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Abstract

The spin Seebeck effect (SSE) refers to spin current generation in a mag-
netic insulator /non-magnetic metal heterostructure due to a thermal gradient and
most SSE experiments typically use an electric current as heat source. This study
uses Terahertz (THz) time-domain emission spectroscopy where a femtosecond laser
induces a thermal gradient that lasts for only a few picoseconds and the SSE signal
manifests as broadband THz electric field radiation. The ultra-fast laser excitation
and detection technique enable focusing the analysis on the interfacial contributions
of the SSE, minimising contributions from the bulk magnet which dominate instead
in the electronic measurements.

The first part of the thesis (Chapter 3) discusses the steps and calibration
procedures involved in building the THz emission spectroscopy setup. We describe
the process of optimising the setup sensitivity, aiming at reaching the same per-
formance allowed in the THz setups present in other groups, and discuss potential
improvements.

The second part of this thesis describes measurements of the picosecond
SSE in different magnetic states: ferrimagnetic, antiferromagnetic, and paramag-
netic. Probing the picosecond SSE in well-studied ferrimagnetic YIG at low tem-
peratures (Chapter 4) points out key differences with respect to previous electrical
measurements done at low frequency. Comparing two antiferromagnets from the
same magnetic class but with very different values of the antiferromagnetic reso-
nance frequencies (Chapter 5 and Chapter 6) provides insights on the role of magnon
energy dispersion in determining the efficiency of interfacial spin transport. Measur-
ing the picosecond SSE in an antiferromagnet with magnetic transition temperature
at 117 K allows a comparison of the spin emission in the ordered and paramagnetic
phase (Chapter 6). Finally, we observe extremely strong SSE signals from the anti-
ferromagnets despite the low field-induced magnetic moment and we attribute this

to strong interfacial exchange coupling and high-frequency spin susceptibility.
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Chapter 1
Introduction

Electrons as spin carriers provide means to connect magnetism with electronics.
The earliest works date back in the 1970s where the tunneling of a spin-polarised
current was observed in Fe-Ge-Co junctions [1]. Breakthroughs were accomplished
in the 1980s with the demonstration of a spin current injection across a ferromag-
netic metal(FM)/non-magnetic metal (NM) interface [2], and the subsequent dis-
covery of the giant magnetoresistance (GMR) [3]. The discovery of GMR lead to an
unprecedented leap forward in memory technologies, allowing the development of
magnetic read heads that exceeded by several orders of magnitude in sensitivity the
previous readout based on anisotropic magnetoresistance [4-6]. This technological
application-oriented research field was named spintronics.

Since the discovery of GMR, magnetic multilayers have been the play-
ground for a multitude of exciting studies. Among these are highly sensitive tunnel-
ing magnetoresistance [7-12], interlayer exchange coupling [13-16], and spin-transfer
torque [17,18]. The key technological selling point of spintronics lies in its potentials
in creating non-volatile magnetic data storage that is more energy friendly and op-
erates faster [19]. In a magnetic bit, binary data is usually represented by opposite
magnetisation directions. The core mission of spintronic research revolves around
understanding the fundamental physics of the interactions between electrons and
spins, and how this can be used to control and read a magnetic state electrically.

The early magnetic memory devices used Oersted fields for magnetisation
switching [20,21]. However, the stray magnetic fields can influence the neighbouring
magnetic bits if they are too close, imposing a limit for device miniaturisation [19].

A different approach emerged in the late 1990s based on predictions by Slonczewski
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[22] and Berger [23] of magnetisation switching by spin-polarised electric currents.
Electrons can exert torques to a magnetic layer when flowing inside it if the current is
spin-polarised orthogonal with respect to the magnetisation direction. Depending on
the electric current density and the geometry, the torque can result in magnetisation
switching [24,25], or self-sustained magnetic oscillations [26]. A spin transfer torque
(STT) device requires a magnetic layer, often called a fixed layer, that polarises
the applied unpolarised electric current before entering the magnetic memory layer,
or free layer. Both Oersted-field and STT-based magnetic memories have been
successfully commercialised with the latest 1 GB MRAM by Everspin technologies.

Two decades ago, it was predicted [27,28] and experimentally demon-
strated that a pure spin current [29,30], the flow of angular momentum without an
associated flow of charge, can be generated in non-magnetic semiconductors or met-
als. This effect, named spin-Hall effect (SHE), occurs when spin-orbit scatterings
deflect electrons in two opposing directions depending on their spin direction, which
results in a tangential pure spin current [31]. The spin accumulation at the bound-
ary can flow and exert a spin torque to an adjacent ferromagnet. The reciprocal
effect, the inverse SHE (ISHE) converts a pure spin current into an electrical signal.
The same spin-orbit scatterings acting on a flow of angular momentum result in a
flow of electron charges in the transverse direction [32]. Soon after these discover-
ies, SHE and ISHE have become established tools for generation and detection of
spin currents. SHE-based spin-torque devices would offer significant improvements
including the absence of charge flow in the ferromagnet [33,34], prolonging devices
lifetime and allowing design simplification. ISHE has enabled obtaining electric
current signal from a pure spin current and assisted the advancement of research
pertinent to spin current generation [35,36].

There are other means of spin current injection that do not require apply-
ing an electric current, which opened the way to the use of ferromagnetic insulators
(FI). Spin pumping describes the coherent generation of a pure spin current due to
microwave excitations [37-40]. As the magnetic field component of the microwave
electromagnetic field resonantly drives spin precession in a ferromagnet, a spin cur-
rent flows to an adjacent NM as the consequence of angular momentum conserva-
tion [38]. An incoherent spin current can also be generated by a thermal gradient
and is referred to as spin Seebeck effect [41].

The majority of research in spintronics has focused to date on studies
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carried in GHz frequency range, as the timescales of ferromagnetic magnetisation
switching (in the nanoseconds) were considered as the main factor limiting the
speed [19]. The stronger interactions, such as the exchange interactions and spin-
orbit interactions, occur however at much faster time scales down to 10 - 10 %2
s and the development of femtosecond lasers has enabled studying spin effects at
timescales comparable with those fundamental interactions [42]. The central ques-
tion is whether using light pulses can excite dynamics and magnetisation switching
surpassing the GHz range. In this respect, there have been growing interests in using
antiferromagnets to replace ferromagnets [43]. Antiferromagnets have much faster
magnetic resonances in the THz range [44-47|, are insensitive to stray fields, and
are abundant in nature [48]. And yet, traditionally antiferromagnets have only been
used to harden the coercivity or pin a ferromagnet via the exchange bias [49]. Fem-
tosecond spectroscopy techniques allow now studying these materials with sufficient
time resolution to resolve their spin dynamics [48].

The pioneering work on femtosecond magnetism emerged in 1996, showing
that a femtosecond near-infrared pulse can induce demagnetisation in Nickel in less
than 1 ps [50]. Numerous experiments on various laser-induced magnetic phenomena
were subsequently reported, for example the observations of spin reorientation [51],
all-optical magnetic switching [52-55], optical excitation of antiferromagnetic pre-
cession modes [56-58], and modification of exchange interactions [59, 60]. Aside
from spin-spin interaction, ultrafast magnetism is explained with the energy and
angular momentum transfer between electrons, phonons, and magnons [50,61]. It is
also essential to incorporate the resulting spin current that follows from the rapid
demagnetisation of a metallic ferromagnet [62,63].

