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Introduction
According to the prediction of George Moore in 1965, the number of transistors on
the integrated circuit doubles every 18 months with the conservation of the mini-
mal price. In other words, manufacturers tried to shrink the transistors to occupy
the least possible area. However, this trend cannot continue indefinitely because
when the device’s dimensions get to the nanometers scale, quantum effects man-
ifest. Standard electronics is based on the manipulation of the currents via their
charge, and it neglects an additional degree of freedom of electrons, namely their
spin. An alternative approach is offered by Spintronics - science about storage,
processing and transport of information using the spin degree of freedom (usually
of charge carriers). As an application of Spintronics, giant and tunnelling mag-
netoresistance can be stated, which is used nowadays to read the information in
the hard disk drives and magnetic random access memories (MRAM). Instead of
magnetic field, information is written to the device by the relativistic spintornic
phenomenon - spin transfer torque.

This thesis is devoted to the study of spintronic materials in the THz spectral
range, a mostly unexplored area between the realm of microwaves and optics.
When we are talking about THz radiation, we are usually refering to frequencies
0.1-50 THz. Wavelength of corresponding THz spectral range is from 3 mm to
6 µm (microwaves and far infrared spectral range). Energy bandwidth of THz
covers energies from 0.4 to 207 meV, which enables us to study a number of low-
level excitations (phonons or magnons), processes in condensed matter radiation,
, ferromagnetic resonance of the thin ferromagnetic films, antiferromagnetic res-
onance or manifestations of spin-orbit interaction (SOI). One of them is effect
similar to spin transfer torque, spin orbit torque, which is nowadays studied ex-
tensively due to its aplicability to the manipulation of the magnetic moments in
ferromagnets as well as antiferromagnets. Importantnly, unlike optical frequen-
cies, the THz radiation usually does not excitate interband transitions in common
metals. Similarly to the optical radiation, THz radiation can propagate in the
form of beams, which can be exploited to the contactless study of conductivity
in the THz spectral range, as we will demonstrate in this thesis.

Spintronics also gave birth to the new source of the THz radiation - spintronic
emitters, which are also studied in this thesis and used as the main source of the
new setup in the laboratory of Terahertz spintronics in Prague.

This thesis aims to make historically first observation of spin-Hall magnetore-
sistance - magnetoresistance induced by spin-orbit torque - in the THz spectral
range using the THz setup at THz laboratory in Fritz-Haber institute of Max
Planck society in Berlin. Establishment of new laboratory enabled us to bring
newly earned experiences and construct new THz setup in MFF UK in Prague.
For this, it was necessary to design and make simulations of THz setup. The the-
sis is written in the following form: First chapter, Theory, describes the nature of
the spin, spin currents, behaviour of magnetically ordered solids and the manifes-
tation of spin-orbit interaction (spin-Hall effect, spin-orbit torque) necessary to
the understanding of the spin-Hall magnetoresistance and our observations. The
second chapter describes time-domain THz spectroscopy and methods used for
obtaining the presented results. The third chapter is devoted to the presentation

3



of the results of the SMR measurements in the THz spectral range and their
interpretation. The last chapter deals with the design and simulation of the THz
setup at MFF UK in Prague.
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1. Theory

1.1 Spin and spin dynamics
Besides the negative charge, electron also disposes of its intrinsic angular mo-
mentum, spin, and magnetic moment connected with it, spin magnetic moment.
Despite the well known and intuitive concept of quickly rotating negative charge
ball, the proper image about spin stems from the Dirac equation. By considering
the potential energy of the environment V and the energy of electrons E negligi-
ble to the rest energy mec

2 (me is the electron mass and c is the vacuum speed of
light), which is valid for example for free atoms and condensed matter, the Dirac
equation gets a simplified form, known as empirical Pauli equation for a particle
with a spin

Eψ = (p̂ − eA)2

2me

ψ + V ψ − eℏ
2me

σ̂ · Bψ, (1.1)

where p̂ is the operator of the momentum, e is electron charge, A is the vector
potential,ψ is the electron wavefunction, ℏ is the reduced Planck constant, σ̂ is
a vector of Pauli matrices and B = ∇ × A is present magnetic field [1].

While the first two terms of Eq. 1.1 describe electron in external electro-
magnetic field, third term (sometimes referred as Zeeman term) is similar to the
energy of a magnetic dipole in external magnetic field. In regard to this, we define
spin magnetic moment µ̂s = e

m
ŝ = gsµB

ℏ ŝ, where ŝ = ℏ
2 σ̂ is spin operator, gs = 2

is electron gyromagnetic ratio and µB = 9.27 · 10−27J·T−1 is the Bohr magneton
[1].

As usual, we describe spin orbital moment by operator of amplitude ŝ2 and
projection to one arbitrary chosen axis (for example z) ŝz. Spin orbital momen-
tum has two eingenstates |↑⟩ and |↓⟩ corresponding to amplitude of 3ℏ2/4 and
projection ŝz = ±ℏ/2 [2].

Spin current

Usually, the description of electron transport does not have to be spin-resolved.
However, in some materials such as magnetic metals, the electron transport
properties can be spin-dependent. Let us describe a flow of carriers with spin
χ ∈ {↑, ↓} by

jχ = σχ

e
∇µχ, (1.2)

where jχ is current formed by electrons with spin χ, σχ is conductivity for the
electrons with spin χ and µχ is spin-dependent electrochemic potential. The
relation between spin-dependent chemical potential µc

χ and µχ can be expressed
by

µχ = µc
χ − eϕ, (1.3)

where ϕ is the scalar electric field potential. Electric field responsible for the
nonzero gradient of µχ can be delivered into system for example by connecting
to the source of voltage. Substitution of Eq. 1.3 to Eq. 1.2 (with the use of the
relation between µc electron density with spin χ nχ = N(EF )µc, where N(EF ) is
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the density of states on the Fermi level) leads to
jχ = eDχ∇nχ − σχE,

where the first term describes the diffusive spin transport and the second one
belongs to spin drift transport. In our case, the external electric field will be
governed by the electric field of the incident THz waveform [3].

Charge current density jc is defined as a total flow of electrons via some area
and therefore we can express it via jχ as jc = j↑ + j↓.

In magnetic metals, magnetically diluted semiconductors, or half-metallic fer-
romagnetic oxides [4], amount of carriers with one spin exceeds the other. Due
to this, it is natural to define flow of this spin polarisation - spin current. In the
notation of the jχ it can be expressed as js = j↑ − j↓ = 1

e
∇(σ↑µ↑ − σ↓µ↓).

To complete the description of electron transport, we would have to also
introduce ballistic transport. However, this effect is irrelevant to the subject of
this thesis. The more important feature, which is missing in this description are
effects of the spin-orbit interaction, which we will include later.

Torques

In general, dynamics of the magnetic dipolar moment m can be affected by the
force F = −m · ∇B and by the torque

T = m × B. (1.4)
While former moves by the magnetic moment in space, latter influences its direc-
tion.

As it was stated above, an electron, thanks to his intrinsic angular momentum
spin, has its own magnetic momentum µs. When electron with magnetic mo-
ment µs flows to magnetised ferromagnetic metal with magnetisation M , torque
τ = µs × M is induced. On the other hand, due to third newton law, as the
magnetisation field acts on magnetic moments µs, the µs trigger back-action and
acts on the magnetic field. On this idea is based the spin-transfer torque (STT).
The idea behind this mechanism is that the flow of the spin-polarised current
(injected, for example, from a ferromagnetic layer with pinned magnetisation)
through the ferromagnetic layer and induces a torque between the ferromagnet
and the spins of electrons.

An example of the practical application of STT can be noted STT based
magnetoresistive random access memory (STT-MRAM). Instead of magnetic field
as in field driven MRAM, information is written to the STT device by the spin-
polarized current and the STT is used to switch the magnetisation direction. At
the end, we can note that this technology was successfuly impelented to real life
in 2019 by Samsung (eMRAM memories, for more details see [5]).

In addition to STT, a similar effect with promising applications was found,
but with a different origin - spin-orbit torque (SOT). This effect will be discussed
later (see Sec. 1.3.2).

1.2 Magnetically ordered solids
In many systems, magnetic behaviour can be observed from the most funda-
mental particles like electrons or neutrons, isolated atoms or ions, to complex
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structures such as condensed matter. In addition to that, in some materials,
these magnetic moments can create various periodical arrangements, which are
consequently called magnetically ordered solids [6]. In general, we distinguish
paramagnetic, diamagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic
materials. Due to the subject of interest of this thesis, we will focus on ferromag-
nets and ferrimagnets.

Magnetised matter can be imagined as a set of magnetic dipoles. However,
such a description is complicated. Therefore the better approach is to use the
volume density of dipolar moment - magnetisation M .

Ferromagnets are well known for their strong magnetic moment even without
an external magnetic field (spontaneous magnetic moment). This observation
led Pierre Currie to the idea that some kind of internal magnetic field must exist
inside ferromagnetic materials, called an exchange field, which aligns the magnetic
moments to the same direction (for more details see Chap. 15 of [7]). Further
analyses led to the conclusion that such a field would have a vast amplitude and
remained unexplained. The full description comes from the quantum mechanics
and so-called exchange interaction. Exchange interaction can be caused by a
wide range of microscopic mechanism, for instance ferromagnetism of conduction
electrons, superexchange interaction, double exchange interaction (more details
about stated interaction can be found in Chap. 4 Interactions in [8])

In some crystals, which was considered as ferromagnetic, the total magnetic
momentum amplitude of saturated magnetisation did not correspond to the per-
fectly aligned magnetic moments inside (for example magnetite Fe3O4 or iron
grenades as discussed bellow). Reason for this is, that some of the magnetic
moments are aligned antiparallely to the rest. Such materials are called ferrimag-
nets.

In this thesis are studied representatives of ferrimagnetic isolators (YIG) and
ferromagnetic metal (CoFeB).

1.2.1 YIG
YIG (Y3Fe5O12) is a ferrimagnetic isolator and representative of the iron grenades.
YIG is especially well known for its high electrical resistivity, radiation stability,
comparatively low magnetisation, and very narrow ferromagnetic resonance line
[9].

YIG crystallizes in the cubic lattice with three sublattices - the dodecahedra
{c} site occupied by three Y ions, the octahedral [a] site occupied by two Fe
ions and the tetrahedral (d) site occupied by three Fe ions (see Fig. 1.1). The
Fe and Y ions are trivalent, but Y atom is diamagnetic. Therefore, the whole
ferromagnetism is mediated by iron and oxide ions via superexchange interaction,
which leads to that the ions in the [a] and {c} sites are antiparallely aligned. From
[a] site we obtain 3 ions of Fe and from {c} site 2 ions, in both of them iron ions
have magnetic moment ±5µB. In total, we get 5 µB per cell. Because iron ions
are in state with L = 0, they do not interact with the deformation of the lattice
and phonons, which leads to a narrow ferromagnetic resonance line [7].
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Figure 1.1: Schematic structure of the YIG. By green is marked octahedral sub-
lattice [a], by black dodecahedra sublattice {c} and by red tetrahedral sublattice
(d) [10].

1.2.2 CoFeB
CoFeB alloy is an ferromagnet, which belongs to the group of ferromagnet - met-
taloid alloys. These alloys are well known for their high magnetic permeability,
low anisotropy, and magnetically soft nature. The amorphous structure of CoFeB
makes it difficult to calculate its density of states g(E) = dN/dE (where N is
number of states on energetic level and E is energy), but despite of that it is
expected to behave as a good spin injector. Thus, it can be used as an injecting
electrode of magnetic tunnel junctions [11].

1.3 Effects of spin-orbit interaction
Consideration of higher order corrections to Pauli equation, among other terms
(for more details see [1]), leads to a term called spin-orbit interaction (SOI)

HSOI = ℏσ̂ · (∇V × p̂)
4m2c2 . (1.5)

This slightly unconventional expression of SOI simplifies in the case of the
Coulombic potential to the well-known form HSOI ∝ L̂ · Ŝ, where L⃗ = r̂ ×
p̂ is an operator of the orbital momentum [1]. We can notice, that the term
from Eq. 1.5 is similar to Zeeman term in Eq. 1.1 with an effective magnetic
field BSOI = (∇V × p̂) /2emc2. This leads us to the idea that similar electron
transport phenomena induced by the magnetic field could be observed also after
the application of the electric field E = −1

e
∇V [1].

1.3.1 Spin Hall effect
The spin splitting of the conduction band, typical for ferromagnets, does not have
to be the only origin of a spin current in the material. For example, in platinum
(Pt), when the charge current jc flows through the sample, a spin accumulation
arises at the boundaries of the sample, similarly to the charge accumulation in
the ordinary Hall effect.
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Figure 1.2: Schematic illustration of the mechanism of the SHE. Flow of unpolar-
ized charge current in the direction of x-axis leads to separation of the electrons
according to the spin, and thus, to the spin accumulation at interfaces. The
accumulation, i.e. splitting of spin chemical potential, is then limited by spin
back-diffusion due to ∇µs. Analogously, the inverse effect is also operative: spin
current in x-direction leads to creation of transversal electric field which can be
easily measured.

We have just introduced the spin-Hall effect (SHE), which can be described
as a perpendicular spin current js with spins of electrons pointing in direction
s induced by the flow of charge current jc (see Fig. 1.2). This leads to the
spin accumulation at the borders of the sample and raises the gradient of the
spin-motoric potential ∇µs = ∇(µ↑ − µ↓) through the sample. The gradient of
spin-motoric potential induces diffusive transport of spins in the direction of the
gradient which compensates the spin-Hall current until equilibrium is achieved.
The whole process can be phenomenologically described by

js = αSHE (s × jc) [3]. (1.6)

It has to be stated that that an inverse phenomenon to SHE is also observed,
called inverse spin Hall effect (ISHE). ISHE can be viewed as the conversion of
the spin current to charge current and phenomenologically can be described by

jc = −αSHE (s × js) [3]. (1.7)

Besides nonmagnetic heavy metals, Spin-Hall effect has been observed in a
very large variety of materials, ranging from magnetically ordered metals to semi-
conductors, from simple bulks to low-dimensional systems, hetero-interfaces or
topological insulators. In both, Eq. 1.6 and Eq. 1.7, the spin-Hall angle αSHE

appears, whose amplitude varies between 8% in Pt (at 295 K) to 0.02% in Al (at
4.2 K) [12].

In detail, SHE is caused by three mechanisms: skew jump, side jump, and
intrinsic mechanism [12]. For the purposes of this thesis, the most relevant is
the intrinsic mechanism which dominates in Pt. This mechanism is in regard
with the mechanism, where spin-dependent transverse velocities originate from
the effect of spin-orbit coupling (SOC) on the electron band structure. It can be
showed that it is proportional to the spin-orbit polarisation at the Fermi level
EF , and thus we can predict that it will be positive for those metals with more
than half-filled d-subbands and negative for those metals with less then half-filled
d-subbands [13].
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Figure 1.3: Anomalous hall angle dispersion measured by TDTS of DyCo5 and
GdFe[14].

SHE at THz frequencies

Hitherto, we have not discussed the response to the time-varying electric field
and corresponding frequency dependence of SHE. To this day, there are not many
articles focused on the study of SHE above GHz frequencies. The existence of
SHE in the THz spectral range proves [15] and due to the fact that intrinsic
SHE and anomalous Hall effect (AHE) share the same physical origin - Berry
curvature, the behaviour of AHE in the DC up to THz spectral range should share
the same traits. Recent study [14] on DyCo5, Co32Fe68, Gd27Fe73 theoretically
predicts frequency independence of the AHE from DC up to 40 THz, which
was consequently experimentally proven by Time-domain THz spectroscopy (see
Fig. 1.3). From this, we assume that SHE would be in the THz spectral range
frequency independent in the heavy metals, such as Pt.

1.3.2 Spin-orbit torque
Even when the STT may see like a revolution in the MRAM technology, there are
some technological issues, which complicate its application. For example chose
of the right writing current, because too small writing current does not exert
sufficiently strong torque to switch magnetisation and too big writing current
could break the device. The alternative for this can be the spin-orbit torque
(SOT) [16].

To illustrate SOT, imagine a bilayer of FM/HM. After the application of the
voltage, the current will flow through the HM layer. Due to the SHE presence,
the electrons are deflected according to their spin, and a pure spin current will
reach the FM/HM interface. In an insulating FM layer, the electrons cannot
pass through the interface and it starts to accumulate on the interface. In the
conductive FM layer, the situation is different because electrons can penetrate
the FM layer. In both cases, these electrons will exert torque (see Eq. 1.4) on the
magnetisation, which can induce its dynamics. The dynamics of magnetisation
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in the the adjacent ferromagnetic layer is described by equation

dm

dt
= −γm × Heff + αm × dm

dt
+ τSOT , (1.8)

where m is vector of magnetisation, γ is gyromagnetic ratio, Heff is effective
magnetic field acting on it, α is Gilbert damping constant and τSOT is the spin-
orbit torque which disposes of field-like torque τF L ∼ σ × m and damping-like
contribution τDL ∼ m × (σ × m). In Eq. 1.8 the first term describes the
precession around Heff , the second term describes the damping, which leads to
the alignment of the magnetisation and applied field and the last term describes
the magnetisation dynamics induced by the exerted SOT [17].

SOT at different frequencies

The SOT has been firstly observed in DC, for instance, by Chernyshov et. al.
[18] and we can also find its evidence in the AC in form spin torque ferromagnetic
resonance (ST-FMR). In such a case, the applied oscillating current in the heavy
metal (HM) layer induces oscillating spin accumulation on the ferromagnet/heavy
metal (F/HM) interface and thus the oscillating SOT-torque on the magnetisation
necessary to observe the ferromagnetic resonance [17]. This experiment can lead
to determination of the spin-hall angle αSHE. Weifeng and Wei [19] also pointed
out on the importance of the transmission of the transparency of the F/HM
interface, which we will discuss later. The SOT has been also observed in the
optical spectral range by Gyung-Min Choi et. al. [20] but we possess a the lack
of papers devoted to study of SOT in the THz spectral range.

The correlation of the SOT and the spin Hall magnetoressistance reported
(SMR) by Cho et. al. ([21]) leads us to motivation that the observation of SMR
at the THz frequencies can prove the existence of the SOT in the THz spectral
range and enrich our understanding of the nature of this phenomenon and the
mechanism behind it.

SOT in spintronics

As an example of application of the SOT in the electronic device can be stated
the SOT-MRAM (see Fig. 1.4). While the reading path remains the same in
comparison with the STT-MRAM, for writing, the current (blue dashed line) is
sent through the writing layer (WL), which is made of material with large SHE.
The electrons in the writing current are deflected in the direction of FL layer,
where this spin current (green line) induces magnetisation switching.

The benefits of the separated writing and reading path are better reading
reliability [16], faster switching time (0.18-0.4 ns for SOT-MRAM and ≈ 2 ns for
STT-MRAM [22]) and lower power consumption.

1.3.3 Anisotropic magnetoresistance
Anisotropic magnetoresistance (AMR) is a kind of magnetoresistance (MR), which
is well known for its magnetometry applications. This phenomenon is observed
in a various scale of materials and its amplitude ranges from a few percents [23]
in NiCo or NiFe alloys up to the 50% in uranium picnides [24].
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Figure 1.4: Illustration of the SOT-MRAM device. Core of the SOT-MRAM
elements stems in the magnetic tunnel junction, which comprises of three layers
- layer with pinned magnetisation (PL), barrier (green layer) and layer with free
magnetisation (FL). In comparison with STT-MRAM, the writting (blue dashed
line) and reading (red dashed line) path are separated from each other. Green
line shows the spin-polarized current responsible for switching of FL layer.

x

y

z

my
mx

mz m

jc

Figure 1.5: Illustrations of coordinate system for AMR expression based on Eq.
1.9 and Eq. 1.10.

