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Abstract

Ultrafast spintronics is fast gaining interest for its potential to facilitate the next generation
of spintronic devices with high operating speeds. The generation of THz electromagnetic
radiation, upon femtosecond laser excitation, from magnetic materials has demonstrated the
underlying spin physics to achieve magnetisation control at terahertz frequencies. Broadband
and efficient THz emission could be realised with the state-of-the-art Spintronic terahertz
emitters. This study explores spintronic effects induced by femtosecond laser excitation
in diverse magnetic multilayers, with a focus on magnetic heterostructures for terahertz
spintronic applications. It delves into the geometric inĆuence on emitted response due to
electrical, magnetic, and thermal dynamics, and investigates techniques to devise new spin-
tronic devices. The impact of charge equilibration on ultrafast currents in spintronic THz
emitters is investigated. The conversion of spin current to charge current, the subsequent
charging phenomena at the edge of the illuminated area, and the resulting current backĆow
are explored. The importance of delayed charge equilibration in enabling the detection of
the primary current pulse via THz emission is highlighted. Additionally, the modiĄcations
in the emission spectrum caused by charge dynamics in miniaturised periodically patterned
spintronic THz emitters are addressed, emphasising the systematic spectral changes with
emitter size including reductions at lower frequencies. The optical excitation and detection
of emitted THz radiations are facilitated by a free space pump-probe setup. The develop-
ment of an analytical model, that quantitatively reproduces these results and aligns well with
control experiments, is mentioned, paving the way for a detailed investigation of the charge
dynamics in spintronic THz emitters and the provision of insights for controlled shaping of
emission spectra through nanopatterning. Several ultrafast applications are demonstrated
using on-chip electrical detection of ultrafast currents. Notable contributions in terms of ap-
plications are the engineering of narrowband terahertz emitter and the successful realisation
of Digital-to-Analog converters for ultrafast signals. Furthermore, the electrical control of
magnetisation switching for THz response is highlighted. The impact of fs-laser excitation
on pseudo-spin valve structures is also explored, unveiling a transient decrease in magne-
toresistance due to demagnetisation. Moreover, this study uncovers compelling insights into
thermoelectric effects in magnetic heterostructures under fs-laser excitation, emphasising the
potential for further unravelling of spincaloritronics physics. This culminates in the design of
a switchable terahertz emitter using a heterostructure with a non-magnetic layer sandwiched
between two ferromagnetic layers. Overall, the research presented in this thesis holds the
potential to achieve transformative advancements in ultrafast signal processing and terahertz
applications in spintronic devices.
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1 Introduction

Evolving over decades, extensive research has been dedicated to the manipulation and control

of the magnetic state of materials. The quest to comprehend the physics of underlying mag-

netisation dynamics has been propelled by the vast potential for technological applications,

including magnetic hard disk drives, memory devices, and sensors. As traditional silicon

technology based on charge currents approached its physical limitations [1], the pursuit of

next-generation devices that transcend MooreŠs Law was at the forefront. Enter the realm of

spintronics, aimed at catalysing the speed and density of data storage while concomitantly

reducing energy consumption through the creation, manipulation, and detection of spin cur-

rents [2]. This led to a signiĄcant breakthrough in the realisation of spintronic magnetic

memories, sensors, and data storage devices after the discovery of giant magneto-resistance

[3, 4] and tunnel magneto-resistance [5]. Nevertheless, spintronic concepts are required to

continuously progress in tandem with other technologies [1].

In response to the ever-increasing demands for higher speeds in modern information technol-

ogy, notable mechanisms for magnetisation switching using ultrashort magnetic pulses [6],

electric Ąeld pulses [7, 8] and spin-polarised currents [9] have been demonstrated. Besides the

electrical and magnetic mediation for magnetisation switching, various thermal [10, 11] and

mechanical [12] means have also been demonstrated. In addition, the imminent attainment

of terahertz bandwidths in Ąbre-based telecommunication and wireless local area networks

[13] highlights the pressing need to transition spintronic functionalities from gigahertz to

terahertz frequencies. This shift is undoubtedly necessary to lay the groundwork for future

spin-based applications to operate at unprecedented speeds.

Recent demonstrations on control of magnetic order in ultrafast timescales using light rep-

resent a highly promising avenue of research, with the potential to reverse magnetisation

using polarised femtosecond laser pulses, opening up the Ąeld of Femtomagnetism [14Ű29].

The study of ultrafast spin dynamics in magnetic materials lies at the core of femtomag-

netism research. In magnetic materials, the dynamics and lifetimes of hot electrons are

inĆuenced by their spin polarisations, leading to the development of ultrafast spin current
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pulses. These advancements offer crucial insights into the mechanisms driving ultrafast mag-

netisation dynamics and present exciting new possibilities for manipulating magnetisation on

a femtosecond timescale in magnetic materials. Nevertheless, it requires efficient generation

and detection of terahertz radiation to understand and realise various spintronic devices for

ultrafast applications.

Over the past few years, several thin Ąlm material systems have been investigated [22Ű24,

30Ű33] for the generation of terahertz radiation. Besides, the state-of-the-art spectroscopy

techniques for detection of THz radiation [34] and optoelectronic setups for electrical detec-

tion of fast currents [35] have provided a direct medium to examine the ultrafast spin physics.

Recently, terahertz emission from Spintronic Terahertz Emitters (STEs) with metallic het-

erostructures of Ferromagnet (FM)|Non-magnet (NM) [15, 16, 18] has received signiĄcant

attention due to its efficiency and large bandwidth of 0-30 THz [15].

Depending on the application of the terahertz emitters, tuning the spectrum of the emitted

THz pulse is highly desirable. To achieve the tunability, the characteristics of the emitted

THz signal have been studied based on several factors, such as layer thicknesses [15, 18, 19,

36], geometric stacking order [15, 37Ű41], interface quality [21, 40, 42], material selection

[25, 43Ű46], and excitation wavelength [20, 47]. In addition, efforts have been made to

manipulate the time and frequency proĄle of the THz pulse employing various antenna-

coupled conĄgurations [48Ű50] for metal heterostructures.

This thesis aims at gaining a deeper understanding of various electrical, magnetic and thermal

aspects of magnetic materials affecting terahertz emission, using theoretical, analytical and

experimental perspectives. The spatial and temporal dependencies of these emitters on these

non-linear dynamics will be explored to conceptualise, design and optimise spintronic devices

for ultrafast applications.

The necessary theoretical and experimental backgrounds required to explore ultrafast spin-

tronics are provided in chapters 2 and 3.

This is followed by chapter 4 where a theoretical insight will be provided on a fundamental

level to understand the role of charge dynamics in the STEs and their signiĄcance in relating

the induced spin current and the emitted THz radiation.

Accordingly, the knowledge about charge dynamics will be further explored experimentally in

chapter 5 where the study on miniaturised STEs, and the geometrical inĆuences of charge

dynamics on emitted spectra will be analytically established.
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In chapter 6, various applications of terahertz emitters to realise various spintronic devices

operating in ultrafast timescales will be discussed. The Ąrst device will be aimed at achieving

a narrowband emission spectrum at high frequencies. The second device will be designed to

achieve a Digital to Analog Converter (DAC), which could operate for ultrafast signals. The

third device will be designed to explore the possibility of electrical control of the functionality

of a terahertz emitter.

In chapter 7, the inĆuence of THz excitation on various metallic heterostructures will be

explored. This includes Giant Magnetoresistance (GMR) metal stacks, in which the effect of

THz excitation on magnetoresistance will be studied. This will be followed by the study of

spin-caloritronic effects on ferromagnetic multilayers. Then, the applications of parallel and

antiparallel magnetisation states of decoupled ferromagnets in a multilayer will be explored.

Finally, the conclusions and outlook of the entire study will be summarised and discussed in

chapter 8.
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2 Theoretical Background

This chapter contains a delve into the intricate mechanisms that are involved in the generation

of a Terahertz emission. This begins with the excitation of metal layers using femtosecond

laser pulses and its subsequent effect on the dynamics of the spin system with the interactions

affecting the magnetic order. These interactions eventually lead to spin transport on ultrafast

timescales. Additionally, the inĆuence of magnetic and electric Ąelds and the various spin-

to-charge conversion mechanisms are important, which results in Terahertz emission.

2.1 Spintronic Terahertz Emitter

SigniĄcant progress has been made in the development of highly efficient, scalable, and

broadband THz emitters, typically consisting of a FM|NM bilayer metal stack [15]. When

ultrafast demagnetisation occurs due to fs-laser excitation, a transient spin-polarised current

is produced in the FM layer. The NM heavy metal layer acts as a spin sink channel leading to

a spin current j⃗s from the FM to the NM, which is followed by a spin-to-charge conversion in

the NM layer by various mechanisms also described later in the chapter. In previous studies,

the charge current j⃗c is typically described by assuming the plane wave propagation along

the z−direction perpendicular to the thin Ąlm surface since the laser beam diameter is much

larger than the thickness of the STE. However, this does not take into account the boundary

effects of laser spots which leads to further modiĄcations in j⃗c due to charge dynamics, which

are derived later in the thesis. The modiĄed charge current j⃗∗c gives rise to the electric Ąeld

in the emitter which is typically obtained via wave equation [51] as

E⃗(ω) ∝ eη̃(ω)∫
d

0

dz j⃗∗c (z,ω) (2.1)

where eη̃(ω) is the electron charge times the frequency-dependent complex wave-impedance

[15] of the STE of thickness d and e is the elementary charge.
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Figure 2.1: (a) Illustration showing a THz emission from a STE upon fs-laser excitation
leading to a spin current j⃗s from FM to NM layer and subsequently a charge
current j⃗c generated perpendicular to the magnetisation M⃗ and j⃗s upon spin-to-
charge conversion via the Inverse Spin Hall Effect (ISHE). The modiĄed charge
current j⃗∗c taking into account the charge dynamics, is the source of the THz
emission. Various steps are involved after fs-laser excitation which are illustrated
below. (b) Generation of hot electrons interpreted using Fermi-Dirac statistics
and interaction of electron system with phonons and magnons. (c) Ultrafast
Demagnetisation in FM and (d) Generation of ultrafast spin current in FM|NM
interface due to the difference of chemical potentials of spin up and spin down
electrons, ∆µs with an associated transfer of spin angular momentum as inter-
preted by the density of states for spin-up and spin-down electrons [52]. (e)
Superdiffusive spin transport with different mean-free-paths for the majority and
minority spin carriers and scattering events, and (f) spin-to-charge conversion via
ISHE [15, 29].

Here, η̃(ω) can be calculated with the help of GreenŠs function approximation as,

1

η̃(ω) ≙
ñ1(ω) + ñ2(ω)

η0

+ ∫
d

0

σ̃(z,ω)dz (2.2)
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where ñ1(ω) and ñ2(ω) are the complex refractive indices of air and the substrate, respec-

tively, η0 ≈ 377 Ω [53] is the free space impedance, σ̃ is the complex conductivity of the

metal layers, and d is the thickness of the metal layers.

The induced electric Ąeld (see equation 2.1) can be further quantiĄed and described [19]

as,

E⃗(ω) ∝ [ Pabs(ω)
dFM + dNM

] ⋅
⎡⎢⎢⎢⎢⎣
tanh

dFM − d0

2λ
pol
FM

⎤⎥⎥⎥⎥⎦
⋅ [tanh

dNM

2λNM

] ⋅ [ η̃(ω)
η0(ω)] ⋅ [e

−
dFM+dNM

S ] (2.3)

where the process steps from the laser absorption to the spin current generation and spin-

to-charge conversion are taken into consideration. Here, the Ąrst term shows the energy

absorption by the STE layers from the laser where dFM and dNM are the thicknesses of the

FM and the NM layers, respectively, and Pabs is the absorbed laser power. The second

term shows the spin current generated in the FM layer where d0 is an effective thickness

below which its ferromagnetism is lost and λpol
FM

is a characteristic length for which the spins

saturate in the FM. The diffusion of the spins in the NM layer is expressed in the third term,

where λNM is the spin diffusion length in the NM. The fourth term η̃(ω) is the frequency-

dependent complex wave-impedance for the STE as shown in the previous equation (see

equation 2.2). The Ąnal term takes into account the attenuation of the THz wave in the

metal layer, where S is the attenuation factor.

Although this approximates the electric Ąelds for large-area thin Ąlms, the inĆuence of elec-

trical charge impedance Z cannot be ignored. The effect of charge dynamics originating

due to the frequency dependent complex electrical charge impedance Z̃(ω) is addressed in

chapter 4 where a conversion factor is introduced as a function of Z̃(ω) based on charge

dynamics [54]. However, the effect of Z̃(ω) becomes signiĄcant for conĄned geometry which

is also investigated later in the chapter 5. Finally, this electric Ąeld becomes the source of

the THz radiation which can be detected using THz time-domain spectroscopy or ultrafast

electrical detection, which are described in the chapter 3. Different layer stacks comprising

of multiple FM and NM materials were used as STEs as described in chapters 5, 6 and 7.
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2.2 Excitation of metals by fs-laser pulse

2.2.1 Generation of hot electrons

Upon fs-laser excitation, photon energy is transferred to the metal layers, which excites the

electronic system to higher energy levels above the Fermi level. This causes the electronic

system to shift out of balance and to deviate from an equilibrium Fermi-Dirac distribution

[55] which characterises the electron distribution and is given by,

f(ϵ, µ, T ) ≙ 1

1 + exp ∥(ϵ − µ)/kBT ∥ (2.4)

where f(ϵ, µ, T ) is the occupation probability for a quantum state of energy ϵ at temperature

T , kB is the BoltzmannŠs constant, and µ is the chemical potential, which accounts for the

conservation of the total electron number. The outcome of this phenomenon is the creation

of hot electrons that occupy the higher energy states (see Ągure 2.1 (b)).

During the initial femtoseconds of exposure, there are electron-electron scattering processes

that take place, leading to the establishment of a thermal equilibrium within the electronic

system. Consequently, an electronic temperature can be assigned. Over the following pi-

coseconds time frame, the lattice temperature and electronic temperature may differ, initiat-

ing the restoration of equilibrium between the electron and lattice systems through electron-

phonon scattering. Additionally, the electron-magnon interaction also aids in this process of

thermal equilibration (see Ągure 2.1 (b)).

2.2.2 Spin-Orbit interactions

Electrons possess orbital angular momentum resulting from their movement around the nu-

cleus, which is expressed by L⃗. Although the analogy of L⃗ is comparable to a classical object,

the presence of an internal motion in a quantum mechanical particle such as electrons can

also be interpreted as an intrinsic angular momentum [56] which is expressed as spin angu-

lar momentum S⃗. Since it is an intrinsic property and does not exist in real space, a new

abstract vector space (spin-subspace) is realised with the spin quantum number ŠsŠ having

a value of 1/2 [56, 57]. This gives the spin magnetic quantum number ms corresponding

to the z-component of the spin, sz, as ms ≙ +1

2
≙↑ for "spin up" state and ms ≙ −1

2
≙↓ for

"spin down" state.
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The electronŠs magnetic moment µS ≙ −2µB

h̵
S⃗ is created by the spin of the electron where

µB ≙ eh̵/2me is a Bohr magneton. Additionally, a magnetic moment is also created by the

orbital moment as µL ≙ −µBl. This can be interpreted as an induced magnetic Ąeld due

to the current created by the electron orbital [58]. Since S⃗ and L⃗ both possess the same

dimensions, the total angular momentum J⃗ of the particle can be expressed as J⃗ ≙ L⃗ + S⃗.