Terahertz time-domain spectroscopy is among the ideal techniques for
probing ultrafast spintronic transports, spin-orbit interactions, and antiferromag-
netic resonance modes. Many THz spintronics experiments in the last decade use
common magnetic structures in GHz spintronic studies but measure in faster time
scales, for example the GMR [64] and anomalous-Hall effects [65]. The magnetic
field component of an intense THz pulse can resonantly excite magnetic resonance
modes in compensated antiferromagnets [58,66] and canted-antiferromagnetic or-
thoferrites [67-69]. Spin current generation via ultrafast spin (dependent) Seebeck
effect + ISHE have also been recently demonstrated in typical FM/NM [70,71] and

insulating ferrimagnet YIG /Pt [72] at room temperature and higher, respectively.
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This PhD thesis aims to expand the understanding of the spin Seebeck
effect (SSE) by performing THz emission experiments at low temperature and for
various magnetic orderings: ferrimagnetic, antiferromagnetic, and paramagnetic.
The ultrafast excitation and detection enable us to restrict the phenomenology to
interface contribution differently from previous DC studies where bulk effects play
an important role [73,74].

Chapter 2 provides a background on the relevant physics, including the
fundamentals of terahertz spectroscopy, ultrafast optical excitations in materials,
interactions between electrons, phonons, and magnons, spintronics, and theoretical
models of the spin Seebeck effects. In Chapter 3, we describe the designing and
building of our THz time domain spectroscopy set-up. In Chapter 4, we present
measurements of the picosecond SSE in YIG/Pt, showing a significant difference
with respect to previous electrical studies. Chapter 5 shows measurements of the
picosecond SSE in antiferromagnetic KNiF3/Pt. In Chapter 6, measurements of
the picosecond SSE in antiferromagnetic KCoF3/Pt displays stark differences with
respect to KNiF3/Pt, which allows us to point to antiferromagnetic magnon disper-

sion.



Chapter 2
Background

This chapter provides the fundamental concepts relevant to the experimental studies
presented in this thesis. Section 2.1 briefly deals with the basics of femtosecond laser
pulses and THz spectroscopy, which include coherent excitation of THz emission in
dielectrics as well as its inverse mechanism useful for THz time-domain detection.
It is followed by descriptions of ultrafast optical excitations in metals and the sub-
sequent energy relaxations, which involve the interplay between itinerant electron,
lattice, and spin systems. Section 2.5 outlines the fundamentals of the spin Hall
effects, the key mechanisms enabling probing spin currents via Terahertz emission
spectroscopy. At the end of the chapter we describe the macroscopic model of
magnetism and spintronics, covering mathematical treatments of macroscopic mag-
netisation dynamics in bulk ferromagnets and antiferromagnets, spin pumping and

spin Seebeck effect.

2.1 Terahertz spectroscopy fundamentals

Femtosecond laser A laser is a device that emits coherent light due to a process
called stimulated emission. The device mainly consists of a gain medium inside a
cavity. An external energy source (voltage source or another laser) is applied to
the gain medium such that one of its electronic states is excited. These electrons
can spontaneously decay back to the lower energy state and emit photons, and
this process is called spontaneous emission [75]. When these photons bounce back
within the cavity and are absorbed by the gain medium, they can trigger stimulated

photon emission that is coherent with the initial photons. If the gain medium is in a
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population inversion state where the population of excited electrons is higher than
the ground state electrons, a net number of emitted photons is achieved [76].

To generate ultrashort light pulses, the gain medium must have broad gain
bandwidth and the cavity must be sufficiently long [77]. For instance, a common
femtosecond laser uses a Ti-doped sapphire crystal as the gain medium, which has
a bandwidth of 128 THz between 770 nm and 830 nm, and the cavity length is
typically of the order of tens of cm. This long cavity allows multiple resonant
modes with spacing of Av = ¢=2L, L is the cavity length. Therefore, within the
gain bandwidth, there are hundred thousand modes allowed. If all these modes have
fixed phases between each other, or are coherent, their superposition in time domain
results in a burst of light with a pulse width At that depends on the number of modes
N allowed in the gain bandwidth, At = %. Such a state is called mode-locking,
and can be achieved by using an electro-optic modulator (active mode-locking) or
using passive means such as saturable absorber or Kerr lens [77]. These methods
selectively enhance the modes relevant for the light pulse while rejecting the weak

modes.

2"d order electric polarisation Nonlinear optics is pertinent to nonlinear re-
sponses of the electric polarisation or bound charges of a matter to the electric field

component of light.

P="9] OE + i(jz)EiEj + SZnEkEIEm + ] (2.1)

P is the electric polarisation, E; is the electric field with polarisation along the a
axis of the material, (™ is the N order of electric susceptibility. A plethora of non-
linear phenomena emerge from the higher order effects, which are significant only
with intense electric field sources typically achieved by laser pulses. This section

focuses on the 2™ order effects.
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In this order, there are a number of nonlinear optics that can emerge
depending on the permutations of the input frequencies [78]. For example, two
electric fields with frequency ', and Y, can result in an output with frequency of

I, +1,or !, I, and these two processes are called summation and difference
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Figure 2.1: An illustration of difference frequency generation within a femtosecond
pulse which results in a broadband Terahertz pulse

frequency generation, SFG and DFG, respectively. 1; = I, means that the input can
be a single laser pulse and the output frequency is doubled from the input frequency;
therefore, the process is named as second harmonic generation (SHG). Whereas the

DFG now has zero frequency, and is often named as optical rectification.

2.1.1 Optical rectification

The intense and varying electric field magnitude of femtosecond pulses enable 2™ or-
der optical rectification that results in a dynamical response of the bound charges. In
time-domain, the process can be intuitively understood as the asymmetric response
of bound charges to two opposing polarities of electric field oscillations, leading to
non-zero bound charges rectifying the oscillating electric field [79]. For an intense
laser pulse input, the rapid change of the electric-field magnitude leads to a dynamic
bound charges response that correlates with the envelope function of the laser pulse.

As a consequence of Maxwell’s equations, an electric field pulse is emitted.
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n is the refractive index, ¢ is the speed of light, ¢ is the permeability constant
[80]. In frequency domain, a 50 fs pulse has a bandwidth of 20 THz. All possible
permutations of DFG that can be satisfied within this laser bandwidth contribute to
a broadband THz electric field emission. The mechanism above is interchangeably
referred to as 2" order intra-pulse DFG or optical rectification.

For a dielectric crystal to emit a strong THz pulse via optical rectifica-
tion, it must possess bulk inversion asymmetry, for example, Zinc-blende structure
crystals such as ZnTe, and GaP, or BBO. However, there are more criteria than
the non-zero . The THz generation needs to be accumulated throughout the
thickness of the crystal and hence the THz emission should ideally constructively
interfere at any point within the crystal. The condition is fulfilled if the THz prop-
agation velocity matches with the group velocity of the laser pulse, which is called

phase matching [78].

