t) e Test, (A.32)
where O(t) is the Heaviside step function. The exponential decay rate equals

2g4 +
FeszigSfXF ZL (A.33)

for the F|N stack. By setting g¢, = 0, I'es for the F' sample is obtained. The expression
for the driving force AQO is

G R
AO = D—FAAFT D AR g (AATT — AATY) +
D1 sc DF! sc XF (A 34)
Sl 3 '
Str F N Str F N
X—tF(AA T—AA T)—XLF(AA b—AANy .

Here, all prefactors should be evaluated at € = ug and for the unperturbed system, thereby
making them time-independent. The first two terms of AO cause a change in the spin
voltage, and they scale with the time derivative of the pump-induced excess energy of spin-
up and spin-down electrons. The remaining terms are Seebeck-type terms that disappear
when the generalized temperatures of all electron subsystems Xo have the same value.
The last two terms in Eq. (A.34) are omitted for the case of an F sample.

Temperature and energy.—Second, the pump-induced change in the squared general-
ized temperature [Eq. (A.15)] of electron system Xo simplifies to

w2 k2 ~
AAXT = TBTOATX”, (A.35)

where Ty + ATX? can be interpreted as generalized temperature of the Xo electrons.
The expression for the generalized chemical potential g + APX? = g + AfX? remains
unchanged.

Third, the rate of change of the energy of the X electrons [see Eq. (A.20)] simplifies to

EF = Z Jde (e — po) D§onF = Z CEo AT, (A.36)

(e
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where CX7 = (7%k%/3) ToDg° (o), and CX = C&T + €2 is the heat capacity of the
X electrons. Here, we neglected terms of order (e — u0)2 in the spirit of the moment
expansion of Eq. (A.13). Therefore, the excess energy of the F electrons is

AEF = CXATY7, (A.37)

which underscores the interpretation of Ty + ATX? as generalized temperature.

A.1.9 Dynamics for uniform electron temperature

Owing to Egs. (A.17), (A.18), (A.31) and (A.34), the dynamics of UDM and TST are
fully determined by a linear combination of the AAX? and, because of Eq. (A.35), the
generalized excess temperatures ATX? of all electron subsystems Xo.

To develop a simple model for the time dependence of the generalized temperature, we
briefly review the processes following photoexcitation of metal thin films [95]. At time
t = 0, the é-like pump pulse excites the sample, thereby causing a step-like increase of the
electronic excess energy and, thus, of all ATX?.

Due to electron-electron interactions, all electronic subsystems Xo quickly reach ther-
mal equilibrium with each other, resulting in approximately equal generalized electronic
temperatures, ATX? = AT,. In this limit, the Seebeck-type contributions to the magne-
tization dynamics [Eqgs. (A.17) and (A.18)] and to the driving force AO [Eq. (A.34)] are
absent. Because we do not observe any signature of Seebeck-type terms in our experiment
(4), we assume one uniform electron temperature,

ATX? = AT, (A.38)

at all times.

Spin dynamics.—As a consequence, Egs. (A.34), (A.35) and (A.29) turn the driving

force for the spin voltage into
m:eq (TO) =
AO = ———AT,, (A.39)
X" (ko)
where XY (110) should be evaluated for the unperturbed system. Egs. (A.39) and (A.31)
result in )
Meq (TO)

AP, = ——9 " [« AT, A.40
xF (o) (4.40)

which is equivalent to Eq. (4.21) of the Chapter 4. The resulting magnetization dynam-
ics due to spin flips and transport follows from Eq. (A.40) and, respectively, m|; =
—2gst (o) APy [Eq. (A.17)] and Jg = g4 (no) APs [Eq. (A.18)]. In particular, integration
of T'n|sf and taking advantage of I's = 2gst/ XF yields