This results in a total magnetic moment µ⃗ ≙ µ⃗L + µ⃗S ≙ γ(L⃗ + 2⃗S) ≙ γ(J⃗ + S⃗) ≙ gγJ⃗ , where

γ ≙ −∣e∣/2me is the electron gyromagnetic ration and g represents the Lande-g factor. For

l ≙ 0 and s ≙ 1/2, the g-factor is 2, which is the electronic g-factor.

Thus, the interaction energy, ϵ⃗SO between the magnetic dipoles corresponding to both spin

and orbital motion can be approximated as −µ⃗S ⋅B⃗orb (see Ągure 2.2) where B⃗orb ≙ µ0Ĥorb.

Figure 2.2: Spin-Orbit Coupling between the spin S⃗ of an electron and orbital angular mo-
mentum L⃗. The electron revolves around a nucleus as seen from the frame of
references of the nucleus (left) and the electron (right). The electron experiences
a net magnetic Ąeld strength H⃗orb directed upwards from the orbital plane as seen
from the electron frame of reference.

Since, H⃗orb ∝ L⃗ and µ⃗S ∝ S⃗, the coupling of the electron spin S⃗ with the electron orbital

moments, also referred to as the Spin-Orbit interaction is expressed by the term ĤSO in the

relativistic Hamiltonian of a single electron system Ĥrel [56] and is given by,

ĤSO ≙ ξ(r)L⃗ ⋅ S⃗ (2.5)

where ξ(r) ≙ 1

2m2c2E(∣r⃗∣) with the electric Ąeld E(∣r⃗∣) ≃ Ze
r3 at a position r⃗ from the nucleus

of the material with the atomic number Z. Thus, spin-orbit coupling is responsible for spin

relaxation which leads to different scattering events in the bulk material. It also plays a vital

role in the spin-to-charge conversion mechanism in heavy metals with large Z facilitating

strong ISHE which is discussed later in this chapter.
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The single electron relativistic Hamiltonian [56] can be extended to accommodate interac-

tions in a many-electron system and can be expressed as,

ĤME ≙∑
i

⎛
⎝ĤKi + ĤV i +∑

j>i

ĤC
ee

ij

⎞
⎠ + Ĥrel (2.6)

where ĤKi and ĤV i correspond to the kinetic energy and potential energy for ith electron,

respectively, which also includes induced external and internal Ąelds from the nuclei [58].

The inter-electron Coulomb interactions are expressed by ∑j>i ĤC
ee

ij and the relativistic cor-

rections are accommodated in Ĥrel, which includes spin-orbit and spin-spin magnetic dipole

interactions [59, 60].

2.3 Magnetic ordering in solids

2.3.1 Exchange interaction

The exchange interaction for a two-electron model [61] is useful for describing the magnetic

ordering. The wavefunction for a two-electron system Ψ(1,2) ≙ ψ(r⃗1, r⃗2)χ(1,2), where

ψ(r⃗1, r⃗2) and χ(1,2) are spatial and spin parts, respectively. Since electrons are fermions,

Ψ(1,2) ≙ −Ψ(2,1), then either ψ(r⃗1, r⃗2) or χ(1,2) is required to be anti-symmetric with

respect to the electron exchange. This gives the Hamiltonian corresponding to the exchange

interaction based on the Heisenberg model as

Ĥex ≙ −2JexS⃗1 ⋅ S⃗2 (2.7)

where Jex is deĄned as Jex ≙ Esinglet − Etriplet with Esinglet ≙ E1 + E2 + K12 + J12 and

Etriplet ≙ E1 + E2 +K12 − J12 [61]. Here J12 and K12 denote the exchange integral and the

overlap integral of the two spin states with energies Ei, respectively. It should be noted that

this interaction is sufficient for the orientation of neighbouring magnetic dipoles at room

temperature, although it exponentially decays with distance. In general, the dipoles behave

paramagnetically.

The strength of Jex plays a role in segregating materials of different magnetic orders. For

Jex > 0, the exchange energy is minimised when Ŝi ↑↑ Ŝj and this type of magnetic ordering

is referred to as ferromagnetic. Similarly, for Jex < 0, Ŝi ↑↓ Ŝj and this is referred to as ferri-

or anti-ferromagnetic order.
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In addition, the effect of neighbouring magnetic dipoles together on individual magnetic

dipoles can be interpreted in terms of a magnetic exchange Ąeld B⃗m as −∑j JijSj ≙ µB

h̵
B⃗m

and the magnetic portion of the Hamiltonian can be expressed as,

Ĥmagnetic ≙ µB

h̵
∑
i

∥B⃗m + B⃗ext∥ ⋅ S⃗i (2.8)

where B⃗ext is applied external magnetic Ąeld. This implies that the mean exchange Ąeld is

responsible for ordering magnetic dipoles in the absence of the external magnetic Ąeld in a

ferromagnet, thus creating a net magnetisation M⃗ at zero external Ąeld in the case of a

ferromagnet.

2.3.2 Stoner Model

In contrast to the Heisenberg model, the Stoner Model is the simplest model used to describe

magnetic order in metals, e.g., solids with itinerant electrons, which are treated as nearly

free moving particles [62].

Figure 2.3: Schematic illustration of the Stoner-band model for a non-magnet and a ferro-
magnet. The exchange splitting is shown in 3d Density of States (DOS) with an
exchange splitting energy ∆Eex. An imbalance of occupied states for majority
and minority spin channels arises up to the Fermi level energy (ϵF ). Here H⃗ext

is an external Ąeld to represent the quantisation direction.

According to the Stoner model, ferromagnetism is possible under certain assumptions. As per

the Ąrst assumption, the magnetic moments are predominantly inĆuenced by the electrons

present in the d-shell. These electrons establish energy bands as a result of periodic bonding
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between spins. For the second assumption, it is proposed that the average exchange Ąeld

shifts the spin up and spin down energy bands relative to each other by ∆Eex. Lastly, the

third assumption states that the electrons obey Fermi statistics and occupy energy bands up

to the Fermi energy ϵF level. But unlike the ferromagnets, in non-magnetic materials both

the up and down spins are equally populated (see Ągure 2.3).

2.4 Magnetisation behaviour in external magnetic field

2.4.1 Spin dynamics

Figure 2.4: Illustration showing precession movement of the magnetisation M⃗ around an
effective magnetic Ąeld strength H⃗eff . The motion takes place on a spherical
surface since the absolute value of M⃗ is conserved. The torque dM⃗/dt is always
oriented perpendicular to M⃗ . (a) In the case of undamped precession, the de-
Ćection of the moment relative to the Ąeld direction remains constant over time.
(b) In contrast, damping leads to the relaxation of the M⃗ along the H⃗eff .

The dynamics of the spin system and their effects beyond the equilibrium states due to

external sources, such as magnetic Ąeld, are given by the Landau-Lifshitz (LL) equation [63]

as,

dM⃗

dt
≙ −γµ0M⃗ × H⃗eff (2.9)
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which represents a constant precession of M⃗ with the angular frequency ω0 around the

effective magnetic Ąeld strength H⃗eff and γ is the electron gyromagnetic ratio. Here, ω0

exhibits a linear dependency on the H⃗eff [64] which is described as ω0 ≙ γ0 ∣H⃗eff ∣, where

γ0 ≙ −γµ0. Generally, the application of a sufficiently large H⃗eff leads to a uniform M⃗

aligned along the H⃗eff direction (see Ągure 2.4 (a)).

However, the M⃗ relaxes towards the direction of H⃗eff in actual systems, in the form of a

damped precession movement due to dissipation effects. Hence, this resulted in the extension

of the LL equation to the phenomenological Landau-Lifshitz-Gilbert (LLG) equation [65, 66]

given as,
dM⃗

dt
≙ −γµ0M⃗ × H⃗eff + α

Ms

(M⃗ × dM⃗
dt
) (2.10)

where γ is the electron gyromagnetic ratio and equal to the inverse relaxation time τ [67],

α corresponds to the dimensionless Gilbert damping parameter and the effective saturation

magnetisation is given by Ms. Here, LL equation satisĄes the basic assumption that the

magnitude of M⃗ is conserved during precession and the effective torque dM⃗/dt is always

perpendicular to M⃗ (see Ągure 2.4 (b)). Moreover, it also accounts for the systems with

high damping constants [66]. Physically, the damping can be interpreted as the loss of spin

angular momentum to the lattice which eventually results in relaxation of M⃗ in the direction

of H⃗eff [67].

2.4.2 Hysteresis

Ferromagnetic materials also possess the property of hysteresis, which refers to the irre-

versibility of the magnetisation and demagnetisation process, and this can be analysed

through a B − H curve which illustrates the relationship between the resulting magnetic

Ćux density B⃗ and the applied magnetic Ąeld strength H⃗. The hysteresis can be also plotted

as an M −H curve since B⃗ ≙ µ0H⃗ +M⃗ where µ0 is the magnetic permeability in vacuum.

When the associated magnetisation M⃗ reaches its maximum, it is referred to as the sat-

uration magnetisation M⃗s. The residual M⃗ upon removal of H⃗ is termed the remanence

magnetisation M⃗r. The magnetic Ąeld when H⃗ can fully demagnetise the magnetic material

is termed the Coercive Field H⃗C , and the net ∣H⃗ ∣ corresponding to the Coercive Fields in

either direction is referred to as the Coercivity. Magnetic materials can be categorised as

hard or soft magnet based on whether they have a higher or lower H⃗C , respectively, in the

hysteresis loops (see Ągure 2.5 (a)). The hysteresis loops [68] can also be categorised as

major loops or minor loops for H⃗max ≙ H⃗s or H⃗max < H⃗s, respectively (see Ągure 2.5 (b)).
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Figure 2.5: Illustration showing Magnetic Hysteresis for (a) different coercivities for Hard
and Soft magnets and remanence magnetisation M⃗r, (b) major loops and minor
loops for ferromagnetic materials, and (c) magnetic behaviour dependent on
magnetisation orientation along the easy (θe) and hard axis (θh) determined by
magnetocrystalline energy. Here θ corresponds to the angle with respect to the
reference axis.

The study of hysteresis helps in the selection of ferromagnets for applications involving

magnetic switching based on different coercive Ąelds, which is primarily shown in chapters

6 and 7 for the case of switchable THz Emitters and Digital-to-analog converter for THz

signals. It is also useful to determine the antiparallel states in GMR structures as shown in

chapter 7.

2.4.3 Magnetic anisotropy

When a ferromagnetic material is placed in a large enough externally applied magnetic Ąeld

strength H⃗ext, the domain that has a direction closest to that of H⃗ext grows at the expense of

the other domains via domain wall motion [68]. In other words, the spins align in the direction

of H⃗ext due to the torque applied by the latter. However, these domain boundaries encounter

crystal imperfections with an associated magnetostatic energy which is overcome with the

energy of higher H⃗ in the direction of H⃗ext, eventually leading to the elimination of domain

walls. This leaves behind a single domain or spins oriented along the H⃗ext direction.

This switching process usually depends on the magnetic anisotropy energy barrier [68], which

is determined primarily by the material and its shape. For a magnetic material, the energy

required to change the orientation of the magnetic moment in a bulk single crystal from the
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easy axis to the hard axis is given by Magnetocrystalline anisotropy [59]. These directions or

axes are determined by the interaction between the spin magnetic moment and the crystal

lattice through spin-orbit coupling, and usually, the preferred axis is called the easy axis,

which provides the stable states for the M⃗ direction [68]. The M −H curve exhibits the

highest HC along the easy axis while the lowest HC along the hard axis (see Ągure 2.5 (c)).

The magnetocrystalline energy density of a crystal along the direction of M⃗ is given by,

Ecrystal(M⃗) ≙ K0 +K1(α2

1α
2

2 + α2

2α
2

3 + α2

3α
2

1) + K2(α2

1α
2

2α
2

3 + ... (2.11)

where, α1, α2 and α3 are spherical polar coordinates, and Kis are the anisotropy constants

with K0 being the isotropic term. The magnetocrystalline anisotropy can be broadly cate-

gorised into Uniaxial anisotropy and Cubic anisotropy [59]. Uniaxial anisotropy has only one

easy axis and the corresponding magnetocrystalline energy density can be derived from the

equation above (see equation 2.11) and is given by,

Ecrystal(M⃗) ≙ K0 +Ku sin θ2 − 1

4
Kc sin 2θ2 (2.12)

where Ku is the uniaxial anisotropy constant and Kc is the magnetocrystalline anisotropy

constant contributing to the fourfold symmetry due to biaxial characteristics. Both Ku and

Kc correspond to K1 and K2 respectively in the previous equation (see equation 2.11). The

biaxial characteristic is usually observed in thin Ąlms due to various factors such as growth

conditions, multi-grain thin Ąlms or directional shape [69]. Additionally, cubic anisotropy

with a cubic symmetry in the case of a cubic crystal due to spin-lattice coupling has three

equivalent easy axes.

The anisotropy constants also depend on the strain associated with the magnetic crystal

when it is magnetised after previous demagnetisation upon mechanical strain or change in

magnetisation direction with respect to the lattice. This is referred to as magnetostriction

and gives rise to Magneto elastic anisotropy [59]. The strain is quantiĄed based on the

applied magnetic Ąeld, where the magnetic crystal alters its dimensions upon magnetisation

and thus, the magnetocrystalline anisotropy.

Shape anisotropy, also known as magnetic dipolar anisotropy, is attributed to the effect of

shape on magnetic dipolar interaction in an ellipsoidal magnetic material [70] and is given

by ⃗Heff ≙ H⃗0 −NM⃗ (2.13)
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where H⃗0 is the external magnetic Ąeld, N is the shape-dependent demagnetising tensor and

M⃗ is the magnetisation vector (see Ągure 2.6 (a)).

Its impact is signiĄcant in thin Ąlms and can result in the alignment of moments within the

materialŠs plane.

Figure 2.6: Illustration showing (a) apparent surface pole distribution due to shape anisotropy
with easy axis along the longer side and corresponding demagnetising Ąeld with
factor N and (b) hystereses with different coercivities which are dependent on
N .

Favouring alignment along the grainŠs long axis, shape anisotropy [68, 70] helps minimise

the internal demagnetising Ąeld H⃗D ≙ NM⃗ . A higher demagnetising factor exhibits a higher

coercive Ąeld (see Ągure 2.6 (b)).

The magnetic behaviour can also be affected due to the temperature. Although the entropy

is minimised due to the spontaneous ordering of magnetic moments (see section 2.3.1), the

thermal energy kBT becomes greater than the exchange energy Eex at a certain temperature

known as Curie temperature TC and the material becomes disordered. During this, the

magnetocrystalline and magnetostriction constants decrease with temperature vanishing at

TC and the crystal starts behaving paramagnetically [68].

In magnetic materials, the domain structures are separated by domain walls which try to

attain the lower magnetic energy state, usually via domain wall motion. The difference in

magnetic switching Ąelds also referred to as the coercive Ąelds of various structures, is due

to the difference in domain wall nucleation energy and propagation [71]. This is the primary

factor considered in designing the magnetic bits of Digital-to-analog converters for ultrafast

signals in chapter 6.
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2.5 Spin transport

The electron spin Ćow and its manipulation form the basis of spintronics devices, as is the

case for electron Ćow (charge current) in electronic devices. The charge current can be

understood in terms of both spin and charge Ćow, where an equal number of both the spin-

up and spin-down electrons Ćow in the same direction and there is a net zero spin current

(see Ągure 2.7 (a)). When the number of spin-up and spin-down electrons are unequal, it

leads to a net polarisation along with a charge current, and it is termed a spin-polarised

current (see Ągure 2.7 (b)), and it is usually observed in the ferromagnets.