Let us now consider the current flow in the direction of the x−axis. In that
case, it can be shown that the angular dependence of this phenomenon can be
expressed as

ρA,long = ρ0 + ∆ρm2
x (1.9)

and
ρA,trans = ρ2mz + ∆ρmxmy, (1.10)

where ρ0 is classical resistance, ∆ρ = ρ||−ρ⊥ is difference between resistance in the
direction of magnetisation and in the perpendicular direction, ρ2 is change of resis-
tivity, when magnetisation points out of the sample plane and m = (mx,my,mz)
is the magnetization unit vector, decomposed to respective projections to all axes
[25]. In other words, the longitudinal resistance, the quantity measured in this
thesis, varies as cos2(ϕM) where ϕM is the angle between the current and magne-
tization, which illustrates that AMR is an even effect in M . Even dependence of
AMR in magnetisation is especially important for the study of compensated an-
tiferromagnets, where magnetoresistive effects linear in magnetisation diminish.

Let us first describe the AMR in terms of a phenomenological Drude model
and explore its frequency dependence. Later, we comment on its microscopic
explanation.
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Drude model

The Drude model assumes an electron gas formed of noninteracting electrons
which are randomly scattered and their dynamics is described by the Newton
dynamics with electric and magnetic forces [26]. We will assume a harmonic
electric field with amplitude E0 and angular frequency ω applied to the electron
gas. Equation of motion for every electron yields

me
dv

dt
+ mev

τ
= eE = eE0e

−iωt, (1.11)

where v is velocity of electrons, ω is angular frequency of the source, the first term
medv/dt describes induced dynamics by the electric force eE and the second term
describes scattering (randomisation rate of k-vector) with scattering time τ . We
are looking for a steady state solution and therefore we assume v = v0e

−iωt.
Substitution to Eq. 1.11 leads to

−iωmev0e
−iωt + mev0e

−iωt

τ
= eE0e

−iωt.

From the definition of current density

j = I

S
= Nev0

Sle
= ne2Eτ

me(1 − iωτ) ,

where N is number of electrons in the sample, n is volume density of the electrons,
S is cross-section of the sample with length l. From which we can easily receive
(σ0 = ne2/me)

σ(ω) = σ0

1 − iωτ
= 1
Z0c2

Ω2
pl

1
τ

− iω
, (1.12)

where for the second expression we used the definition of the plasma frequency
Ωpl =

√︂
ne2/m∗

eε0, c = (εµ)2, m∗
e is the effective mass of the electrons [27].

Spectral dependence of σ according to Drude model is shown in Fig.1.6. Typical
charasteristic of Drude model is monotonously decreasing real part of conductivity
and rising imaginary part of the conductivity until ω = τ−1, after which it starts
to decrease too.

Phenomenological model of the AMR

The AMR can be obtained from this classical model by the simple assumption
that the scattering time and plasma frequency are different, when the magneti-
sation is in the direction of the flow of the current and in the perpendicular di-
rection. Taking into account the definition of AMR and Eq. 1.12, the frequency
dependence of AMR can be expressed by

AMR(ω) = ρ|| − ρ⊥

ρ||
= B + A

1 − iωτ||
, (1.13)

where A = (τ|| − τ⊥)/τ⊥ and B = (Ω2
pl|| − Ω2

pl⊥)/Ω2
pl⊥ [27]. We can see that the

frequency dependence of the AMR consists of the contribution, which is similarly
to the Drude conductivity. The magnitude of this contribution is related to the
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Figure 1.6: Spectral dependence of conductivity according to Drude model. Re-
sults were calculated for σ0 = 1 S.m−1 and τ = 50 fs. Blue line shows the spectral
dependence of the real part of conductivity, the orange line shows the spectral
dependence of the imaginary part of the conductivity.

difference in the scattering time, which arises from the electron-phonon scattering
and from scattering from impurities. Contrary to that, the constant contribution
[28] depends on the band structure via the effective mass in the parallel or per-
pendicular direction of magnetisation. While the former will diminish in the high
THz frequencies, the later will remain, which makes it especially important for
the THz spintronics. Interestingly, by measuring the frequency dependence of the
AMR, one could distinguish the two components of the effect. The TDTS might
be an ideal tool for such an aim [27].

Microscopic model of AMR

For the purposes of this thesis, we will state the quantum mechanical approach
of the AMR in 3d- metals, whose last unfilled shells are 3d and 4s [23]. Generally
scattering in the quantum mechanical theory is described as some transition from
the initial to final state, both corresponding to a different momentum or spin
state. In our case, Fermi golden rule describes the probability of the transitional
rate from the initial state i to final state f by

pi−→f = 1
ℏ

(⟨i| Hi |f⟩ g(EF )) ,

where Hi is the interaction hamiltonian, ℏ is reduced Planck constant and g(EF )
is the density of states on the Fermi level [28].

In the next analysis we have to keep in mind that electrons can scatter only
to the states with the same spin or in other words, the spin angular momentum
has to be conserved. However, when we will look at the density of states diagram
(see Fig. 1.7) for spin up and spin-down electrons, we can notice that while the 4s
orbitals are degenerated, the 3d orbitals are splited. When position of the Fermi
level is taken into account, we will see that the 3d orbital for the majority electrons
is full, but the minority electrons are not. When SOI is taken into account, the
spin-flip scattering can occur and therefore electrons from the majority 4s orbital
can scatter to the minority 4s and 3d orbitals. The rate of spin-flip is proportional
to the SOI, which has lower symmetry. In the case of AMR, it is proportional
to projection of the k-vector to the magnetisation direction [23]. This explains
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Figure 1.7: Illustrations of density of states diagram and avaible scattering
chanells for 4s and 3d orbital. Fermi level EF is depicted by black dashed
line.scattering of the majority electrons is depicted by orange arrow, scattering of
the minority electrons by tyrqoise and purple arrows shows additional channels,
when spin-flip scattering is considered.

the before-mentioned cos2(ϕM) dependence on the angle between current and
magnetization directions.

Measurements of the AMR

In DC, AMR can be measured by a simple rotation of the magnetisation by the
external magnetic field, while the current flows in a certain direction(see Fig.
1.8a) and c)). The result of such experiment is typical cos2(ϕM), where ϕM is the
angle between the magnetisation and the flow of current. Due to the simplicity
of this dependence, information about the magnetic anisotropy can be easily
obtained.

The impact of THz pulse on a magnetically oriented sample is equivalent to
the application of an ultrashort voltage pulse in the direction of THz pulse polari-
sation and the THz transmission of the sample is proportional to the conductivity
in the direction of the polarisation of the incident waveform. Anisotropy of con-
ductivity in different magnetisation directions leads to a change in the detected
transmission. Measurement of transmitted THz waveforms with respect to the
magnetisation direction (or magnetic field direction, when the applied magnetic
field is sufficiently high to overcome the magnetic anisotropy) therefore leads to
the same angular dependence (see Fig. 1.8 b) and d). This was used in [29] to
study the gigantic magnetoressistance and [27], where the authors showed that
the transmittance can be converted to AMR contrast, as we will show later.

1.3.4 Spin Hall magnetoresistance
Spin Hall magnetoresistance (SMR) is another magnetoresistive effect arising
from SHE and SOT. SMR is observed in the bilayers and trilayers of ferromagnet
(FM) and heavy metal (HM). For FM it can be used a ferromagnetic (or ferrimag-
netic) insulator (usually YIG) or ferromagnetic metal (CoFeB). According to the
choice of the ferromagnetic layer, the amplitude of SMR effect can vary between
from ≈ 10−4 (YIG/Pt) [25] up to 0.015 (CoFeB/Pt) [30]. It has to be stated, that
this effect has been also reported in the antiferromagnetic materials (α-Fe2O3/Pt
structures) with not negligible amplitude (around ≈ 0.0025) [31]. This amplitude
is not only affected by the choice of the heavy metal or ferromagnet, but also by
HM layer thickness.
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Figure 1.8: AMR measurements. On a) we can see typical DC AMR measure-
ment. After application of voltage, the current starts to flow. Measured resistance
is dependent on the magnetisation direction (in figure angle between current and
magnetisation ϕM is denoted by α) according to Eq. 1.9 and when it is rotated
by the magnetisation direction, we observe R = R⊥ + ∆R cos2(ϕM), where R is
observed resistance, R⊥ is resistance for magnetisation perpendicular to current
flow and ∆R is difference in resistance between magnetisation in the direction and
in perpendicular direction to the current flow, and ϕM is angle between magneti-
sation and current. The result of such experiment is shown on c). The incidence
of a THz wave is equivalent to application of high-frequency voltage and therefore
a change of magnetisation direction induces additional absorption which we can
see on b). Measurement of transmitted THz waveforms while magnetic field is
rotated leads to similar dependence, which is shown in d). Data on c) and d) are
taken from [27].

For the purposes of this thesis, we will discuss only SMR on the bilayers.
For this case, the whole process is illustrated in Fig. 1.9. After the application
of voltage in the x-direction, the current starts to flow. Due to the presence of
SHE in the HM layer, electrons in the HM are deflected according to their spin to
opposite directions and spin accumulation at the boundaries arises. Accumulated
spins start to move due to diffusion with boundary conditions for HM/vacuum
interface and F/HM interface.

Due to more theoretical materials, we will start with a theory for the FI/HM
bilayers and at the end, we will discuss the differences with FM/HM bilayers. The
coordinate system will be as in Fig. 1.9a). The considered system is homogeneous
in the xy-plane and therefore we will focus only on the spin current density in
the z direction. Using Eq. 1.6 and Eq. 1.2, for spin current in z direction follows

jsz = − σ

2e
∂µs

∂z
− αSHEσEx,

where σ is the electric conductivity and Ex is applied electric field in the x
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Figure 1.9: Concept of the SMR. After application of the voltage, current jc1
(red arrow) starts to flow and spin current js1 (blue arrow) is induced due to
SHE in the heavy metal layer (yellow layer), and spin accumulation arises on the
ferromagnetic layer (blue layer)/heavy metal. Similarly to SHE, secondary spin
current js2 (green arrow) is generated due to spin diffusion. This spin current js2
is converted to the charge current jc2 (magenta arrow), which points in the same
direction as jc1. On b) we can see two situations when magnetisation is parallel
to accumulated spins and perpendicular to the accumulated spins. The magneti-
sation perpendicular to the accumulated spin leads to SOT exertions, which leads
to absorption of the accumulated spin and a decrease in the conductivity.

direction [32]. The jsz is governed by boundary condition of vacuum interface
and ferromagnet/heavy metal interface. While at vacuum-heavy metal interface
spin current has to vanish jsz , the boundary condition for the heavy metal, the
ferromagnetic interface is governed by

jsz = 1
e

(GR(m × m × µs) +GI(m × µs)) ,

where G↑↓ = GR +iGI is spin-mixing conductance of the FI/HM interface [32]. In
the case, when the magnetisation is parallel to the spin accumulation, no torque
is exerted, and the spins start to move from the FM/HM interface to the opposite
side. This current is converted to the charge current via ISHE, which points in the
same direction as the initial current. When the magnetisation is perpendicular to
the spin accumulation, the SOT is exerted and part of the spin accumulation on
the interface is absorbed.This leads to a smaller spin current induced by diffusion
and consequently a smaller charge current induced by ISHE, which we observe as
a decrease in the conductivity. All these mechanisms together lead to the angular
dependence of longitudinal and transversal resistivity

ρSMR
long = ρ− ∆ρ1m

2
y, (1.14)

and
ρSMR

trans = ∆ρ1mxmy + ∆ρ2mz, (1.15)

where ρ is classical resistance, ∆ρSMR
long (∆ρSMR

trans) is denoted longitudinal and
transversal resistance as a function of magnetisation direction m, ∆ρ1 is constant
describing SMR and it is directly proportional to real part of spin-mixing conduc-
tance and ∆ρ2 is related to imaginary part of spin-mixing conductance and it can
be imagined as Hall-effect-type ressistance [25, 32]. All those constants depend
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on the thickness of the HM layer, spin-diffusion length, spin-mixing conductance,
and spin-Hall angle.

The presented theory holds for ferromagnetic insulators, because spin-transfer
torque and appropriate ferromagnet/heavy metal interface boundary condition is
based on the spin accumulation. For bilayers of FM/HM it is necessary to include
the flow of spin current to the ferromagnet and absorption of the longitudinal spin
current, which we can simply add by the term ∆ρ3m

2
y [30]. We have to keep in

mind that with the use of a metallic FM layer we will see also AMR contribution
described by Eq. 1.9. In total, we will get

ρlong = ρ− ∆ρ1m
2
y + ∆ρ3m

2
y + ∆ρm2

x, (1.16)

where ∆ρ = ρ|| − ρ⊥ belongs to AMR contribution and ∆ρ3 describes the effect
of absorption of the longitudinal current in the metallic FM layer.

Measurements of the SMR

SMR is usually measured electrically by angle-dependent-magnetoresistance ex-
periment (ADMR). This technique is based on rotation of the magnetic field in
three planes, as is shown on Fig. 1.10a)-c) [33]. Observed longitudinal and trans-
verse resistance can be separated to AMR and SMR contributions using Eq. 1.14,
Eq. 1.15, Eq. 1.9 and Eq. 1.10. The importance of this method in the study
of SMR comes from two reasons. Firstly, it was used to prove that SMR exists
in YIG/Pt bilayers and that it is not only the magnetoressistance caused by the
proximity effect (see [25]). Secondly, the bilayers of metallic ferromagnet and
HM comprise also AMR contribution and therefore this method is necessary for
separation of SMR from AMR (see [30]).

SMR at THz frequencies

As it was shown in the previous chapter, DC measurements of the SMR are with
a good match with the theoretical models, but until this moment we have not
discussed the frequency response of the SMR. First of such experiments were
done by Lotze et. al., who studied YIG/Pt bilayers by radio wave spectroscopy.
According to their conclusion, any frequency dependence has not been found in
the YIG/Pt bilayer up to 4 GHz (see Fig. 1.10d)) [33].

First observation and exploration of the SMR and its frequency dependence
above the radio frequencies is the goal of this thesis. Some of the employed
mechanisms behind the SMR, such as SHE [14, 15] or incoherent spin torques
[34] have already been observed at THz frequencies separately, but the question
whether the SMR remains operative whether its small amplitudes are observable
and what is its frequency dependence is still open and calls for experimental
insight. In light of the discussed description of the SMR, a comparison of the
responses of FM insulators and metals in particular might open a door for the
investigation of THz magnonic spectra, ultrafast spin accumulation or coherent
coupling of THz radiation to magnons.
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a) b) c)

d)

Figure 1.10: AC measurement of SMR by ADMR with frequencies up to 4 GHz.
On a)-c) we can see results of the resistivity change while rotating in the in the
plane if sample (a), out of plane of sample and in the direction of current (b) and
out of plane of sample and in the perpendicular direction to current (c) and on
d) resulting AC magnetoressistance (sometimes referred as magnetoimpedance)
as a function of frequency [33].
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2. Methodology

2.1 SMR measurements
In regards to motivation described in Sec 1.3.4, we decided to investigate SMR
response at the THz spectral range. All these measurements were performed in
the laboratory of the Terahertz spectroscopy at Fritz-Haber institute of Max-
Planck society in Berlin led by prof. Tobias Kampfrath. In this section, we
describe the experimental setup, the collection of data and processing of raw THz
signal to infer the THz conductivity and magnetoresistance (AMR or SMR).

2.1.1 Experimental setup

Figure 2.1: Illustration of THz setup at Max-Planck Institute in the Berlin. Light
with wavelength 532 nm from the diode pump laser is brought to the oscillator
where it is converted to 790 nm and 10 fs long laser pulse. The resulting train of
pulses travels to the beam splitter where it is divided in 2:8 ratio between gate
and generation beams. Generation beam continues through the shaker, chopper
and consequently hits the THz emitter. Generated THz wave propagates through
parabolic mirrors, the sample space equipped by electromagnet and finally on the
detection crystal. The gate beam propagates through the delay line and falls on
the silicon wafer, where is reflected into a detection crystal, beamsplitter and
detectors.

Illustration of this setup is shown on Fig. 2.1. At the beginning, the contin-
uous laser light of 532 nm is generated by Verdi laser from Coherent. Emitted
radiation is consequently mode-locked in the oscillator and produces laser pulses
of the length 10 fs at wavelength 790 nm with repetition rate 80 MHz and 12.5
ns between pulses.

Generated laser pulses fall to the the beam splitter, where it is divided in
the ratio 8:2 between two beams, henceforth referred to as gating and generation
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beams. The purpose of the generation beam is to generate THz radiation, which
is finally detected by a phase-sensitive method.

THz emission

THz radiation can be emitted by various sources (black body radiation, syn-
chrotron radiation, back-wave oscillator, quantum cascade lasers etc. [35, 36]).
In the TDTS, THz radiation is usually generated using difference frequency gen-
eration or non-equilibrium current induction.

In the case of difference-frequency generation, nonlinear crystals with broken
central symmetry such as GaAs, GaP, ZnTe and so on are used. THz radiation is
generated by the optical rectification of the incident laser pulse and the envelope
of the laser pulse determines its time profile.

The principle of the non-equilibrium current induction can be manifested on
photoconductive switches. The most common way is to apply bias on the semi-
conductor and let fall a laser pulse. The non-equilibrium charrier population
induced by the laser pulse is consequently deflected in the direction of the ap-
plied bias. Deflected electrons form a non-stationary current in the emitter plane,
which similary to the Hertz dipole, leads to the THz emission.

Our measurements cover mainly the low THz frequency range (0.2-2 THz),
where we use the passive photoconductive emitter Terablast from Protemics
GmBH, Germany, and spintronic emitter (for more detail see [15] or section
below). This source covers frequencies from 0.2 to 2 THz. For some of our mea-
surements, we needed a source, which can generate higher THz frequencies (10-30
THz). For this purpose, we used a 90 µm thick GaSe crystal. The last part of
this thesis is devoted to the construction of TDTS setup, in which a new kind of
THz emitter was used - the spintronic emitter.

Spintronic emitter

Spintronic emitter (STE) works on a similar principle as a photoconductive
switch, except the transient current source. STE is bilayer consisting of a few
nanometers thin two layers: ferromagnetic metal (FM) and heavy metal layer
(HM). The principle is based on the following. After impact of the laser pulse,
the flow of a spin current is induced in the FM towards the HM. In the HM,
due to ISHE, the transient current starts to flow in the perpendicular direction.
It can be shown that THz amplitude is firstly rising function of the laser pulse
fluence and consequently starts to saturate to saturate the original spin current.
In comparison with nonlinear crystals it posses the advantage that it is gap-free
and can cover a wide THz spectral range. From this, for THz emission follows
several important findings, which are:

1. Independency on the pump pulse polarisation and wavelength,

2. Emitted THz polarisation depends on the magnetisation direction
and it is perpendicular to it,

3. Linear with the incident laser pulse fluence until the moment, when
pump pulse starts to to saturate the original spin current.

4. Gap-free spectra.
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Figure 2.2: Spintronic emitter. Princple work of STE is shown on a). Firstly laser
pulse falls on the FM layer (1), which leads to the flow of transient spin current
js (2) to the HM layer, where electrons are deflected due to ISHE (3). Deflected
electrons forms current jc, which leads to emission of THz radiation (4). On b)
is comparisson with other conventional THz emitters. Red area shows the STE.
Taken from [15].

THz wave propagation

After emission, the generally strongly diverging THz beam is collimated by the
golden parabolic mirrors until it approaches the second golden parabolic mirror,
which focuses it on the sample. Consequently transmitted THz wave falls to
another parabolic mirror, which collimates the beam to the last golden parabolic
mirror, which focuses it on detection crystal.

Electro-optical sampling

Generated THz waveform consequently passes through a silicon wafer, which is
transparent for THz radiation but reflects residual pump laser light from one
side, and optical gate light from the other side guided further to the detection
crystal. Next, the THz waveform is detected by the electro-optical sampling
(EOS) method. Due to the second part of the thesis devoted to the built of THz
setup, we will describe this method more in detail.

EOS method is based on the Pockels effect - changes of the refractive index
and absorption, which are proportional to the applied THz electric field. To
explain this method, imagine nonlinear crystal on which fall both, strong slowly
varying wave ET and weak high frequency optical field (gate) EG. Polarisation
P in such medium consist of

Pi = ε0χijE
G
i + χ

(2)
ijk

(︂
EG

j E
T
k + EG

k E
T
j

)︂
,

where χij is the linear susceptibility, χ(2)
ijk is second order tensor of nonlinear

susceptibility. Corresponding effective permitivity εij is

εij = ε0 (1 + χij) + 2χ(2)
ijkE

T
k .