AK(Q) =K(Q2) +k(¥y) k(To+Q) k() Qg—i: = %[n(Q) Ng(Yo)] (2.5)
k is the wave vector for a particular frequency, €2 is the THz emission frequency,
1,5 is the central frequency of the femtosecond optical pulse, € is the speed of light,
N is the refractive index, Ny is the group refractive index of the optical pulse. Ak
describes the phase mismatch between the optical pump pulse and the THz pulse. In
most cases, only one optical wavelength satisfies this condition. Moreover, velocity
dispersion always occurs in the THz range and hence the process is not equally
efficient across the THz spectrum. Another sources of efficiency reduction are higher
order photon absorption processes (i.e. two-photon or three-photon absorption)
which can be significant for femtosecond optical pulses with the extremely high
peak power 102 W/cm? [81]. Lastly, the generated THz can be absorbed by the
phonon modes of the crystal itself, which limits the THz bandwidth [81].

2.1.2 Electro-optic sampling

Exactly the same @ term is the underlying mechanism for detecting a THz electric
field pulse in a time-resolved manner, a technique called electro-optic sampling [82].
In this case, the inputs are the THz pulse and a so-called probe optical pulse that

is weak enough to not induce the intra-pulse nonlinear effects. The THz pulse



2.1. TERAHERTZ SPECTROSCOPY FUNDAMENTALS

Figure 2.2: An illustration using electro-optic sampling to map a time-domain profile
of a THz pulse (blue) by acquiring reading at different time delays with a optical
probe pulse (red bullets)

induces a transient birefringence to the electro-optic crystal depending on the THz
polarisation. The optical probe pulse transmitting through the crystal obtains an
additional phase which renders, for example, the previously linearly polarised probe
elliptical. An ellipsometry technique is then used to extract the sampled THz pulse
from the probe, which will be covered in the next chapter.

Note that the THz pulse is distorted during the sampling process and
during free-space propagation prior to the sampling. In low THz range, diffrac-
tion is significant as the beam spot size (<10 mm) and optics aperture used are
comparable with the long THz wavelengths (1 THz = 0.3 mm). Kuzel et al. [83]
calculated the THz wave distortion by the optics by considering diverging Gaussian

wave approximation

E(f:z) = Eo(f)% exp(  ikz arctan(zz—o)]) (2.6)
r 2
wiz)=w, 1+ (250)2; 20 = %f (2.7)

Eo is the electric field amplitude emitting from the source, f is the frequency, wg
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is the original THz beam waist size at the source, w(z) is the diverged beam waist
size after propagating for a distance z from the source. zy contains THz frequency
term which gives the frequency-dependent beam waist size variation as the THz
broadband pulse propagates. The spatial properties of the THz pulse i.e. effective
focal length and beam waist size are altered when propagating through or reflected
by focusing optics. Moreover, if the optics aperture sizes are smaller than the THz
beam diameter, the beam loses its outer portion which contains its lower frequency
spectrum. The cut-off frequency is

fn = C—LZ[(2W0:A)2 1]*2 (2.8)

Wo

where L is the distance between the THz source and the focusing optic, A is the
optic diameter.

On the other hand, the higher frequency spectrum is distorted during
the sampling inside the nonlinear crystal. There exist optical phonon modes which
strongly absorb in the low THz range. The phonon dips also vary the THz refraction
index which induces the frequency-dependent phase mismatch. The @ also varies
at frequencies close to the phonon modes. A combination of the factors above
undervalues the actual THz electric pulse read by the electro-optic sampling and is

summarised in the so called response function below [82].

w Zq
S()=—"  Em(@Qf(@exp( iQ)d0 (2.9)
2 exp(i
f(Q):jkO!(” exp( 2 (D) D 1 4+Q; 1) p('%k')l Aot (2.10)
Z .4
Aopt = Eopt(! Yo)Eope(!  Q 1p)d! (2.11)

(1) is the optical absorption of the probe pulse inside the crystal, the terms in the
[ ] bracket describe the phase mismatch, and the integral Agy is the autocorrelation

function.

10



2.2. FEMTOSECOND LASER EXCITATIONS IN METALS

2.2 Femtosecond laser excitations in metals

When metals are hit by a femtosecond laser pulse, energy is initially deposited
in the free electrons as photon-electron interaction is characterised by the fastest
timescales. In a classical picture, the electric field components of the laser pulse
accelerate and energise electrons, and the electron response time is immediate pro-
vided that the frequency of the laser pulse is still below the plasma frequency of
the metal. The above description applies to intra-band transitions. In inter-band
transitions, there is a variety of processes involved in exciting electrons from the
valence band to the conduction band, for instance single and multi-photon absorp-
tion, and avalanche acceleration of valence electrons [84]. The high intensity laser
pulse quickly renders the electron system to a highly non-equilibrium state, while

the lattice system is still cold.

2.2.1 Electron-electron interaction

The non-equilibrium laser-excited, or hot, electrons subsequently transfer their en-
ergies to cold electrons via electron-electron scattering. The rate of energy transfer
can be estimated by considering a simplified classical model of Coulomb interactions

between electrons [84].

4q 3
eag

Vee N Ve 3
3
meVe

(2.12)

Vee is the electron-electron scattering rate, Ne / aB3 is the electron number density,
ag is the Bohr radius, ./ e4="§ is the Coulomb scattering cross-section, "¢ is the
permittivity, Ve Z €2=~ is the electron velocity. Equation 2.12 gives an estimate of
the order of 10¥s . More sophisticated models consider screening effects of the
electron gas and the exchange interaction [84]. Such a fast rate means that after
multiple scatterings, the electron system quickly reaches equilibrium. It has been
shown that the equilibration process takes 50-100 fs in metals [85,86]. At this state,
the electron system can be described by Fermi-Dirac energy distribution with an

elevated effective temperature.

fFD( ) = [exp(( F):kBT) + 1] ! (213)
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is the electron energy, g is the Fermi level, kg is the Boltzmann distribution, T
is the temperature. For the excited electron system, effective electron temperature

Te is higher than the sample (or phonon) temperature.

2.2.2 Electron-phonon interaction

Electrons interact with the phonon system via the deformation potential induced

by lattice vibrations. The energy transfer rate was first calculated for electrons

close to the Fermi level by treating the electron system as having a higher effective

temperature than the lattice system, in the condition that electrons follow a Fermi-

Dirac distribution. The energy transfer rate reads [87]
0E.

2 2
. . mevsne
~Cie oh= Ge pn(Te Ton); Ge ph = —n—
@t Je ph e ph( e ph) e ph 6Te (Te)

Te is the effective electron temperature, Tpp is the phonon temperature, me is the

(2.14)

effective electron mass, Vg the sound propagation speed Nng is the electron number
density, is the scattering time which is dependent on Te.