Figure 2.7: Schematics showing mechanisms involved in (a) charge current, (b) spin-polarised
current in a FM, and (c) pure spin current. Illustration showing (d) spin injection
at FM|NM interface due to splitting of the chemical potential (∆µs) for spin
up and spin down electrons, (e) diffusive and (f) ballistic mechanisms of spin
transport.

When the spin-up and spin-down electrons move in opposite directions, it leads to a net zero

charge current Ćow. However, it leads to a pure spin current (see Ągure 2.7 (c)) where only

the Ćow of spin angular momentum is involved.
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2.5.1 Spin injection across FM|NM interface

The next step involves the spin current propagation after its generation via processes de-

scribed earlier in the chapter, and it is achieved by the injection of non-equilibrium spin

polarisation in the NM heavy metal through the interface [72]. This results from the split-

ting of bands for spin-up and spin-down electrons, which is described using the Stoner Model

(see section 2.2.2), leading to a difference in the numbers of occupied carriers and conse-

quently the magnetisation M ∝ (n↑ − n↓). This determines the spin transport by the net

spin polarisation,

P ≙ σ↑ − σ↓
σ↑ + σ↓ . (2.14)

The average chemical potential difference between the spin-up and spin-down channels, with

chemical potentials µ↑ and µ↓, respectively, is represented as ∆µ (see Ągure 2.7 (d)). Since

both the channels have different conductivities, a current Ćow through the material results

in the splitting of the chemical potential ∆µs at the interface, according to OhmŠs Law.

Consequently, a non-equilibrium spin polarisation or spin accumulation µs occurs between

the two spin channels at the interface, and the spin current is expressed by,

js ≙ j↑ − j↓ ≙ σ∇µs (2.15)

where, µ ≙ (µ↑ − µ↓)/2 and σ ≙ σ↑ + σ↓.
This spin accumulation leads to the spin diffusion in the NM layer in the steady state, which

is described by the spin diffusion equation [73] as,

dµs

dt
≙D∇2µs − µs

τs

≙ 0 (2.16)

where D is the diffusion constant and τs is the spin relaxation time. Here, τs deĄnes the

characteristic length constant ld ≙ √Dτs also called the spin diffusion length in the NM

layer. This determines the length from the interface over which the spin accumulation of

both states returns to the equilibrium value. However, in non-ideal scenarios, the efficiency

is primarily affected by the reĆectivity [74, 75] and impedance mismatch [76Ű78] at the

interface.
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2.5.2 Super-diffusive spin current

The understanding of optically excited hot-electron transport in metals is complex in nature,

which can be explained based on band theory as proposed earlier [79]. With regard to hot-

electron transport for different timescales, it is possible to distinguish between two limits

[80Ű82]. Over a short time frame, hot electrons move ballistically (see Ągure 2.7 (e)) in a

straight line with constant velocity, without experiencing any scattering, thus conserving the

angular momentum and energy [80]. Over a longer timescale, electrons can scatter elasti-

cally with phonons and impurities or inelastically with electrons at or below the Fermi energy.

Although the hot electronŠs energy remains the same, its momentum becomes randomised.

The electron movement in this scenario resembles Brownian motion, and the transport mech-

anism is termed standard diffusion (see Ągure 2.7 (f)). In addition, unidirectional transport

only occurs when a gradient is present, which can be thermal, spin-related, or charge-related.

After scattering, electrons continue to move ballistically.

As hot-electron transport is not reproduced using either the standard diffusion or ballistic

cases it was necessary to take account of an intermediate regime. The transient evolution of

the hot-electronŠs movement from the standard diffusion to ballistic regime characterises the

superdiffusive regime [79] in which hot-electrons collide a few times before their energy and

angular momentum are transferred, with an associated evolution of the energy distribution

(see Ągure 2.1 (e)).

The inelastic mean free path is determined by the energy-dependent lifetime, and the velocity

of the hot electrons, and these parameters depend on the spin if the material is ferromagnetic

due to the presence of exchange splitting. Typically, laser excitation leads to the depletion

of majority carriers on the surface owing to their higher mobility since they have a longer

inelastic mean free path than minority carriers. Hence, pairing a FM layer with a NM metal

leads to the transport of majority carriers from the FM to NM, while minority carriers stay

conĄned in the former [80, 82].
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2.5.3 Magnons

The considerations highlighted in the previous paragraphs are based on the assumption that

all magnetic moments in the system are arranged in parallel. If disturbances of magnetic

order occur in the form of a deviation of the spin of individual particles from the ground

state, these will propagate as waves through the crystal lattice of the magnetic medium [83].

These disturbances are spatially periodic and are referred to as spin waves or magnons.

A magnon is a quantised spin wave that carries a Ąxed amount of energy Emagnon ≙ h ⋅f and

lattice momentum in the context of quantum mechanics, where h is PlanckŠs constant and

f is precession frequency. As a "spin-1" particle, it obeys boson behaviour in the equivalent

wave picture. The basic prerequisite for the existence of magnons is the spatial coupling

between the magnetic moments of the medium. The direction of propagation of the spin

waves is described by the wave vector k (see Ągure 2.8). The energy dissipation for spin

angular momentum transfer via magnons is minimized due to reduced losses from ohmic

heating [84].

Figure 2.8: Illustration showing a magnon with wavelength λ propagating in the direction of
wavevector k. The black arrows show the precessing spins due to the exchange
interaction between neighbouring spins. The semi-transparent white curve effec-
tively illustrates the collective wave-like motion.
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2.6 Effects due to electric and magnetic fields

2.6.1 Spin dependent Hall effects

The optimisation of spin current generation, transport, and detection, particularly via spin-

to-charge conversion, is a fundamental requirement for the development of spintronic devices.

This section contains a discussion on various spintronic effects that facilitate these function-

alities.

Spin-dependent scattering

The electron motion is inĆuenced by various intrinsic and extrinsic mechanisms. They are

represented [85] by,

σSH ≙ σint + σSS + σSJ . (2.17)

The intrinsic component (σint) is a quantum-mechanical property of perfect crystals [86]

that generates transverse spin-dependent velocities through an inter-band coherence induced

by an external Ąeld (see Ągure 2.9 (a)). Meanwhile, asymmetric scattering on defects and

impurities causes the extrinsic component. This mechanism involves two types of scattering,

namely skew scattering (σSS) [87] and side-jump scattering (σSJ) [88].

Figure 2.9: Illustration showing spin-dependent scattering mechanisms responsible for the
spin Hall effect. (a) Intrinsic interaction, (b) Skew scattering and (c) Side-jump
scattering with spin-dependent displacement δsj at an impurity. The Ągure is
redrawn from [89].
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Skew scattering results from the spin-orbit interaction, which creates an effective magnetic

Ąeld gradient within the scattering plane. This gradient acts as a driver of a net force towards

or away from the scattering centre, depending on the spin polarisation of the scattered

electron [86] (see Ągure 2.9 (b)). Contrastingly, side-jump scattering occurs due to the

different acceleration and retardation of opposite spin polarisations during the scattering

process. This leads to a net displacement of spins in the transverse direction (δsj) after

multiple scattering processes (see Ągure 2.9 (c)).

Ordinary Hall effect

An Ordinary Hall Effect (OHE) or simply Hall effect is a classical electromagnetic effect

which occurs in a current carrying conductor which when subjected to an external magnetic

Ąeld perpendicular to the charge current induces a transverse voltage. This effect can be

interpreted in terms of the Lorentz force acting on the moving electrons [90] (see Ągure 2.10

(a)) and The transverse induced voltage is proportional to the applied magnetic Ąeld and is

termed the Hall voltage.

Figure 2.10: Illustration showing Hall effects.

22



2 Theoretical Background

Anomalous Hall effect

Similar to the OHE, the Ćow of charge current through a ferromagnet induces a transverse

voltage; however, this effect is signiĄcantly stronger than in the ordinary Hall effect [91]. This

phenomenon is known as the Anomalous Hall Effect (AHE), Ąrst described in the microscopic

theory by Karplus and Luttinger [92], who attributed it to an additional contribution to the

electronic group velocity also called the anomalous velocity.

In principle, this effect can be understood as follows. In ferromagnets, the intrinsic magneti-

sation, due to the alignment of magnetic moments from exchange interactions (see section

2.3.1), results in a net spin polarisation of the conduction electrons, with most spins preferen-

tially aligned along the magnetisation direction. The electrons with different spin orientations

experience distinct transverse deĆections due to various spin-dependent scattering mecha-

nisms [93] leading to Spin Hall Effect (SHE) which will be discussed in the next section. For

the spin-polarized currents, this also leads to charge accumulation giving rise to an additional

Hall voltage, characteristic of the AHE [93]. (see Ągure 2.10 (b)). Recently, a clearer phys-

ical picture of AHE was obtained based on topological phenomenon arising from the Berry

curvature [92, 94, 95].

For THz experiments, a net backĆow current j⃗AHE is created at the interfaces of the FM layer

and the dielectrics (substrate and the capping layer, if present) [96] by the spin-polarised

current in the longitudinal direction perpendicular to a net magnetisation M⃗ which is in the

direction of a large external magnetic Ąeld. This results in a transient transverse charge

current j⃗c deĄned as [97],

j⃗c ≙ θAH ( ⃗jAHE × M̂) (2.18)

where θAH is the Anomalous Hall angle. The THz emission as a result of AHE for spin-to-

charge conversion in the FM is shown and discussed in chapter 7.
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Spin Hall effect

The phenomenon of the transverse velocities experienced by moving electrons, explored in

the previous section (see section 2.5), depends on their spin orientation. Similarly, normal

metals also exhibit a spin-dependent transverse velocity [86, 98, 99], but due to the absence

of a distinct spin polarisation, it does not generate a noticeable voltage. However, it does

cause spins with opposite polarisations (spin-up and spin-down) to separate, which in turn

causes them to accumulate on opposite transverse edges of the sample. This effect is known

as the Spin Hall Effect (SHE) (see Ągure 2.10 (c)) and the spin current (js) to charge current

(jc) conversion is expressed as,

j⃗s ≙ θSH
2e

h̵
(σ⃗ × j⃗c) (2.19)

where e is the electron charge and h̵ is the PlanckŠs constant. σ is the spin polarisation

tensor and θSH is the spin Hall angle, which determines the conversion efficiency between

spin and charge.

The Onsager reciprocal relation [100, 101] allows for the inverse process, where a transverse

charge current is produced by the injection of a pure spin current perpendicular to the layer,

and it is termed the Inverse Spin Hall Effect (ISHE) [102] (see Ągure 2.10 (d)). This can be

described [85] as,

j⃗c ≙ θSH
2e

h̵
(j⃗s × σ⃗) (2.20)

derived from the previous equation (see equation 2.19). It should be noted that the thickness

of the metal layer should be lower than the spin diffusion length to avoid spin backĆow and

to maintain the validity of the equation.

Both SHE and ISHE have been observed in semiconductors and metals. In semiconductors,

the intrinsic scattering mechanism (see Ągure 2.9 (a)) dominates, while in metals, the ex-

trinsic scattering mechanisms (see Ągure 2.9 (b, c)) prevails as the intrinsic mechanism can

be disregarded. These mechanisms determine the conversion efficiency between spin and

charge.

The spin-to-charge conversion via ISHE in the NM is referred to in various THz emission

processes throughout the thesis.
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2.6.2 Magneto-resistive effects

In general, at room temperatures, electrons in metals interact with atoms, causing a change

in their path due to scattering. The average distance between two scattering events is

called the mean free path, which determines a metalŠs resistivity. A lower probability of

electron scattering leads to lower resistivity, as electrons can travel a greater distance before

encountering a scattering event [103, 104] given all other parameters are the same. In

a metallic system, upon application of an electrical charge current in the presence of an

external magnetic Ąeld, the electron trajectories are affected due to the Lorentz force with

maximum Lorentz deĆection for magnetic Ąelds perpendicular to the current direction. As a

consequence, the movement of electrons are now in curved paths, there is a reduction in the

effective mean free path, thus higher resistivity. This magneto-transport phenomenon leads

to a net change in resistance is termed as ordinary Magnetoresistance (MR).

Considering the case where the metal is a FM, applying an external magnetic Ąeld results

in a net magnetisation within the FM which deĄnes the spin orientation of electrons and

their orbital motion relative to the crystal lattice. The application of electric current leads

to anisotropic electron scattering, where the scattering probability varies depending on how

the magnetisation-orbital alignment affects orbital overlap with scattering states, thereby

changing the electrical resistance. This change in resistance is referred to as the Anisotropic

Magnetoresistance (AMR) [105].

Figure 2.11: Illustration showing a simpliĄed picture of spin-dependent scattering across the
interfaces between the FM layers in (a) parallel and (b) antiparallel states for a
GMR multilayer in Current-in-plane conĄguration.

For a FM|NM, upon application of an electrical current, spin-dependent scattering in the
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FM leads to a spin-polarised current. When this current enters the NM, the mismatch in

spin-dependent conductivities causes a nonequilibrium spin accumulation near the FM|NM

interface manifesting as a difference in the spin-dependent electrochemical potentials µ↑

and µ↓ for spin-up and spin-down electrons [76] (see section 2.5). The spin-dependent

interfacial scattering is dependent on matching of the electronic band and also the lattice

[105] between the FM and NM, with the former typically being the dominant factor. For

a FM|NM|FM multilayer system, in a parallel magnetisation state of the FMs, it usually

undergoes less scattering at the FM|NM interfaces, thus leading to a lower resistivity as

compared to that in the antiparallel state (see Ągure 2.11). This phenomenon is termed the

Giant Magnetoresistance (GMR) [3, 4].

The magnitude of the GMR effect is determined by

δR

R
≙ R↑↓ −R↑↑

R↑↑
(2.21)

where R↑↑ and R↑↓ are the resistances for parallel and antiparallel alignment, respectively.

The antiparallel alignment [105] of magnetisation for the FM layers can be obtained by using

an antiferromagnetic interlayer coupling mediated via the Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction or by using a spin valve medium an exchange coupled pinned FM layer

and adjacent antiferromagnetic layer or alternatively a magnetisation alignment of embedded

FM granules in a NM. Moreover, a pseudo spin valve structure with different coercive Ąelds

for successive FMs can also lead to antiparallel alignment. These layer structures provide

a simpliĄed approach to obtaining antiparallel states, as the magnetic moments can be

controlled by external magnetic Ąelds. As a result these mechanisms lead to a Ąeld dependent

resistance change.

The measurement of a GMR multilayer can be done in either the Current-in-plane (CIP) or

Current-perpendicular-to-plane (CPP) geometry depending on whether the current direction

is parallel or perpendicular to the layers, respectively. The CPP-GMR conĄguration provides

much larger MR as compared to the CIP-GMR [105, 106]. Although the relative effect is

stronger in CPP-GMR, the smaller overall resistance is difficult to measure since it can easily

be dominated by the lead and contact resistances in the measurement systems. Hence,

CIP-GMR is much more favourable for measurements. To get a large enough resistance the

CPP-GMR structures are required to be much smallerwith areas less than 10−2 µm2 [107],

which can be achieved by nanolithography.

The effect of fs-laser excitation on magnetoresistance is discussed in chapter 7.
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2.6.3 Oersted field

An electric current through a conductor creates a magnetic Ąeld called the Oersted Ąeld

[108]. While a direct current generates a constant Oersted Ąeld, a current pulse generates a

Ąeld pulse and an alternating current generates an oscillating Oersted Ąeld. In simple cases,

the absolute value of the Oersted Ąeld follows from AmpèreŠs law which can be described

as,
¿

C

B⃗ ⋅ dl⃗ ≙ µ0IC (2.22)

where the current IC Ćows through the area bounded by curve C. B⃗ is the resulting Magnetic

Flux density and dl⃗ is an inĄnitesimal fraction of C. Upon simpliĄcation, the relation can be

described as,

¿

C

B⃗ ⋅ dl⃗ ≙ B⃗
¿

C

⋅dl⃗. (2.23)

Furthermore, since the integral along a closed circle is its perimeter and Ic is the total dc-

current through the conductor then B⃗e ≙ µ0H⃗e outside the wire at a distance r can be

described as,

µ0He ≙ µ0

2π

Ic

r
(2.24)

where µ0 is the magnetic permeability in vacuum.