Next we will define reciprocal dielectric tensor Kij = ε0ε
−1
ij and expand it to

the first order in the ET and we will obtain

K
′

ij = Kij + rijkE
T
k ,
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where rijk is Pockels electro-optic tensor. General refractive index is in this case
described by indicatrix

K
′

11x
2 +K

′

22y
2 +K

′

33z
2 + 2K ′

12xy + 2K ′

13xz + 2K ′

23yz = 1.

At the end, we would like to state that relation between χ
(2)
ijk and rijk is

χ
(2)
ijk = −εiiεjj

2ε0
rijk. (2.1)

As a detection crystal it is usually used GaAs, ZnTe, GaP, InP or CdTe, whose
only one nonzero element in the Voigt notation is r41. This leads to the phase
retardation between x and y components of the probe beam

∆ϕ(t) = (nx − ny)ωL
c

= ωL

c
n3

O(ω)r41(ω)ET (t), (2.2)

where nx (ny) is refractive index in the x (y) direction, ω is angular frequency of
the probe beam, c is the speed of light in vaccum, L is thickness of the detection
crystal.

Ix = 1/2 I0

Iy = 1/2 I0

Ix = 1/2 I0(1+Δϕ)

Iy = 1/2 I0(1 - Δϕ) 

Detection 

crystal

λ/4-wave-

plate

Wolaston

prism
Gating 
pulse

THz 
pulse

Figure 2.3: Illustration of the EOS. THz pulse propagates through the EO crys-
tal and induces birefringence. Linearly polarized gating pulse (red one) passes
through a birefringent EO crystal and change to elliptically polarized. The gating
pulse’s ellipticity is partially compensated by the quarter waveplate and conse-
quently falls on the polarizer (Wollaston or Glan-laser polarizer) and ends in the
balanced photodiode detector. When no electric field is applied on the detection
crystal, initially linearly polarized light is changed to circularly polarized in the
λ/4 waveplate, and it is equally redistributed between x and y. After impact of
THz pulse, gating pulse outcoming from the detection crystal is elliptically po-
larized, quarter waveplate slightly compensate the elipticity, but we still detect
nonzero substraction signal.

The induced birefringence and consequent change of polarization state of the
gating beam can be detected by various method, but because we expect small
polarization rotations, in this setup is used and a slightly modified optical bridge
(see Fig. 2.3). To fully explain the idea behind this method, let us first assume
that at the moment of the income of the gating pulse, there is no THz radiation.
Gating pulse passes through the nonlinear crystal and consequently through the
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λ/4 waveplate rotated in such a direction that outcoming gating pulse is circu-
larly polarized. Circularly polarized light is uniformly divided in the Glan-laser
polarizer into two branches Ix and Iy. In each of them, gating beam is focused
by the lens and detected by a balanced photodiode detector. The signal from the
detector is subtracted (henceforth referred as subtraction signal ∆I), which, in
this case, leads ideally to a zero signal - the optical bridge is balanced.

After income of the THz pulse, birefringence is induced in the nonlinear crys-
tal, which leads to the generally elliptical polarization of the outcomming gating
puls. The ellipticity is only partly compensated by the quarter-waveplate. The
intensity in the two branches is redistributed by the Glan-laser, and the subtrac-
tion signal is proportional to the induced anisotropy and, thus, the THz electric
field. The polarization rotation is consequently calculated from the expression
for the optical bridge

∆ϕ = ∆I/(2I0), (2.3)
where I0 is the incident intensity. The Eq. 2.3 holds, if the polarisation rotations
are small.

Response of the nonlinear crystal

Until this moment, we have not discussed the temporal and spectral properties
of the EOS detection. According to [36], the observed THz spectrum Es(ω) is
related to the spectrum of electric field in the place of detection crystal ET Hz by

Es(ω) = F (ωo, ω)ET Hz(ω), (2.4)

where F (ωo, ω) is the response function of the detection crystal, ω is THz fre-
quency and ωo is angular frequency of the gate beam. The response function
F (ωo, ω) comprises three terms

F (ωo, ω) = G(ω)χ2(ω, ωo, ω − ωo)Φ(ωo, ω), (2.5)

where first term is autocorrelation term

G(ω) =
∫︂ ∞

−∞
E∗

O(ωo − ω′)EO(ωo − ω′ − ω)dω′, (2.6)

and the particular dependence determined by the temporal laser pulse profile.
The term χ2(ωo, ω, ωo − ω) is second-order susceptibility. The last term

Φ(ωo, ω) = ei∆kL − 1
i∆k (2.7)

is the phase mismatch term, where L is the detection crystal thickness and ∆k is
the wavevector mismatch, which can be expressed as

∆k = ωo

c
no(ωo) + ω

c
(nT Hz(ω) + ikT Hz(ω)) − (ωo + ω)

c
no(ωo − ω)) (2.8)

with taking into account the refractive index in the optical spectral range no and
complex refractive index in the THz spectral range nT Hz + ikT Hz.

Used THz emitters and detectors for SMR measurements are summarized in
Tab. 2.1.
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Source Emitted spectral range [THz] Detector Response [THz]
90 µm GaSe 0.1-40 [36] 10 µm ZnTe 0-30(1) THz
Terablast 0-2.5(2) 1 mm ZnTe [36] 3 THz
STE 1-30 [15] 250 µm GaP 8 THz

Table 2.1: Table of used THz emitters and detectors. Name of the emitter is in
the first column and the emitted spectral range is in the second column. The
third column is name of the used nonlinear crystal and the last one is range, in
which THz detector responds to THz radiation. (1): 10 µm ZnTe responds to
the THz radiation in the stated range, but there is 2 THz wide gap around 6
THz due to absorption on the phonons. (2): 2.5 THz is value corresponding to
decrease of emitted power to 10% of the initial power [37].

Sampling methods

Because gating beam is far shorter than excited THz pulse, the gate beam in the
detection crystal feels only short part of the excited THz waveform. Therefore,
mutual delay between excitation and generation beam can lead to scan of the
THz waveform in time.

Usually, a delay line is used for the sampling with a retroreflector. This way,
we can scan the arbitrarily chosen part of the THz waveform. However, the scan
of the one waveform is in the range of minutes due to signal to noise ratio.

Additional approach can be used based on faster modulation and shorter
averaging of the measured signal. In this setup, a retroreflector placed on the
membrane of the speaker, henceforth referred to as a shaker, is used in this setup.
This shaker disposes of shaking with the amplitude 40 ps and frequency up to
25 Hz. Main advantage of this approach is, that shaker works as an additional
modulation and therefore improves the signal to noise ratio.

2.1.2 THz waveform evaluation
Amplitudes of the studied signals in [27] were around 2% and therefore the noise
had to be significantly suppressed. In our case, the issue with noise is even more
important, beacuse SMR amplitude is approximately 10 times smaller than AMR
[30, 25, 33]. We will consider two main sources of noise - frequency uniform white
noise, which can be suppressed only by averaging over a long time and 1/f noise,
which affects mostly small frequencies.

To suppress 1/f noise a technique with a double modulation has been used.
Firstly, while noise comes from sources whose are not modulated, our studied
signal is modulated at frequency Ω: M(t) = S(t) cos(Ωt). However, the measured
signal is affected by noise, which is time-dependent N(t) :M(t) = S(t) cos (Ωt) +
N(t). Total signal after Fourier transformation looks like on the figure 2.5 b). We
can see that while 1/f noise is located near small frequencies, because it is not
modulated, the measured signal is at the frequency Ω. To recover the original
unmodulated signal and remove all noise, M(t) is demodulated by numerically
multiplying it by the same modulation function in computer, which leads to shift
of the signal near the zero frequency and frequency 2Ω, while white noise is
located in the frequency Ω. Low pass filter centered at Ω/2 then removes all

25



Ω

a)

c)

b) Ω

Ω Ω

Ω Ω2Ω 2Ω

Low-pass filter

Figure 2.4: Illustration of 1/f noise suppression. a) Without modulation 1/f
noise (orange curve) and signal (blue line) are overlaped. b) After modulation,
while noise is centred around low frequencies, signal is shifted to the modulation
frequency Ω. c) After demodulation in computer, signal is shifted to the zero and
second harmonic frequency 2Ω (with half amplitude) and noise is shifted to Ω.
Low pass filter centered at Ω/2 then removes all noise and signal at zero frequency
is recovered.

noise and signal at zero frequency is recovered.

2.1.3 Extraction of conductivity
In this chapter, we will present the procedures, which will enable us to extract
THz conductivity from the transmitted waveforms. Firstly, we have to extract
transmission of the sample from the transmitted waveforms. For this, we can use
THz waveform transmitted through the bare substrate and the sample. As it was
stated in Sec. 2.1.1, the detected signal is determined as a convolution with the
response function. Detected electro-optic signal of THz waveform transmitted
through the substrate Ss(t) is

Ss(t) = R(t) ∗ ts(t) ∗ ET Hz(t), (2.9)

where R(t) is response function describing propagation of THz radiation and
response of detection, ts(t) is transmission of the substrate and ET Hz(t) is electric
field of the THz waveform before sample. Analogously we can express electro-
optic signal of THz waveform transmitted through the sample with thin film
deposited on substrate Sm+s(t) as

Sm+s(t) = R(t) ∗ ts(t) ∗ t(t) ∗ ET Hz(t), (2.10)

where t(t) is transmission of the thin film.
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To extract spectrum of transmission t(ω) we will convert Ss(t) and Sm+s(t) to
the frequency space, where we can obtain t(ω) by simply by division of Eq. 2.10
by Eq. 2.9

t(ω) = Sm+s(ω)
Ss(ω) = R(ω)ts(ω)t(ω)ET Hz(ω)

R(ω)ts(ω)ET Hz(ω) . (2.11)

Extraction from the Tinkham Formula

The most common way for the measurement of conductance is to measure the
refractive index and then calculate corresponding conductivity. In the case of
thin films (if we can assume that the attenuation and phase shift of THz wave in
the sample layer is small), THz conductivity can be extracted using the Tinkham
Formula (for derivation see Ap. A.1)

t(ω) = n1(ω) + n2(ω)
n1(ω) + n2(ω) + Z0

∫︁ d
0 σ(z′, ω)dz′

,

where n1(ω) = 1 is refractive index of air, n2(ω) is the refractive index of sub-
strate, Z0 = 377 Ω is the vacuum impedance. For sheet conductance G(ω)
therefore follows

G(ω) =
∫︂ d

0
σ(z′, ω)dz′ = n1(ω) + n2(ω)

Z0

(︄
1
t(ω) − 1

)︄
(2.12)

Since the transmission coefficient is a complex-valued quantity, we have to also
take into account the phase difference of the THz waveform acquired during its
propagation in the metal and, potentially, a phase difference due to different
substrate thickness at points where Ss and Sm were measured. To make this
correction, we will use formula

t(ω) = n1(ω) + n2(ω)
n1(ω) + n2(ω) + Z0

∫︁ d
0 σ(z′, ω)dz′

eik2∆d, (2.13)

where k2 is the wavenumber ot the THz wave in the substrate. Conductivity can
be then expressed as

G(ω) =
∫︂ d

0
σ(z′, ω)dz′ = n1(ω) + n2(ω)

Z0

(︄
eik2∆d

t(ω) − n1(ω) − n2(ω)
)︄

(2.14)

where d is the metal (sample) thickness and ∆d is the thickness difference of
substrate between the points were Ss and Sm were measured. This is determined
by the fit by the drude model with ∆d as a free fitting parameter.

Even after longer conductivity measurements, the white noise does not com-
pletely diminish, and therefore the error in transmission is established by a for-
mula

σt(ω) = t(ω)

⌜⃓⃓⎷(︄ σSs

Ss(ω)

)︄2

+
(︄

σSm+s

Sm+s(ω)

)︄2

, (2.15)

where σSm+s is white noise ratio in the Sm+s waveform, σSs in the Ss waveform.
This uncertainty in the transmission is consequently transferred to conductance
using

G(ω) = n1(ω) + n2(ω)
Z0

(︄
1

|t(ω)|2σt(ω)
)︄
. (2.16)
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For the fit of the data, we use the standard approach of minimizing the sum
of squares χS weighted by the uncertanity of conductivity σσ

χS =
∑︂

i

(σu − σ)2

σ2
σ

, (2.17)

where σu is conductivity uncorrected to the difference in the substrate thicknesses,
σ is the model of conductance and (in our case Drude model defined by Eq. 1.12).

2.1.4 Extraction of AMR/SMR
Since both, AMR and SMR are effects even in magnetization (and, thus, in exter-
nal magnetic field), their evaluation from transmission measurement is the same.
For the measurement of the AMR, an electromagnet oscillating at kHz frequency
was used and a permanent magnet placed above it to generate a magnetic field
whose direction oscillates between ±45◦ (angles are oriented from x towards y).
From magnetooptical and THz emission experiments performed on the samples
under investigation, we know that the used magnetic field amplitude (∼40 mT)
is sufficiently strong to overcome magnetic anisotropy of the samples and to align
the magnetisation in the magnetic field direction during the oscillations.

THz emitter

permanent Nd magnet

Electromagnet

a) b)

ΔS = S||-S

x

y

M45o-45o

Figure 2.5: Setup for AMR and SMR. On a) is illustrated principle of our experi-
ment. In the external oscillating magnetic field (turquoise arrows) the diagonally
polarised THz pulse falls on the sample. Modulation of magnetisation causes
changes in the conductance according to 2.1.3, and thus, it modulates trans-
mission and THz pulse amplitude ∆S = S|| − S⊥. When reference from the
electromagnet is used, we can detect only change in the resistivity. On b) we
can see part of the experimental setup used for AMR measurements. Red arrows
shows trajectory of the THz pulse.

For this purpose, a permanent neodymium magnet was placed over the home-
made electromagnet, whose magnetic field can oscillate at high frequency (from
from DC to 10 kHz, the used frequency will be specified in the results).
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The oscillating magnetic field induces changes in the conductivity, which leads
to the modulation of the absorption. When THz waveform approaches sample
in the oscillating magnetic field, its amplitude is periodically modulated. This
modulation can be detected if the modulating frequency is taken from the source
of the electromagnet. Detected change in transmission for magnetisation parallel
and perpendicular to THz polarisation ∆t = t|| − t⊥ can be used to calculate
AMR by the

AMR(ω) = ∆t(ω)
t⊥(ω) γ(ω) = ∆S(ω)

S⊥(ω) γ(ω), (2.18)

where
γ(ω) = 1 + n1(ω) + n2(ω)

Z0G||(ω) (2.19)

∆S(ω) = S||−S⊥ is detected change in electro-optic signal between THz waveform
polarisation parallel and perpendicular to magnetisation, S⊥(ω) is electro-optic
signal corresponding to polarisation of THz waveform perpendiculat to magnetisa-
tion, and G|| is the conductance when magnetisation points in the same direction
as THz polarisation.

Usually, the DC AMR contrast reach order of % and therefore, both con-
ductivity for magnetisation parallel to flow of current σ|| and conductivity for
magnetisation perpendicular to flow of current σ⊥ are close to average conductiv-
ity σ̄ = (σ|| + σ⊥)/2. Because of this, we can replace S⊥ by simple electro-optic
signal corresponding to transmitted THz waveform S.

In the end, it has to be stated that we could use purging of the sample space
by dry air or nitrogen atmosphere, but measurements in the oscillating magnetic
field require averaging in the range of hour or tens of hours. We cannot ensure
the stability of the pressure of dry air or nitrogen for such a time scale. Because
of this, we did not use dry air nor nitrogen atmosphere.

2.2 Modeling of the THz response
As was stated above, THz radiation is generated by ultrashort laser pulses in
TDTS. Usually both, the optical and THz propagates in the form of Gaussian
beam (GB). Due to this, we summarize in this section the most important knowl-
edges about description of GB, their propagation and transformation through
thin optical elements, which we will conseqeuntly use for modeling of the THz
response.

2.2.1 Gaussian beams
GB are one of the solution of the paraxial Helmholtz equation (∂2/∂x2 +∂2/∂y2 +
2ik∂/∂z)A(r) = 0, where A(r) is amplitude of the electric field of the wave. In
detail, it can be obtained from the paraboloidal wave by substitution z −→
z − zf + iz0,

A = A1
1

z − zf + iz0
exp

{︄
−ik ρ2

z + iz0
− ikz

}︄
(2.20)

where z0 is called Rayleigh scale, zf is position of the focus and ρ =
√
x2 + y2 is

the radial distance from the beam axis [38].
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Figure 2.6: Gaussian beam. Evolution of the beam waist W in the space is in
the center of the figure. Vertical exis shows radial distance from the optical axis
ρ =

√
x2 + y2 and horizontal z is optical axis. A GB is thinnest in the focus

(d = 0), where 1/e width of electric field (intensity) is W0 (W0/
√

2). Waist of
the gaussian beam expand to

√
2W0 (W0) at a distance z = z0, which is also

accompaned by the decrease of the peak (ρ = 0) amplitude (intensity), following
Eq. 2.22, to

√
2/2 (1/2) of the initial amplitude (intensity). The beam waist W

in the space forms hyperbola, which (z >> z0) reduces to ”cone” in the far field.
Half of the apex angle of this ”cone” is divergence angle ϑ = λπ/W0 [38].

Taking into account that,

1
z − zf + iz0

= 1
R(z) − i

λ

πW 2(z) (2.21)

the gaussian beams can be described by more popular expression

A(r) = A0
W0

W (z) exp
{︄

−k
(︄

ρ2

W (z) − i
ρ2

2R(z) + iz

)︄
− iζ(z)

}︄
, (2.22)

where A0 = A1/(iz0) is amplitude of the electric field of the beam, r = (x, y, z) is
the possition vector, k = 2π/λ is the wavevector corresponding to the wavelength
λ, W is the beam waist for which holds,

W (z) = W0

⌜⃓⃓⎷1 + (z − zf )2

z2
0

, (2.23)

z0 is so called Rayleigh scale (in detail discussed bellow), the R(z) is the curvature
of the wavefront, for which holds

R = (z − zf )

⌜⃓⃓⎷1 + z2
0

(z − zf )2 , (2.24)

and
ζ(z) =

(︃
z − zf

z0

)︃
(2.25)
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is the Gouy phase shift. The minimal beam waist W0 is especially important and
it is connected to the Rayleigh scale z0 by

W0 =
√︄
λz0

π
. (2.26)

Hencefore for brevitty, we will mark q = z − zf − iz0.

2.2.2 Modeling of the optical elements
In analogy with geometrical optic we can define similar ABCD rule for gaussian
optic. Let us consider q1 describing incoming GB and q2 describing GB outcoming
from the optical element described by the ABCD matric. Then the relation
between q2 and q1 holds [38],

q2 = Aq1 +B

Cq1 +D
. (2.27)

For our purposes we will use two matrices, one for propagation in the free
space for distance d, (︄

1 d
0 1

)︄
(2.28)

and the second one for a lens with focal length f [38](︄
1 0
1
f

1

)︄
. (2.29)

At this place we have to point out, that we will use matirx for thin lens to
model off-axis parabolical mirrors (OAPM) and f will represent effective focal
distance.

2.2.3 Models of apertures
Dimensions of THz beams, especially at the low THz frequencies, are often com-
parable or bigger than the optical elements, and therefore they transfrom differ-
ently from common optical laser pulses. Rigorous approach would include scalar
diffraction theory, but instead of it, we will use simple aproximations.

First model comes from article by Kužel et al. about spatio-temporal evolution
of the Gaussian beams [39] and henceforth will be referred as ”Kužel” aperture.
It is defined as

wout =

⎧⎨⎩win if win < A

A if win > A,
(2.30)

where win is waist of the incident beam, wout is waist of the outcoming beam
and A is radius of the aperture.