The above expression is only valid for low electron excitations. For fem-
tosecond laser pulse excitations where a much broader electron energy range is in-
volved, the electron density of states has to be included. Wang et al. [88] analysed
the electron-phonon energy transfer rate by considering the electron-phonon scatter-
ing probability matrix and electron-phonon spectral density function, and obtained
an expression

Z
...kB <!2> 1 5 @
(o) 1g()@d (2.15)

kg is the Boltzmann constant, is the electron-phonon mass enhancement param-

eter, < 12 > is defined as the second moment of of the phonon spectrum, g( ) is
the electron density of states, T is the electron Fermi distribution function. The
electron-phonon coupling dependence on Te varies greatly for different metals due
to their band structures [89]. For noble metals Au, Ag, Cu, the coupling is en-
hanced for the broadened electron spectrum Te = 102 K due to excited deep d-band
electrons. On the other hand, in Ni and Pt where the Fermi-levels are already at
the edge of the high-density d-band state, the coupling reduces for extremely high

electron temperatures

12
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2.2.3 Electron-spin interaction

In ferromagnetic metals, electron-spin interaction has been extensively studied after
the observation of ultrafast demagnetisation. A femtosecond pulse laser can quench
magnetisation in less than 1 ps [50], in contrast to the common understanding that
magnetic dynamics fall in GHz range. Models of electron-spin interaction have been
developed by considering, for instance, Elliott-Yafet type electron-phonon scatter-
ing [90], Elliott-Yafet-like electron-electron scattering [91], and direct magnon emis-
sion due to non-equilibrium electrons [92]. The most accepted one, Elliott-Yafet type
scattering refers to the asymmetry of spin-flip probabilities of electrons induced by
phonons in the presence of spin-orbit interaction (SOI) [61]. In a system with SOI,
the spin is not a conserved quantity. Any scattering events that lead to a change of
electron momentum modify the admixture of electron spin-up and spin-down wave
functions. The model successfully reproduces the discrepancy of timescale of demag-
netisation in 3d metals (0.1-0.3 ps) and 5d metals (>10 ps) [61]. In 3d metals, the
majority of spin angular momentum is carried by itinerant electrons and hence the
effect of the spin-flip scattering to the macroscopic magnetisation is immediate. On
the other hand, the localised 4f electrons carry most of the spin angular momentum
in 5d metals, and therefore the demagnetisation requires additional energy transfer

between the itinerant 5d electrons to the localised 4f electrons.

2.3 Three temperature model

A so-called three temperature model can phenomenologically describe concurrent
energy transfer between electron, phonon, and spin systems [50]. The model assigns
an effective temperature to each sub-system. The implication of this is that each
system reaches equilibrium internally within the time resolution considered. The
model consists of three time-dependent equations of energy for each system, with
the absorbed laser energy term appearing in the electron energy dynamics part. For
each interaction between two systems, a coupling term quantifies the rate of energy

transfer.

dTe _
dt
dTpn
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Phonon, T,

Figure 2.3: An illustration of three temperature model which treats electrons, spins,
and phonons as separate systems with an internal temperature

dTs
dt
Ci is the heat capacity of the i system, G; j quantifies the coupling between two

Cs Ge s(Ts Te) Gph s(Ts Tph) (2'18)

systems, P (t) is the absorbed laser power heating the electron system. Note that
the phenomenological model above only provides the effective quantitative values
for each interaction without offering an explanation on how the interaction works.
Moreover, the model can only be applied for time resolution >100 fs i.e. after
the electron system reaches equilibrium upon excitation. The theory then fails
to describe the time-evolution of the electron temperature during the 50 fs pulse
excitation as the concept of temperature breaks down [42]. Nevertheless, this model
has decent success in extracting the electron-phonon scattering time from time-
resolved transient reflectance measurements [93,94], and electron-spin relaxation

time from time-resolved magneto optical Kerr effects [50].
2.4 Femtosecond laser excitations in insulators

2.4.1 Coherent excitations

Here, several optical excitation channels that may be relevant in magnetic dielectrics
studied in this thesis are briefly outlined. As explained earlier, insulators can interact
with electromagnetic radiation via bound charges [Section 2.1]. The higher degrees

of dielectric tensor can also explain the couplings between the electric field and
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Figure 2.4: A schematic illustration of impulsive stimulated Raman scattering,
where an inelastic scattering assisted by a virtual state can induce modes in THz
frequencies. If the two ground states have different spin state, the scattering excites
a magnon

magnetic ordering. The ensemble of these effects is referred to as opto-magnetism
or inverse magneto-optical effects; they share the same symmetry and origins with
magneto-optical effects i.e. Faraday effect, and Cotton-Mouton effect, but instead
the electric field perturbations modify magnetic ordering [42]. Pershan et al. first

described the coupling in terms of a thermodynamics potential [95]

o= ikEi(1)E;j(1) Mk(0) (2.19)

where jjk is the magneto-optical susceptibility, E is the optical electric field, M is
the static magnetisation.

The equation suggests that for a system with a non-zero magneto-optical
susceptibility tensor component, electric field perturbations can be perceived as an
effective magnetic field.

M= o= E(DE () (2:20)
The coordinate indices determine the combination electric field polarisation that
can excite spins i.e. if the tensor component i=j is non-zero, linearly polarised
light induces magnetic dynamics, in other words inverse Cotton Mouton effects.
For excitations in antiferromagnets, the relevant thermodynamic potentials instead

depend on the antiferromagnetic Néel vector L [95].
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b = ijkIEi(!)Ej(!> Lk (221)

The microscopic origin of laser pulse excitations of opto-magnetism can be
described in terms of impulsive stimulated Raman scattering (ISRS) [96]. Consider
a laser pulse with central wavelength ! and bandwidth ! exciting an electron from
a ground state to a virtual state. The electron can subsequently relax to another
ground state that has slightly higher energy and opposing spin state. This spin-flip
inelastic scattering therefore excites coherent magnons in the system, and the output
laser pulse has slightly lower energy [42]. The entire process is stimulated if the two
frequencies are within the laser pulse bandwidth. The spin-orbit coupling plays an

essential role in inducing the spin-splitting of the ground state [97].

2.4.2 Dissipative excitations

In optically absorbing insulators, the laser pulses excite the electron population in a
higher electronic state and subsequent non-radiative relaxation transfers energy to
phonons via electron-phonon coupling. The lattice heat can induce phase transition
changing the crystal symmetry or simply inducing thermal expansion [42]. The
phonons also transfer heat to magnons with two distinct time scales: 1 ps and
>100 ps. The fast magnon-phonon coupling occurs when lattice vibrations induce a
transient change of exchange coupling as the overlap of the electron wave-function
is modified [98]. The much slower relaxation channel is the coupling between lattice
vibrations modes and spin wave modes [74]. In dielectrics with strong spin-orbit
interactions i.e. KCoF3, the magnon-phonon interaction is amplified. The coupling
between modulated crystal field and unquenched orbital momentum of Co,™ results

in relatively fast magnon-phonon interaction of 2 ps [99].

2.5 Spin Hall effects

Spin Hall effects (SHE) refer to a set of relativistic spin-orbit phenomena that gener-
ate transverse spin currents out of a longitudinal electric current [27,31]. The name
is coined for its resemblance with the ordinary Hall effect, where a transverse applied
magnetic field induces a Lorentz force which separates trajectories of electrons and
holes. SHE shares a similar origin with the anomalous Hall effects (AHE) [31]. AHE

occurs in magnets which have population imbalance between majority and minority
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Figure 2.5: A schematic illustration of spin Hall effects where spin-dependent scat-
terings induce a transverse pure spin current, as well as the inverse spin Hall effect

spins. In this case, spin-dependent propagation deflection gives rise to a non-zero net
charge current. In the SHE, which is observed in non-magnetic metals and semicon-
ductors, the resultant charge current is zero [100]. The reciprocal effect also exists,
referred to as inverse spin Hall effect (ISHE), where a pure spin current is converted
to a transverse charge current [32]. Figure 2.5 illustrates the SHE and ISHE. The
spin-orbit forces acting on the itinerant spins in the SHE originate from multiple
microscopic mechanisms: intrinsic, skew scattering, and side-jump contributions.
Hence, the spin Hall conductivity of a system is a summation of all the mechanisms,

intrinsic contribution jnt, skew scattering s, and side-jump contribution ;.
SH = intt s sj (2-22)

Intrinsic mechanisms The intrinsic SHE arises from the spin-orbit coupled bands
of a crystal in the absence of disorder, hence the name. When an electron travels
in a solid, the crystal field is perceived by the electrons as an effective magnetic
field due to the spin-orbit interaction (SOI). This force is similar to a Lorentz force,
but instead it gives asymmetric deflection depending on the electron spin polarisa-
tion [31]. The magnitude of the intrinsic SHE can be accurately estimated because
ab initio calculations enable accurate prediction of the spin-orbit-coupled electronic
band structure of a crystal. Its crystal-field origin means that 5d transition met-
als tend to have large intrinsic spin Hall contribution, for instance in Ta, W, and

Pt [101]. Large spin Hall conductivity occurs when the electronic bands connected
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by the SOI are close to the Fermi level.