The application of Oersted Ąelds in controlling the magnitude of the emitted ultrafast current

is explored in chapter 6.

2.7 Thermal effects

2.7.1 Joule heating

Joule heating refers to the process whereby a conductor experiences a temperature increase

resulting from the Ćow of electrical current [109] due to the conversion of electron kinetic

energy into thermal energy, in line with the principle of energy conservation. According to

JouleŠs Ąrst law [109],

H

t
≙ P ≙ I2R (2.25)

27



2 Theoretical Background

where H is the heat induced in the conductor over time t, I is the dc-current Ćowing through

the conductor, R is the electrical resistance of the conductor. Root Mean Square (RMS)

values are used in the above relation For ac-currents.

An understanding of Joule Heating is necessary to account for the heat dissipation due to

dc-current. This is observed as a large response in time domain signals in chapter 7 for GMR

devices and chapter 6.

2.7.2 Thermoelectric effects

Figure 2.12: Illustrations showing Thermoelectric effects: (a) Seebeck Effect, (b) Anoma-
lous Nernst Effect (ANE), (c) Spin-dependent Seebeck Effect (SDSE) and Spin
Seebeck Effect (SSE). The illustrations highlight the induced jANE

c and/or js
in metals and insulators due to thermal gradient ∇⃗T and the presence of a net
M⃗ .

Spintronic effects, attributed solely to the electric and magnetic Ąelds, which were discussed

in the previous section (see section 2.6) are the primary mechanisms for spin-to-charge

conversion. Nevertheless, temperature gradients can also produce signiĄcant heat-driven spin
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transport in magnetic metals and insulators. These thermal phenomena, namely, Anomalous

Nernst Effect (ANE), Seebeck Effect, Spin-dependent Seebeck Effect (SDSE), and Spin

Seebeck Effect (SSE), have been extensively explored in the Ąeld of spincaloritronics. These

can be detected via THz emission spectroscopy or ultrafast electrical measurements on a

femtosecond timescale.

Seebeck effect

The Seebeck effect [110] is a phenomenon that generates a charge current within the material

due to a temperature gradient ∇T . The effect is governed by the energy dependence of the

conductivity of the electrons. The distribution of electrons in different energy states can

be described using Fermi-Dirac statistics as shown earlier in the chapter. In this process,

electrons are transferred to the higher energy states at the hotter region, leading to an

increase in the average energy per electron. A difference in the conductivity of a higher

energy electron compared to a lower energy electron creates a diffusion of charge. This leads

to a net Ćow of current from the colder to the hotter region due to an electromotive Ąeld,

E⃗emf ≙ −S∇⃗T (2.26)

where S is the Seebeck coefficient of the material (see Ągure 2.12 (a)).

This unique effect is detected via two electrically connected metals with different transport

properties where the temperature gradient is transformed into a local charge current den-

sity. A pair of such metal junctions form the thermocouple which are used to measure the

thermovoltage across the two junction.

The thermovoltage in ultrafast timescales is observed from an on-chip thermocouple in chap-

ter 7.

Anomalous Nernst effect

The application of a thermal gradient ∇T leads to the creation of a transverse electric Ąeld

E due to the transverse movement of electrons within a conductor or semiconductor upon

application of a perpendicular magnetic Ąeld H. This phenomenon is known as the Nernst

effect. Similar to the AHE, the thermoelectric analogue is termed the Anomalous Nernst
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Effect (ANE) where the application of temperature gradient across a magnetic material pro-

duces a transverse anomalous voltage due to Lorentz force created by the internal magnetic

Ąeld of the magnetisation M . The expression for the ANE [111] is,

j⃗ANE
c ≙ −σF ⋅Qs ⋅ 4π ⋅ M⃗(t) × ∇⃗T (2.27)

where σF is the electrical conductivity and Qs is the anomalous nernst coefficient of the

FM subject to a thermal gradient ∇⃗T perpendicular to the magnetisation M⃗ (see Ągure

2.12 (b)). It is an intrinsic property of the material similar to the AHE with its origin

primarily dominated by the net Berry curvature [94, 112] of all bands near the Fermi level

[95]. However, the intrinsic effects and scattering via spin-orbit coupling have been observed

to increase the ANE contribution in ferromagnetic thin Ąlms [111].

The signature of an ANE mediated ultrafast response is obtained in FM, as shown in chap-

ter 7.

Spin and spin-dependent Seebeck effect

The application of a thermal gradient along a ferromagnetic layer has been shown to be a

viable approach for achieving a spin-polarised current or a pure spin current when the net

transfer of opposite charges within the ferromagnetic metallic layer is equivalent. This effect

is termed the Spin Seebeck Effect (SSE) and the mechanism is based on nonequilibrium

physics and the transfer of energy between magnon, phonon, and electron systems [10].

However, the SSE is difficult to measure directly since the electron spins have a Ąnite lifetime

and they are not a conserved quantity, unlike the charge conservation. Hence, it is typically

measured with the help of a Heavy Metal (HM) layer, which converts the spin current into

a charge current through the ISHE (see Ągure 2.12 (d)). This effect was Ąrst reported in

a Ni81Fe19 Ąlm, which was detected by the ISHE signal in a Pt layer [11] in a transverse

geometry, where the temperature gradient is applied in the plane of the sample and was

denoted as the Transverse Spin Seebeck Effect (TSSE).

In addition, the thermally excited spin current can propagate directly into the detection layer

by parallel orientation with the heat Ćow in and out of plane direction. This conĄguration is

termed the Longitudinal Spin Seebeck Effect (LSSE) [113].

In contrast to the SSE, a pure spin current can be generated [114, 115] in magnetic ma-

terials driven by a temperature gradient with the mechanism primarily governed by the
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spin-dependent single particles with a conĄned spin diffusion length [10]. This is termed as

the Spin-dependent Seebeck Effect (SDSE). Moreover, this would suggest that the SDSE is

not affected by the choice of substrates unlike the SSE, indicating that the response showing

substrate dependence is not of SDSE origin, as observed in chapter 7. The spin-polarised

current is induced due to the movement of majority and minority spin electrons in opposite

directions which gives rise to a difference in the transport properties reĆected in terms of the

Seebeck coefficient, thus effectively creating two conductors (see Ągure 2.12 (c)).

Subsequently, studies were carried out based on thermally excited spin current in magnetic

insulators via spin waves which are also referred to as magnons [10, 116Ű118], to obtain SSE.

This is beneĄcial since the contributions to the SSE by conduction electrons are expected to

be negligible in insulators and a pure spin current driven SSE results in less heat dissipation.

The SSE is likely to arise from an efficient exchange coupling that occurs at the interface

between the FM insulator and HM [119]. In this context, a temperature difference between

the metal electrons (TH) and the magnetic insulator magnons (TM) causes a pure spin

current js given by [30],

js ≙ −K(TH −TM) (2.28)

to Ćow through the bulk of the FM material to the HM via magnons and the spin Seebeck

coefficient K relates the spin current to the temperature difference.

An SSE mediated ultrafast response is obtained in ferromagnet (both metal and insulator)

and heavy metal heterostructures as shown in chapter 7.

2.8 Ultrafast Demagnetisation induced by hot-electron

transport

Several investigations have been carried out to understand the microscopic origin of laser-

induced demagnetisation, which occurs after the electronic states are excited with a fs-

laser pulse. Strong evidence for the occurrence of magnetisation quenching in 3d-metals

within a picosecond [14, 120Ű124], suggests the possibility of ultrafast demagnetisation in

ferromagnets (see Ągure 2.12 (c)). The electric Ąeld induced due to ultrafast demagnetisation

upon laser excitation along z-direction is given by [125],
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E⃗dem ∝ B
2M⃗(t)
Bt2

(M̂ × ẑ) (2.29)

where M⃗(t) is the time-dependent magnetisation and ẑ is the unit vector in the direction

perpendicular to the material surface.

However, the laser-induced demagnetisation is still a highly debated topic. To shed more light

on this phenomenon, a phenomenological three-temperature model has been proposed [126,

127] to describe the systemŠs dynamics. In this, three thermalised energy reservoirs, or baths,

are proposed, namely electrons, lattice, and spin, each with corresponding temperatures

denoted by Te, Tl, and Ts, respectively. The absence of a microscopic basis for angular

momentum transfer between the baths was a notable limitation. However, through further

research, it has become evident that laser-heating of the electron system is a viable method

for increasing scattering events that involve spin-Ćips, such as Elliot-Yaffet electron-phonon

scattering [128, 129]. Such types of scattering involve coupling of spin-up and spin-down

states as well as spin-orbit coupling, forming an overall spin state leading to spin relaxation.

This, in turn, provides a channel for local spin dissipation (see Ągure 2.1 (d)).

Apart from the proposal of a microscopic three-temperature model, other mechanisms, such

as electron-electron Coulomb scattering [130] and electron-magnon scattering [131, 132],

also occur due to strong coupling between localised and mobile electrons in ferromagnetic

materials. These models have proven effective in predicting typical experimental timescales.

However, there is still an ongoing debate in the scientiĄc community regarding the relative

importance of local versus non-local processes. The latest development is the optically

induced intersite spin transfer (OISTR) mechanism [133Ű135] according to which a direct

spin transfer is possible across sublattices driven by a strong optical Ąeld. Furthermore, it

has been shown recently that ultrafast demagnetisation and terahertz spin current generation

have the same origin, which is the direct result of magnetisation differences in nonthermal

electron distributions within the ferromagnet and heavy metal layer stack [52].
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3.1 Ultra High Vacuum (UHV) deposition systems

3.1.1 RF/DC Magnetron Sputtering

The sputtering process involves the bombardment of a target surface with a beam of highly

energetic ions, usually Ar, thereby ejecting atoms or molecules and subsequently forming a

plume. If a substrate is placed in the plumeŠs path, it will accumulate the particles and form

Ąlms of the target material. It is possible to deposit thin Ąlms of various types by controlling

various parameters such as exposure time, discharge voltage, the distance between target and

substrate, and substrate temperature etc. The use of DC sputtering is limited to conductive

samples such as metals and alloys. In contrast, RF sputtering is mostly used for dielectrics.

The sputtering rate can be enhanced by creating a magnetic Ąeld at the target, which is

achieved by positioning magnets behind the cathode to which the target is attached and is

referred to as magnetron sputtering [136]. This results in an increased number of collisions

and conĄnement of electrons near the target surface, thus, creating high plasma density.

This increases the rate of deposition and higher sputtering yield.

The sputtering system used for the preparation of single and multilayer thin Ąlms has nine

target slots and can be used to deposit Ąlms simultaneously on multiple substrates placed on

a substrate holder. Additionally, various gases can be introduced, such as Ar or N2, to create

special Ąlms. The sample can be changed in a vacuum using the load lock chamber system,

and contamination in the system is kept to a minimum by the use of a turbo pump backed

by a scroll pump, thereby maintaining a base pressure of 5 × 10−8 mbar and a scroll pump is

used as the backing pump. The amount of gas Ćowing into the chamber is adjusted by mass

Ćow controllers, and the resulting process pressure is measured capacitively. In addition,

the process pressure can also be increased by throttling the pump output using a butterĆy

valve.

33



3 Experimental Methods

The single-layer thin Ąlms and heterostructures comprising of the metals Ta, Ru, Pt, Cu,

Co50Fe50, Co20Fe60B20 and Ni80Fe20 were deposited using DC sputtering for the work done

in this thesis in an Ar atmosphere with a constant Ćow rate of 10 sccm and gas pressure of

∼ 7 × 10−4 mbar. Additionally, layers of MgO were sputtered using RF Sputtering in different

layer stacks also in an Ar atmosphere with a constant Ćow rate of 100 sccm and gas pressure

of ∼ 6.5 × 10−3 mbar.

3.1.2 Electron beam Evaporation

Electron-beam evaporation is a physical vapour deposition method that involves the use of an

electron beam originating from the joule heating of a charged tungsten Ąlament. This beam

is directed and accelerated towards a crucible containing the desired deposition material using

a magnetic Ąeld and high voltage, respectively. This results in the transfer of energy into the

atoms of the crucible material and subsequent heating into a gaseous state in the vacuum

chamber. Thereafter the gaseous atoms condense into the solid phase at the substrate

surface, thereby forming a Ąlm layer.

The Electron-beam evaporation system used in the scope of this thesis consists of an Ultra

High Vacuum (UHV) chamber pumped down by a turbo pump and backed up scroll pump,

creating a base pressure of 5 × 10−7 mbar. It is used for the deposition of layer stacks of Ti/Au

or Ti/Ag/Au for the contact pads or the waveguides and AlOx for its use as a capping layer

or as an etching mask for the Ar-ion etching process due to its relatively slow etching rate.

Additionally, the distance for the emitted material to the substrate is important for situations

involving nanopatterns with thin resist layers. Thus a large distance prevents the melting

of the nanopatterned polymer, which could affect the liftoff process. A larger distance was

used as shown in chapter 5 for the fabrication of metaSTEs.

3.2 Etching systems

3.2.1 Ar-ion milling

Ion milling is a technique used to etch out material from a sample. It involves an ion beam

exposure of a surface where the collision of the beam ions with atoms of the sample material

leads to energy and momentum transfer and possible ejection of the atoms. Apart from

factors such as ion energy and the binding energy of the atoms, the etching is favourable in

the case of heavier ions such as Argon ions, due to higher momentum transfer.
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The argon etching system used for this work consists of a UHV chamber with a base pressure

of about 5 × 10−8 mbar, achieved using a turbomolecular pump and a scroll pump serves as

a backing pump. It consists of an argon ion gun with an endpoint detector, which is a

differentially pumped secondary ion mass spectrometer. This can, among other things, be

used to analyse the positively charged secondary ions originating from the etched sample

according to their mass and number in a time-resolved manner. The etching system is

primarily used to etch the metallic thin Ąlms using an etching mask in order to produce

metallic nanostructures.

3.2.2 O2 plasma etching

O2 plasma etching refers to the process of material removal from the surface via a low-

pressure plasma. The plasma is formed by ionisation of oxygen molecules due to the ap-

plication of high power radio waves along with the low pressure condition of the chamber.

The plasma breaks the resist molecules and turns them into volatile components, which

are removed via vacuum pumps. Within the scope of this work, it was primarily used to

remove the residual resists after patterning in order to obtain a clean surface for material

deposition.

3.3 Lithography

The lithography step involves various chemical processes to imprint patterns into substrates

or layer stacks to create nano and microstructures. There are three types of lithography

techniques primarily used under the scope of this thesis.

3.3.1 Optical Lithography

The process of optical lithography [137] involves projecting patterns onto a substrate that

is coated with a photosensitive polymer material, called resist, either by using a mask or in

a maskless process via irradiation. This leads to a change in the chemical structure of the

underlying resist. Usually, a positive process involves the breakdown of the long polymer chain

into smaller components, which are dissolved using suitable developer solutions. A negative

process is achieved using a negative resist where the exposed area leads to crosslinking and

the unexposed area is removed using a suitable developer solution. Alternatively, a negative

process can be obtained by using an image reversal resist where the polymer chains crosslink
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to form longer polymer chains upon additional tempering followed by irradiation usually with

UV light. However, this technique is limited by the diffraction limits from the masks and the

internal reĆections within the resist, which inhibits the patterning size below a micron size.