Another model, which we will use is the Gaussian aperture model (for more
detail see Sec. Diffraction of light in [38]), according to which

wout = A√︃
1
2 + A2

w2
in

. (2.31)

The main difference between those two model is, that while Kužel model affects
only frequencies under critical frequency, Gaussian model affects all of them.
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3. THz spin-Hall
magnetoresistances
The main purpose of this chapter is to present the results of MR obtained by
the TDTS. The first part contains all necessary information about samples, their
preparation and our motivation for the chosen sample structure. The second
part is devoted to the measurements of conductivity of studied samples, which
are consequently used for quantitative evaluation of the magnetoresistances. The
last chapter describes the procedure of the actual measurement of MR at THz
frequencies and discussion of the observed results.

In this section, we want to answer several questions. Firstly, is SMR observable
by TDTS? Despite the existence mentioned above of the mechanism responsible
for SMR (SHE, incoherent spin-orbit torque...) at different frequency scales, is
SMR operative at THz frequencies? Is the sensitivity of TDTS sufficient to detect
such small effects? Can THz spectra of SMR provide additional information about
the nature of SMR? We suppose that we will see differences between THz spectra
of ferrimagnetic insulator/heavy metal (FI/HM) and ferromagnetic metal/heavy
metal (FM/HM) bilayers. Can these differences in the observed THz spectra
enlighten effects responsible for SMR in FM/HM bilayers?

The whole package of the experimental work, presented in this chapter, is
derived from the ongoing tight collaboration with more groups which will be
noted in the text. The experimental data were collected at the partner institute,
Fritz Haber Institute of Max Planck Society in Berlin, in the group of THz spec-
troscopy led by prof. Tobias Kampfrath. The majority of data were measured by
the author during his internship at the host institute, the raw data from YIG-
based samples were provided by collaboratos from prof. Kampfrath’s group. The
processing, analysis and interpretation of all data sets were done by the author.
The cited theoretical explanation is provided by prof. Piet Brouwer from the Free
University, Berlin.

Samples and comparative DC measurements, not presented but mentioned in
the thesis, were provided by Kevin Geishendorf, Richard Schlitz and Sebastian
Goennenwein, Technical University, Dresden.

3.1 Samples
NiFe

The main goal of this thesis is to observe SMR at the THz spectral range. Ex-
pected amplitudes of SMR in FI/HM bilayers are 10−3 −10−4 [25, 10], in FM/HM
bilayers [30] ∼ 10−3. The experimental method described in Sec. 2.1.4 was used
to study AMR, whose amplitude was 10 to 100 times bigger. The signal was av-
eraged from a few minutes to an hour to obtain a solid signal to noise ratio. The
signal has to be necessary averaged for a much longer time to observe such small
changes in transmission in the case of SMR. Therefore, we need some reference,
which will enable us to properly align the setup and control if long averaging times
do not lead to changes in the signal and degradation of the laser performance.
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For this purpose, we chose the Ni81Fe19 sample, hereafter referred to as the
NiFe sample, which has been studied in previous paper [27]. Reported AMR
contrast is around |AMR| = 1.6% for NiFe sample. The sample of NiFe (layer
thickness 8 nm) was prepared by DC sputtering (for more details, see [27]) on
the thermally oxidized silicon substrate.

YIG/Pt

The bilayer of YIG/Pt is a typical representant of ferrimagnetic insulator/heavy
metal (FI/HM) structure, where SMR is observed [25, 40, 33]. Therefore, we
decided to start the study of SMR with this sample.

Due to general difficulties with the growth of YIG on other substrates, all
samples were grown on the gadolinium gallium garnet (GGG) substrate. GGG is
unfortunately not transparent in the higher THz frequencies, and therefore all of
the measurements were done only in the low THz frequencies (0.5-3 THz). For
our experiments, three samples were prepared - Pt/YIG/GGG, YIG/GGG and
bare GGG substrate. For fabrication of Pt/YIG samples, a 630 nm thick layer of
YIG was deposited on the double-polished 500-µm thick GGG substrate in the
direction of [111] by liquid phase epitaxy. In Pt/YIG samples, this structure was
consequently placed in the electron-beam evaporation chamber, where a 3 nm
thick Pt layer was deposited.

CoFeB/Pt samples serie

The mechanism responsible for the existence of SMR in Pt/YIG bilayer, the spin
coupling to magnetisation and its dissipation via an applied torque should also
be present in a fully metallic bilayer of a ferromagnet/heavy metal (FM/HM). In
our case, we chose the Pt/CoFeB bilayer as a representant of these structures.
However, as anticipated in Sec. 1.3.4, there might also be another mechanism
responsible for SMR (absorption of longitudinal spin current), with entirely differ-
ent frequency dependence. So, such spectral response is the goal of measurements
on these samples.

All samples from the Pt/CoFeB series were deposited on a thermally oxidised
silicon (SiO2/Si) substrate, which is transparent in both low and high THz fre-
quencies. First, and the most important, is a sample of a bilayer of 3 nm thick
Pt and 7 nm thick CoFeB layer (Pt/CoFeB/SiO2/Si). As CoFeB is a metallic
ferromagnet, there is a nonzero AMR contribution [41]. To distinguish its con-
tribution from the SMR, we prepared a reference sample without the Pt layer
for direct comparison: AlOx/CoFeB/SiO2/Si. To further study the SMR mech-
anism, we designed a sample with 3 nm thick aluminium oxide barrier between
the metallic layer (Pt/AlOx/CoFeB/SiO2/Si). In addition to that, another bi-
layer with an oxide barrier was prepared. This time, after deposition of the
CoFeB layer on the substrate, the whole sample was exposed to the outside at-
mosphere, which led to a thin CoFeB oxide layer on the surface of the CoFeB
layer (Pt/CoFeB-ox/CoFeB/SiO2/Si). Consequently, on this CoFeB oxide layer
was deposited platinum layer. The samples containing a barrier were designed to
partially or completely block the spin transport channels between Pt and CoFeB,
and, therefore, allow us to distinguish the AMR contribution (arising from the
FM itself) and the SMR.All studied samples are summarized in Tab. 3.1.
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No. Sample composition MR signal Spectral range
(1) GGG None low THz
(2) YIG(630)/GGG None low THz
(3) Pt(3)/YIG(630)/GGG SMR low THz
(4) Pt(3)/CoFeB(7)/SiO2/Si SMR+AMR low & high THz
(5) Pt(3)/CoFeB-ox./CoFeB(7)/SiO2/Si SMR+AMR low & high THz
(6) Pt(3)/AlOx(3)/CoFeB(7)/SiO2/Si AMR low & high THz
(7) AlOx(3)/CoFeB(7)/SiO2/Si AMR low & high THz
(8) NiFe(8)/SiO2/Si AMR low THz

Table 3.1: Summary of the studied sample. The first column No., is identification
for sample, according to which the samples will be referenced. In the column
sample composition is description of structure of studied multilayers. The number
in the brackets shows the layer thickness in nm. The column MR signal shows
theoretically expected magnetoresistive signal contributions. The last column,
spectral range, shows at which THz frequencies the sample was studied. Low
THz frequencies are meant from 0 to ≈ 3 THz, and by high is meant from ≈ 7
to ≈ 30 THz.

3.2 Average conductivity
The whole chapter is devoted to the study of the conductivity in the THz spec-
tral range. Section SMR measurements (Sec. 3.3) is related to the magnetisation
direction dependent changes in a relative change of conductivity (i.e. MR). In
contrast, this section presents magnetisation independent conductivity, hereafter
referred to as average conductivity. Because observed MR effects are at most
∼ 10−3 large, the average conductivity, which is usually measured with uncer-
tainty of a few percents, can be obtained from transmission measurements of
demagnetised samples or samples with saturated magnetisation without notice-
ably increasing the overall error. Signal was modulated by the fast chopper (
modulation frequency 30 kHz) in all conductivity measurements.

3.2.1 YIG/Pt
We will start the analysis of averaged conductivity by the sample (3). P-polarised
THz waveforms were generated by STE and detected by 250 µm thick GaP crys-
tal. THz radiation firstly passes through the sample, consequently passes through
a wire grid polarizer and ends in the nonlinear crystal. Conductivity extraction
requires transmission in the THz spectral range, for this, we have to measure
transmitted THz waveforms through both bare substrate and sample with a de-
posited thin layer.

Observed THz waveforms are shown in Fig. 3.1a). Obtained THz waveforms
are consequently converted to the frequency domain by Fourier transformation.
The absolute values of the THz spectra are displayed in Fig. 3.1b).

As we can see, the electro-optic signal from STE extends from 0 to 5 THz.
Therefore we define the noise level based on the signal amplitude at high frequen-
cies above 5 THz, where we do not expect any signal due to the chosen detection
crystal and emitter. Obtained THz spectra are used to determine the transmission
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using Eq. 2.11 and its uncertainty using Eq. 2.15 (using σSs = σSm+s = 1 µrad).
The resulting transmission can be seen in Fig. 3.2a). Conductivity was calcu-
lated from transmission using the Tinkham formula (Eq. 2.12), assuming n1 =
1 and n2 = 4.1 (taken from the [42], value for YIG at ≈ 1 THz). The resulting
conductivity can be seen in Fig. 3.2b).
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Figure 3.1: Transmitted THz waveforms through the sample (3). Transmitted
THz waveforms are displayed through the sample Pt/YIG/GGG (blue line) and
YIG/GGG substrate (orange line) in a). The corresponding absolute value of the
THz amplitude spectra are shown in the b).

This measurement was performed at low THz frequencies (from ≈ 0.5 to ≈ 2.2
THz) and as we can see, both, the real and the imaginary part of the σ are almost
constant. The imaginary part of σ shows a slightly decreasing trend, which does
not comply with the Drude model (Eq. 1.12).
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Figure 3.2: Transmission and conductivity of the sample (3). Transmission of
the thin Pt layer at low THz frequencies is in a). Corresponding conductivity
of the thin Pt layer at low THz frequencies is in b). Real (imaginary) part of
uncorrected conductivity is displayed by blue and red points (calculated using
Eq. 2.12 using n1 = 1, n2 = 4.1 and d = 3 nm), corrected conductivity shows
light blue and orange points. Turquoise and yellow lines correspond to the fit by
the Drude model.

As a next step, we have to make a correction to the phase shift induced by the
different substrate thickness ∆d. The obtained conductivity, hereafter referred to
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as uncorrected σu, is fitted by the Drude model with ∆d as a free fitting parameter
according to the procedure described in Sec. 2.1.3. The result of the fit is in Fig.
3.2b), together with comparison with uncorrected conductivity.

This procedure gives us regression coefficients σ0 = 1.53 MS.m−1, τ = 11 fs
, ∆d = −0.66µm. The uncertainty in the regression coefficients could be used
to discuss the conductivity uncertainty, but we used the alternative approach
instead. To evaluate the uncertainty of the regression coefficients, we decided
to fit the corrected data by Drude model, which leads to σ0 = (1.53 ± 0.03)
MS.m−1, τ = (11 ± 2) fs. While we suppose σ0 to be estimated credibly, we
reckon the scattering time’s uncertainty is underestimated and untrustworthy
in general. This is because the conductivity of sample (3) was measured only
in the low THz frequencies, where the conductivity is almost constant (except
for materials with extremely small scattering time). This could be improved by
measuring the transmission at higher frequencies to observe a drop in the Drude
conductivity. However, the transmission of the GGG substrate does not allow for
it. To estimate the uncertainty in the scattering time, we decided to increase the
scattering time until the obtained real and imaginary part of conductivity starts
to deviate from the dataset, which leads to scattering time < 33 fs.

Tinkham formula assumes two half-spaces separated by a think conductive
layer. In our case, there is one additional interface (YIG/GGG), - which leads to
Fabry-Perot-like reflections between it and Pt or air on the other side. Additional
reflections can modify the total transmittance and corresponding conductivity.
However, this correction is small since the reflection coefficient from GGG/YIG
is approx. 7%, leading to an 8% transmission change, which is still within our
error bar range.

Let’s now discuss the amplitude of the obtained results. Because the YIG
layer was also deposited on the reference sample, the conductivity of the studied
sample comes only from the Pt layer. From [43] we will find out, that conductivity
of the platinum should be around σ ≈ 9.4 MS.m−1 at 20 ◦C. Our result is thus
approximately 6 times smaller. The reason for this is, that we are studying
Platinum in the form of a thin film deposited on another layer. This can be easily
explained by the Fusch-Sondheimer theory [25], according to which the scattering
can cause a decrease in conductivity at the interface or by the roughness of the
interface.

3.2.2 CoFeB/Pt samples
All samples from the CoFeB/Pt series were deposited on the thermally oxidised
Si substrate, which allowed us to measure averaged conductivity in the high
THz frequencies (≈ 7-30 THz). Information from these spectral ranges gives
us essential information because frequency dependence of the SMR in the range
of scattering frequencies can provide us important information and the physical
mechanism responsible for it.

CoFeB/Pt sample series were studied mostly in the low THz frequencies, and
samples (4),(6) and (7) were also studied in the high THz frequencies.
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Low THz frequencies (0.5-2 THz)

For this purpose, we used Terablast emitter and 1 mm thick ZnTe. Because we
studied four samples in this spectral range, but the analyses remain the same, we
will illustrate the data processing on the sample (7) and at the end of the section
we will summarize the results.

Observed THz waveforms transmitted through the sample and substrate are
in Fig. 3.3a). Similarly to the previous section, THz waveforms were transformed
into frequency space by Fourier transform. Obtained spectra are on Fig. 3.3b).
Noise ratio is indicated by the dashed line.
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Figure 3.3: Transmitted THz waveforms through the sample (7). THz
waveforms were emitted by Terablast emitter and detected by 1 mm thick
ZnTe crystal. Transmitted THz waveforms are displayed through the sample
AlOx/CoFeB/SiO2/Si (blue line) and SiO2/Si substrate (orange line) are in a).
Corresponding absolute value of the THz amplitude spectra are shown in the b).
Noise ratio is indicated by the dashed line.

Analogously to the previous section, the THz spectrum transmitted through
the sample was divided by the THz spectrum transmitted through the substrate
to get a transmission of the thin film. The result of this procedure can be seen on
Fig. 3.4a). To calculate conductivity using the Tinkham formula is necessary to
get the refractive index of silicon. For this we used Cauchy formula for refractive
index

n =
√︄
ε1 + A

λ2 + Bλ2

λ2 − λ2
1
, (3.1)

where ε1 = 11.6858, A = 0.939816 · 10−12 m2, B = 8.10461 · 10−15 and
λ1 = 1.1071 µm [44]. Calculated uncorrected conductivity is on Fig. 3.4b).

The phase correction is performed in the same way as for the YIG/Pt bilayer.
The result of this procedure can be seen on Fig. 3.4b) together with the compari-
son with uncorrected conductivity. The resulting regression coefficients from this
procedure are σ0 = 0.41 MS.m−1, scattering time τ = 3 fs and ∆d = 0.29 µm.

The same approach as in the previous section was applied to estimate the
uncertainty of regression coefficients, which leads to σ0 = (0.42 ± 0.01) MS.m−1

and τ < 10 fs. The fitting parameters of measured data on all samples are
summarized in Tab. 3.2.
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Figure 3.4: Transmission and conductivity of the sample (7). Transmission of
the thin AlOx/CoFeB layer at low THz frequencies is in a). Corresponding con-
ductivity of the thin AlOx/CoFeB layer at low THz frequencies is in b). By red
and dark blue points are displayed uncorrected conductivity σu (calculated using
Eq. 2.12 using n1 = 1, n2 from Eq. 3.1 and d = 7 nm), by orange and light blue
points corrected conductivity. Turquoise and yellow lines correspond to the fit
by the Drude model.

High THz frequencies (7-30 THz)

To measure at high THz frequencies, we used 90 µm thick GaSe crystal and 10
µm thick ZnTe crystal.

The evaluation of the conductivity measurements is the same for all studied
samples. Therefore we will demonstrate the used procedure at the sample (7),
and at the end of the section, we will summarise obtained results. Observed THz
waveforms are in Fig. 3.5a) and appropriate THz spectra in Fig. 3.5b).
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Figure 3.5: Transmitted THz waveforms through the sample (7). THz wave-
forms were emitted by 90 µm thick GaSe crystal and detected by 10 µm thick
ZnTe crystal. Transmitted THz waveforms are displayed through the sample
AlOx/CoFeB/SiO2/Si (blue line) and SiO2/Si substrate (orange line) are in a).
Corresponding absolute value of the THz amplitude spectra are shown in the b).

Consequently, THz spectra were divided to get transmission t (see Fig. 3.6a)).
In analogy with previous sections, uncorrected conductivity σ is calculated (see
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Fig. 3.6b)).
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Figure 3.6: Transmission and conductivity of the sample (7). Transmission of
the thin AlOx/CoFeB layer at high THz frequencies is in a). Corresponding
conductivity of the thin AlOx/CoFeB layer at low THz frequencies is in b). By
red and dark blue points are displayed uncorrected conductivity (calculated using
Eq. 2.12 using n1 = 1, n2 from Eq. 3.1 and d = 7 nm), by orange and light blue
points corrected conductivity. Turquoise and yellow lines corresponds to the fit
by Drude model.

Correction to the different substrate thickness can be seen on Fig. 3.6b). Fit
leads to the regression coeficients σ0 = 0.41 MS.m−1 and scattering time τ = 1 fs
and difference in thickness of the substrates ∆d = −0.07 µm.

Uncertainty of the regression coefficients was established in analogy with the
previous section. The result of it is that uncertainty in the σ0 = (0.41 ± 0.01)
MS.m−1 and for scattering time τ =< 1.3 fs.

The precision of the estimation of the σ0 and τ can raise after merging both
frequency ranges and fitting the data as one set. This approach will be illustrated
on the sample of the AlOx/CoFeB sample.

After connecting THz transmission in both ranges (see Fig. 3.7a)), the trans-
mission is converted to uncorrected conductivity (Fig. 3.7b)) σ using the Tinkham
formula 2.12.

Analogously to the previous sections, data are fitted with the different thick-
ness of the sample and the substrate (see Fig. 3.7b)) and comparison to the
uncorrected conductivity σu (see Fig. 3.7b)). This approach gives for regression
coefficients σ0 = (0.42 ± 0.01) MS.m−1, τ =< 1.5 fs and ∆d = −0.071 µm. Re-
sults of conductivity extraction are summarized in Tab. 3.2 and shown in Fig.
3.8.

As we can see, the conductivity of the samples (4) and (6) is almost the same.
This can be easily explained by the parallel resistor model. The conductivity
of such bilayer consists of conductivity of the 3 nm layer of Pt, 7 nm layer of
CoFeB. Rigorously, in the case of the CoFeB/AlOx/Pt sample, the conductivity
of 3 nm thick AlOx layer should be included. Still, taking into account that it is
an isolator, its conductivity is negligible. Therefore conductivity of the CoFeB/Pt
and CoFeB/AlOx/Pt is almost the same.

It has to be also noticed that sample conductivity of (4) and (5) is different.
After deposition of the CoFeB to the silicon substrate, the sample had to be
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Figure 3.7: Transmission and conductivity of the sample (7). Transmission of
the thin AlOx/CoFeB layer at concetated frequency range (0.5-29) THz is in
a). Corresponding conductivity of the thin AlOx/CoFeB layer at concetated
frequency range (0.5-29) THz is in b). By red and dark blue points are displayed
uncorrected conductivity (calculated using Eq. 2.12 using n1 = 1, n2 from Eq. 3.1
and d = 7 nm), by orange and light blue points corrected conductivity. Turquoise
and yellow lines corresponds to the fit by Drude model. For better readability it
is used nonlinear x-scale (ω/2π)1/4.

transferred to another deposition machine. Therefore it had to be transferred
in the outside atmosphere, which probably leads to the formation of the thin
oxidation layer before the Pt layer was deposited. The difference in observed
conductivity leads us to a conclusion that different preparation procedures in
some way affect the sample properties which leads to the decrease in conductivity.

Let’s move to the discussion of amplitude of obtained conductivities. We
have find out in Sec. 3.2.1, that conductance of Pt layer should be around 1.53
MS.m−1. The similar result can be obtained, when conductance G (G = σd,
where d is thickness of the layer) of sample (6) and (7) are subtracted, which
leads to σP t = 2.32 MS.m−1. From the literature sources discussing conductivity
of Pt layer we can point out [25], where Fuch-Sondhemeire theory is described,
which predicts thickness dependence, according to which for 3 nm thick Pt layer
we would obtain σP t = 1.57 MS.m−1, which is in match with YIG/Pt sample.
Discussion of different methods of sample preparation lead to different parameter
of the model, which could explain, why we obtained slightly different conductance
of Pt obtained from the samples (6) and (7). In addition to this we can mention
studies [45] (σP t = 1.7 MS.m−1 for layer with thickness between 2 and 4 nm) and
[46], where 10 nm thick layer has been studied and showed σP t =3.9 MS.m−1.