Skew scattering Skew scattering contribution describes the spin-dependent scat-
terings in the presence of impurities [102,103]. Originally, it was thought to arise only
in the case of impurities with strong SOI. However, impurities with weak SOI have
been shown to contribute if the crystal possesses strong spin-orbit-coupled electronic
bands [31]. The strength of skew-scattering contribution depends on the disorder
potential strength and impurity density. Its dependence on Bloch transport lifetime
makes the skew scattering the dominant term in nearly perfect crystals. The

dependence also distinguishes it from -independent intrinsic contribution [31].

Side-jump contributions Side-jump contributions are loosely defined as the re-
maining contributions to the SHE once intrinsic and skew scattering contributions
are isolated [104]. In a semi-classical approach, the side-jump contribution is pic-
tured as a spin-dependent coordinate displacement of the electron wave packet per-
pendicular with its propagation direction, rather than a deflection of the wavevector,
in the presence of impurities. The transverse shift means that the process is elas-
tic. Similar to the skew scattering contribution, the side-jump contributions can
originate from non-SOC impurities in a system with strong SOI and from disorders
with strong SOC [31]. In contrast to skew scattering, the side-jump contribution
is independent on the impurities density and hence the Bloch transport lifetime

[105]. This serves as a tool to experimentally distinguish the two extrinsic contri-
butions, for instance by varying sample temperature which modifies the longitudinal

resistivity.

2.5.1 Inverse spin Hall effect

The inverse spin Hall effect (ISHE) is the reciprocal effect where a pure spin current
is converted to a transverse charge current. As seen in Figure 2.5, the cross product
between the spin polarisation and the spin current direction means that when the
direction of two spin currents carrying opposite spins are anti-parallel, the resulting
transverse charge currents are parallel. The conversion efficiency is quantified via

spin-Hall angle ©gy [35]
. e .
Je =Osn—Js (2.23)
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Jc is the induced charge current, js is the pure spin current, e is the
electron charge, ~ is the Planck’s constant. All SHE contributions mentioned above
are collectively quantified by Ogp.

Since its first experimental demonstration in FM/NM bilayer system using
a spin-pumping configuration, ISHE has become the standard tool for spin current
detection. Pt, W, or beta-phase Ta layers of several nm thickness are the common
spin detection layers due to a combination of large spin Hall angle, high longitudinal
resistivity and short spin diffusion length, making them ideal to generate strong
voltage signals [106]. The ISHE has allowed the discovery of the spin Seebeck effect

and opening a new field of spin caloritronics [107].

2.6 Magnetisation dynamics

This section briefly introduces the formalisms of magnetisation dynamics in var-
ious magnetic orderings: ferromagnets, antiferromagnets, and ferrimagnets. The
magnetic ordering is dictated by the exchange interaction, a quantum mechanical
phenomenon where the interplay between Coulomb interaction and Pauli exclusion
principles of the fermionic electrons give a preferential spin arrangement.

The exchange interaction is by far the strongest magnetic interaction,
equivalent to the magnetic field of 1000 T [108]. In (anti)ferromagnets, the exchange
aligns a pair of spins (anti)parallel relative to each other [109-111]. Ferrimagnets
have their neighbouring spins antiparallel, but their difference in angular momentum
magnitude gives a net magnetic moment [112]. There are also other interactions ex-
isting in magnets [113]. For instance, magnetocrystalline anisotropy originates from
the influence of the crystal field locking spins in a particular crystallographic direc-
tion. The shape of the material induces stray fields which also provide a preferential
direction, but the effect is minimal for bulk magnets. An external field adds a Zee-
man energy term to the Hamiltonian of the system, or induces field-torque term to

the magnetisation dynamics.

2.6.1 Ferromagnetic resonance

In ferromagnets, time-dependent magnetisation dynamics can be phenomenologi-
cally described by the Landau-Liftshitz-Gilbert (LLG) [114,115] equation by treat-

ing collective spins as one macroscopic moment that undergoes precession under a
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non-collinear magnetic field.

@m @m
E: o IM He—l—m E

where m is the time-dependent dimensionless magnetisation, g is the Bohr magne-

(2.24)

ton, is the gyromagnetic ratio, He is the effective magnetic field, is a damping
factor. The 15 term on the right-hand side describes the magnetic torque exerted by
an external magnetic field, shape anisotropy, intrinsic magneto-crystalline anisotropy
field, and any type of perturbations which result in an effective magnetic field that
favors the precession of the magnetisation. On the other hand, the 2" term induces
a net torque towards an equilibrium axis and summarises all the relaxation processes
reducing the precession angle.

Upon perturbation by an oscillating magnetic field perpendicular to the
equilibrium axis, typically in the microwave range, there is a frequency where the fer-
romagnet strongly absorbs the electromagnetic energy, and this condition is referred

to as ferromagnetic resonance [116]
r

2
f= = H(H+Mer) (2.25)

where H is the DC external field and Mg is the effective magnetisation. Equa-

tion 2.25 called Kittel formula, assumes negligible shape and magnetocrystalline
anisotropy. Ferromagnetic resonance, typically in GHz range, has been a powerful
technique to extract intrinsic parameters of the magnet by observing the dependence

of the resonance frequency on the external field [117,118]

2.6.2 Ferromagnetic spin waves and magnons

Equation 2.25 corresponds to the lowest frequency mode of uniform magnetisation
precession without any net spin propagation. For a very low non-zero wave-vector,
the k-dependence ! is determined by the long-range magnetic dipole-dipole inter-
actions and it is referred to as magnetostatic wave. At larger k values, exchange
interaction is involved as the nonuniform dynamics lead to a non-colinear orientation
between adjacent spins and such dynamics are called spin waves. In ferromagnets,

the nonuniform exchange interaction Hex takes the form of [113]

Hex =Qqr’M (2.26)
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Where q is referred to as the nonuniform exchange constants or exchange
stiffness. Equation 2.26 adds the effective oscillating field acting on the magnetisa-

tion in Equation 2.24, which modifies the expression of the resonant frequency

(o]
1= (!H+ kZ)(!H+ k2 + Ty sinz@K) (227)
— Mo, Ty = H, Ty = 4 Mo, sin?0y = =5 When k2 Iy 1 the

frequency has quadratic dependence on K,

1
=1, + k2+§-Msin2@k (2.28)

The approximation can successfully replicate spin wave dispersion for simple ferro-
magnets. For more complex magnetic structures, such as yttrium iron garnet (YIG)
where there exist multiple branches of magnetic dynamic modes [119], Equation 2.27
only applies for the lowest ferromagnetic mode.