Within the scope of this thesis, a DMO Microwriter ML3 maskless lithography system was

used for patterning micrometer sized structures, for instance, contact pads.

3.3.2 Electron-beam Lithography

In order to overcome the limitation of patterning size, electron-beam lithography technique is

helpful. It involves patterning structures using an accelerated electron beam, produced by an

electron gun on a substrate surface. This process typically involves resists such as a two-layer

polymer system consisting of Poly(methyl methacrylate) also known as PMMA [137Ű139],

with different molecular weights. Typically, the lower resist layer has a low molecular weight

and thus greater sensitivity in electron beam lithography, and as a result, a resist proĄle

with an undercut is produced. In this way, structures can be produced with a resolution

of a few nanometers. In the case of positive resists, the solubility of the exposed areas

is locally increased so that they can be removed using the developer solution. However,

in the case of a negative process, novolac-based resists with crosslinking agents are used

which leads to crosslinking of the exposed area, thereby dissolving the unexposed resist layer

in a suitable developer solution. Within the scope of this thesis, a Raith Pioneer e-beam

lithography system was used for the nanopatterning of structures owing to its high resolution.

Additionally, a secondary electron detector is used for imaging similar to a Scanning Electron

Microscope (SEM).

3.3.3 Laser Interference Lithography

Laser interference lithography operates on the fundamental principle of superposition of two

or more coherent light waves that meet certain light interference conditions to create periodic

patterns pertaining to the maxima and minima of the interference pattern. Considering the

angle θ between the superimposed waves of wavelength λ, a fringe pattern with a periodicity

of
λ/2

sin(θ/2) can be achieved on the resists which are sensitive to the incident wave intensities.

This technique is useful for patterning periodic structures of stripes or dots over a large area

with signiĄcantly less patterning time compared to e-beam or optical lithography, hence, it

was used to pattern the STE stripes discussed in chapter 5.
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3.4 Fabrication

The devices fabricated for the study within the scope of this thesis utilised deposition and

etching techniques, along with patterning via lithography, which was mentioned above. The

sequence of steps followed to realise the nanopatterned devices can be categorised into two

sequences as shown below.

3.4.1 Additive approach to patterning

Figure 3.1: Fabrication Process involving nanopatterning by liftoff.

The additive approach involves fabrication process via liftoff which commences with the

spincoating of a resist for positive lithography process on a substrate or on a thin Ąlm. The

patterning is done either by e-beam or optical lithography. The patterned area is dissolved

in the relevant solvent in the development step. This is followed by O2 plasma etch to get

rid of resist residues on the substrate. The material of interest is deposited using deposition

techniques such as sputtering or e-beam evaporation. The Ąnal step is the liftoff, where

the remaining resist is removed along with deposited material on top of it, leaving behind

well-deĄned patterned material (see Ągure 3.1). This process is mostly used to pattern big

structures such as waveguides or contact pads.

3.4.2 Subtractive approach to patterning

The subtractive approach in lithography process involves patterning and selectively removing

unwanted areas from a uniform material layer (thinĄlm) deposited by either sputtering or

e-beam evaporation. It can be achieved through different pathways which are described as

follows:
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Process 1: This involves spincoating negative resist on a thinĄlm followed by photolithog-

raphy with exposure of the desired areas with a structure for patterning. This leads to

crosslinking of these areas and in the subsequent development step, the resist is dissolved in

areas other than the pattern area. The subsequent O2 plasma etch is performed to remove

the residues and is followed by an etch via Ar-ion milling where the resist acts as the etching

mask. As a result the material in the areas other than the pattern area in the Ąlm are

etched away and Ąnally removal of the resist on top of the structure reveals the patterned

structure.

Figure 3.2: Fabrication Process involving nanopatterning masks on thin Ąlms to achieve
structures via Ar-ion etching where the mask prevents the etching of the de-
sired areas of the layer stacks.

Process 2: This involves an intermediate image reversal step. After the spincoating of an

image reversal resist on the thinĄlm, it is exposed in the areas where the pattern is desired. A
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subsequent baking step is performed, which is followed by Ćood exposure with an ultraviolet

source which leads to the cross-linking of the exposed area while the unexposed areas are still

photoactive. The resist in the unexposed areas is removed by a suitable developer solution

(see Ągure 3.2). Subsequently, O2 plasma etch is performed to get rid of the residues. This

is followed by Ar-ion milling and removal of leftover resist to reveal the patterned material

(see Ągure 3.2).

Process 3: This approach involves a positive process where the thinĄlm is spincoated with a

positive resist followed by e-beam, optical or laser lithography. These make the exposed area

soluble in suitable solvent which is removed in the development step. After O2 plasma etching

for removal of the residues, an AlOx etching mask is deposited using ebeam evaporation. A

subsequent liftoff of the thin Ąlm in the desired pattern area is performed. This is followed by

Ar-ion milling which etches away the exposed thin Ąlm, while the area beneath the etching

mask is preserved. The subsequent removal of the etching mask exposes the desired pattern

in the thin Ąlm (see Ągure 3.2). This process was used for most of the nanostructured devices

discussed in this thesis.

3.5 Characterisation

Following the device fabrication by nanopatterning, the electrical and magnetic properties

were characterised primarily using the following techniques.

3.5.1 Magneto-optic Kerr effect (MOKE)

Magneto-optic Kerr Effect (MOKE) involves the reĆection of linearly polarised light from

the surface of a material. The linearly polarised light undergoes a change in the polarisation

direction accompanied with or without a reĆectivity change, determined by the magnetisation

of the material, which is either internal as in the case of a ferromagnetic or ferrimagnetic

material or induced due to an external magnetic Ąeld. Unlike the Faraday effect, which is

associated with transmission geometry, the MOKE is associated with the reĆection of the

incident light, although both effects involve interaction with light.
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Figure 3.3: The three conĄgurations of the magneto-optic Kerr effect (MOKE): (a) Longi-
tudinal Kerr effect, (b) Transverse Kerr effect, and (c) Polar Kerr effect.

Based on the direction of magnetisation with respect to the plane of incident light and the

surface plane, MOKE can be categorised into three different modes: the longitudinal MOKE

when the magnetisation is parallel to the plane of incidence of the light and the surface plane

(see Ągure 3.3 (a)), the transverse MOKE when the magnetisation is perpendicular to the

plane of incidence and parallel to the surface plane (see Ągure 3.3 (b)), and Ąnally the polar

MOKE when the magnetisation is perpendicular to both the plane of incidence and surface

plane (see Ągure 3.3 (c)).

In the scope of this thesis, only the longitudinal MOKE conĄguration was used to determine

the inplane magnetisation for FM multilayers used in chapter 6 for THz DAC devices. This

was used to determine the Coercive Fields or to determine the antiparallel states in GMR

layer stacks as shown in chapter 7.

3.5.2 DC Probe Station

The room temperature DC Probe Station consists of four needle probes, which are used

to apply a current across the device, and the output voltage is measured using a Keysight

nanovoltmeter via a software-controlled DAC. Additionally, a magnetic Ąeld can be applied

in-plane using an electromagnet with the possibility of rotation using a stepper motor. The

magnetic Ąeld is measured using a calibrated Hall sensor with a maximum achievable mag-

netic Ćux density of the magnet of about 0.4 T.

The probe station was primarily used to measure the I − V characteristics of the multilayer

thin Ąlms, nanostructures and waveguide structures to obtain their resistance, particularly
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for devices in chapter 6 and 7. The probe Station was also used to measure the magnetore-

sistance under the application of the magnetic Ąeld at room temperature for GMR devices

as seen in chapter 7.

3.6 Terahertz measurement setups

3.6.1 Pump and probe electro-optic sampling in free space

The free space detection of THz radiation from a sample is carried out with pump and

probe electro-optic sampling [140] as a function of delay between the terahertz and the

sampling pulse. This method involves a balanced detection setup consisting of a quarter

wave-plate, a polarising beam splitter, and two balanced photodiodes (see Ągure 3.4). The

linearly polarised laser pulses are pumped from a Ti:sapphire laser oscillator with an 80 MHz

repetition rate. These are incident on the sample at an angle of approximately 5○ to 10○ to

avoid reĆection back to the laser. However, this angle does not affect the transmitted THz

response due to the similar path length covered by the incident pulse for each fraction of the

illuminated area. These pulses have a wavelength of 800 nm, a 10 fs pulse duration, and a

pulse energy of 2 nJ. The approximate diameter of the pump beam is 30µm at Full Width

at Half Maximum (FWHM) of the intensity on the sample.

Figure 3.4: Schematic showing THz free space detection setup using pump-probe electro-
optic sampling.

After illumination, the resulting transient charge current induces a THz electric Ąeld E(t) (see
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chapter 2) in the direction perpendicular to the direction of in plane magnetisation determined

by an external magnetic Ąeld strength H. The electro-optic sampling is carried out using a

probe pulse, with 0.6 nJ pulse energy and 10 fs pulse width, which copropagates alongside

the terahertz pulse within an electrooptic crystal, speciĄcally 10µm thick ZnTe(110) [141].

The THz electric Ąeld leads to a proportional change of the refractive medium thus creating

birefringes due to an electro-optic effect called the PockelŠs effect. After the electrooptic

crystal, the ellipticity of the copropagating probe pulse changes to elliptical polarisation

from linear polarisation and is subsequently decomposed into two components in orthogonal

directions by a polarising beam splitter, which is Ąnally detected by two photodiodes. The

difference in the obtained signals from the two photodiodes is proportional to the ellipticity,

which in turn relates to the THz electric Ąeld. All experimental procedures are performed in

ambient room conditions.

This technique is primarily used to detect THz radiation from nanopatterned STEs, STE

stripes, and metaSTEs which is discussed in chapter 5.

3.6.2 Ultrafast electrical detection

Figure 3.5: Schematic showing THz electrical detection setup.

An alternative method to detect THz excitation is through the direct measurement of ultra-

fast transient charge current via the use of a Sampling Oscilloscope (see Ągure 3.5).
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The laser pulses are generated from an ampliĄed Yb:KGW femtosecond laser source with

99.6 kHz repetition rate, a wavelength of 1030 nm, and a pulse duration of 300 fs. The laser

power is controlled via a half-waveplate and linear polarisation through a polariser. The

linearly polarised laser pulse is focussed using a lens to excite the STE in a normal incidence.

The spot size can be varied in the range of 50µm to 700µm, determined by varying the focal

distance of the lens from the STE, thus providing the possibility to control the excitation

areas which are relevant for the nanostructured STEs. Together with control of laser power

and the spot size, the desired Ćuence can be achieved.

The excitation of STEs leads to a spin current from the FM layer to the NM layer, thereby

inducing a charge current pulse IC proportional to THz electric Ąeld in the lateral direction

established by the direction of magnetisation, which is determined by the external magnetic

Ąeld strength H. The ultrafast electrical response is detected via the RF coplanar probe tips

of 150µm pitch and G-S (Ground-Signal) conĄguration by a Tektronix DSA 8200 sampling

oscilloscope with an 80E10 sampling Time Domain ReĆectometry (TDR) module of 50 GHz

resolution [35]. The 80 MHz oscillator rate prior to the ampliĄcation stage is synchronised

with the sampling oscilloscopeŠs external trigger. The laser repetition rate after the ampliĄ-

cation is 99.6 kHz. Furthermore, the optical path time delay is matched with the electrical

detection time for data acquisition by adding a manual time delay to the electrical time delay

of the signal path from the probe tips to the sampling oscilloscope. All the electrical con-

nectors used operate with the 50 GHz bandwidth. Moreover, the nanopatterned waveguide

structures have an additional transmission line path which leads to an added time delay. The

data acquisition by multiple triggers, with each subsequent trigger corresponding to a small

part of the pulse, eventually shapes the entire response pulse.

This technique is used to measure the time domain ultrafast electrical response from thin

Ąlms as slab dielectric waveguides by direct contact of probe tips with the thin Ąlm surface

and the laser focussed between the two tips. In the coplanar waveguides or transmission

lines the measurement is done through probe tips connected via contact pads and the laser

focussed on the nanostructures. This measurement technique was primarily used in the

measurements discussed in chapters 6 and 7.
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Emitters

In this chapter, ultrafast charge dynamics were shown to occur at the edge of the STE

area illuminated by a fs laser. It is already known extensively that a fs laser can induce a

perpendicular spin current, which is subsequently converted to a charge current by ISHE.

This lateral charge current pulse leads to an ultrafast charging phenomenon at the edges

of the illuminated area, and subsequent charge relaxation leads to a backflow current pulse.

Depending on the conductivity and the dielectric behavior of the emitter, the backflow cur-

rent pulse has a delay with a time constant related to the occurrence of the initial charge

current pulse. The delayed charge equilibration is necessary to detect the primary current

pulse electro-optically via THz radiation since instantaneous backflow would cancel the initial

current pulse. As the analysis of spin dynamics is based on the charge current, it is necessary

to consider the contribution of this phenomenon. Moreover, different illumination conditions

which could modify the backflow and, hence, the spectrum, was also addressed in this study.

Publication information The major portion of this chapter was published as: "Charge

Dynamics in Spintronic Terahertz Emitters" by G. Schmidt, B. Das-Mohapatra, and E. Th.

Papaioannou in Phys. Rev. Applied 19, 4 (2023) p. L041001,

DOI: https://10.1103/PhysRevApplied.19.L041001

Author contributions BDM and GS conceived the experiments/simulations. BDM per-

formed the simulations and analysed the data with the support of GS and ETP. The

manuscript was written by GS with the help of, and after discussions with, BDM and ETP.

45





4 Charge Dynamics in Spintronic THz Emitters

Introduction

The complex chain of events involved in terahertz emission from a Spintronic Terahertz

Emitter (STE) has been thoroughly studied (see section 2.1). However, the analyses within

these studies usually involve a simplifying assumption that the charge current derived from

the measured terahertz radiation is directly proportional to the spin current [15, 18, 21, 34],

i.e. j⃗charge(t) ≙ θSH ⋅ j⃗spin(t) (see section 2.6) with j⃗charge the charge current, θSH the spin

Hall angle, and j⃗spin the spin current, hence an identical time proĄle is maintained. In these

studies, a current pulse is often observed which is made of a positive peak succeeded by

a negative one. This has been attributed to the dominant contribution of majority spins

entering the heavy metal Ąrst, followed by a lagged negative component induced by minority

spins. However, recent studies have started to challenge the existence of a straightforward

correlation between the terahertz signal, the laser pulse, and spin physics. For instance, it was

found that the optical absorption of the laser pulse played a crucial role in determining the

observed intensity [142], which could be mistaken for a spin diffusion length if not carefully

examined.

4.1 Simulation details

In order to address the questions raised in the previous section, a thought experiment was

devised using COMSOL [143] simulations to theoretically investigate the physics after the

laser pulse induces a positive current pulse. This involved a simple Gaussian time depen-

dence for different laser spot sizes, pulse shapes, temporal pulse widths, STE thicknesses,

conductivities, and permittivities.