The conductivity of CoFeB, taken from sample (7), agrees with range of values
0.1-0.6 MS/m reported in [27,39] for similar thicknesses. In total, we find the con-
ductivity measurements done in this section internally and literature consistent.
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Low THz frequencies (0.5-2 THz)
(4) (5) (6) (7)

σ0 [MS.m−1] 1.01±0.03 0.92±0.05 0.99±0.04 0.42±0.01
τ [fs] < 1.7 < 9 < 7 < 10

High THz frequencies (7-30 THz)
(4) (5) (6) (7)

σ0[MS.m−1] 1.01±0.02 - 0.98±0.08 0.41±0.01
τ [fs] < 1 - < 7 < 1.3

Merged THz frequency interval (0.5-30 THz)
(4) (5) (6) (7)

σ0 [MS.m−1] 1.01±0.02 - 0.98±0.05 0.42±0.01
τ [fs] < 0.7 - < 0.8 < 1.5

Table 3.2: Table concerning resulting regression parameters from the fitting pro-
cedure. Parameters σ0 and τ is DC conductivity and scattering time from Drude
model (Eq. 1.12). Samples are marked accordign to serial number from Tab. 3.1.
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Figure 3.8: Conductivity of studied samples from Pt/CoFeB series. By Turquoise
and yellow line are displayed the results of the fit. For better readability is used
nonlinear x-scale (ω/2π)1/4.

41



3.3 SMR measurements
The experimental setup described in Sec. 2.1 is designed to study AMR in the
THz spectral range. Due to the same symmetry with the SMR, we will use it to
investigate SMR in the THz spectral range.

These measurements were done at all samples described in Sec. 3.1. This time,
the signal was modulated by magnetization modulation. This was achieved by
two types of AC electromagnets (more details below). We will start the analysis
by exploring SMR in FI/HM samples (YIG/Pt series), followed by fully metallic
stacks of ferromagnets and heavy metal (CoFeB/Pt). For clarity, the obtained
results will be discussed separately, together with the presentation of the data.
At the end of the section, we will discuss observed results for both FI/HM and
FM/HM stacks, in the broader context.

3.3.1 FI/HM bilayer
Differential signals

Sample (1), (2) or (3) was placed between claws of electromagnet oscillating at
the frequency 6 kHz. The Terablast emitter was used for THz emission and 1
mm thick ZnTe detection crystal was used for detection.

As stated in Sec. 2.1, the maximum signal corresponds to the situation when
the magnetisation of the sample oscillates between the ϕM = ±45◦. Because
SMR signal is expected to be small and requires long averaging, the sample (8),
NiFe sample, (with differential signal 103-times bigger) was placed between the
claws of the electromagnet, and the permanent magnet moved over the sample
until we obtained the maximum signal. The reason for this is, that the maxi-
mal differential signal (or AMR contrast |AMR|) corresponds to the oscillation
between parallel and perpendicular direction of magnetisation with respect to
THz waveform polarisation. When satisfied with the permanent magnet posi-
tion, the sample, the sample (8) is replaced by studied sample and AMR/SMR
measurements can start.

However, the desired time window is unknown for us, because of small ex-
pected signals and necessity to average for a longer time. As a solution we mea-
sured reference THz waveform (cyan line on Fig. 3.9a)) transmitted through the
sample (3). Consequently, the magnetisation of the sample began to be modu-
lated by the electromagnet and the difference in the transmission was measured.
The differencial signal was averaged for approximately 20 hours and obtained
results can be seen on Fig. 3.9a) (blue line). A signal, similar to the reference
THz waveform, can be observed over the ultimately low (1 nrad) noise floor in
observed result. To prove that observed signal belongs to SMR, we decided to
replace sample (3) by sample (2), where no SMR signal is expected (yellow line).
As we can see, there is no significant signal above the noise floor ratio. To com-
plete the whole image about SMR, we decided to remove sample (2) and repeat
the whole procedure without any sample (orange line). We can see, that there is
also no observable signal above the noise floor ratio. Because differential signal
was observed in the sample (3), but disappears with removal of the Pt layer, it
is a strong evidence that observed signal belongs to SMR.

Let’s look on the spectra of the observed results (see Fig. 3.9b)). Firstly,
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look at the spectra of the reference waveform emitted by the Terablast emitter.
This spectra covers frequencies from 0.2-2 THz. As wee can see, Measurements
from the sample (2) and without sample shows only the shot noise, while signal
from sample (3) is above the noise level. Much more interesting than the signal
itself (blue spectrum) is its shift towards the lower frequencies with respect to
the reference transmission (cyan spectrum). We can see that the ∆S signal is
centered around 0.2 THz, so we observe low-pass filter effect on ∆S signal.

Figure 3.9: Results of the ∆S signal from the SMR measurements of the YIG/Pt
sample series. On a) THz waveforms from differential measurements and reference
can be seen and corresponding THz spectra are on b). Differential signals ∆S
from modulation by the electromagnet is marked by blue line for Pt/YIG/GGG,
the yellow line for no sample and orange for the orange line. By cyan is marked
reference THz transmission S.
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Figure 3.10: Result of interpolation procedure. On a) the interpolated THz
waveform can be seen and interpolated spectra is shown on b). Observed reference
waveform (spectra) is marked by blue line and the interpolated points are marked
by orange points.
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Evaluation of SMR contrast

Let’s evaluate SMR contrast. For this, it is necessary to relate the differential
signal spectrum ∆S(ω) to the reference spectrum S(ω) by dividing both spectra
(Eq. 2.18). Nevertheless, ∆S and S have different spacing in time and frequency
axis due to difference in modulation frequency between chopper (30 kHz) and
electromagnet (6 kHz). Because of this, it is necessary to interpolate S(t) to the
time base of the differential signal ∆S(t). The result of this procedure is in Fig.
3.10a) and interpolation of the spectra is in b).

The differential signal from sample (3) and reference spectra are consequently
divided and the results can be seen on Fig. 3.11a). It is clear that above 2
THz the noise overcomes the signal, because the detected THz signal has limited
bandwidth and therefore to further processing only interval from 0.2 THz to 1.5
THz is taken.
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Figure 3.11: Evaluation of the SMR contrast of the sample (3). Ratio ∆S/S in
range from 0 to 4 THz is shown in a). Corresponding SMR contrast can be seen on
the b). SMR measurements in the DC corresponds to the red line. Blue points
shows obtained SMR results and dark blue line shows fit by the theoretically
predicted frequency dependence (|SMR| ∼ ω−1/2).

The obtained ∆S/S ratio can be converted to the SMR by the Eq. 2.18 and
the Eq. 2.19 considering n1 = 1, n2 = 4.1 (refractive index of GGG at 1 THz [42]
and G|| = 4.59 mS is obtained from the σ0 = 1.53 MS.m−1 and thickness of the
Pt layer d = 3 nm. Obtained correction factor γ(ω) ≈ 2.98 is used to evaluate
SMR contrast (see Fig. 3.11b).

The amplitude of the observed THz SMR contrast is surprisingly small (0.03%
at 0.3 THz) in comparisson with typicasl DC and GHz values, whose reach at most
0.1%. For a direct quantitative comparison, our colleagues’ DC measurements in
Dresden show the SMR contrast of 0.086% on the same sample. We plot this
value as a solid line in Fig. 3.11b). A decrease of the SMR contrast from DC
to THz value, even more, corroborates the observation of lowpass effect of SMR
when entering the THz frequencies.

Reference AMR measurements

According to [27], the THz AMR value should correspond to its DC value. From
our experience, lengthy measurements (in order of tens of hours) can lead to
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degradation of the laser performance. To map these changes, we decided to
measure the AMR of the sample (8) before and after the SMR measurements of
samples (1), (2) and (3). Measured THz wavefroms can be seen on Fig. 3.12a) and
their spectra on Fig. 3.12b). We can notice the similarity between the differential
signal ∆S and the reference signal S, except of smaller total amplitude of the
differential signal ∆S from the end of the SMR measurements on the sample (3).
From this, we can expect that the AMR of the sample (8) will be mostly constant
at the low THz frequencies.

Figure 3.12: Differential signal ∆S and reference transmitted THz waveform S of
the sample (8) for AMR measurements. On a) THz waveforms from differential
measurements ∆S and reference S and corresponding THz spectra can be seen on
the b). Differential signals ∆S from modulation by electromagnet is marked by
blue line (orange line) measured before (after) the long SMR session of YIG/Pt
series (≈ 90 hours) and the measurement and yellow line corresponds to the
reference THz transmission S. Black dashed line shows the noise level.

The decrease in the observed signals can be better seen on the ∆S/S (see Fig.
3.13a)) or calculated AMR contrast (Fig. 3.13b)). Similary to the Pt/YIG/GGG
measurements over 2 THz the noise overcome the signal, but the more impor-
tantly, AMR contrast observed by us (|AMR| ≈ 1.6%) is in match with the
reported AMR constrast from the [27]. Therefore, we are sure, that at the begin-
ning the setup was set right. The reference AMR measurement of the sample (8)
from the end of SMR measurements shows decrease in the AMR ratio by 40 %,
but the spectra remains the same from the qualitative viewpoint. However, the
reduction of the signal due to degradation of laser performance cannot explain
the much lower THz SMR signal compared to its DC value. First, the SMR sig-
nal drops by more than 300%. Second, the degradation of laser output by 40%
happened during consequent measurement of all three SMR samples (1), (2), (3)
in line, so we expect roughly 13% signal reduction for sample (3) to be possibly
due to the laser degradation.

Comparisson to theoretical models

Presented results, mainly the suppression of the SMR contrast at the THz fre-
quencies, motivated our colleagues from Max Planck institute to build theoretical
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Figure 3.13: AMR measurements on the sample (8). ∆S/S ratio for the beginning
(blue points) and the end (orange points) is shown on a) using the data from 3.12.
Corresponding AMR contrast can be seen on the b).To evaluate the decrease in
the observed signal the measured AMR contrast was fit by the constant function,
which is depicted by the yellow (purlple) line for the data from the beginning
(end) of the SMR measurement session.

model, which could explained observed behaviour. Recent results of this theory
are summarized in [47].

Without any quantitative comparison to presented theory, we will plot the
dependence |SMR| ∝ ω−1/2. As we can see, observed results can be described
by this trend, however the applicability of presented model to the theory is still
subject of discussions.

A simple explanation can be expressed as following. Impact of the ultrashort
THz pulse is equivalent to application of alternating voltage at THz frequency.
This voltage induces spin current inciding to the FI/HM interface and leads to
the oscillating spin accumulation at the interface. As it was stated in Sec. 1.3.4,
this spin accumulation can absorbed due to torque between magnetisation and
spin of the accumulated electrons. Our explanation is, that the magnetisation
dynamics is not fast enough to absorbe spin of the FI/HM interface and the
amount of absorbed spin from the interface is the less the more far is the applied
frequency from the frequency of the ferromagnetic resonance. Therefore the sec-
ondary induced current is similar for magnetisation parallel to accumulated spin
or perpendicular, i.e. the SMR contrast diminishes.

We have shown that observed suppression in the SMR contrast has promising
theoretical explanation, but it is still subject of the live discussions.

3.3.2 FM/HM series
The decrease in the SMR contrast of the YIG/Pt bilayers in THz spectral range is
remarkable. To study also the other possible mechanism contributing to the SMR
effect in the bilayers of the FM/HM, we decided to apply the same procedure on
the CoFeB/Pt samples.

The measurements were performed in both, low (0.2-2 THz) and high THz
(7-30 THz) frequencies. For this measurement, an upgraded AC electromagnet
was used, which will enable us to modulate the differential signal at the frequency

46



of 10 kHz. However, the new design of electromagnet led to coupling with de-
tection electronics and therefore the measured THz waveforms were affected by
background signal.

The whole procedure of the SMR contrast evaluation will be demonstrated
on the sample (4) for both frequency intervals and the results for the rest of the
samples will be presented at the end of the section.

Measurements at low THz frequencies (0.2-2) THz

Terablast emitter was used as a source of the low THz frequencies and 1 mm
thick ZnTe for its detection. The observed THz waveform (see Fig. 3.14a) blue
line) extends over 1 ps and as we can see, the rest of the differential signal is
affected by a time-varying background. This backgound is caused by the above
mentioned coupling of the electromagnetic waves radiated by AC electromag-
net and detection. To diminish its impact to our analysis, the background was
subtracted from the observed THz waveform using exponential and polynomial
arbitrary functions. The results of this procedure can be seen on Fig. 3.14a)
(orange line). As we can see, substraction of the backgroung suppresses signal at
the lowest frequencies.

Figure 3.14: Differential signal obtained from sample (4). Observed (blue line)
and background corrected (orange line) differential signal ∆S can be seen on a).
Contribution of the background are marked by black line (y1 = 2.5 · 10−1(t +
4)1.6 − 4) and blacked dashed line (y2 = 0.6e−2.85(t+4) − 4). The spectra of the
observed THz waveform are shown on b). Yellow spectrum in b) correspond to
reference THz waveform S.

Consequently, the waveform is converted to the frequency space by Fourier
transform (see Fig. 3.14b)). The subtraction of the background affects only the
signal at the lowest THz frequencies. The signal over 3 THz in the reference
waveform is dominated by the noise.

The fraction of the differential signal ∆S and the reference signal S is pro-
portional to the SMR contrast. The result of this operation, ∆S/S, can be seen
in Fig.3.15a) and b). Figure 3.15a) shows a wider interval of frequencies and we
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see, that noise above 2 THz is much bigger than the signal itself, and therefore
we take to the further processing the only interval from the 0.2 to 2 THz.
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Figure 3.15: Fraction ∆S/S of sample (4) as a function of frequency. On a) we
can see ∆S/S in the wider interval of frequencies and b) shows a detail on the
data over the frequency range, which were taken to further processing. The blue
line corresponds to the signal with the time-varying background and the orange
line corresponds to the signal with the subtracted background.

Fraction of the ∆S/S can be converted to the SMR/AMR contrast by multi-
plication by γ(ω) defined by Eq. 2.19. The correction factor γ(ω) was evaluated
using n1 = 1, n2 = 3.42, G|| = σ0d/(1 − iωτ), where σ0 = 1.01MS.m−1, d = 10
nm, τ = 0.45 fs and the results can be seen in Fig. 3.16a). The SMR contrast
is obtained after multiplication of the ratio ∆S/S by γ(ω) (Eq. 2.18) and the
result can be seen in Fig. 3.16b). Here we can notice the first main result of this
section. Observed MR contrast is constant in the spectral range 0.2-2 THz and
its amplitude is ≈ 0.4%. However, this signal cannot be related directly to SMR,
because the fraction of the AMR contribution is still unknown for us.
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Figure 3.16: Evaluation of SMR contrast of sample (4) in low THz frequencies.
Spectral dependence of the correction factor γ of sample (4) is in a). AMR+SMR
contrast of sample (4) is in b).
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Measurements at high THz frequencies (7-30) THz

Spectra of SMR contrast shows qualitative differences between FI/HM and FM/HM
series, which motivated us to measure the SMR contrast of FM/HM stacks at the
high THz frequencies (7-30 THz).

Magnetisation of samples was achived by the same magnet as in the previous
section. THz radiation was generated using 90-µm thick GaSe and detected by
used 10-µm thick ZnTe. Observed THz waveforms are shown in Fig. 3.17a).
The observed THz waveforms shows much smaller amlitudes and therefore the
background from the electromagnet is more pronounced. To suppress this effect,
we subtracted the background from the waveform the same way as in the case of
low THz frequencies.

Figure 3.17: Differential signal obtained from sample (4). Observed THz wave-
form (blue line) and after substraction of background (orange line) are in a). Con-
tribution of the background are marked by black line (y1 = 0.4(t + 0.4)2 − 1.7)
and blacked dashed line (y2 = 8e−76.9(t−0.058) − 3) and by dot-and-dashed line
(y2 = 3.7 exp{(−(t− 0.24)2/0.132)} − 2.6). The corresponding spectra of the ob-
served THz waveform are in b). Yellow spectrum in b) correspond to reference
THz waveform S.

As we can see the waveforms are only around ≈ 200 fs long, which is 10
times less than in the case of low THz frequencies and therefore they should
contain higher THz frequencies, which we can see at Fig. 3.17b). The obtained
spectra of S and ∆S are almost the same (except for the multiplication factor).
The subtraction of the background helped to suppress the artificial signal located
between 6 and 10 THz. The signal below 6 THz is still affected by the background,
but the THz emitter does not emit in this frequency range, and therefore it will
not affect our results.

Similary to YIG/Pt analyses, the differential signal ∆S and the reference S
have different spacing in time and frequency domain because of different mod-
ulation frequencies between AC electromagnet (10 kHz) and chopper (30 kHz).
Due to this, reference signal S is interpolated to time-spacing of the ∆S, and the
results can be seen in Fig. 3.18a). As we can see, for the frequencies below 8 THz
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Figure 3.18: Fraction ∆S/S as a function of frequency for sample (4). On a)
we can see ∆S/S in the wider interval of frequencies and b) shows the data in
the interval of frequencies, which are taken to further processing. The blue line
corresponds to the signal with the time-varying background background and the
orange line corresponds to the signal with the subtracted background.

the ∆S/S is deviating from constant value, which is an effect of the imperfectly
subtracted background. Due to this, only signals corresponding to frequencies
above 10 THz were taken into further processing. From the other side, we can
see that frequencies above 27 THz are affected by the high error, which is caused
by the decrease in the signal of the THz emitter. Due to this, for further process-
ing the ∆S/S ratios were taken only to the 27 THz. The chosen interval is used
in Fig. 3.18b).

To evaluate SMR contrast it is neccesary to establish correction factor γ(ω).
For this we took the same values as in the case of low THz frequencies (n1 = 1,
n2 = 3.42, G|| = σ0d/(1 − iωτ), where σ0 = 1.01 ± 0.02MS.m−1, d = 10 nm,
τ = 0.45 fs). The obtained γ(ω) (see Fig. 3.19) remains constant at the high
THz frequencies with the amplitude of γ(ω) = 2.154.
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Figure 3.19: Evaluation of SMR contrast of sample (4) in high THz frequencies.
Spectral dependence of the correction factor γ of sample (4) is in a). AMR+SMR
contrast of sample (4) is in b).

The resulting SMR (or AMR) contrast is in Fig. 3.19b). As we can see

50



obtained MR contrast is frequency independent and with the similary amplitude
as in the low THz frequencies. From this we can conclude that MR response of the
fully metallic stack is flat in the wide spectral range (from 0.1 to 28 THz). As was
stated in Sec. 3.1, at this moment we are not able to say the ratio corresponding
to AMR and SMR.

Estimation of SMR and AMR contributions

Striking observation has been made. The measurements of MR is fundamen-
tally different between FI/HM and fully metallic FM/HM bilayers. For detailed
discussion we have to identify the AMR and SMR contribution in the FM/HM
bilayers. Two possible approaches can be applied.

First one, conventional, is to use ADMR method, which estimates AMR and
SMR contrast from the differential angular dependences. Experimental data from
ADMR analysis are not presented in this thesis, because they was aquired by
our coleagues from Dresden. The results of DC ADMR measurements showed
AMR+SMR contrast ≈ 0.32%, while SMR contribution is ≈ 0.255% and AMR
contribution is 0.065%. Results of THz SMR showes similar amplitudes and
therefore we conclude that it is also dominated by SMR.

Secondly, we can study another samples with barriers between Pt and CoFeB,
where SMR should not be present. Therefore, the same experiments as on sample
(4) was done with sample (5), (6) and (7). The results can be seen in Fig. 3.20.
Firstly we will discuss relative change of electrooptical signal ∆S/S. Although,
any significant frequency dependence was not observed in the any sample, the
amplitude of ∆S/S is 4-8 times larger in the case of sample (4) than in the
rest. This is the clear evidence that observed phenomenon in sample (4) requires
transparent interface between ferromagnetic and heavy metal layer.