Magnons are quasiparticles of magnetisation oscillations and waves with
energy = ~! and momentum of p = ~k, and carry spin angular momentum of
S = 1. The dependence of ! on K follows the dispersion function explained above
depending on the magnetic structure. In coherent oscillations by external pertur-
bations, the number of magnons is linearly proportional to the squared amplitude
of oscillating magnetisation [113]. Magnons have a finite lifetime and propagation
length, which describe the relaxation of spin dynamics to the lattice [120].

At T > 0, magnons are incoherently excited by thermal energy from the
lattice. The thermal magnons spectrum follows the magnon dispersion function and

obeys Bose-FEinstein statistics

fee = [exp ( =kgT) 1] 1 (2.29)

The concept of thermal magnons was first developed to describe the influ-
ence of temperature on bulk magnetisation [121]. The reduction of the magnetisation
is expressed in terms of the number of thermal magnons across the entire k-space

using Equation 2.29 and spin wave approximation Equation 2.28.

Z
-t k?dk 3=273=2

T 2pi2 , exp(~ KZ=kgT) ? /

(2.30)
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Equation 2.30 is approximately valid only at low temperatures, where thermally
excited magnons have low k. At very high temperatures and/or more complex mag-
netic structures where k? spin wave dispersion is not satisfactory, the temperature
exponent deviates from 3/2.

Further development by Holstein and Primakoff [122] demonstrated the
quantum mechanical description of magnetisation dynamics by introducing magnon
creation and magnon annihilation term to the Hamiltonian as means of excitation.
For the simplest case where only exchange interaction and Zeeman energy are con-
sidered, the energy dispersion reads

>
(k)= ~H+2S [1 exp/(ikrg)]lq (2.31)
9
In the limit of low K and simple cubic lattice, the shows quadratic dependence of

k like the classical derivation of spin waves.

2.6.3 Antiferromagnetic resonance

The semi-classical approach treats simple antiferrromagnets as two sublattice mag-
netisations with opposing direction. In contrast with ferromagnets, exchange inter-
action is accessible even in uniform precession mode and enters into time-dependent

magnetisation dynamics [113]
oMy _
@t

where M is the sublattice magnetisation (i = 1;2), j is the magneto-mechanical

iMi  Hetg) + Ai (2.32)

ratio which may not be equal for the two sublattices, A;j is the dissipative term,
Hef gy is the effective magnetic field felt by each sublattice in which the exchange
interaction and the magnetocrystalline anisotropy are involved. One can write the

total energy as

Ut = IMiM,  H(My + Mp) + K(sin? 1 +sin® ) (2.33)

The first term is the exchange interaction where the exchange constant is negative
for antiferromagnets J J12, the second term is the Zeeman energy, the last
term is the magnetocrystalline anisotropy, and j is the angle between the sublat-

tice magnetisation and the anisotropy axis. The effective field can be obtained by
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Figure 2.6: (left) an illustration of two easy-axis antiferromagnets in anti-parallel
resonance modes with two opposing chirality and (right) the corresponding frequen-
cies as function of applied external field. For a strong field Hsg = = 2HgH,, the
exchange and the anisotropy energy is overcome and the two sublattices undergo a

90° rotation

differentiating Equation 2.33

@Utot _
@Ml;z

where Mg is the equilibrium magnetisation of each sublattice. As seen later, the

K
IMza +H + 5 (Mi22) (2.34)
0

Hefl;z -

exchange term gives much stronger resonance frequencies in antiferromagnets. There
are various types of antiferromagnets depending on the anisotropy (uniaxial, or
biaxial), exchange interaction (isotropic and anisotropic), and spin configuration
within one lattice unit. As the antiferromagnets studied in this thesis are KCoF'3
and KNiF3, only Heisenberg uniaxial antiferromagnet is considered below.

In uniaxial antiferromagnets, depending on the relative orientation of the
external magnetic field with the Néel vector there are 3 modes, antiparallel mode,
canted mode, and saturation [113]. Antiparallel mode occurs at a low magnetic field
collinear with the magnetic easy axis. The two sublattices undergo precession with
opposite chirality and different opening angles [Figure 2.6]. A stronger external field
leads to an unfavorable internal energy and the antiferromagnet minimises its energy
by rotating its magnetic axis to be perpendicular with the field. This phenomenon is
called spin-flop and occurs when Heyy = Hgp = pm, He = JMp, Ha = K=Mo.

In this configuration, the two sublattices are canted towards the field and a constant
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Figure 2.7: (left) Antiferromagnetic resonance modes when the external is applied
perpendicular with the antiferromagnetic axis, resulting a quasi-FMR mode where
the net moment precesses, or quasi-AFMR mode where the magnitude of the net
moment oscillates, and (right) the corresponding frequency dependence of the field

net magnetic moment emerges. The canted mode has two sub-modes, often referred
to as ferromagnetic mode and antiferromagnetic mode [Figure 2.7]. The former
describes a ferromagnetic-like precession of the magnetic moment. In the latter, the
net magnetic moment undergoes an oscillatory change in magnitude over time along
its axis. These two-modes can also be achieved using a weak field perpendicular
to the easy-axis although its frequency dependence on the field differs. At even
stronger fields, typically above tens of Tesla, the two sublattices align with the field.
The field dependence of all modes are summarised in Figure 2.6(b) and 2.7(b) using
parameters obtained for MnF; [46]. At H=0, the AFMR is 1 s = opm, as
Heg is of the order of 10> T and Ha  0:1 T, antiferromagnetic resonance typically

lies within the THz range.

2.6.4 Antiferromagnetic spin waves and magnons

Using a simplified approach by considering only the nearest neighbouring pairs, the

dispersion of simple cubic antiferromagnets reads [113,123]

Tar (k) = op(HE +Ha)?2 He « (2.35)
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where g describes the coordinate of neighbouring spins, for a cubic crystal  is

given by

K= %(cos (kxa) + cos (kya) + cos (k,a) (2.36)

Antiferromagnetic magnons carry two different spins S=1 and S=-1, in-
tuitively described by two opposing chirality of precession. The two magnons have
exact dispersion at zero field and hence at equilibrium, when the populations of
the opposite chirality magnons are the same, no net spin population exists in the
antiferromagnet. Applying an external field breaks the degeneracy by shifting the
k=0 mode downward (upward) for spin up (down), as shown earlier in Figure 2.6(b).
When the field is perpendicular to the Néel vector, a net magnetic moment is induced

and the degeneracy is similarly lifted as in Figure 2.7(b).

2.6.5 Ferrimagnets

Mathematical treatment of ferrimagnets resembles antiferromagnets except that the
magnetisation of the two sublattices differs in magnitude. Ferrimagnets have multi-
ple modes: the lowest ferromagnetic mode and higher exchange modes. In the ferro-
magnetic mode, the two sublattices are always antiparallel and hence the exchange
interaction is not involved. This results in low frequencies in the GHz range. Higher

exchange modes have much higher frequencies typically in the infrared range. [119]

2.7 Spin transfer torque and spin pumping

Spin-polarised currents can exert torques when flowing inside a magnet and drive
the magnetisation out of equilibrium. This effect is called spin-transfer torque and
requires the polarisation of the spin current to be orthogonal to the magnetisation
direction. A spin current can be induced by, for example, applying a non-polarised
electric current into a ferromagnetic layer.