For the simulations, the COMSOL [143] electric current submodule under the ŠAC/DCŠ

module was used to study the electric current. A square metal sheet of dimensions l ×w ≙
150 × 150µm2 was taken to approximate an inĄnite-sized STE compared to the laser spot

with a spot diameter D. Both were centred at x ≙ y ≙ 0. Instead of a typical beam proĄle, a

circular beam proĄle was assumed with constant laser intensity, which is sufficient to demon-

strate the fundamental physics involved. A Gaussian peak with full width at half maximum

of τ was taken for the temporal intensity of the beam. The input parameters required for the

simulation were electrical conductivity (σ) and relative permittivity (ϵr) of the material. For

the sapphire substrate, σ≙ 10−12 S/m and ϵr≙ 3.064 [144] were used. For the reference STE

thin Ąlm (STEref), an average σ≙ 5 × 106 S/m, which was in good agreement with the con-

ductivity values for a multilayer thin Ąlm of W(2 nm)/Co20Fe60B20(1.8 nm)/Pt(2 nm) [15,
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145, 146], and an ϵr of 903 for Pt [147] were taken. The setup also included a set of pa-

rameters originating from a laser pulse and subsequent induced current, namely pulse width,

τ ≙ 20 fs, laser spot diameter, D ≙ 20µm, and metal thickness, T ≙ 10 nm (see appendix

A.2). The modelling simulates the effects after the occurence of spin-to-charge conversion,

inducing a lateral current density j⃗0. The direction of j⃗0 was deĄned as +x. For simplicity, j⃗0

was set proportional to the local light intensity. In COMSOL [143], the transport equations

in the ŠAC/DCŠ module are described by

j⃗ ≙ σE⃗ (4.1)

Bρ

Bt
+ ∇⃗ ⋅ j⃗ ≙ 0 (4.2)

ϵ0∇⃗ ⋅ E⃗ ≙ ρ (4.3)

corresponding to OhmŠs law, the continuity equation, and GaussŠs law [148], respectively.

From these the charge current and charge relaxation can be derived based on the differential

equation,

Bρ

Bt
+ (σ

ϵ
)ρ ≙ 0 (4.4)

with solution,

ρ(t) ≙ ρ0 exp(−t
τ
) where τ ≙ ϵ

σ
. (4.5)

This was implemented to the generated charge current by extending OhmŠs law to

j⃗tot ≙ σE⃗ + j⃗0 (4.6)

by a charge current density j⃗0(t) uniform in space within the circular spot. A boundary

condition of j ≙ 0 was assigned perpendicular to the surface and at the edges of the square,

which were far away from the laser spot, in order to leave the system free to react to the

imprinted current as far as possible. The far-Ąeld emission for a small STE reĆects the

integrated current, but not the local current density. Hence, it is important to take this into
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account in order to compare these results with any THz emission experiments. Consequently,

the local current density was integrated over the whole emitter for each moment in time that

was investigated:

I⃗(t) ≙ ∫
volume

j⃗(x⃗, t)dx⃗. (4.7)

Only the x-component of the charge current was considered in the analysis since the y-

and z-components of the charge current cancel when integrated over the whole space for

symmetry reasons.

4.2 Charge dynamics in a thin film STE

The time dependence of current for STEref was simulated (see Ągure 4.1). The current

density induced by ISHE of the laser-excited spin current was taken as j⃗0(x⃗, t) and the

corresponding integrated current density was I⃗0(t). The total integrated current density was

given by I⃗tot(t). The total current can be written as I⃗tot(t) ≙ I⃗0(t) + I⃗res(t) with I⃗res(t)
being the system response. The integral over the response current density j⃗res(x⃗, t) gave

I⃗res(t).
At the beginning of the pulse, I⃗tot(t) was seen to rise with the slope of I⃗0(t). After a very

short time, the system response started, and the negative contribution by I⃗res(t) appeared.

This contribution was asymmetric around its peak, and the peak was time delayed with

respect to the peak of I⃗0(t). As a consequence, it was observed that the maximum of

I⃗tot(t) was smaller than that of I⃗0(t). Secondly, the decay of I⃗tot(t) after its maximum

was faster than would be expected from only the shape of I⃗0(t). Finally, the positive part

of I⃗tot(t) was followed by a negative part when I⃗0(t) was almost at zero, and the backĆow

restored charge neutrality.

In order to understand these dependencies, the local charging ρ(x, t) and current densities

j⃗tot(x⃗, t) were simulated at different times of the experiment (see Ągure 4.2 (a, b)). The

current density was expressed by arrows, where the direction of an arrow shows the direction

of j⃗ while its length was proportional to ∣j⃗∣. The current and charge distribution can be

seen at a maximum of I⃗tot (t ≙ 48,fs), which occurs at an earlier time than the maximum

of I⃗0 (see Ągure 4.2 (c)). SigniĄcant charging can be observed on the left and right sides

in the x-direction, and considerable backĆow (I⃗res) on the outside of the laser spot area.

Although the current inside the spot was determined mainly by I⃗0, there was a contribution
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by I⃗res that is, however, over a large time of the process, obscured by the large value of

I⃗0 until the minimum of I⃗tot (t ≙ 79 fs) (see Ągure 4.2 (d)) where I⃗0 was reduced to zero.

However, charging still exists, and a backĆow I⃗res was observed both inside and outside the

spot, resulting in I⃗tot in the negative direction.

Figure 4.1: Current over time for the original excitation pulse I⃗0 (red), the total current I⃗tot

(black), and the response of the system I⃗res (blue) for a 10 nm thick emitter
with a conductivity of 5×106 S/m. Since the initial current Ćows in the x-
direction, symmetry forbids a contribution from any current in the y-direction to
the integrated total in-plane current, even for the response of the system. The
excitation pulse has a FWHM of 20 fs and is centered around t ≙50 fs. The charge
distribution for the respective timestamps in the curve is shown in Ągure 4.2

In terms of charge conservation, it is apparent that even an emitter of signiĄcant size remains

a closed system. Hence, the assumption of charge neutrality in the steady state requires that

locally the condition

∫
∞

−∞
∇⃗ ⋅ j⃗(x, t)dt ≙ 0 (4.8)

is fulĄlled. Therefore, the total current integrated over time should be zero. However, this

was not the case for I⃗0(t) and I⃗res(t).
The pattern of the current distribution can be explained by making a step-by-step analysis

of the timeline after the fs-laser illumination, followed by spin current generation and spin to

charge conversion. The charge current Ćowed solely in the +x direction within the spot and

j ≙ 0 outside the spot. Despite the displacement of charge inside this spot, this did not lead
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Figure 4.2: (a) The charge and (b) the current distributions for different times marked in
Ągure 4.1. The current and charge distribution is shown at (c) t ≙ 48 fs for Imax

tot

and (d) t ≙ 79 fs for Imin
tot . The black circles in the charge distributions indicate

the boundaries of the laser spot.
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to any charge accumulation. However, ∇⃗ ⋅ j⃗ ≠ 0 and thus, Bρ/Bt ≠ 0 occured solely at the

circumference resulting in local charging. Eventually, the charging was maximised at y ≙0
and x ≙ ±r and minimised for x ≙0 and y ≙ ±r. Therefore, the positive charge started to

accumulate on the +x side while the negative charge was on the −x side. As a result, ∇⃗ ⋅ j⃗
became Ąnite on very short timescales due to transient charging.

This charging phenomenon can be understood more easily by considering a fundamental prin-

ciple of electrodynamics, which states that every segment of a metal sheet possesses some

level of capacitance. Although minuscule, this capacitance can be charged and subsequently

discharged through any linked material that exhibits Ąnite conductivity. The slight capaci-

tance of metal microstructures, for instance, is well-recognised and widely utilised in Coulomb

blockade experiments. However, the corresponding time constants are seldom noticeable in

sub-terahertz electronics.

Figure 4.3: Spectral intensities for (a) the currents I⃗0 and I⃗tot and (b) their time derivatives.
At high frequencies, the spectral intensities were identical for both signals, while
at lower frequencies they were suppressed. (b) Ratio of the spectral intensities
for I⃗tot and I⃗0 plotted over frequency is shown.

As soon as charge accumulation began, an immediate backĆow also started due to the

system response, leading to the capacitance being discharged. This discharge occured more

or less symmetrically around the areas where the charge had built up. However, initially,

this response current was not strong enough to completely reverse the current within the

spot. Both the currents within the spot and the backĆow outside the spot reached their

peak when I⃗tot(t) was at its maximum. However, the charge density reached its maximum

slightly later, precisely when I⃗tot(t) was already decreasing (see Ągure 4.2) at t ≙ 56 fs. While
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the backĆow around the spot persisted almost from the beginning of the excitation pulse, a

complete reversal of the current inside the spot occured only when I⃗tot(t) turned negative.

For t ≙ 66 fs, it can be observed that the total current I⃗tot was zero because the outside

backĆow compensated for the positive current present inside the spot. It should be noted,

however, that after this point I⃗0(t) was still positive, so the backĆow overcompensated the

initial excitation. Even 100 fs after the initial pulse, the total current did not decay to zero.

By analysing the time domain signal further by using Fast-Fourier Transform (FFT) it was

possible to obtain the spectral amplitude for I⃗0(t) and I⃗tot(t), From this it was observed

that the trailing negative current peak also modiĄed the emitted THz spectrum (see Ągure

4.3 (a)). There was a strong suppression of lower frequencies, and the spectral amplitude

for I⃗tot(t) approached that of I⃗0(t) until they were equal for frequencies higher than approx-

imately 15 THz.

The Spectral Amplitude, S(t), of dI⃗/dt (see Ągure 4.3 (b)) was also obtained because the

THz emission in the far Ąeld is proportional to the time derivative of the current and not

the current itself. The FFT of the time derivative dI⃗/dt was proportional to ωÎ and thus

already has a reduced intensity at low frequencies, making the effect appear less pronounced.

To visualise the effect, the Ąlter function was obtained by dividing the spectral intensity of

the total currentŠs derivative dI⃗tot/dt by that of the original current pulse dI⃗0/dt. It was

observed that certain parts of the low-frequency side of the spectrum (below 3 THz) were

reduced, which clearly is a high-pass Ąlter characteristic, with suppression by a factor of 2 or

more (see Ągure 4.3 (b)). The maximum state was obtained for f > 10 THz.

4.2.1 Charge dynamics Circuit model

The system can be described by a fairly straightforward equivalent circuit (see Ągure 4.4)

consisting of a resistor and a capacitor. The circuit is fed with an ISHE current, I⃗0(t), which

charged the capacitor. This capacitor was then discharged through the resistance, R, of the

surrounding material, resulting in the current I⃗res(t) Ćowing through R. Therefore, I⃗tot(t)
is only relevant for far-Ąeld detection of THz emission, since I⃗0(t) and I⃗res(t) cannot be

distinguished. However, the response current can be monitored using a near-Ąeld detector.

In the equivalent circuit, the current can be described by the simple differential equation:

C
dUC(t)
dt

≙ I0(t) − UC(t)
R

(4.9)
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Figure 4.4: Typical arrangement for an STE where a fs-laser pulse induced spin current j⃗S
generates a charge current j⃗0 via ISHE leading to subsequent charge dynamics,
represented in the form of an equivalent circuit. The current pulse charges the
capacitor that can then discharge as j⃗res with a certain time constant through the
resistor. This shapes the total current, which is the source of the THz response
detected in the far-Ąeld.

where UC(t) is the voltage in the capacitor and −UC(t)/R corresponds to I⃗res(t), and in

addition there is an ISHE current I⃗0(t). A Fourier transform of this differential equation (see

appendix A.3) yields

iωCŨC(ω) ≙ Ĩ0(ω) − ŨC(ω)
R

. (4.10)

This can be transformed to Ąnd the total current

Ĩtot(ω) ≙ Ĩ0(ω) + Ĩres(ω), (4.11)

which results in

Ĩtot(ω) ≙ [ 1

1 + 1

iωRC

] Ĩ0(ω). (4.12)
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This describes the high-pass Ąlter in the frequency domain with the cutoff frequency ωcutoff ≙
1

RC
, which allows the high-frequency components to pass through the capacitance C while

the lower frequency components pass through the resistance R. As a result, the cutoff

frequency or the time constant of this system was determined.

4.3 Factors affecting RC time constant

The circuit model in the previous section provides insight into the possible parameters that

can inĆuence I⃗tot(t) or eventually S̃(ω). The charging effect and especially the backĆow,

which might affect I⃗tot(t) and S̃(ω) can be understood in detail by analysing the effect of

spatial and temporal variations of the laser beam. Furthermore, the material also plays an

important role since I⃗tot(t) is dependent on the R and C of the material.

4.3.1 Effect of laser beam size and shape

Figure 4.5: Current vs time for different beam sizes (a) 20µm, (b) 5µm, and (c) 50µm

with a similar temporal proĄle and amplitude proportional to the beam size.

First, the inĆuence of spatial variation of the laser spot on the charge dynamics of the STE

was addressed. Hence, subsequent simulations were performed with an alteration of the spot

size, a variable that could potentially have an impact if the two accumulations of charge

interact and function as a dipole. In a similar manner to a Hertzian dipole [149, 150], an

increased spot size could potentially result in a lower frequency or, at the very least, a slower
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Figure 4.6: (a) Current vs. time and (b) charge distribution with a Gaussian beam proĄle.
The charging was more blurred than for a circular beam in which the current
dropped to zero in a step function at the edge of the beam. The current proĄle
in time, however, was virtually identical for both beam shapes.

response. However, the simulations revealed no such effect. For spot sizes of D ≙ 5µm and

D ≙ 50µm, all currents were scaled in amplitude by constant factors compared to those for

D ≙ 20µm, while the timing remained unaffected (see Ągure 4.5). This can be understood

because the effect is fully linear and allows for superposition.

As a consequence of this, even when a Gaussian beam proĄle was employed, as opposed

to a circle with constant intensity, the calculated current proĄle vs. time shows the same

timing, because the Gaussian beam proĄle can be perceived as a superposition of circular

beams with varying radii and intensities (see Ągure 4.6). Moreover, the corresponding charge

distribution is similar to that of a circular beam (see Ągure 4.1). Although the charge was

distributed much more widely than that obtained for a circular beam, the timing remains

virtually identical.
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4.3.2 Effect of laser temporal width and shape

In this section the effect of temporal changes in the shape of the laser pulse on the charge

dynamics was addressed. For this two different situations were tested by varying the pulse

width to τ ≙ 100 fs (see Ągure 4.7 (a)) and τ ≙ 0.5 ps (see Ągure 4.7 (c)) and comparing with

τ ≙ 20 fs corresponding to Sref (see Ągure 4.1).

Figure 4.7: Time domain signals for (a) 100 fs and (c) 0.5 ps wide pulses, and their Spectral
Amplitudes (b) and (d), respectively. I⃗0(t) (red) and its corresponding response
current I⃗res(t) (blue) leading to I⃗tot(t) (black). The characteristic Filter Factors
are shown in dashed green.

For the 100 fs pulse width, the excitation pulse was longer, while the RC constant of the
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emitter remained the same. On the timescale of I⃗0(t), the backĆow started earlier and

increased faster, compared to the case for the 20 fs pulse. In the spectrum (see Ągure 4.7

(b)), the total intensity Itot was much more reduced from I0 as compared to that of the 20 fs

pulse. This is merely a result of the more abundant lower frequency components due to the

longer pulse. It should be noted that counterintuitively, only the Ąnite RC time constant of

the system allows the positive current peak to exist. Without the system capacitance, I⃗0(t)
and I⃗res(t) would be simultaneous and I⃗tot(t) would be 0, with no THz emission.

The results of the simulation for a 0.5 ps pulse width (see Ągure 4.7 (c)) further emphasised

the effect. I⃗0(t) had considerable contributions up to more than 1 THz (see Ągure 4.7 (d)).

The backĆow, however, more or less got completely annihilated in this frequency regime.

Hence, studying the laser pulse width duration revealed the physics behind the systemŠs

response.

Figure 4.8: (a) Time domain signals and (b) spectra for 20 fs wide antisymmetric bipolar
pulse. Since this pulse had fewer low-frequency contributions for I⃗tot(t) (black)
as compared to the I⃗0(t) (red), the effect on the lower part of the spectrum
was less visible, than that for a single pulse as shown in Ągure 4.7, but still a
reduction was observed up to almost 20 THz.