Only samples, where we should see only AMR signal, are samples (6) and (7),
where we see different AMR contrast (AMR contrast of sample (7) is 0.11% and
for sample (6) AMR is around 0.05%), which is however caused by the different
normalisation (conductivity of sample (6) is twice as large as (7), because of
additional conductivity of Pt, giving no AMR contribution) and in match with
DC measurements. The MR contrast of sample (5) is slightly bigger than those
from samples (6) and (7).

Discussion of SMR regimes

To present our explanation for obtained result, let us us firstly summarize ob-
served results for FI/HM samples series. The spin accumulation is absorbed of
the FI/HM interface via the torque between accumulated spins and magnetisa-
tion, or in other words, we are acting on the transversal spin. For this process
is necessary coherent coupling on magnons, whose resonance is in the order of
GHz or tens of GHz. The noneffective coupling between spin and magnons is
therefore possible. The dramatic low-pass filter observed in our THz experiment
is consistent with this hypothesis and it is also consistent with the theory devel-
oped by our colleagues on the Fritz Haber Institute of Max Planck society and
Freie Universitat in Berlin. The presented model offers qualitative dependence
∝ 1/

√
ω, which does not oppose observed results (see Fig. 3.11b)).
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Figure 3.20: Results of SMR measurements for all samples at low and high THz
frequencies. Fraction ∆S/S as a function of frequency is on a). Blue (orange)
dashes line shows value ∆S/S = 10−3 (∆S/S = 10−4) for sample (4) ((7)) and
green dashed line shows ∆S/S = 10−5, signal from substrate. SMR/AMR con-
trast is shown as a function of frequency on the b). Blue line shows SMR and
AMR contrast from sample (4) and orange dashed line shows AMR contrast from
sample (7).

Results for sample (4), Pt/CoFeB bilayer, shows fundamentally different spec-
tral behaviour. Reason for this can be that spin can be absorbed due to flow of
the spin current carried by conduction electrons to the ferromagnet in addition
to coherent coupling to magnetisation.

This spin channel is does not depend on torque on magnetization and, there-
fore, it does not share the characteristic spectral feature: the low pass filter be-

52



haviour. There is still a question, if the coherent coupling of the spin to magnons
(torque contribution) can be observed in the FM/HM metallic samples at the
THz spectral range as well. Answer to this can be offered by sample (5), where
nanometer-thin oxidised CoFeB layer will insulate the interface for the conduction
electrons but, possibly, could allow for the torque coupling of spins to magneti-
zation. Signal from this sample is comparable to the signal from the sample (7),
which exhibits only AMR signal. From this we can conclude that if the spin to
magnon coupling is not blocked, that this form of SMR is small and SMR signal in
sample (4) comes mostly from the transfer of spin current carried by conduction
electrons through the FM/HM interface.

3.3.3 Outlook and possible applications
Presented results clearly showed that we observed SMR in the THz spectral range.
We also observed, that spin to magnon coupling leads to the suppression of the
SMR contrast at the THz frequencies. This type of experiment could be possibly
used to magnon spectroscopy, for instance in case of antiferromagnets, where
resonance frequency overlaps THz spectral range.

We have also observed, that additional mechanism responsible for SMR (ab-
sorption of longitudinal current) persists in the wide THz spectral range (from 0.1
to 28 THz) and also, that it is major mechanism responsible for SMR measure-
ments. Mechanisms responsible for THz SMR, spin to magnon coupling (torque
contribution) and absorption of the longitudinal spin (spin current carried by con-
duction electrons), shows different thickness dependence and therefore qualitative
study of the THz SMR focused on thickness could be interesting.

In this thesis were studied only bilayers of ferromagnet (ferrimagnet) and
heavy metal, but SMR have been reported also in trilayers of HM/FM/HM. How-
ever this would probably not lead to such exclusive results as combination with
other magnetic materials, for example collinear or noncollinear antiferromagnets.
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4. Construction of THz setup
This chapter is devoted to design and simulations needed for the construction of
a THz setup in a newly founded Laboratory of THz spintronics at the Faculty of
Mathematics and Physics. The long-term strategy is to build a multifunctional
setup, which will be able to generate and detect low (bellow 4THz) and high THz
frequencies (up to 40 THz), intensive THz pulses (peak electric field up to 100
kV/cm), be compatible with transmission and reflection geometries, and allow for
an integration of optical excitation pulses, forming an optical-pump & THz-probe
scheme. Build of such a setup and every configuration exceeds this thesis, but we
have to include those plans and corresponding requirements at the early stage of
this setup’s design. All planned functionality is shown and described in Fig. 4.1.

Laser system PHAROS and ORPHEUS

The laboratory of THz spintronics at MFF UK disposes of the new laser sys-
tem PHAROS-10W-SP-1mJ, henceforth referred to as PHAROS, enabling us to
generate laser pulses with different energy in pulse (up to 1 mJ per pulse) and
different repetition rate (10 kHz - 1 MHz, optional pulse picker), giving maximal
averaged power of 10W at the central wavelength of 1030 nm and pulse duration
of 130 fs (see. Tab. 4.1). The power is split into two 2W and 8W output. Both
of them can be used as a direct source of laser pulses, or the 8W output can
serve as a seed beam for the optical parametrical amplifier (OPA) ORPHEUS.
OPA output operates at the repetition rate of 190.2 kHz (pulse energy 53 µJ)
and enables us to change the central wavelength of the laser pulses from 230 to
2000 nm. The 2W output will be used for most of the THz operations described
below. For a generation of the intensive THz pulses we plan to use the 8W output
and excite a spintronic emitter (STE), see Sec. 4.2.4, by expanded optical beam
and emitted THz radiation will be consequently focused in order to dramatically
increase the peak amplitude of electric field (more details in Sec. 4.2.6).

frep [kHz] Ep [µJ]
998 10
190.2 53
100 100
50 200
20 500
10 1000

Table 4.1: Possible PHAROS outputs. Ep denotes laser pulse energy and frep is
repetition rate.
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Figure 4.1: Sketch of the THz setup with all existing and planned periphery
and possible experiments. The main output is a 2 W output (red line from the
PHAROS laser). Firstly the laser beam is divided by a beam splitter in 2:8 ra-
tio between gate and generation beam. Generation laser pulse passes through a
fast chopper (modulation frequency up to 50 kHz), fast delay line (shaker, see
subsection sampling methods in Sec. 2.1.1), short delay line, optionally some
focusing element (Conf. 1a - parabolic mirror with focal length f = 10.15 cm,
Conf. 1b - a lens with focal length f = 75 cm or Conf. 1c - no focusing element)
and consequently falls on the THz emitter (STE in our case), where THz radia-
tion is generated. Generated THz radiation is guided through the set of off-axis
parabolical mirrors (8f arrangement), where it is transmitted (reflected) from the
sample, as shown in conf. 2a (Conf. 2b) arrangement. 8 W output is planned
to use for the generation of the intense THz pulses. The generation beam (blue
line), in this case, propagates through the short delay line with dielectric mir-
rors and falls to the telescope, which magnifies its diameter by a factor of 4 and
consequently falls on the surface STE. 8 W output is also guided to the optical
parametrical amplifier (OPA), which enables us to change the central wavelength
of the laser pulse from 230 to 2000 nm. OPA output can be used directly for the
generation of THz radiation (orange line) or used as a pump beam in pump &
probe measurements (light green line). For a generation of high THz frequencies
noncollinear optical amplifier (NOPA) is planned to build, which will compress
the laser pulses to 10 fs. We decided to use interferometric autocorrelation in
GaP diode (Conf. 3b) to measure laser pulse length, which can be quickly re-
placed by EOS detection (Conf. 3a). Following Sec. 2.1.1, the EOS comprises of
nonlinear detection crystal (GaP or ZnTe), λ/4 waveplate, Wollaston prism and
pair of detectors.
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8f arrangement

Now we will talk about part of the setup where THz radiation propagates (see Fig.
4.1). After the THz radiation is generated at an appropriate emitter, it propagates
in the set of parabolical mirrors in such a way that diverging THz radiation behind
the emitter is collimated by the first off-axis parabolic mirror (OAPM) with focal
lenght f = 7.62 cm. From here, it propagates as a collimated beam to the
next OAPM, which is in the distance b= 33 cm (almost 4f). Here it is focused
to the first focus, where the sample can be placed. Consequently, transmitted
(configuration 2a) or reflected (configuration 2b) radiation is collimated by the
third parabolic mirror, which is in 2f -distance (15.2 cm) from the second one.
Consequently, it passes through the pellicle beam splitter - a thin membrane
which is transparent for THz radiation but reflects a part of the gate light used
for EOS. Next, it falls to the next parabolic mirror, which finally focuses it on
the detection crystal. The last parabolic mirror is placed from the third one in
the distance b = 33 cm, the same as the mutual position of the first and second
OAPMs.

4.1 Temporal properties of emitted radiation
The length of emitted laser pulses directly influences the emitted THz frequencies.
The shorter the laser pulse is, the faster dynamics is induced, and the higher THz
frequencies can be generated. The detection crystal’s availability is also affected
by the laser pulse length due to the autocorrelation term (see Eq. 2.6). Due to
all stated above, we must know the length of the used laser pulses.

For this purpose, the nonlinear crystals that generate a second harmonic fre-
quency are usually used, because the intensity of emitted second harmonic fre-
quency is proportional to the time overlap of incident pulses. A recent study [48]
shows that two-photon absorption can be used for intensity or interferometric
autocorrelation as well. The central wavelength of the laser pulses is 1030 nm,
and therefore GaP photodiode (bandgap Eg = 2.26 eV) can be used. We see
the main advantage of this approach in easy transition between arrangement for
measurement of the laser pulses (see Fig. 4.1 Conf. 3b)) and THz detection (Fig.
4.1 Conf. 3a)).

Firstly we tried noncolinear incidence of two incident beams (intensity au-
tocorrelation). To obtain presented results, we scanned by the short delay line,
fixed the shaker position and measured the detector’s response as a function of
temporal delays between pulses. Results can be seen on Fig.4.2a). For interfer-
ometric autocorrelation, the short delay line’s spatial resolution is not sufficient,
which could lead to significant undersampling and, thus, distortion of the sig-
nal. To avoid this, we unfixed the shaker, and therefore the temporal delay is
slightly randomly varying. Due to this, every observed point is measured with
some uncertainty in temporal delay, and average the effect of interferometric res-
olution of phase information (oscillations). The result is shown in Fig. 4.2b).
Consequently, we took the maximum for each point in the temporal delay, and
we suppose Gaussian-like laser pulse profile and therefore, we fitted result of
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Figure 4.2: Measurements of the laser pulse length. Result of the intensity au-
tocorrelation measurement for the mode frep = 190.2 kHz is in a) and result of
intenferometric autocorrelation for mode frep = 200 kHz is in b). Red dashed
lines shows fit by Eq. 4.1. On y-scale is detected voltage on the GaP diode
and on x-scale is mutual delay of gate and generation laser pulse. Both of the
measurements show duration of the laser pulse τ ≈ 130 fs.

interferometric/intensity autocorrelation by

A(τ) = C exp
{︄

− τ 2
√

2σ

}︄
+ c, (4.1)

where A(τ) is function of envelope, C is amplitude of the distribution and σ is
1/e-width of the witdth of laser pulse envelope and c is background. Results of
both measurements can be seen in 4.2a) and b). Both of these experiment show
approximately the same laser pulse width FWHMp = (131 ± 10) fs (full width
at half maximum of intensity) for all repetition rates. As a side product, the
position of the temporal overlap is obtained.

As the first source in our laboratory, we decided to use STE (see subsection
Spintronic emitter in Sec. 2.1.1) because of its easy usage. In detail, we used
a bilayer of 2 nm thick layers of CoFeB and Pt on the 500 µm thick sapphire
substrate. This emitter was prepared by the RNDr. Jakub Zázvorka, PhD. from
the Institute of Physics, Faculty of Mathemtics and Physics, CUNI and it was
prepared by the sputtering (more details about the preparation of the sample can
be found in [45]).

We irradiated STE by optical pulses with fluence 53 µJ, repetition rate 190.2
kHz, incident intensity 5 mW in Conf. 1a and for detection, we used 1 mm thick
ZnTe crystal. After one scan (approximately 2 minutes), we obtained the signal
as shown in Fig. 4.3a). Observed THz waveform is 2 ps long, and corresponding
THz spectrum spreads from 0 to ≈ 2 THz (see Fig. 4.3b)). As we can see, the
obtained signal is small in comparison to noise.

Reasons for this are two. Firstly we could not use higher power that 5 mW
because the generation spot is focused to the 39 µm wide spot, and higher inten-
sities lead to the saturation of the THz emissions or burning of the emitter (see
Sec. 4.2.4). Secondly, as we will discuss later, parabolic mirror focuses generation
beam to a small spot and outcoming THz radiation is strongly diverging. This
leads to the fact that the THz beam spot can be bigger than the optical element’s
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width and, therefore, be transformed differently. In the end, the THz beam is
focused to different spot sizes in the detection focus which scales the detected
peak value of THz electric field. This, together with nonlinear crystal response,
leads us to the motivation of simulation of the response functions in roder to
maximise signal to noise ratio by smart design of the setup.

Figure 4.3: THz waveform (a)) and corresponding spectrum (b)) measured with
parabolic mirror (focal length f = 10.16 cm), generation power P = 5 mW and
1 mm ZnTe.

4.2 Simulation of the detection
The simple model presented in this chapter serves to understand how our setup
works and how to design critical parts of it and what are possible further opti-
mizations. Firstly, we ask how changes in the gate beam’s wavelength or changes
of the detection crystal lead to signal improvements and which kind of crystal
would be the most optimal. As we will show in Sec. 4.2.4, STE can be easily
saturated when the incident intensity is focused to a too small spot. In addition
to that, the bigger the generation spot we will use, the less diverging will be the
THz radiation, and the effect of apertures will be less significant. Therefore, the
second question is whether focus on bigger spots can help us obtain bigger signals,
and if so, how much. The design of the 8f arrangement is inspired by [49], but
with the exception that the distance between first and second (third and forth)
OAPM is bigger than the sum of their focal lengths. The reasons for this was that
we needed more space because of other future setups. THz radiation should be
according to laws of geometric optics collimated, but THz radiation propagates
in the form of gaussian beams. The third task, we want to resolve, is thus, if
the distance between collimation mirrors bigger than 2f can cause us problems,
and if so, how big this effect is. Next, we want to compare the model, which we
are using to other models of apertures and the whole simulation compare to the
experiment. When the total response function is obtained, we can reconstruct
the emitted spectra of STE. The last part of this chapter will be devoted to the
first theoretical calculations of THz pulses emission from the large-area STE.
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4.2.1 Response of the THz crystal
The nonlinear crystal response simulations are based on theory introduced in the
on subsection about nonlinear crystal response in Sec. 2.1.1. Due to the large
electrooptic coefficient r41 of ZnTe, it is usually used as a detection crystal in the
EOS. However, ZnTe is usually used in combination with the gate wavelength
800 nm, but PHAROS emits at 1030 nm. Firstly, we will elaborate on how this
shift in wavelength affects the observed signal, and consequently, we will discuss
changes for the GaP crystal.

Firstly we will calculate autocorrelation term G(ω). Previous measurements
showed, that temporal profile of emitted laser pulses correspond to the Gaussian
laser pulse. In that case, the autocorrelation term is

G(ω) = e
−ω2

2σ2
ω (4.2)

where σω =
√︂

2ln(2)/FWHMp ≈ 7 THz is width of the spectral distribution,
when signal decrease to 1/e. In future we plan also to built NOPA, which enables
us to generate <10 fs long laser pulses and according to the same formula, this
will allow us to generate frequencies up to > 40 THz. Plots of both cases as a
function of frequency can be seen on the figure 4.4a) and b).

a) b)

Figure 4.4: Spectral dependence of the autocorrelation term G(ω) for laser pulse
with unity amplitude for length of the laser pulse a) FWHMp = 131 fs and b)
FWHME = 10 fs.

Let’s continue with the analyses of the mismatch term Φ(ωo, ω). The cal-
culation of the wavevector mismatch ∆k is conditioned by the knowledge of the
dispersion in the optical and THz spectral range. For ZnTe, we used formulae for
dispersion from [36]. In the THz spectral range, dispersion of ZnTe was described
by

nT =

⌜⃓⃓⎷289.27 − 6f 2
T Hz

29.16 − f 2
T Hz

, (4.3)

where fT Hz is frequency of radiation in THz, and optical dispersion was calculated
using

nO =
√︄

4.27 + 3.01λ2

λ4 − 0.142 , (4.4)
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a) b)

Figure 4.5: Refractive indices of ZnTe from ref. [36]. THz refractive index
calculted from Eq. 4.3 is in a) and optical refractive index calculated from 4.4 in
the spectral range from 400 to 1100 nm is in b).

where λ is wavelength in µm. Used dispersions are displayed in Fig. 4.5.
Substitution of n from Eq. 4.4 and 4.3 to the expression for wavevector

mismatch ∆k, we can directly evaluate mismatch term Φ(ωo, ω) from Eq. 2.7.
Calculations for thicknesses L = 0.1, 1 and 2 mm can be seen on Fig. 4.6. As we
can see, total amplitude of this term is proportional ∼ L around zero frequency
and therefore, we can observe higher spectral range by the use of thiner crystal,
but for the price of total signal amplitude. With the use of 1 mm thick ZnTe
crystal we will find out, that first local minimum (henceforth referred as first
cut-off), is around 1.38 THz, which is roughly in the match with the experiment
(see Fig. 4.3b)).

Figure 4.6: Phase mismatch term Φ(ωo, ω) of ZnTe for different thicknesses for
wavelength of 1030 nm. From a) can be noticed that total amplitude scales with
thickness of the crystal L. Normalised Φ(ωo, ω) whose emphasize that the thiner
crystal is used, the wider spectral interval can be observed, is in b).

Usually, the TDTS setups are built with ligh sources emitting light with the
waveleght 800 nm. When we will make this calculations, we will obtain results in
Fig. 4.7. As we can see first cutoff shifted from 1.38 to 2.8 THz for 1 mm thick
ZnTe.
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Figure 4.7: Phase mismatch term Φ(ωo, ω) of ZnTe with gating beam at the
wavelength 800 nm calculated for different thicknesses. From a) can be noticed
that total amplitude scales with thickness of the crystal L. Normalised Φ(ωo, ω)
whose emphasize that the thiner crystal is used, the wider spectral interval can
be observed, is in b).

Another option to increase the bandwidth is to use another nonlinear crystal
with better matching refractive indices such as GaP. Due to lack of literature
sources on THz refractive index of GaP, we used the dispersion provided by
doc. RNDr. Kužel, PhD., which is shown on Fig. 4.8a). Optical dispersion is
calculated from equation

no =
⌜⃓⃓⎷4.1705 + 4.9113(︂

1 − 0.1174
λ2

)︂ + 1.9928(︂
1 − 6.46

λ2

)︂ , (4.5)
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Figure 4.8: Refractive indices of GaP crystal in THz and optical spectral range.
On a) we can see the complex refractive index of GaP crystal in the THz spectral
range (data provided by doc. Petr Kužel). On b) is refractive index of GaP
calculated from 4.5 for frequencies 250 - 850 THz (400 - 1200 nm) .

where λ is optical wavelegth in µm (see Fig. 4.8 b) [50]. Mismatch term was
calculated for thicknesses L = 1, 2 and 3 mm. Substitution of this dispersion
relations to Eq. 2.7 and Eq. 2.8, we will get results on Fig. 4.9a) and b). As we
can see, the first cut-off moved from 1.38 THz to 4 THz.
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Figure 4.9: Phase mismatch term Φ(ωo, ω) of GaP for different thicknesses and
gate beam wavelength of 1030 nm. From a) can be noticed that total amplitude
scales with thickness of the crystal L. Normalised Φ(ωo, ω) whose emphasize that
the thiner crystal is used, the wider spectral interval can be observed, is in b).