The reciprocal effect exists where coherent magnetisation oscillations in-
ject a spin current to the adjacent layers as a consequence of the conservation of
angular momentum, and this phenomenon is called spin pumping. The emission
of the spin current results in a loss of angular momentum which manifests with an

additional damping term in the LLG equation. The magnitude of the pumped spin
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Spin pumping Spin Seebeck Effect

Figure 2.8: An illustration of (left) spin pumping and (right) spin Seebeck effect,
where the former refers to a coherent precessional motion of collective spins inducing
a net spin transfer across the interface while the latter can be considered as the
incoherent counterpart which is induced by thermal fluctuations

current depends on the precession angle and spin mixing conductance g [38], a
parameter describing the efficiency of the interfacial spin transport.

js / 9-+M dd—l\t/I (2.37)

In the adjacent layer, typically a non-magnetic metal, the spin current

consists of DC and AC components. The DC component is polarised along the

equilibrium magnetisation direction Meq and the AC spin current polarisation fol-

lows the oscillating magnetisation in a plane perpendicular to Meq. Spin pumping

can also occur in antiferromagnets because the time-dependent magnetisation of

the two sub-lattices do not cancel out and give a net oscillating moment [124]. The

inverse spin Hall effect (ISHE) is used in spin pumping studies to convert the spin

current into an electric signal.

2.8 Spin Seebeck effect

Spin caloritronics was discovered only a decade ago with the experimental work in
NiFe/Pt by Uchida et al. [107] whereby applying Joule heating on a metallic Pt strip
could harness spin current from NiFe, detected via the ISHE. Spin caloritronics en-
compasses all thermal effects that lead to spin current generation for any symmetries

and material structures, as well as their reciprocal effects [36]. The nomenclature of
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spin caloritronic effects are derived from the well-known thermoelectric-effects fam-
ily, despite some of them having completely different origins. This section focuses
mainly on providing a literature review on the spin(-dependent) Seebeck effect.

In the Seebeck effect, a temperature gradient in a metal generates electric
current due to the thermal broadening of the Fermi-Dirac distribution, leading to
electron diffusion [36]. The generated voltage is proportional to the temperature
gradient rT

where S is the Seebeck coefficient summarising the role of electron energy distribu-
tion function and diffusion or conductance  [36]
2k2 @
B -
a2 T@—ln ()i (2.39)

When the metal is ferromagnetic, all those parameters become spin de-

SSE = e

pendent. The generated voltage then can be modelled as if the FM has two effective
Seebeck coefficients for spin-up and spin-down carriers. The asymmetry in the two
spin populations renders the electric current spin-polarised, hence the name spin-
dependent Seebeck effect [125].

Sspse = ('S + *SH=( "+ (2.40)

where "#(S"#) is electron conductivity (Seebeck coefficient) for spin-up and spin-
down, respectively. Earlier experiments classify the spin-dependent Seebeck effect
into longitudinal or transverse depending on whether the electric current is longitu-
dinal or transverse to the temperature gradient [126].

In ferromagnetic insulators (FI) where no itinerant electrons are present,
spin current is carried by propagating magnons [120]. In this case it is referred to
as spin Seebeck effect (SSE) to distinguish it from the electron carrier counterpart.
The longitudinal spin Seebeck effect has been extensively studied in conjunction with
magnonic spin transport [74,120,127-130]. Magnons can be excited by thermal spin
fluctuation at T=>0, and follow Bose-Einstein statistics [Equation 2.29]. The bulk
temperature gradient induces an excess in the non-equilibrium magnon density nNp,

which drives the spin current js [120]
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Nk is the number of magnons, Ny, is the number of magnons in thermal equilibrium

d3ka(nk nk;o) (242)

which follows Bose-Einstein distribution function, vy is the magnon propagation
velocity with wave vector K.
Two contributions can be distinguished that depend on the spatially de-

pendent magnon number density

z
Js; nm = EBE Bk Vi(Vicer ng(r)) (2.43)
and the temperature gradient
~ Z @n
rr= 3 E d*k « @;'ka(vk:rT) (2.44)

where g is the magnon relaxation time.

In steady-state condition, the magnons follow a diffusion equation. The
thermal gradient contribution, often called as phonon drag [73], involves the magnon-
phonon interaction in which the phonon current drags magnons, assuming that the
magnon temperature follows the phonon temperature Ty, = Tp. A non-magnetic
metal with a large spin-Hall angle is used as a spin sink and converts the pure spin
current into an electrical signal.

Magnon transport parameters, such as magnon lifetime and propagation
length influence the magnitude of the bulk LSSE signal. For instance, the magnon
propagation length I, of YIG is in the order of m [120], and therefore the influence
of sample thickness on the magnitude of the LSSE signal is much stronger below
Im than above it. As temperature decreases |y, increases, enhancing the magnitude
of the LSSE as more magnons arrive at the interface where they are converted into
a charge signal via the ISHE [131]. Lowering temperature to <200 K, however,
decreases the population of the thermally excited magnons [Equation 2.29] and the
LSSE signal eventually goes to zero at T= 0 K [120,131,132].

Another contribution originates from the difference between the effective

magnon temperature in FI and the electron temperature in the NM [73,74,133]. In
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this case, interfacial exchange interaction mediates the angular momentum transfer
between localised spins in YIG and the itinerant electrons. The thermally excited
magnons in YIG transfer angular momentum to the adjacent Pt, and conversely the
thermally excited electrons in Pt that are scattered at the interface excite magnons
in YIG. In equilibrium condition, the spin currents in both directions cancel each
other and the net spin accumulation is zero. When T¢ & Ty, the two spin currents
are not equal, resulting in a net spin accumulation that is proportional to Te  Tm.

In a semiclassical approach, the model of the interfacial contributions to
the SSE is constructed on the assumption that incoherent spin fluctuations, both
in FI and NM, exert torques on each other. The spin fluctuations are described as

Gaussian ensemble [73]

<hi(t)>=0 (2.45)
< h'(t)hj (t) >= 222;0 i (t to) (246)

h is defined as the noise magnetic field due to spin fluctuations at temperature T,
a® is the cell volume of the magnet. And the FI and NM dynamics are described by
the LLG equation

@M Jsd @M

— =] (H+h — M+—M — 2.47
and the Bloch equation, respectively.
0s 1 M Jsg M
— = — So— —_— h 2.48
et « Mo ~ M, ° T iiNm (2:48)

Jsq is the exchange interaction between itinerant electrons (‘s’) in NM and localised
spins at FI side (‘d’), s is the spin density in NM, Sp = nmJsq is the local equilib-
rium spin density, nwm is the spin susceptibility in NM, ¢ is the spin-flip scattering
time. Their non-collinearity due to thermal fluctuations induce effective torques.

The resulting spin current is

s?(t @
I, =< @t = GS < m E = < m E =loc eq (249)
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where Gg Jszd nMm sf=~. The first term on the right-hand side represents the
spin pumping by thermal fluctuations while the second term is the spin backflow.
The two thermal spin currents are equal and cancel each other if the Tgy = Tywm.
Conversely, inducing temperature bias results in a net spin accumulation in the NM.

Alternatively, the interfacial SSE can be expressed using spin pumping
formalism with the spin-mixing conductance term. Seifert et al. found the relation

between spin mixing conductance and the interfacial Jgg exchange interaction as [72]

4 j<Sp >j2I% Nm st
a2

Reg ™ = (2.50)

where ] < Sgj > j is the average spin moment in a unit cell in the FI.