Am|sf = m,eq (To) TesHes * ATe~ (A.41)
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Relaxation of AT, (t).—To model the dynamics AT, (t) of the generalized electron
temperature, we note that electron-electron scattering and, thus, carrier multiplication is
not relevant for modifying the excess energy and, therefore, AT, [see Eq. (A.37)]. Electron-
phonon interaction, on the other hand, causes heat transfer from the electrons to the crystal
lattice with time constant I e;)l. On a much longer time scale, which is not considered
here, heat is transferred into the sample environment. Consequently, and as derived in
Appendix A.2, we model the time dependence of the generalized temperature by the
ansatz

AT, (t) = © (1) [Afw+ (ATeO . ATOO) e*Fept] . (A.42)

Here, AT, is the increase of the uniform generalized temperature after absorption of the
d-like pump pulse and the fast equilibration between all electron subsystems Xo. The term
ATy, = RATEO is the generalized excess temperature at which the combined electron and
lattice system equilibrate, with R being the ratio of electronic and total heat capacity.

With Afe:ATeg [6(t) = (1 — R)[p,© (t) e Ter!] and Eq. (A.40), one immediately finds
that

ml (To) - [r —RT, (1-R)T
AP, (t) = =22 AT 00 (1) | =R Test epe_FePt] . A.43
( ) XF (MO) ’ ( ) Tes Fep Fes_Fep ( )

Without the Seebeck-type contributions, m|y [Eq. (A.17)] and m|, = —js [Eq. (A.18)]
are both directly proportional to APs(t), and Eq. (A.43) turns into Eq. (4.23) of the
main text. To account for the time resolution of our experiment, we convolute Eq. (A.43)
with a Gaussian of 40 fs full width at half maximum.

To fit our data with Eq. (A.43), we obtain I, and R from previous works and Eqs. (A.53)
and (A.54) in Appendix A.2. Prior to fitting, all measured curves are shifted to the same
time zero. The only fit parameters are Ios and an overall scaling factor. As seen in
Fig. (4.10), we obtain excellent agreement with our measurements. All parameters and
references are summarized in Table S1 in [205].

A.1.10 Spin-current characteristics

Because of its relevance for applications, we here estimate the major characteristics of the
spin current Js = gir (110) APs [Eq. (A.18)]. According to Eq. (A.43), the maximum value
is reached directly after excitation by the d-like pump. In this early stage (t = 07), the
magnetization is approximately unchanged (m (t) &~ myg), and Eq. (A.30) can be time-
integrated to yield

Jo(t=0) = [mo — meq (T + AT.0) | % (110) - (A.44)

We emphasize that this relationship is valid beyond the linear excitation limit. On the other
hand, when the optical excitation is sufficiently weak, we use Eqgs. (A.37) and (A.38), the
definition of g, (110) and assume DY (10) « DY (1) to find that J, (07) scales according
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to

DNTDFT
Js (t =0T) oc —mly (To) T}, (A.45)

tr S FDFL (1o) ,
for a given amount of deposited pump-pulse energy. After attaining its maximum, AP,
[Eq. (A.43)] and, thus, the spin current decay with the inverse time constant I'es+Iep & g,
since electron-phonon relaxation is substantially slower than electron-spin relaxation (see
Section 4.3). Because in our experiment, the presence of N does not noticeably change
the dynamics of F, Eq. (A.33) becomes I'ss ~ 2g./x". Using the definition of gy (110), we

obtain —
DY'D

in the linear excitation regime. Eqs. (A.44)-(A.46) are potentially useful for optimizing
the height Js(07) and width 1/l of the ultrashort spin-current pulse Jg () in future
studies. While Eq. (A.44) is given by macroscopic observables, we note that Eqgs. (A.45)
and (A.46) strongly depend on microscopic parameters of the Stoner model, which should
be considered as phenomenological parameters.
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A.2 Two-temperature model for nonthermal states

The model presented in this section was developed by T. Kampfrath and P. W. Brouwer,
both affiliated with the Department of Physics at Freie Universitét Berlin, Germany. The
two temperature model for F|N case is developed by R. Rouzegar and T. Kampfrath.