Last part of the model of the detection response (Eq. 2.5) is second order
susceptibility χ2(ω), whose can be seen on the Fig. 4.10a) for GaP and b) ZnTe.

a) b)

GaP ZnTe

Figure 4.10: Spectra of nonlinear susceptibility of GaP (a)) and ZnTe (b)) [51, 52].
In the case of ZnTe is real part of nonlinear susceptibility not shown, because it
is almost the same as its absolute value.

Total response function of nonlinear crystal for ZnTe at 1030 nm and 800 can
be seen on Fig. 4.11a) and b) and for GaP at 1030 nm on c). In this thesis, we
are interested in relative scaling of all mentioned responses, not to the absolute
scaling, but this approach can be developed to calculation of the polarisation
rotation by Eq. 2.1 and 2.2.

Main message from this chapter is the optimal choice of nonlinear crystal for
new constructed TDTS setup. Observed THz signal (polarisation rotation of the
gating pulse) is directly proportional to the electrooptical coefficient, which is
4-times larger for ZnTe than for GaP (4.03 pm/V for ZnTe [36] and 0.97 pm/V
for GaP [35]). When ZnTe is used, observed signal for 1 mm thick signal is up
to 1.38 THz (first cut-off) and to observe wider spectral range it is necessary to
use OPA and the gating pulse wavelength has to be changed to 800 nm. Such
approach is not optimal, because it reduces the possible used laser mode to frep =
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190.2 kHz and also does not allow to use full power. Despite the 4 times smaller
electrooptic coefficient r41, replacement by 2 mm thick GaP crystal will allow us
to detect wider spectral range (first cut-off is at 3 THz), with 2 times smaller
amplitude in comparison to 1 mm thick ZnTe, and also use all possible repetition
rates and also full power.

Figure 4.11: Response functions of the nonlinear crystals F (ωo, ω).F (ωo, ω) for
ZnTe and 1030 (800) nm is shown on a) (b)) and F (ωo, ω) for GaP and 1030 nm
in c).

4.2.2 Effect of appertures
In the ideal case, THz beam propagation can be modelled by the ABCD rule.
8f arrangement can be described by a set of OAPM, which can catch, focus
(collimate) all THz radiation. However, THz radiation with lower THz frequency
can reach spotsizes bigger or comparable to the dimensions of the optical elements.
Simple ABCD rule description is not sufficient, and the effects of apertures have
to be taken into account. This section presents an easy model, which describes
the effect of apertures on the observed signal. We will model 8f arrangement
(see Sec. 4) by the system of 4 thin lenses with a focal length f = 7.62 cm.
The main idea behind this model is that generated THz beam can be in every
moment characterised by the Gaussian beams (see Sec. 2.2.1). In the beginning,
we suppose collimated GB with waist FWHMI = 1.5 mm, which is focused by
some optical element (firstly, we will discuss parabolic mirror with focal length
f = 10.16 cm). Next we assume that STE is placed in the focus of the optical
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generation beam. Because the emitted THz electric field amplitude is a linear
function of the incident fluence, the electric field of the generated THz radiation
shares the same waist and radius of curvature as the intensity (square of electric
field) of the optical generation beam.

THz field evolution in the space is described by the THz beam q parameter
(initial radius of curvature R0 = ∞ and generation beam waist in focus W0) from
Eq. 2.21. Then we transform the q-parameter by ABCD rule (Eq. 2.27) and
matrix for the propagation Eq. 2.28. We will let it propagate for the distance
of the focal length of collimating OAPM f = 7.62 cm. Consequently, we will
apply one of the aperture function, which will change beam waist and thus the
q-parameter, and transform the resulting beam by ABCD rule using the matrix
for lens Eq.2.29.

Other steps of the simulation are the same. After incidence on the first
parabolic mirror, THz radiation is collimated and propagated for distance b=
33 cm, and then it is transformed by another parabolic mirror. Next, it propa-
gates for the distance 2f and then a third parabolic mirror transforms it. From
this mirror, collimated THz radiation propagates for the distance b, and conse-
quently, the last parabolic mirror focuses it on detection. We are interested in the
THz electric field amplitude on the axis of the Gaussian beam (gate beam spot
size is much smaller than THz spot size) in the position of the gate beam focus,
which is equal to the focal length of the parabolic mirror, which will be quantified
by the A/A0 ratio, where A0 is amplitude of the electric field of incident beam
on the axis and A is amplitude of the electric field of the THz waveform on the
axis.

To manifest the effect of apertures, we will first show result without them.
Fig. 4.12 shows the evolution of beam waist in such a case. In this figure, each
line represents THz beam waist for certain THz frequency, the positions of the
OAPM are depicted by vertical dashed lines. Firstly we can notice that obtained
result remains more cone (linear divergence/convergence) than hyperbole of the
Gaussian beam. This is because the Rayleigh scale is between 0.4-18 µm, so we
see only the asymptotic behaviour of the Gaussian beam. However, the main
message comes from Fig. 4.12b), where we can see that all frequencies focus
on the same point and the spot size is the same for each wavelength and fully
replicates the excitation conditions at d = 0.

Now, we will take into account apertures. We will use the most basic model-
the ”Kužel model” (see Sec. 2.2.3). When this model is applied, we will obtain
results from Fig. 4.13a), and detail of the area around the focus is in b). As
we can see, the beam waist is bigger for the lower frequencies on the detector
than for the higher frequencies. This will lead to a lower signal observed at lower
frequencies than in higher ones since the amplitude of electric field in the center of
the Gaussian scales linearly with the waist diameter. This is caused by clipping
of the beam by the aperture at the mirror, leading to smaller beam diameter
and, consequently, bigger spot size in the detection. A sizable effect can be also
observed due to the shift of the focal (waist) position.

We can compare the effect of the aperture on the detected signal (i.e., A,
the field amplitude at the centre of Gaussian beam). Result are in Fig. 4.14a)
and b). Simulation neglecting the effect of apertures shows that detected signal
is constant for all frequencies and all arrangements, which is, according to the
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Figure 4.12: Simulation of beam waist evolution in the space between OAPMs,
generation beam was focused by the parabolic mirror (f = 10.16) on the origin
of the x-axis (d = 0). Evolution of the beam waist in the whole setup is shown
on a) and detail on the area around focus is in b). Calculated curves corresponds
to the interval ω/2π = 0.1 − 5 THz divided to the 1000 points. Note the beam
widths of the order of many meters for low THz frequencies.

Figure 4.13: Simulation of beam waist evolution in the 8f arrangement. Gener-
ation beam was focused by the parabolic mirror (f = 10.16) considering ”Kužel
aperture”. Evolution of the beam waist in the whole setup is on a) and the detail
on the area around focus is in b). Calculated curves corresponds to the interval
ω/2π = 0.1 − 5 THz divided to the 1000 points. Black line connects beam foci
for different frequencies.

argument above, because THz beam focuses to the same spot size (equal to that
one on the emitter) for all frequencies. Differences are between arrangements,
which is because we assume the same incident intensity, but focused to different
spot sizes (see Tab. 4.2). Now, let’s compare it to results, when the effect of
apertures is taken into account. Firstly, we can notice that the signal is ≈ 17-
times smaller in comparison to the simulation without apertures and we can
see that it is rising function of frequency. This is because THz radiation is too
diverging, and in the place of the first OAPM, the beam spot is much bigger
than area of OAPM (diameter of OAPM is 5.08 cm). Thanks to the simplicity
of this model, it can be easily shown that this model would lead to quadratic
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growth of the signal with rising frequency until the critical frequency ωc1/2π.
Critical frequency ωc/2π is frequency, which corresponds to the waist equal to
the aperture radius.

Focus scheme f [cm] WI [µm] FWHMI [µm] I/I0

Parabolic mirror 10.16 18.5 30.8 2372
Weak lens 75 135.3 225.3 44.3
No lens ∞ 900.8 1500 1

Table 4.2: Properties of the generation GB in the plase of emitter. Kind of focusa-
tion scheme is in the first column and the focal length of corresponding element in
the second. The beam wais of the intensity of generation beam WI (FWHMI) is
in the third and forth column. Magnification of the intensity (square of amplitude
A) I/I0 in the center of generation GB is the last column.

When the parabolic mirror focuses on the generation beam, the resulting
THz radiation is too divergent, and the studied THz interval is far below its
critical frequency (ωc/2π ≈ 15 THz). The situation will be different when we
focus the generation beam on the bigger spots because emitted THz radiation
will be less divergent, and the spots will be smaller than the aperture, at least
for some THz frequencies. This leads us first to focus the generation beam by
the weak lens (focal lenght f = 0.75 cm, resulting critical frequency ωc2 ≈ 2.1
THz) and, consequently, not to focus it at all (corresponding critical frequency
ωc3 ≈ 0.34 THz). STE is always placed in the focus of the first OAPM, and
we used the same approach as described above. The result of the beam waist
evolution is in Fig. 4.15 and Fig. 4.16. The most important for us is the spectral
dependence of A for discussed arrangements, which is in Fig.4.14b). In this
figure we can nicely see the effect of aperture. Notice that all curves shares the
same trend to the critical frequency, and for higher frequencies, the amplitude
is the same as for the simulation, which neglected apertures. Reason for this
is, that spot size in the focus depends only on the waist size before OAPM and
frequency. For frequencies below critical frequency (those, which corresponds to
spot sizes bigger than OAPM), the spot size is equal to aperture, which is reason
for the behavior bellow critical frequency. Above critical frequency the beam
waist remains unchanged and therefore it is equivalent to simulation neglecting
apertures.

We have to keep in mind that this model is simple, and we neglected a few
facts. Firstly we assume that we can model OAPMs by the thin lenses. This
does not have to correspond to reality because the Gaussian beam has a spherical
wavefront. Still, the surface of OAPMs is a section of rotation paraboloid and
therefore do not have to transform as a gaussian beam. However, [39] discussed
this issue and concluded that they had not observed this effect. Next, we have to
emphasize that models of apertures describe from qualitative viewpoint observed
results, but a rigorous approach requires scalar diffraction theory. Next, and
maybe the most important is, that in our calculation, we assume that STE is
placed in the foci of generation beams, but this is hard to estimate because we
can only guess where is the centre of OAPM. The idea that THz radiation copies
the properties of the Gaussian beams intensity distribution remains still valid, but
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generated THz radiation has different beam waist and radius of curvature and
therefore propagates differently. The last, we assume, that our setup is perfectly
aligned, which we cannot rule out and there certainly can be some misalingement
between OAPMs. Unfortunately, this effect is hard to quantify by some simple
way and to truly explore this issue, another, more sophisticated approaches has
to be used.

Figure 4.14: Simulation of THz field amplitude in the detection. Result of simula-
tions, which neglects effects of apertures is in a). For better readibility, curve for
parabolic mirror is multiplied by 0.06 and for no lens arrangement is multiplied
by the 20. Result of simulation, where ”Kužel model” of aperture is considered
is shown on b). In both f = 10.16 cm belong to parabolic mirror, f = 75 cm
belongs to weak lens and f = ∞ cm is the case, when generation beam is not
focused.

Those first results show us that the most optimal for our setup should be to
focus the generation beam as possible. However, this conclusion is misleading
because the generation beam focused on too small a spot leads to saturation of
the THz emision (see Fig. 4.21) or, even worse, to the burning of the STE (for
comparison see Tab. 4.2). Considering this, the more optimal would be not to
focus the generation beam at all or focus it by the weak lens. Because laser emits
only a finite amount of power, we could have a problem that we will not reach
the saturation region with no lens arrangement.

However, we expect that fist cut-off for 1 mm thick ZnTe is around 1.38 THz,
but critical frequency for weak lens arrangement is around 2.1 THz, and therefore,
when the same power is used, we should not see difference between weak lens and
parabolic mirror arrangement. On the other hand, we can use 54 times bigger
incident intensity before we reach the saturation region or burn the STE (see
Tab. 4.2). Therefore we think that weak lens arrangement is in this case the
most optimal.

4.2.3 Distance between colimation mirrors
The 8f arrangement used in our setup is inspired by the design in [49], except of
part, where the THz beam should be collimated. This part is not 2f long but
≈ 4f (b = 33 cm). The reason for it is the practical spacial arrangement of the

67



Figure 4.15: Simulation of beam waist evolution in the 8f arrangement. Genera-
tion beam was focused by the parabolic mirror (f = 75 cm) considering ”Kužel
aperture”. Evolution of the beam waist in the whole setup is in a) and detail
on the area around focus is shown on b). Calculated curves corresponds to the
interval ω/2π = 0.1−5 THz divided to the 1000 points. Black line connects beam
foci for different frequencies.

Figure 4.16: Simulation of beam waist evolution in the 8f arrangement. Genera-
tion beam was not focused and we are considering ”Kužel aperture”. Evolution of
the beam waist in the whole setup is in a) and detail on the area around focus is
shown on b). Calculated curves corresponds to the interval ω/2π = 0.1 − 5 THz
divided to the 1000 points. Black line connects beam foci for different frequencies.

setup with regard to the future extensions. The purpose of this chapter is to
investigate to which effects it will lead.

We used the same approach as in the previous section, except that we changed
b from 4f to 2f , 6f , 10f and 40f . Obtained resulted showed, that this effect
is almost negligible and the differences are hard to observe. Our results showed
that in the case of setup, where the generation beam is not focused, we can see
the most significant changes and thus the results will be manifested on it, and
consequently, we will discuss differences for other experimental arrangements.

When we look at Fig. 4.17, we can see what happens. Compared to ray
optics, Gaussian beams transform differently, and we can see that the Gaussian
beam between OAPMs is not collimated but diverging. In fact, within the GB
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description, laser beams can never be fully collimated and there is always certain
divergence. This is because while THz radiation in the setup with a parabolic
mirror and the weak lens is generated in the focus of the generation beam, the
THz radiation in the setup without any focusing element is focused in part, where
it should be collimated. This leads to a stronger effect on the response function
if the distance between collimation mirrors is extended, and it can be shown that
it affects more low THz frequencies than high ones.

Figure 4.17: Simulation of beam waist evolution in the 8f arrangement for dif-
ferent distances between collimation mirrors. Generation beam was not focused
and we are considering ”Kužel aperture”. Calculated curves corresponds to the
interval ω/2π = 0.1−5 THz divided to the 1000 points. Black line connects beam
foci for different frequencies. Distance between collimation mirrors 15.2 cm (≈
2f) is in a), 45.6 cm (≈ 6f) in b), 76.2 (≈ 10f) in c) and 305 cm (≈ 40f) in d).

Simulation of the arrangement with parabolic mirror and weak lens shows (see
Fig. 4.18a) and b)), that this effect is not that strong in this cases. In general,
if the distance between collimation mirrors is not far from the 2f arrangement,
this effect is negligible. The difference between 2f and 4f in detected signal is at
most 0.2 %.

The bottom line is, that distance between collimation mirrors b does not play
significant role, if b is not far from 2f and the most sensitive is arrangement
without any focusing element.
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Figure 4.18: Response function of the setup as a fucntion of THz frequency, with
changing parameter b - the distance between collimation mirrors. At the begining
we use unity THz amplitude in the beginning. Result for the arranegement with
the parabolic mirror is in a), for the weak lens arranegement is in b) and for
the arrangement, where generation beam was not focused is in c). On d) we can
see integral of the response function over the spectrum from 0.1 to 5 THz with
b as a free parameter. Yellow curve corresponds to no lens arrangement, orange
to weak lens arrangement and blue to arrangement with parabolic mirror. For
easier comparisson, all response function are calculated for unity THz electric
field amplitude emitted at d=0.

4.2.4 Different model of apertures and comparisson to ex-
periment

”Kužel model” is the most simple model, and we used it in our calculation because
it describes the effect of apertures intuitively, and analytical derivations can prove
observed results. However,”Kužel aperture” is a too rough approximation and
does not affect frequencies above critical frequency.

Due to this, we decided to make the same calculations as in Sec. 4.2.2, but this
time with the Gaussian aperture (Eq. 2.31). To illustrate the effect of Gaussian
aperture, let’s look at Fig. 4.19a), b) and c, where simulation results for parabolic
mirror, weak lens and no-lens arrangement are. Response function connected to
the effect of apertures is in d). As we can see, the total amplitude is smaller in
comparison to the ”Kužel aperture” (see Fig. 4.14b)), there is no sharp edge, and
all frequencies have been affected.

Despite the simplicity of the presented simulation, we decided to compare the
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Figure 4.19: Simulation of beam waist evolution in the 8f arrangement using the
Gaussian aperture (Eq. 2.31). Evolution of the beam waist in the setup with
parabolic mirror, weak lens and without focusation element is in a), b) and c).
Calculated curves corresponds to the interval ω/2π = 0.1 − 5 THz divided to the
1000 points. Corresponding response functions to the discussed arrangements are
shown in d).

response functions of both models to the real experimental data. As a source,
we used STE specified in the introduction of this chapter. We measured emit-
ted THz emission spectra and waveforms in the all three discussed experimental
arrangements (see Tab. 4.2). For a generation, we used mode with a repetition
rate of 190.2 kHz and fluence of 53 µJ/pulse. The reason is that we wanted to
consequently change the used wavelength to 800 nm by OPA. Due to the linearity
of the THz emission in the incident laser pulse fluence, we decided to measure
the dependence of the THz emission on the generation beam intensity. In all of
these experiments, we used the same detection crystal - 1 mm thick ZnTe.

For example, observed results of waveforms (and corresponding spectra) for
weak lens arrangement can be seen in Fig. 4.20. With the rising generation
power, we can see that rising the THz emission amplitude until the power of 400
mW. The dependence of the THz emission amplitude on the incident power is
on Fig. 4.21. In all of these measurements can be seen initial linear rising and
consequent saturation and plateau.

To show, that our results make sense, we can make a simple test. The satura-
tion excitation power is well known for us, however we know that the saturation
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Figure 4.20: Intensity dependence of THz emission in the weak lens arrangement
(f = 75 cm). As a source was used STE (bilayer consisting of 2 nm thick layers of
CoFeB and Pt) and detector 1 mm-thick ZnTe. Generation and gating laser pulse
had fluence 53 µJ and central wavelength of the pulse was 1030 nm. Observed
THz waveforms are in a) and corresponding spectra are in b).

fluence has to be the same. Those two quantities (intensity and fluence) are
related via

I = P

S
= Ep

S
frep = Ep

πW 2frep = Ffrep, (4.6)

where Ep is laser pulse energy, S is the laser spot area, W is the beam waist, frep

is the repetition rate and F is the fluence. In our experiment, frep and Ep is the
same and therefore

Q = P

W 2 = const. (4.7)

The saturation region have not been observed in the measurement without
lens, but for weak lens it is 200 mW and for parabolic mirror 4 mW. The spot
sizes on the STE are Ww = 135.6 µm for the weak lens focusing and Wp = 18.5 µm
in the case of parabolic mirror focusing. From this we would get for weak lens
≈ Qw = 0.011 and for parabolic mirror Qp = 0.012, which is almost the same.
The difference is probably caused by the uncertainty in the determination of the
saturation power of the weak lens.

In frequency space, the resulting response function is given by a product of its
parts. Therefore quotient of the spectra measured in two different arrangements
with the same incident intensity is equal to the quotient of the corresponding
response functions. For this reason, THz emission was measured with the incident
generation power 5 mW. Thanks to the linearity of THz amplitude on the incident
fluence, we can rescale the signal for the higher incident to the same amplitude as
for 5 mW. Main advantage of this approach is that the noise will be suppressed.
We have to stay in the linearity regime of STE, and therefore for the weak lens,
the data for 200 mW was taken. Spectra, which are consequently taken to further
processing, are shown in Fig. 4.22. As we can see, rescaled data possess much
smaller noise, and therefore in the case of the weak lens and no lens arrangement,
we took rescaled data.

Obtained quotient of the experimental and simulated response functions are
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Figure 4.21: Intensity dependence of THz emission amplitude. As a source was
used STE (bilayer consisting of 2nm thick layers of CoFeB and Pt) and detector 1
mm-thick ZnTe. Generation and gating laser pulse had fluence 53 µJ and central
wavelength of the pulse was 1030 nm. Dependence of the THz amplitude on the
incident power for weak lens and no lens arrangement are shown in a) and for
the parabolic mirror in b).