Since a simple Gaussian proĄle (see Ągure 4.6) oversimpliĄed the ultrafast spin current, a

more complex excitation was chosen to address majority and minority charge spin current-

induced bipolar charge currents. Therefore, for an STE of 10 nm thickness, a sequence of two

identical Gaussian pulses with opposite signs was used to form a bipolar antisymmetric shape

for I⃗0 (see Ągure 4.8 (a)). The resulting I⃗tot(t) lost this symmetry and even had a small

positive trailing pulse. From the spectral amplitude (see Ągure 4.8 (b)), it became clear that
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the convolution of two pulses in the time domain resulted in a dip in the frequency domain.

As shown in the comparison of Ąlter characteristics, the modiĄcation of the spectrum is

similar to STEref (see Ągure 4.11 (d)). It is important to understand that the charge current

featuring only a single positive and a trailing negative component must be the result of

a single positive spin current pulse. On the contrary, a bipolar excitation induces a more

complex signal.

4.3.3 Effect of STE electrical conductivity

With reference to the Charge Dynamics Model introduced in equation 4.12, the high-pass

characteristics were inĆuenced by the RC time constant. While keeping all laser parameters

similar to Sref , the R for the STE system was varied.

Figure 4.9: (a) Time domain signals for 20 fs wide pulse (red) with a conductivity reduced
to 1.58 × 106 S/m and its corresponding (b) Spectral Amplitude. The increase in
the time constant of Ires (blue) reduced the cutoff frequency, as observed from
the Ąlter factor (green), making the impact on the spectrum very small.

Since R ∝ 1/σ, σ was reduced to 1.58 × 106 S/m (see Ągure 4.9 (a)). From the decay

of I⃗res(t), which was determined by the RC time constant, it was seen that the discharge

is slower. As is quite evident from the Spectral Amplitude (see Ągure 4.9 (b)), the lower

frequencies were less suppressed than for the STEref with the preliminary tested conduc-

tivity. Hence, the Ąlter characteristic shown with the dashed green line has a lower cutoff

frequency.
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Figure 4.10: Time domain signals for STEref with thicknesses (a) 5.8 nm and (c) 10 nm and
their spectral amplitudes (b) and (d), respectively. The increased area resistance
in(a) had a similar effect as shown in Ągure 4.9. Decreasing the resistance by
making STEref thicker as in (c) shifted the cutoff frequency to higher values
and decreased the overall signal.

Another possibility to change the R can be achieved by changing the thickness of the layers,

which changes the in-plane σ while keeping C virtually unchanged. The thicknesses were

varied to 5.8 nm and 20 nm keeping all other parameters similar to the STEref . A larger

time constant (see Ągure 4.10 (a)) was expected for the 5.8 nm thin Ąlm compared to that

of the original emitter, which was observed as a lower cutoff frequency seen in the spectral

amplitude and Ąlter characteristics (see Ągure 4.10 (b)). For 20 nm thick STE (see Ągure

4.10 (c)) the time constant decreased, thereby increasing the cutoff frequency. The spectral

amplitude (see Ągure 4.10 (d)) at 5 THz was still suppressed by almost a factor of 2, and

even at f = 20 THz, the intensity was only back to 92% of the original value obtained for the
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Figure 4.11: Filter characteristics for the different STE experiments. Shown are the (a)
identical cutoff frequencies for different pulse widths, (b) low-frequency cutoff
favored by an increase in σ, (c) low-frequency cutoff favored by a decrease in
area resistance due to an increase in STE thickness and (d) the result for an an-
tisymmetric bipolar pulse using STEref which shows similar Ąlter characteristics
as STEref .

STEref . It is important to note that, in a bandwidth-limited measurement, the decrease at

lower frequencies will give the impression of a general reduction in THz emission, although

this is not the case.

By comparing the Ąlter characteristics, it can be seen that the cutoff frequencies were identi-

cal for different pulse widths (see Ągure 4.11 (a)). The relative suppression at the respective

frequencies was the same as for the 20 fs pulse because the material parameters and thus

the Ąlter characteristics were not altered. However, with the variation in the conductivity

of the STE (which also includes the change in conductivity due to a variation in the thick-

ness of the STE) (see Ągure 4.11 (b, c)), a shift in the cutoff frequency was observed. For

higher conductivity, the cutoff frequency was shifted up, while it was shifted down for lower

conductivity. Upon comparison of the bipolar pulse with similar pulse width as the unipolar

pulse (see Ągure 4.11 (d)) the Ąlter characteristics showed similar behaviour with a small

kink pertaining to the suppression observed at 34 THz (see Ągure 4.8 (b)).

Finally, the C of the system was addressed which is also important in determining the

RC constant. Since C ∝ ϵ, frequency-dependent permittivity ϵ̃(ω) was taken for different

substrates, namely sapphire [151], glass [152] and MgO [21]. The simulation was done in

the frequency domain with a Gaussian beam proĄle, keeping all other STE parameters the
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Figure 4.12: Spectral Amplitudes (S) for different substrates showed different frequency-
dependent Ąlter characteristics and features.

same. Prominent frequency-dependent features were observed, which were transcended from

the respective ϵ̃(ω) of the different substrates (see Ągure 4.12). The dips at 15 THz and

25 THz for sapphire or a single dip at 15 THz for glass could be used to engineer frequency

selective bandwidths or multiple bandwidths by carefully choosing the substrates. However,

it should be noted that the features were observed due to the effect of characteristic ϵ̃(ω) on

the charge distribution. In actual THz experiments, the characteristic wave impedance and

substrate-speciĄc attenuation also play role in determining the shape of the THz response

unless the effect of charge dynamics becomes dominant.
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Conclusion and Outlook

In this study a vital link was identiĄed between the spin current and the observed terahertz

pulse, which requires careful consideration for an accurate interpretation of both. Under-

standing the dynamics that occur after the conversion of spin to charge is crucial, as it

primarily involves charge diffusion, electric Ąelds, and the emitter and laser spot geometry.

This understanding can be essential for designing STEs in order to shape the current pulse.

The model used in this study did not involve a number of aspects such as inductive effects, for

reasons of simpliĄcation. However, if included this would only contribute minor modiĄcations

to the model and will not alter the underlying physics.

Due to the systemŠs time constant, the emitted spectrumŠs lower frequencies are suppressed,

and as the emitterŠs conductivity increases, the corresponding cutoff frequency rises. This

might create the impression of a decrease in total THz emission, particularly in a measurement

setup with an upper frequency limit between 5 and 10 THz, while, in reality, higher frequencies

beyond the detection range remain unaltered. Intriguingly, a larger time constant does not

impact the higher frequencies but reduces the suppression of the spectrumŠs lower frequency

regime, thereby extending the spectral width towards higher frequencies.
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It is quite evident from the insights gathered about charge dynamics in the previous chapter

that charge accumulation and backflow impact the extraction of spin current, and in turn THz

radiation. The results of the study presented in this chapter validate the model theoretically

and experimentally by using charge dynamics to modify the emission spectrum of periodically

patterned STEs in a well-controlled way. A notable decrease in spectral intensity was observed

at frequencies below 4 THz, along with distinct reductions around 15 THz and 24 THz. Even

when the size of the STE was decreased, while the features were amplified, the frequencies

of these dips did not change. This phenomenon was caused by the charging of the edges of

the structures, leading to backflow and its interaction with the initial charge current pulse.

These findings are in agreement with a comprehensive analytical model that was consistent

with controlled experiments. The results of this study provide a deeper understanding of

charge dynamics in STEs and a strategy for controlled shaping of STE emission spectra

through nanoscale patterning.
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Introduction

Based on the results presented in the previous chapter, it is understood that local charge

accumulation, followed by its relaxation process, can signiĄcantly alter the emission spec-

trum, predominantly by reducing low-frequency elements [54]. However, demonstrating this

effect in experiments proved to be challenging. Firstly, extracting the pertinent geometri-

cal parameters involving conductance and capacitance from the layered structure, which are

crucial for precise analysis, was difficult. Secondly, altering the structure of the STEŠs layers

could impact emission traits in multiple manners [142], making it difficult to directly link

spectrum alterations to the underlying charge dynamics. This challenge was addressed by

formulating a series of experiments with nanopatterned STE arrays, speciĄcally squares and

rectangles, enabling the management and showcasing of these charge dynamics. With dimen-

sions shrinking to less than 1µm, the squares and rectangles being assessed were smaller than

the 30µm exciting laser spot, ensuring a homogeneous illumination. These make boundary

conditions distinct from a constrained laser spot on a large area emitter. Furthermore, both

the dimensions and spacing of the arrays were smaller than the 100 THz wavelength in a

vacuum, ensuring that interference effects were avoided in the desired spectral range.

Recently, the impact of patterning, on the THz emission from STEs, has been explored. As an

illustration, emissions from 5µm wide stripe patterns for different angles between the stripes

and the external magnetic Ąeld, demonstrated a decrease in intensity, accompanied by a blue

shift [37, 153] for perpendicular orientation where the induced charge current was along the

width. On the contrary, tests involving stripes spanning several hundred microns in width

underwent no change in the frequency of the intensity maximum at 1 THz but an increase at

lower frequencies, which was attributed to multi-slit interference [154]. Furthermore, Song

et al. [155] investigated rectangles with a short side ranging from 20µm to 320µm. In their

investigations they also observed a marked reduction in intensity and a distinct blue shift. It

is imperative to highlight that these studies did not venture into the spectral domain beyond

5 THz.

The structures used in this study were more than an order of magnitude smaller than those

investigated before [37, 153Ű155] which could emit a THz response with a spectral range of

up to frequencies of 30 THz, which gives access to the whole range of frequencies inĆuenced

by the charge dynamics.
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5.1 Experimental details

A trilayer STE with the layer stacks W(2 nm)/Co20Fe60B20(1.8 nm)/Pt(2 nm), thus, with

total thickness d ≙5.8 nm, on a sapphire(0001) substrate was taken (see Ągure 5.1) for

optimum terahertz output [15, 156]. This metallic heterostructure was grown on a sapphire

substrate using ultrahigh-vacuum DC magnetron sputtering. The sapphire substrate provides

optimum transmittance and less attenuation for THz detection. The trilayer utilises both the

ultrafast laser pulse-induced forward propagating spin currents to the top (Pt) and backward

propagating spin currents to the bottom (W) layers. The spin currents are converted to

transient charge current pulses, in phase, perpendicular to the magnetisation M⃗ by ISHE

(see section 2.6) due to the opposite signs of their spin-Hall angles (θSH) with θPt
SH ≙ +0.12

[157] and θW
SH ≙ −0.04 [158]. The total transient current leads to the emission of a THz

pulse that easily covers the 1 to 30 THz range when excited with 10 fs laser pulses [15].

Figure 5.1: Sketch of THz emission by optically excited nanopatterned STEs. The pattern
is a two-dimensional lattice of rectangles of width(w), height(h) and spacing(s).
Here a trilayer STE with the layer stack W(2 nm)/CoFeB(1.8 nm)/Pt(2 nm) was
used.

The free space THz radiation from STE nanostructures was measured using pump-probe

electro-optic sampling (see section 3.6.1). The nanoSTEs were illuminated using fs-laser

pulses from a Ti:sapphire laser with a beam of wavelength 800 nm, 10 fs pulse duration, and

a pulse energy of 2 nJ with an approximate spot size of 30µm FWHM and the THz response

was detected in the far-Ąeld.
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5.2 Nanopatterned STEs

Square and rectangular emitters were nanopatterned using electron-beam lithography and a

subsequent Ar-ion milling using an electron-beam evaporated AlOx etching mask (see section

3.4.2), with lateral sizes of width w, height h and spacing s, that had sub-wavelength dimen-

sions with respect to the THz wavelength. For quantitative analysis, the array dimensions

were taken to be signiĄcantly larger than the laser spot diameter with a considerable Ąlling

factor which was determined by (w×h)/((w+s)×(h+s)), which can be observed from the

Scanning Electron Microscope (SEM) (see section 3.3.2) images (see Ągure 5.2).

5.2.1 THz emission from square nanoSTEs

The initial set of investigated nanoSTEs were square shaped with lateral sizes ŚwŠ of 900 nm,

1.8µm, 4.5µm, 9.0µm and 18.0µm. These were in sub-wavelength dimensions compared

to THz wavelength with a constant Ąlling factor of 81%, which was maintained by having

the spacing ŠsŠ in both lateral dimensions set to ∼1/9 of the squareŠs side length. The peak-

to-peak amplitudes of detected signals in the time domain decreased slightly with decreasing

structure size, and for the smallest structures of 900 nm, it was less than 50% of the signal

for a continuous STE thin Ąlm. Furthermore, the emitted THz pulse shape varied with

decreasing size compared to that of the STE thin Ąlm (see Ągure 5.3 (a)).

The spectral amplitudes (see Ągure 5.3 (b)) for the different samples were obtained from

the time domain data by FFT using a von Hann window [159] (see appendix A.4). For an

unpatterned STE, emission of up to ∼ 30 THz was observed within the dynamic range of the

measurement. The dip at 5 THz appeared due to the absorption by the ZnTe crystal [160],

and the dip at 10 THz originated from the Ge wafer behind the STE [161]. Further dips [15]

at 13, 17 and 19 THz were due to the refractive index [151, 162] of the sapphire substrate

which can also be observed from the calculated STE wave impedance η̃(ω) (see section 2.1)

including the substrate using the relation [15],

1

η̃(ω) ≙
ñ1(ω) + ñ2(ω)

η0

+∫ T

0

dz σ̃(ω) (5.1)

where, η0 ≈ 377 Ω [53], ñ1(ω) and ñ2(ω) are the refractive indices for substrate and air

half-spaces respectively, and ∫ T
0
dz σ̃(ω) is the sheet conductance of the metal stack with

thickness T .
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Figure 5.2: SEM images of various STEs nanopatterned into square and rectangular nanos-
tructures with different w, h and s. (a) Square NanoSTEs with varying w and h
and constant Ąlling factor of 81%. (b) Rectangular NanoSTEs with varying w.
(c) Square NanoSTEs and (d) Rectangular NanoSTEs with varying s.
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Figure 5.3: Time domain Electro-optic Sampling (EOS) from nanopatterned STEs with dif-
ferent square sizes, (a) w ≙ h ≙ 900 nm; 1.8µm; 4.5µm; 9µm; 18µm all with
a Ąlling factor of 81% on sapphire substrates and (c) w ≙ h ≙ 900 nm; 1.8µm;
3.6µm; 4.5µm all with a Ąlling factor of 81% on glass substrates. Amplitude
spectra ∣S̃(ω)∣ obtained for different square sizes by FFT of the EOS for (b) the
sapphire substrates and (d) the glass substrates. The grey lines show the calcu-
lated characteristic wave impedance ∣η̃(ω)∣ for the sapphire and glass substrates.

For nanoSTEs, a slight reduction in amplitude compared to continuous Ąlm STEs was ob-

served. Additionally, a few speciĄc characteristics became more evident as the structures

got smaller. The amplitudes for frequencies below 4 THz underwent signiĄcant reduction,

almost by a factor of Ąve for the smallest tested dimensions, compared to the spectral am-

plitude for the large area emitter. A similar decline was noticeable around the frequencies of

15 THz and 24 THz, leading to two notable dips in the spectral amplitudes. However, the
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amplitudes were nearly the same across all the structure sizes for higher frequencies, and the

frequencies at which the dips occured remained consistent regardless of the structure size.