This Appendix is associated with the paper [205] and the same publication information
reported in Chapter 4, page 41, also applies here.

To determine I, and R [see Eq. (A.42)] for an F' sample, we extend the standard two-
temperature model [4, 95] (2TM) to nonthermal electron and phonon distributions and,
subsequently, to a two-layer stack F|N.

A.2.1 2TM for F

To model the decay of the electronic excess heat in the F sample, we follow the argumen-
tation of Appendix A.9 and assume that all electron baths Xo can be described by one
common generalized excess temperature AT,=ATX.

Energy balance.—Changes in the total electron energy of F arise from excitation by the
pump laser and by energy transfer to the phonons. Using Eq. (A.36), the rate of change
of the electron excess energy can, thus, be written as

+ AEF
ep

AEF = CFAT, = AEF

(A.47)

)
pump

where C!' = CE 4+ CFV s the total electronic heat capacity of F. The pump action is

modeled as AEY =CF AT.o6 (t). To describe electron-phonon relaxation, we neglect
pump

spin flips and use [4]

AEY

epocZJdé(QQF)Fo (0) Jde {[n"7 (&) =7 (e + )] " (6) — [1 — " (¢)] n"7 (e + 6)}.
(A.48)

Here, (aQF) Fo (0) denotes the Eliashberg function that describes the coupling of phonons
of energy & with two electronic states of the same spin ¢ and energy € and € + §. The
occupation number of the phonons is given by p(d). Note that the term under the e-

Fo

integral becomes zero for all § and ¢, provided n"? is a Fermi-Dirac distribution and p is

a Bose-Einstein distribution with the same temperature.

Linear regime.—We follow Ref. [38] and linearize Eq. (A.48) with respect to Anf? =
n¥? —ng and Ap¥ = p¥ — py to obtain

AEY

o J ds(aF)"7 () sApF (5)
b (A.49)
— Z JdeAnF" (€) fdcs(aQF)Fa [1—ng(e—06) —no(e+0)].
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Because the weight factor of Ant () in Eq. (A.49) is sufficiently smooth, it is legitimate
to apply the moment expansion of Eq. (A.13), resulting in [38]

AEY

L 3 f 6 (a?F)" (6) 6APT (6) — AAT Y f ds(aF)" (8) [~2n) (1o — 5)] -
(A.50)

The first integral approximately scales with the pump-induced phonon excess energy be-
cause (o?F) te (0) is approximately proportional to the phonon density of states [4]. Owing
to Eq. (A.37), the second integral approximately scales with the excess energy of the F
electrons. The generalized chemical potential does not show up in Eq. (A.50) as the weight
factor of An? (¢) in Eq. (A.49) is antisymmetric with respect to € — .

When we finally assume that the phonon distribution pg + Ap is thermal and obeys Bose-
Einstein statistics at temperature Ty + AT; , Eq. (A.50) leads to the familiar result [38]

SF F = F
ABF| =Gl (ATF - aTy). (A51)
Here, the coupling strength Gf;; is proportional to Zggdé(oﬂF)Fa (0) [-2ng (1o — 6)].

In the last step to Eq. (A.51), we took advantage of the fact that AE¥| = 0 when

ATF = AT, ; . Equation (A.51) is the generalization of the 2TM to nonthermal electron

distributions in the linear excitation limit.

To close the system of equations, an equation of motion for the phonon temperature
analogous to Egs. (A.47) and (A.51) is given by

F A F F E F
CEATY = +GE, - (ATF - AT (A.52)

where Cg is the phonon heat capacity of F.

A.2.2 2TM for F|N stack

To model the decay of the electronic excess heat in the F|N stack, we assume that equili-
bration between electron baths of different spins and in different layers is much faster than
electron-phonon equilibration. Therefore, all electron baths Xo can be described by one
common generalized excess temperature AT, = ATX?. The phonon bath of each layer
couples to the electrons of the same layer. Direct coupling of phonons between F and N is
neglected. The energy-flow diagram, the differential equations [analogous to Eqgs. (A.47),
(A.51) and (A.52)] and their solution are detailed in Supplemental Note 2 in Ref. [205].