In a quantum mechanical approach, the interfacial SSE is seen as the in-
elastic spin-flip scattering of electrons at the interface, which creates/annihilates
magnons at the FI side. The scattering is governed by Jgg exchange term Hamilto-
nian [134,135]

X
Hine= Ja  S{:s} (2.51)
i
p__ X
Hint = Jog 2S¢ (agc'k“..cko# + H:c:) (2.52)
k;k%q

SY and s® are the localised and itenerant spins in the magnetic insulator and in NM,
respectively, ag is the magnon creation operator, Crer (Co#) is the conduction elec-
tron creation (annihilation) operator. Again, the effective temperature asymmetry
between electrons and magnons leads to a net spin accumulation.

The spontaneous magnetisation in ferromagnets/ferrimagnets provides the
spin-dependent chemical potentials and hence asymmetric probabilities between spin
up-down and spin down-up scattering events. Otherwise, an external field is needed
to induce the spin asymmetry. In uniaxial antiferromagnets, when the magnetic field
is parallel to the Néel vector HjjL, the Zeeman splitting breaks the degeneracy be-
tween the two magnon dispersions carrying spin-up and spin-down angular momen-

tum, respectively. The Hamiltonian of Zeeman-split antiferromagnets reads [136]

H=  ~(Tkg «xt'ki « (2.53)
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I . ! g is the magnon resonance frequency for the two modes, ¢, «, g, k are

the magnon creation and annihilation operator.
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Chapter 3

Building a THz Time-Domain
Spectroscopy

This chapter covers design considerations, instruments employed, optimisations, and
performance tests of the Terahertz time-domain spectroscopy (THz TDS) set-up
in Chiara Ciccarelli’s group, funded by the Winton programme for the physics of
sustainability to approach the studies of spintronics at timescales of picoseconds. At
THz frequencies exciting physics can be accessed, such as ultrafast magnetisation
quenching, non-equilibrium interactions between electrons, phonons, and spins, and
antiferromagnetic spintronics. The first part of my PhD involved building a THz
TDS setup after spending four months period in the group of Prof. Alexey Kimel
in Radboud University Nijmegen with the work-away scheme for training on this
technique.

This chapter first outlines the core instruments in place, such as an am-
plified femtosecond laser, an optical parameter amplifier, a closed-cycle cryostat, an
electromagnet and a lock-in amplifier. The considerations made while designing the
setup include allowing access to two different experimental working stations, using
one motorised linear stage to allow for two different types of measurements, employ-
ing noise suppression techniques and building an electro-optic sampling + balanced
detector assembly. The latter parts of the chapter illustrate the signal stability and
signal-to-noise ratio obtainable with this set-up by using a both a ZnTe crystal and
a Co/Pt bilayer as THz emitters. The Co/Pt bilayer samples were fabricated by
Jeon Kun-rok. An acknowledgement must go to the Cavendish workshop, especially

Chris Burling, Gary Large, and Ollie Norris, and Dominik Hamara, who have as-

32



3.1. DESCRIPTION OF THE FACILITIES

sisted for constructing the cryostat lifting system, and Roger Beadle and Tom Sharp

that have designed and produced the enclosure for Nitrogen purging.

3.1 Description of the facilities

Solstice Ace The core component of our THz time-domain spectroscopy setup is
the Solstice Ace, an amplified Ti:Sapphire femtosecond laser system which consists
of a pulsed seed laser, a regenerative amplifier, a pulse stretcher and compressor.
The seed laser is the Mai Tai mode-locked Ti:Sapphire oscillator operating at 42.4
MHz frequency, 800 nm central wavelength and 60 nm bandwidth. The seed pulse
is initially stretched to reduce the peak power prior to amplification. A Pockel cell
periodically selects the seed pulse entering the amplifier cavity, which consists of a
Ti:Sapphire crystal placed inside a reflective cavity and pumped with a 4 W 532 nm
continuous wave laser. The seed pulse triggers coherent emission from the pumped
crystal that is identical with the seed laser spectrum but with much higher power.
After several round trips the pulse gains several orders of magnitude of amplification
and exits the cavity controlled by another Pockel cell. Lastly, the pulse is compressed
back to the original pulse width. Our Solstice Ace output is 1.6 mJ per pulse with
5 kHz pulse repetition rate, 800 nm central wavelength and 35 fs pulse width.

TopasPrime The TopasPrime optical parametric amplifier allows us to change
the central wavelength of the pulse in the range of 290-2600 nm. The system relies
on higher order electro-optic effects, such as second harmonic generation, sum, and
difference frequency generation, to generate the desired wavelengths. The typical

energy conversion efficiency is 15-30% across the wavelength range.

Optical cryostat A closed-cycle optical cryostat from ARScryo (DE-204SFg) is
employed to control the sample temperature down to 4 K. The closed-cycle cryostat
has a built-in helium cooled compressor to cool the fridge at the top part. A small
volume of helium gas is fed to conduct the cooling to the sample holder part. The
fridge and the sample holder are not physically in contact to isolate the vibrations
from the fridge. A coil heater is placed near the sample for a fine control of the
temperature and can provide heating up to 450 K. The sample needs to be in

vacuum (10 © mbar). The optical aperture is 25 mm at the four sides, where fused
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silica windows are used for their transparency at the visible and THz range without

inducing any non-linear optical effects.

Electromagnet An electromagnet up to H = 0.85 T is used to set the sample
magnetisation direction. The relatively large gap needed between the two coils to

fit the cryostat finger (30 mm width) hinders achieving a stronger field.

Lock-In amplifier A Zurich Instrument HF2LI double lock-in amplifier is used
for signal processing in combination with an optical chopper and a balanced pho-
todetector, which will be explained in Section 3.3. The instrument also has a built-in
digital oscilloscope which is useful for initial alignment where direct inspection of

the pulse hitting the photodiodes is needed.

3.2 THz emission/transmission beam steering de-
sign

The layout of our THz TDS lab is shown in Figure 3.1. The main idea is to combine
THz emission and transmission by using the same delay line and allowing an easy
swap between the two modes. Other considerations include an easy access to the
cryostat and the detection assembly, laser sharing between our setup and Hannah
Joyce’s setup, an easy access to the TopasPrime output using the same delay line,
while having sufficient space for the rather bulky electromagnet and the cryostat
mechanical supports. The design also considers the possibility of modifying the
setup to optical pump + THz probe experiment by adding an additional delay line.

Our setup uses the 800 nm direct output from the Solstice Ace as default,
unless studies using other wavelengths are needed. The 8 W Solstice Ace direct
output is split with a ratio of 66:33 for TopasPrime input and direct use, respectively.
The 2.6 W 800 nm is further split 50:50 (Eksma) for our setup and Hannah Joyce’s
setup. The beam can be directed to an optical interferometric auto-correlator built
by Dominik Hamara for pulse width inspection. Otherwise, the beam is directed
to a beam sampler (Thorlabs BSF20-B ) to separate the pump and probe beams
with ratio of 99:1 [Figure 3.1]. As the pump beam is maintained to have a big
diameter of 11 mm, 2-inch diameter silver coated mirrors (Thorlabs PF20-03-P01)
are used. While for the probe beam travelling with a smaller diameter of 3 mm
1-inch diameter mirrors (Thorlabs PF10-03-P01) are used.
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Figure 3.1: Hlustration of the THz setup
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