Figure 4.22: Data for calculations of quotients. As a source was used STE (bilayer
consisting of 2 nm thick layers of CoFeB and Pt) and detector 1 mm-thick ZnTe.
Generation and gating laser pulse had energy 53 µJ and central wavelength of
the pulse was 1030 nm. Observed THz waveforms are in a) and corresponding
THz spectra are shown on b).

shown in Fig.4.23. As we can see, the amplitude of the response functions should
be according to ”Kužel model”, constant until the critical frequency. However,
quotients obtained from the experimental data shows slight decrease. Quotients
calculated using Gaussian aperture (Eq. 2.31) shows this decrease, however the
amplitude of quotients is still almost 1.5 times biger.

We suppose that the most systematic error in those measuerements come
from two reason, which were mentioned before. The first one is that the emitter
is not in the focus of the emitted radiation. The second one comes from the
misalingement of the 2nd and 3rd OAPM. Both effects would lead to different
transformation of the gaussian beam and also different effects of appertures and
therefore it is hard to make some conclution from this.
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With regard to a number of used approximations, the data are in surprising
consistency with the observed reality. From a qualitative point of view, the
expected trends from simulations have been observed experimentally. The trans
of quotient SW/Sp is expected to be constant because both critical frequencies
are above 1.5 THz. Experimental results cannot exclude the slight decrease (by
a factor of 1.5), which the Gaussian model of an aperture can explain. Another
two quotients show a more rapid decrease (by a factor of 5-10), but this is an
agreement with both model of apertures. ”Kužel model” predicts sharp edge,
which, however, is not observed in the spectra. Such prediction would mean that
there is some sharp cutting, which is not possible in reality. Obtained results are
in good match with simulation from a quantitative viewpoint up to a factor of
1.5.

The match of the experiment and data is valuable for us because it proved re-
sults from previous sections but also enabled us to make complicated simulations
in the future.

Figure 4.23: Quotients of response function corresponding to propagation of the
radiation. WL stands for weak lens arrangement, PM for parabolic mirror ar-
rangement and NL for no lens arrangement.

4.2.5 Response function of the setup and spectrum of the
STE

At this point we are able to multiply the response function describing the propa-
gation of THz radiation by the response function of the detection crystal and we
will obtain response function of detection of the THz setup.

Total THz setup response function can be seen in the Fig. 4.24a), b) and c),
together with the experimental data. As we can see, observed spectra seems to
be slightly shifted to lower frequencies, which can mean, that obtained response
function does not correspond to reality or that the STE does not emit uniformly
in the whole THz spectral range. Becuase we used the same excitation beam and
THz emitter for all measurements, the observed electro-optic spectra will differ
between arrangements, but the deconvoluted spectrum should be the same. Frac-
tion of observed electro-optic spectra and simulated response function is shown
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on Fig. 4.24d). We remove the quantitative factors in Fig. 4.24 by normalizing
the responses on unity at 0.1 THz (Fig. 4.24d) for simple comparison.

Figure 4.24: Comparisson of the response function to the experimentaly observed
spectra for all experimental arrangements. Observed spectra and rescaled re-
sponse fucntions for arrangements with parabolic mirror, weak lens and no lens
are in a), b) and c). Division of the observed spectra by the response function
can be seen in d). Obtained fraction is rescaled in such way that signal at 0.1
THz corresponds to unity.

Firstly, we have to point out, that observed normalized spectra are almost
identic, which is remarkable and it shows that developed numerical description
of the setup describes well reality despite its simplicity.

Several spikes can be observed in the obtained spectra. Because those spikes
are only observed only from measurements with ZnTe at 1030 nm, they cannot
belong to real spectra. Deper look into Fig. 4.24 will provide the answer. Ob-
sevred spikes are caused by numerical error, because the experimental data are
divided by small number. This is also reason, why we don’t see those spikes from
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the data measured at 800 nm.In addition to that, in the higher THz frequencies
we can see small oscillations. On the other hand, we can see small decrease in the
amplitude around 1.2 and 1.7 THz, which is in all datasets. Due to this, it has to
beling to real THz spectra, or it has to be contribution, which is not governed by
this model and it is present in all measurements, for example absorption on the
water vapours. When we will look on the transmission of the THz radiation in
the air (for example [53]), we would see, that around 1.2 THz and above 1.6, we
would find a number of absorbtion peaks. We plan to implement an experimental
solution (purgying by the dry air) in the near future, which will suppress those
absorbtions.

Obtained spectra shows rapid decreasing trend. We posses the lack of papers
discussing emitted spectra of STE. Only information about STE’s spectra comes
from measurements from our colleagues in Berlin, who are able deconvolute the
electro-optical signal and obtain electric field of THz waveform. Results of this
procedure is in Fig.4.24d) purple line. The similar trait is decreasing trend,
which is slightly different, but this can be caused by the uncertainty in the laser
pulse length. According to our information, deconvoluted spectra from Berlin
was observed with the generation laser pulse length (FWHM of intensity) was
around 10 fs, but in our case was FWHM of generation beam 131 fs, which would
spectrum from berlin in frequency space and thus we had to rescale frequency
scale by 131/10 ≈ 13 times. Generation laser pulse in the Berlin setup could be
slightly longer, which could explain this discrepancy. We plan to continue in this
work and we hope that our model could lead to easy demodulation tool, which
can help to study emitted spectra of various THz sources.

4.2.6 Emission from the large area spintronic emitter
Following section showed that our model describes newly constructed TDTS setup
and therefore we can use it for first calcululation of new experimental setup
from Fig. 4.1 for example emission of intensive THz pulses from the large area
spintronic emitter (LASTE) (see Fig. 4.1 blue line).

Same as in the previous sections, we analyzed the setup for emission of the
LASTE. The main idea behind this technique is to spread incident power to
wider area. This will decrease the incident fluence and therefore it will enable us
to use whole PHAROS power (8-10 W). Excitation of the large area by the almost
collimated GB will lead to less diverging THz beam and thus to smaller effect
of apertures. Generated THz radiation will be consequently focused by OAPM,
which will result in the high peak electric field intensity of the THz beam. For
this, a telescope is placed before STE with two dielectric mirrors of the focal
lengths f1 = −10 cm and f2 = 40 cm. This will transform the beam waist in the
ration 1:4. Next steps are the same as in the sec. 4.2.2.

In Fig. 4.25a) we can see the evolution of the beam waist W in the space.
The initial beam with the waist W0 = 3.5 mm is by telescope expanded to the
beam with waist FWHMI ≈ 12 mm. Next it falls on the LASTE. Other step
are the same as in Sec. 4.2.2. As we can see, emitted THz radiation is slightly
diverging, but it cannot expand to the waist sufficient to be affected by ”Kužel
model” of aperture. Next OAPM focuses all radiation to the first focus, which
is important for us for excitation puprposes. To take into account, that in this
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arrangement we can use much higher power without saturating the LASTE, we
have at the begining A = 16 (instead of A = 1 used in previous simulations).
Result of the simulation can be seen in Fig. 4.25. As we can see, THz beam for
all frequencies focuses to the same point and we can see from Fig. 4.25b) that we
do not observe any high pass filtering, which leads to amplification of the THz
electric field at the low THz frequencies and then high THz frequencies above 2.1
THz.

Let’s move to analysis of detection, which especially important for us because
of transmission experiments. After reflection on the 3rd OAPM, the THz beam
is expected to be collimated, but similarly to the effect from Sec. 4.2.3, only the
highest THz frequencies are collimated and rest of them is a little diverging. Now
the divergence of the THz beam is not negligible, and the beam waists at the
lowest THz frequencies are affected (critical frequency ωcH = 0.12 THz). Despite
the different position of the foci for different THz frequencies, the response in the
position of the sample and detection crystal is almost the same. This means that
according to ”Kužel model”, we should detect the same electric field as falls on
the sample, and therefore no additional corrections has to be made.

As we can see, presented experimental arrangement of emission from the
LASTE seems to be promising from the point of view of excitation and trans-
mission spectroscopy. Its implementation to our setup will be done in the near
future.

Figure 4.25: THz emission from LASTE. On a) we can see evolution of the
beam waist in the space (used aperture is Kuzel aperture).Black line shows the
generation beam. Comparisson of standard STE amplitude to the LASTE is in
b).
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Conclusion
This thesis has two main goals: First one was to observe SMR in the THz spectral
range. Second one was construct the TDTS setup in Laboratory optospintronics
in Prague.

THz SMR was investigated in two structures. First one was bilayer of ferri-
magnetic insulator YIG and heavy metal Pt. The second one was fully metallic
bilayer of ferromagnetic metal CoFeB and Pt. During the THz SMR measure-
ment we dealt with two challenges - how to prove that observed results belongs to
SMR and, in addition to that in fully mettalic stacks, how to distinguish it from
an effect sharing the same symmetry with magnetic field - AMR. Both of these
quests has been solved by comparative study of additional samples containing
barriers or lacking the spin-orbit coupled material (Pt).

Next we focused on the SMR measurement on the stated samples. We have
presented historically first proof of existence of SMR in the THz spectral range.
In addition to that, we observed significant low-pass filter behaviour in YIG/Pt
samples. These results are surprisings and the theory, which could describe the
observed behaviour is being developed at moment of writing this thesis. Recent
results of theoretical models predict decrease ∝ ω−1/2, which fits with the data.
The SMR in fully metallic structures shows different, flat spectral response which
is explained by different type of spin channel which is open to spin-carrying
conduction electrons. This pioneering work is opening doors to investigate spin-
to-magnon coupling in the THz range and study different spin channels separately.

AMR contribution is also present in mettalic stacks, which we are not able
to directly separate from pure SMR measurement component in our experiment.
To address this, we separated the contributions indirectly by two comparison ap-
proaches. First one was based on ADMR measurements done by our colleagues
in Dresden, providing the expected ratio between AMR and SMR signals in the
DC regime in the identical samples. Second one is based on comparison to other
samples, which contain only AMR, or contain insulating thin layer for spin cur-
rent. Both of this method clearly showed, that MR contrast is dominated by
the SMR contribution, and the frequency independence was observed by the THz
measurements.

Second part of this thesis is devoted to the build of a new THz setup which
allows us to transfer the SMR experiments from our co-workers laboratories in
Berlin to Prague and to continue in these experiments at Faculty of Mathematics
and Physics. We firstly introduced method on the based on two-photon absorb-
tion in GaP and showed that this method can be used for estimation of laser pulse
length. Consequently we observed first THz curve, which led us to motivation
of optimalisation of THz setup. Firstly we discussed THz response of two detec-
tion crystals, ZnTe and GaP, when different thickness and wavelength of probe
beam is used. We find out, that because wavelength 1030 nm is usually used in
for the most applications, the GaP crystal has to be used or wavelength of the
probe beam has to be changed to 800 nm. Than we discussed effect of apertures
on the THz beam transformation, which, in general, is responsible for high-pass
filtering. We introduced two simple model of apertures presented in Sec. 4.2.2.
Built model showed to be in impressive match with the experimental data and
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provided deeper insight to the THz setup. At the end we used it this model to
make first simulations of LASTE part of the THz setup.

In the near future, we plan to implement features necessary for SMR mea-
surements and continue in the research of THz response of SMR. It offers to
continue in the study of magnon resonance, study of SMR and coupling of spin
to collinear or noncollinear antiferromagnets. This, together with implementa-
tion of other peripheries of presented multifunctional THz setup, will be subject
of our future research.
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A. Attachments

A.1 Tinkham formula
To obtain average conductivity in Sec. 3.2, we used Tinkham formula. The
goal of this appendix is to indicate derivation of this formula and summarize all
assumption of its validity [54]. Let us assume two halfspaces of different materials
(for our purpose will first halfspace represent air and second substrate) according
to Fig. A.1 . In first (second) medium material is described by refractive index
n1(ω) (n2(ω)). The wave equation describing wave in the media 1 or 2 (see A.1
left) is (︂

∂zz + k2(z, ω)
)︂
E(z, ω) = 0, (A.1)

where k2(z, ω) = ω2ϵr(z, ω)/c2 (we assume µr ≈ 1) is wavevector in the halfspace
at distance z, and ω is angular frequency. Solution of A.1 is well known, E(z, ω) =
E0exp(i(kzz − ωt)). Electromagetic field boundary conditions are governed by
maxwell equations and leads to Fresnel formulae for transmission and reflection.
Now let us assume, that at the end of the media 1 is a thin metallic film (see
Fig. A.1 right). The wave equation describing field in the film can be described
by the wave equation,(︄

∂zz + k2(z, ω) + ωZ0σ(z, ω)
c

)︄
E(z, ω) = 0, (A.2)

where Z0 ≈ 376.7 Ω is vacuum impedance, σ(z, ω) is conductivity at frequency ω
and at place z. This equation can be rewritten to the form

(∂zz + k(z, ω))E(z, ω) = −ωZ0σ(z, ω)
c

E(z, ω) = S(z, ω), (A.3)

which is a nonhomogeneous partial differential equation. The partial differential
equation can be solved by finding a solution with the delta function on the right
side in arbitrary chosen position z′ (Green function) and subsequently convoluted
with the S(z, ω). According to [54] the Green function for our problem can by

Figure A.1: Pictures for illustration of derivation of the Tinkham formula. On
the left side are two halfspaces with interface at z = 0 representing medium
with refractive index n1 and n2. This side of the picture leads to Green function
Gz′(z, ω). On the right side is picture with thin conductive film of thickness d
and conductivity σ depicted by yellow layer
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found as

Gz′(z, ω) = exp(ik2(ω)|z − z′|)
2ik2(ω) (1 − r21(ω)exp(2ik2(ω)z)), (A.4)

where r21(ω) = (n2(ω)−n1(ω))/(n2(ω)+n1(ω)). Solution of A.3 can be therefore
found as

E(z, ω) = Gz′(ω, z) ∗ S(z, ω) =
∫︂ d

0
Gz′(z, ω)S(z′, ω)dz′, (A.5)

where ∗ is sign of convolution.
Solution of this task is still quite complicated and therefore we make another

assumptions which will simplify A.4. Firstly, let the thickness of the film be
negligible to the wavelength of the radiation and attenuation length. This allows
us to approximate k2d ≈ 0. Secondly, let be electric field constant on the film,
which allows us to pick E(z, ω) before integral in A.4. We obtained

Gz′(z, ω) = 1 − r21(ω)
2ik2

= c

i(n1(ω) + n2(ω))ω . (A.6)

Relation A.5 will take form

E(z, ω) = Z0

(n1(ω) + n2(ω))E(z, ω)
∫︂ d

0
σ(z′, ω)dz′, (A.7)

where d is the conductive film thickness. Together with the transmitted field
through the first interface we will obtain equation

E(z, ω) = t12(ω)Ein + Z0

(n1(ω) + n2(ω))E(z, ω)
∫︂ d

0
σ(z′, ω)dz′, (A.8)

where t12(ω) = 2n1(ω)
n1(ω)+n2(ω) is Fresnel amplitude coefficient of transmission from

halfspace 1 to 2. From the definition of transmission amplitude t(ω) = E(z, ω)/Ei

we obtain
t(ω) = 2n1(ω)

n1(ω) + n2(ω)(ω) + Z0
∫︁ d

0 σ(z′, ω)dz′
, (A.9)

which is Thinkham formula for transmission between interfaces 1 and 2. We
must keep in mind that this transmission if for whole sample - film and substrate
represented by second interface. To obtain conductivity only of the conductive
layer, we have to divide it by transmission coefficient t12(ω) = 2n1(ω)/(n1(ω) +
n2(ω)). This leads to

tf (ω)ts(ω)
ts(ω) = tf (ω) = n1(ω) + n2(ω)

n1(ω) + n2(ω) + Z0
∫︁ d

0 σ(z′, ω)dz′
, (A.10)

Last neccessary correction is correction to the different thickness of substrate in
refference and in sample. To make this correction, we have to multiply A.10
by phase factor exp(ik2(d1 − d2) = exp(ik2∆d), where ∆d is difference between
thickness of the sample and refference substrate. To sum it up

t(ω) = n1(ω) + n2(ω)
n1(ω) + n(ω)2 + Z0

∫︁ d
0 σ(z′, ω)dz′

eik2∆d, (A.11)

is Tinkham formula. At his place, we have to emphasize that observed conduc-
tivity is averaged ⟨σ⟩ = 1

d

∫︁ d
0 σ(z′)dz′ and only in homogeneous film reduces to

material conductivity (For bilayer can be compared to paralell conection of both
layers). At the end we want to point out to the limit of (A.11 with σ tend to 0,
which leads to Fresnel amplitude transmission coefficient.
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A.2 Derivation of formula for AMR in the THz
spectral range

Content of this attachment was mainly took from [28] and its message is to show,
where does formula for THz AMR comes from and to sum all assumptions of its
validity. AMR was defined in Sec. 1.3.3 as,

AMR(ω) = ρ∥(ω) − ρ⊥(ω)
ρ⊥(ω) ,

which in order to express it via conductivities leads to

AMR(ω) =
1

G∥(ω) − 1
G⊥(ω)

1
G⊥(ω)

= G⊥(ω) −G∥(ω)
G∥(ω) .

From the other side, according to Sec. 1.3.3, we want to express AMR via
modulated transmitted waveforms, so lets start with

E2∥ − E2⊥

E2⊥
=

E2∥
E1

− E2⊥
E1

E2⊥
E1

= t2∥ − t2⊥

t2⊥
, (A.12)

where we firstly divided numerator and denominator by the hypothetical reference
wave amplitude E1 in order to express it in the transmission coefficients. In the
next step, we will apply Tinkham formula (Eq. A.10) on Eq. A.12 and we will
obtain

t2∥ − t2⊥

t2⊥
=

n1(ω)+n2(ω)
n1(ω)+n2(ω)+Z0G∥

− n1(ω)+n2(ω)
n1(ω)+n2(ω)+Z0G⊥

n1(ω)+n2(ω)
n1(ω)+n2(ω)+Z0G⊥

= Z0(G⊥(ω) −G∥(ω))
n1(ω) + n2(ω) + Z0G∥(ω)

and finally using simple algebra we will get

Z0(G⊥(ω) −G∥(ω))
n1(ω) + n2(ω) + Z0G∥(ω) = G⊥(ω) −G∥(ω)

G∥(ω)(1 + n1(ω)+n2(ω)
Z0G∥

)
= AMR(ω) 1

γ(ω)

, where
γ(ω) = 1 + n1(ω) + n2(ω)

Z0G∥
(A.13)

, is correction factor, due to use of Tinkham formula. At the end, we will obtain

AMR(ω) = γ(ω)t2∥ − t2⊥

t2⊥
. (A.14)

γ(ω) is generally frequency dependent via both refractive indices, n1 and n2, and
conductivity in the direction of the magnetisation G∥. At the end, it has to be
stated, that during the derivation we assumed validity of Tinkham formula. Also
formula is valid only for our definition of AMR, and for other definitions, whole
calculation has to be retraced.

86


	Introduction
	Theory
	Spin and spin dynamics
	Magnetically ordered solids
	YIG
	CoFeB

	Effects of spin-orbit interaction
	Spin Hall effect
	Spin-orbit torque
	Anisotropic magnetoresistance
	Spin Hall magnetoresistance 


	Methodology
	SMR measurements
	Experimental setup
	THz waveform evaluation
	Extraction of conductivity
	Extraction of AMR/SMR

	Modeling of the THz response
	Gaussian beams
	Modeling of the optical elements
	Models of apertures


	THz spin-Hall magnetoresistances 
	Samples
	Average conductivity
	YIG/Pt
	CoFeB/Pt samples

	SMR measurements
	FI/HM bilayer
	FM/HM series
	Outlook and possible applications


	Construction of THz setup
	Temporal properties of emitted radiation
	Simulation of the detection
	Response of the THz crystal
	Effect of appertures
	Distance between colimation mirrors
	Different model of apertures and comparisson to experiment
	Response function of the setup and spectrum of the STE
	Emission from the large area spintronic emitter


	Conclusion
	Bibliography
	Attachments
	Tinkham formula
	Derivation of formula for AMR in the THz spectral range