We find that, for the time scales relevant to our experiment, the dynamics of the generalized
electron excess temperature is given by Eq. (A.42) with

F N
B Gep + Gep

ep = , A.
STy (4.53)
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and
CF + N

R:cg+cy+cg+oy'

(A.54)

Here, C'EX and C’;( are the heat capacities of electrons and phonons in X, respectively, and
Gg; quantifies electron-phonon coupling in X. For an F' sample, the parameters I, and
R are obtained by setting CN = 0 and GeNp =0 in Eqgs. (A.53) and (A.54).

Note that the CX, C;( and Ggg, are extensive quantities because they refer to the F
and N volumes that are effectively coupled to each other in terms of ultrafast energy
exchange. For our stack geometry, we assume equal coupling lengths into the depth of F
and N. Therefore, we can replace the extrinsic quantities CX, C}f( and Gg; by their specific
(volume-normalized) counterparts, which can be obtained from literature (see Table S1 in
Ref. [205]).
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A.3 Wave-diffusion spin transport

This Appendix is associated with the paper [208] and the same publication information
reported in Chapter 5, page 67, also applies here.

The aim of this Section is to present a derivation of the spin transport model used in
Chapter 5. First, we derive the dynamical diffusion equation starting from Boltzmann
transport equations. Subsequently, we provide a phenomenological model for spin trans-
port, combining ballistic and diffusive modes of transport.

A.3.1 Dynamical diffusion

In the absence of an external force and under the relaxation-time approximation, the
occupation function of electrons is described by the Boltzmann transport equation [249,
283]

ony (2,t) ong (2,t)  (ng —no)
e e — (A.55)

where v, = vpcos(f) is the projection of electron velocity into the z-direction, ng is the
equilibrium Fermi-Dirac function, ny = ng + Any is the non-equilibrium distribution and
7 is the electron scattering time and k is the wavevector. The electron-current density is
given by

) A3k
Jj= _ef(27r)3vznka (A.56)

Using the diffusion approximations Anj « ng and %Ank & ng, we can insert Eq. (A.56)
into Eq. (A.55) in the Fourier domain, which results in

Dy oN
1 —iwr 0z’

j= (A.57)

where IV is the electron density. This is the time-dependent dynamical Fick’s law where

2
the static diffusion coefficient Dy = % is replaced by the frequency-dependent diffusion
coefficient D (w) = —22—. Notably, D (w) has the same form of the Drude conductivity.

1—iwT”

A.3.2 Wave-diffusion transport

Here, we derive phenomenologically the full dispersion relation given in the 5.5. However,
a rigorous derivation is given in refs. [116, 283].

We combine dynamical Fick’s law in Eq. (A.57) and the continuity equation for the spin
transport 0,75 o€ — O¢us — 2ps/Tsr [116, 249, 283] in the Fourier domain, yielding

Js (z,w) = =D (w) O ps(z, w), (A.58)
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24
—iwps (z,w) + 0275 (z,w) + T'LL =0, (A.59)
sf

where g is the spin voltage as introduced in the main text, and 74 is the spin-flip time
constant. Combining Eq. (A.58) and (A.58), one finds the dispersion relation

1 2 2
Pk = +iw ( + ) -, (A.60)
T Tef TTsf
where & = UI% /3 is the mean propagation velocity and k the wavevector. The spin current

is given according to

js (z,t) = Jdt’us ()P (z,t—t), (A.61)
where the propagator is
P(z,t) = deei(“’tkz). (A.62)

The P (z,t) captures the spin current propagation in Cu layer and ug(t) is the initial
condition, i.e., the spin voltage generated in the ferromagnet after the optical pump exci-
tation.
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A.4 Spin conductance spectroscopy

The model presented here was developed with significant help of T. Kampfrath. This
Appendix is associated with the paper [208] and the same publication information reported
in Chapter 6, page 77, also applies here.

The aim of this section is derivation of the Eq. (6.1) presented in Chapter 6.

A.4.1 Spin conductance of X layer in F|X|N sample

The emitted THz electric field for F'|X|H sample is given by

E4 (w) = eZ% (w) sz Os (w) j2 (z,w) = 2% (W) s (W) Arel (W) J& (W), (A.63)

where —e is the electron charge, Z%(w) is the impedance of the F|H reference sample,
Osg = 50/35 is the spin Hall angle of H = Pt and A, is the spin relaxation length in
H = Pt. The spin current in the reference sample jg (w) is simply given by

7 (w) = Gq(w) fis (W), (A.64)

where Jig(w) is the spin voltage generated in layer F', and G%(w) is the spin conductance
of layer X. Finally, the measured THz signal S¢ (t) at the detector position is connected
to the emitted THz electric field through

S4(w) = H (w) B (), (A.65)

where H (w) is the setup transfer function that captures THz propagation to the detector
and the electro-optic sampling process. Note that the case for d = 0 coincides with the
F|H reference sample with Gy—g (w) =¢"f (w), 290 (w) = Z**f (w) and j3° () = j&F (w).
The interface spin conductance of the reference sample ¢* (w) = ¢**' was shown to be
frequency-independent [205, 208]. Therefore, one can find the X-layer spin conductance
as

é w 74 w
;rif) = éﬁf((:). (A.66)

Here, we assumed that the spin-voltage dynamics jis(w) in F' does not change between F'|H
and F|X|H samples [205]. Because s (w), Are(w) and H (w) do not change between
F|H and F|X|H samples, one can find

Galw) _ i) _ Sw) 7 ()
o W S w) Z7(w)

(A.67)

In Eq. (A.67), all unknowns such as Osi (w), Arel(w) and H (w) cancel. In other words,
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one can measure the THz spin conductance of a layer X without knowledge of the setup
transfer function and the difficult-to-measure fgy (w) and A (w).

The impedance for F|X|H is measured by THz transmission spectroscopy, and we find
Z% (w) = Z"f (w) = 80 Q for all d (see Fig. S4 in [256]). Therefore, Eq. (A.67) simplifies
to Eq. (6.1) in Chapter 6

A.4.2 Spin conductance of CoFeB|Pt interface

To determine the conductance of the CoFeB|Pt interface of the CoFeB|Pt reference stack,
we directly interrogate the spin-voltage dynamics pg(t) by measuring the rate of change
0M of the magnetization of a single F' = CoFeB film, which fulfills ¢, Mocug(t) [205].
The emitted THz field antisymmetric with respect to sample turning by 180° about the
magnetization is dominated by magnetic-dipole radiation emitted by ;M. In the frequency
domain, the THz field amplitude directly behind the sample is

Ey (w) = — iwM (w), (A.68)

where 7 (w) is the refractive index of the substrate, dp is the F thickness, Zp (w) is the
impedance of the F' sample and c is the speed of light [205]. On the other hand, the rate
of magnetization change iwM (w) is given by

iwM (w) = 295 Fis (w), (A.69)

Where the coefficient gy quantifies the spin-flip strength of F. Analogous to Eq. (A.65),
the measured THz signal Sy (w) is given by Sy (w) = H (w) Ejp (w). Combining all
relationships (A.63)-(A.69), we find that

G w) _ 5@ 8w 27r () dpilw) A0
st iw Mw) Sy (w) Zref (w)bsh (W) Aer(w)e

As the second factor in Eq. (A.71) is constant in the frequency range considered here
[10,18] Eq. (A.71) becomes

éref (O.)) . S:ref (w)

o (A.71)

Note that Sy (w) and S™f (w) are measured under identical experimental conditions, im-
plying an identical setup transfer function H (w). Fig. S2(a) and S2(b) in Ref. [208] display
the amplitude and phase of S™f (w) /Sy (w), which is constant to very good approximation

ref

in the frequency range shown. Therefore, G*ef (w) = ¢g"" = const,,. Accordingly, in the

time domain, we find G™' (t) oCdexp(t) [Fig. S2(c) in [208]].
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A.5 Rate equation model for incoherent resonant tun-
neling

The model presented here was developed with significant help of T. Kampfrath and P.
W. Brouwer, both affiliated with the Department of Physics at Freie Universitdt Berlin,
Germany. This Appendix is associated with the paper [208] and the same publication
information reported in Chapter 6, page 77, also applies here.

The aim of this section is derivation of the Eq. (6.1) presented in Chapter 6.

To model the incoherent resonant spin tunneling (IRT) dynamics of the F|X|H stack,
we assume that (i) only one defect located at, say z, is involved in the IRT process of
an electron tunneling from F' to H. (ii) Spin transport does not change the spin voltage
dynamics of F' because transport is only small perturbation [205].

To determine the time-domain spin conductance g7 (t) of the IRT process of an electron
with spin direction o =1 or |, we consider an impulsive chemical potential u7 (t) = ad (t)
for each sort ¢ in F. More precisely, to avoid infinitely high electron energies, we assume
that ad (t) is a peak of finite height and area a, yet a nonzero width that is still shorter
than the time scale of all relevant processes of the system.

Current by one defect. The quasi-impulsive p? (t) instantaneously populates a defect at
z by tunneling, resulting in a defect occupation of Ny(z). Subsequently, N decays due
to tunneling from z to F' or H with a rate proportional to the instantaneous occupation,
ie.,

QN7 (z,t) = =T (2) N° (2, 1) (A.72)

with I'7 (2) = I'f. (2) + I'f (2). Eq. (A.72) yields

N9 (z,t) = N§ (z)e TP (1), (A.73)
where O(t) is the Heaviside step function. The sheet current density of o electrons from z

to His J7y = —0:N? |y = I'f; () N7 and becomes

Tn () =92 (1) = N§ () I () e "o (8) (A.74)

z

which equals the time-domain spin conductance g7 (¢) for ITR through MgO by a defect

at z.

Summation over defects. To obtain the total spin current, we sum over all defects by
integration

() = [ 4z Dt (2)92 (8 1= (67 (1) [ d= Duwt ), (A7)
where Dgef (2) is the defect density, and (g7 (¢)) is the average over all defects. We assume
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a homogeneous defect density and that the N§ (z) and I'f; (¢) depend exponentially on
the distance of the defect at z from F' and H, i.e.,

N§ () ocqgxe ™, T (2) = A%pe @2, (A.76)

where v and yg can be interpreted as attempt rates. We find

97 () = DaetyFx % prde™ A e 70! (A.77)
with

1 — e~/

— (A.78)

(I (2)) = (Vpx +7%m)

ro(z)t

Here, we assumed short enough times |t| « 1/I'7 (z) at which e~ can be linearized;

Spin current. To determine the spin current, we assume charge neutrality on the time scales
relevant to our experiment. In frequency space, the response equations j}’} = g° A’ and
the neutrality condition j]TV + JN}V = 0 imply a spin current J, = f]ilRTAﬁs with the IRT
spin conductance [205]

1 1/1 1
a2 (gT gl) S

Eq. (A.79) shows that f]giRT is dominated by the lower of the two conductances §' and g'.
This result is plausible: If the initial spin transport is dominated by the more conductive 7
channel, charge backflow without spin backflow must proceed over the | channel. Due to
this causality chain, §' and ' are effectively connected in series, consistent with Eq. (A.79),

and the total conductance is dominated by the bottleneck of the small §t, i.e., g}lRT ~ gt

One may argue that the summation over defects [Eq. (A.75)] should not be performed
before Eq. (A.79). However, summation before applying the charge neutrality condition is
justified for the following reason. Transfer of a spin from F' to H causes transient charging
and, thus, a transient electric field between F and H. This field acts on many defects and
enables charge backflow through them, not just the one defect through which the initial
tunneling event happened.
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