It should also be noted that the interference effects and plasmonic effects upon laser light

absorption can be excluded since the structures were much larger than the wavelength of the

incident laser light which was veriĄed by electromagnetic simulations using CST Microwave

Studio [163] to analyse various transmission coefficients for propagation of radiation and

different electromagnetic Ąeld patterns (Transverse Electric (TE) and Transverse Magnetic

(TM) modes) (see appendix A.1) of the radiation (see Ągure 5.4). The simulation involved

square structures of Pt metal with σ ≙ 3 × 106 S/m and dimensions 900 nm, 1.8µm, 4.5µm

and 9µm with spacing 100 nm, 200 nm, 500 nm and 1µm respectively.

Figure 5.4: CST simulation using electromagnetic wave propagation (k⃗) through nanoSTEs
of varying dimensions to identify TE/TM modes in transmission.

To better understand the characteristics related to the substrate, similar experiments were

performed with square-shaped nanoSTEs on glass substrates with lateral sizes ŚwŠ of 900 nm,

1.8µm, 3.6µm and 4.5µm (see Ągure 5.3 (c)). The frequency dependence of the dielectric

constant of glass is different from that for the sapphire substrate. The amplitude spectrum

for the STE thin Ąlm on glass substrate had a peak at approx. 15 THz and a dip at 30 THz

which was in accordance with the ∣η̃(ω)∣ for the glass substrate. Furthermore, a relative

reduction at 15 THz and a further increase in the dip at 30 THz was seen for nanoSTEs, which

increased with a decrease in nanoSTE size (see Ągure 5.3 (d)). However, the characteristic

dip observed for the sapphire substrate at 24 THz was absent, as expected, due to the features

of the dielectric constant.
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5.2.2 Charge dynamics in nanoSTE

Time domain COMSOL [143] simulations with the electric current submodule of the AC/DC

module (see chapter 4 and appendix A.2) was used to study electric current and charge

dynamics. These were induced after a spin-to-charge conversion event, for nanoSTEs with

lateral sizes similar to the experiments, i.e. w ≙ h ≙ 900 nm, 1.8µm, 4.5µm, 9µm and

18µm. The parameters used for the model were, σ ≙ 10−12 S/m and ϵr ≙ 3.064 [144] for

the sapphire substrate and σ ≙ 3 × 106 S/m [15, 145, 146], ϵr ≙ 903 [147] and T ≙ 10 nm

for the metallic trilayer, which was taken as Pt for simplicity. In the simulation, j⃗0 was set

proportional to the light intensity with a Gaussian proĄle that has a FWHM of D ≙ 30µm

and pulse width of τ ≙ 20 fs, which was in accordance with the experiment.

Figure 5.5: (a) Time domain current dynamics for the nanoSTEs of w ≙ h ≙ 900 nm with
I⃗0 showing charge accumulation on NanoSTE boundaries and backĆow, with
maxima of I⃗tot at t≙ 98 fs and minima at t≙ 123 fs. (b) Spectral Amplitude for
the time derivative of the I⃗0 and I⃗tot and the Filter Factor. (c) Charge dynamics
and spatial current density for different times in the nanoSTEs.
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The lateral ISHE current I⃗0 in the Š+xŠ direction led to charge accumulation in the boundaries

of the structure and discharging to create I⃗res, and together they resulted in I⃗tot which was the

actual source of the THz radiation (see Ągure 5.5 (a)). Charge accumulation and backĆow

were validated from charge dynamics and current density at each point in time with maxima

I⃗max
tot at 98 fs, and minima I⃗min

tot at 123 fs (see Ągure 5.5(c)). The Spectral Amplitudes

obtained from the FFT of the time derivative of I⃗ were proportional to the electric Ąeld

observed in far-Ąeld, and the ratio of the Spectral Amplitudes of nanoSTEs to that of the

initial current led to the obtained Filter Factor (see Ągure 5.5 (b)). When comparing the Ąlter

factor, simulations for varying nanoSTEs w showed similar highpass Ąlter characteristics with

cutoff frequencies shifting to higher frequencies as the size of the nanoSTEs was decreased

(see Ągure 5.6).

It is essential to comprehend how geometry governs the behaviour of transient charge. In the

case of a large-area emitter, when a fs-laser pulse induced spin current is initially generated, it

triggers a lateral current density proportional to the local light intensity (see chapter 4) [54].

Consequently, this causes local accumulation of charge at the boundaries of the illuminated

region, leading to a backĆow both inside and outside of the spot. In the context of a

nanostructured STE, an additional boundary condition of j⃗≙ 0 comes into play beyond the

illuminated region, speciĄcally beyond the square area, effectively constraining the backĆow

to remain within the illuminated region.

Figure 5.6: Comparison of Filter Factor ∣S̃(Itot)/S̃(I0)∣ for nanoSTEs of different lateral
sizes, w ≙ h ≙ 900 nm, 1.8µm, 4.5µm, 9µm and 18µm. Their respective ρx,y,z

at I⃗t≙max
tot obtained from COMSOL simulation.

74



5 Nanopatterned Spintronic THz emitters

Under uniform illumination conditions, charging occured at opposite edges of the structure,

where ∇⃗⋅ j⃗ ≠ 0 and thus Bρ/Bt ≠ 0. Since a uniform current density was present perpendicular

to the edges, charging along the edges also remained uniform. This uniform charging along

the edges resulted in a backĆow that was perpendicular to the edges and opposed the

initial direction of the current, consequently transforming this into a quasi-one-dimensional

problem. It is worth noting that the charged area was extremely narrow and only extended

over a distance deĄned by the Thomas-Fermi screening length [164], which was negligible

when compared to the overall w of the structures.

5.2.3 THz emission from rectangular nanoSTEs

In order to understand the dimensional effects in the Spectral Amplitude, it was also worth

investigating the dependence of the lateral dimensions. Therefore, the subsequently inves-

tigated nanoSTEs were rectangular in shape with constant h ≙ 900 nm, s ≙ 100 nm and

varying w ≙ 900 nm, 1.8µm, 3.6µm and 7.2µm on the sapphire substrate. The EOS signals

in the time domain were obtained with the conĄguration of M⃗ ⊥ w, and show similar effects

as observed for square nanoSTEs. The peak-to-peak amplitude for the time domain signal

decreased, and the pulse shape also changed with the decrease in w compared to the EOS

of STEref (see Ągure 5.7 (a)). The Spectral Amplitude obtained by FFT also showed a

behaviour similar to that of square nanoSTEs. The reduction in amplitude for frequencies

below 4 THz and at 15 THz and 24 THz showed similar trend to the square nanoSTEs with

decreasing width (see Ągure 5.7 (b)).

The dependence of h was investigated by effectively changing the conĄguration of M⃗ ∥ w
so that j⃗0 was along h. Consequently, for this case h was effectively w for the system and

the effective h was now the w that was varied. From the experiments, the time domain

EOS signals were obtained with similar pulse shape and almost equal amplitudes compared

to each other but smaller in amplitude and different in shape compared to the EOS signals

of STEref (see Ągure 5.7 (c)). This was also validated by the Spectral Amplitudes of the

EOS signals obtained by FFT. The behaviour at low frequencies and at 15 THz and 24 THz

were similar to a 900 nm square nanoSTEs (see Ągure 5.7 (d)).

The charge dynamics in rectangular nanoSTEs was analysed using COMSOL [143] simu-

lations based on the setup described in the previous section. Filter Factors obtained for

nanoSTEs with varying w under the condition that M⃗ ⊥ w, showed clear high pass Ąlter

characteristics which decreased with increasing w (see Ągure 5.7 (e)).
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Figure 5.7: (a) Time domain EOS signals and corresponding (b) Spectral Amplitudes for rect-
angular nanopatterned STEs with different widths, w ≙ 900 nm; 1.8µm; 3.6µm
and 7.2µm all with h ≙ 900 nm and spacing s ≙ 100 nm with M⃗ ⊥ w. (c) Time
domain EOS signals and corresponding (d) Spectral Amplitudes for the mag-
netisation direction M⃗ ∥ w so that the effective w and h were interchanged. (e)
Comparison of Filter Factors ∣S̃(Itot)/S̃(I0)∣ for rectangular nanoSTEs for M⃗ ⊥ w
with their corresponding ρx,y,z at I⃗t≙max

tot obtained from COMSOL simulations.
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5.2.4 Effect of spacing between nanoSTEs

Figure 5.8: (a) Time domain EOS signals and (b) Spectral Amplitudes from arrays of square
nanoSTEs with w ≙ h ≙ 900 nm and s ≙ 100 nm; 200 nm; 400 nm and 800 nm. (c)
Time domain EOS signals and (d) Spectral Amplitudes from arrays of rectangular
nanoSTEs with w ≙ 1.8µm; h ≙ 900 nm and s ≙ 200 nm; 400 nm and 800 nm.
The plots in black show the EOS responses and spectral amplitudes from the
STEref . An increase in s decreases the Ąlling factor (as shown) thus decreasing
the overall spectral amplitude.

The Ąnal set of nanoSTE arrays investigated were square and rectangular in shape with

variation of s between the structures. Square nanoSTEs comprised dimensions w ≙ h ≙ 900

nm and s ≙ 100 nm; 200 nm; 400 nm or 800 nm. The rectangular nanoSTEs were comprised

of dimensions, w ≙ 1.8µm; h ≙ 900 nm and s ≙ 200 nm; 400 nm or 800 nm. The obtained
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time domain EOS signal shape was different compared to that of ∣S̃ref ∣ (see Ągure 5.8 (a,

c)). The corresponding Spectral Amplitude showed a similar shape with a reduction of low-

frequency components and dips at 15 THz and 24 THz (see Ągure 5.8 (b, d)). However, the

EOS amplitude decreased with increasing spacing due to the decreasing Ąlling factor, which

was also reĆected in the Spectral Amplitude.

5.2.5 Charge accumulation in nanoSTEs

The insight gained from the simulations of nanoSTEs for their geometrical dependence of

charge dynamics led to the consideration of a one-dimensional current Ćow. Additionally, it

can be assumed that the time-dependent current density j⃗(t, x) Ćows in x- direction only in

x − y plane due to symmetric reasons and the z coordinate due to the thin metal stack of

only a few nanometer thickness. For this a current I⃗(t, x) can be written as j⃗(t, x) ⋅h ⋅ d. A

homogeneous current density j⃗0(t) was induced in the emitter by laser excitation, yielding

I⃗0(t) ≙ j⃗0(t) ⋅ h ⋅ d, leading to far-Ąeld emission proportional to w ⋅ I⃗0(t).

Figure 5.9: (a) Sketch of nanoSTEs showing the charge current density j⃗0, the edge capac-
itance Ce, the capacitance between emitters Cg, the resistance in the nanoSTE
R, and the charge accumulation along the edges. (b) Equivalent RC-circuit for
the nanoSTE unit cell.

Two opposite boundaries of the structure along h can be viewed as two individual capacitors

Ce that were charged with opposite polarity. Contrary to what might be expected, the oppos-

ing edges were not treated as two plates of a single capacitor; instead, they were considered
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to be separate capacitors. When the structure was positioned close to another structure,

additional capacitance was believed to be introduced due to the interactions between the

structures, resulting in the formation of two opposing plates of a plate capacitor, termed Cg.

A balance of the opposing charges from the two opposite edges was achieved by a response

current I⃗res(t, x) ≙ j⃗res(t, x) ⋅h ⋅d that Ćowed through the resistance R which was deĄned by

the total resistance encountered along the x-axis that connects the two edge capacitors (see

Ągure 5.9 (a)). This can be represented using an equivalent RC-circuit (see Ągure 5.9 (b)).

In order to describe the combined contribution, the pertinent time constants are required to

be identiĄed.

5.2.6 Modelling the THz spectrum for nanoSTE

By taking the equivalent circuit as the reference and understanding various capacitive and

resistive elements in the nanoSTE, the charge dynamics was modelled analytically. Since

the circuit contained two capacitors Ce and Cg in parallel, the total net capacitance was C

given by the sum of Ce and Cg. The equivalent circuit was then described by the following

differential equation:

2 ⋅CdUC(t)
dt

≙ I0(t) − UC(t)
R

(5.2)

where UC is the voltage across the capacitors and −UC/R corresponds to I⃗res. A multipli-

cation factor of 2 was used to accommodate the capacitors from both edges. The Fourier

transform of this differential equation yields (see appendix A.3)

2 ⋅ iωCŨC(ω) ≙ Ĩ0(ω) − ŨC(ω)
R

(5.3)

with

Ĩtot(ω) ≙ Ĩ0(ω) + Ĩres(ω) (5.4)

which yields

Ĩtot(ω) ≙ 2 ⋅ iωCŨC(ω) ≙ Ĩ0(ω) 1

1 + 1

2⋅iωRC

≙ F̃ nSTE
T (ω)Ĩ0(ω). (5.5)
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Figure 5.10: (a) Amplitude and (b) phase for the relative change of square nanoSTEs
S̃nSTE(ω)/S̃ref(ω) as compared to the thin Ąlm reference STE on a sapphire
substrate. (c) Amplitude and (d) relative phase for nanoSTEs as obtained from
the analytical model. (e) Amplitude and (f) relative phase for square nanoSTEs
on a glass substrate and the corresponding (g) Amplitude and (h) relative phase
from the analytical model.

In this context, the transfer function F̃ nSTE
T (ω) is the factor by which the current Ĩ0(ω)

must be multiplied to obtain the nanoSTE response. This demonstrated that the nanoSTEŠs

total current Ĩtot(ω) is primarily composed of the initial current Ĩ0(ω), but it is subject

to modiĄcation by a high-pass Ąlter function. Unlike the charge dynamics for a large area

emitter, where the RC constant of the high-pass Ąlter relied solely on material parameters,

80



5 Nanopatterned Spintronic THz emitters

both C and R were geometry dependent, and the RC constant could be controlled by

altering the w of the structure.

For the case of the large area reference emitter where RC is very large, it results in Ĩ0(ω)
or a transfer function F̃ ref

T
(ω) ≃ 1, regardless of frequency, as expected. While, this barely

inĆuences the amplitude of the transfer function, the phase can change considerably. The

high pass Ąlter [54] (see chapter 4) functions for a large area emitter was used to estimate

the Ĩ0(ω) in terms of Ĩtot(ω) and F̃ STE
T (ω) for the thin Ąlm. In the next step, the estimated

Ĩ0(ω) was multiplied with the Ąlling factor times F̃ nSTE
T (ω) to obtain the nanoSTE response.

The time constant RC can be expressed as k ⋅ ϵ̃(ω)/σ̃(ω) where the factor k is correlated to

the geometry of the nanoSTE with ϵ̃(ω) and σ̃(ω) being the complex frequency-dependent

dielectric constant and conductivity, respectively.

For simpliĄcation, ϵ̃(ω) for sapphire [151] and σ̃(ω) for Pt [165] were used in the model

to approximate the conductivity of the stack (see appendix A.5). To obtain k, the transfer

function F̃T(ω) was calculated from the ratio of the spectral amplitude of the nanoSTE to

that of the reference STE i.e. S̃nSTE(ω)/S̃ref(ω) obtained from experiments. Using this

ratio as a medium of comparison, the spectral alterations caused by the setup and detection

methods can be disregarded since they were identical for all the measurements. By taking

only k as a free parameter for a single value of w and a large RC constant for the high pass

Ąlter function of a large area reference emitter, Ątting was done for S̃nSTE(ω). It should be

noted that kg for the RCg constant corresponding to Cg was already included in the Ątting

of k corresponding to RC. Therefore, the Ąnal equation obtained for modelling was

S̃nSTE(ω) ≙ w × h
(w + s) × (h + s)

1 + 1

iω(RC)ref

1 + 1

2 ⋅ iωRC
S̃ref(ω) (5.6)

which gives

S̃nSTE(ω)/S̃ref(ω) ≙ w × h
(w + s) × (h + s)

1 + 1

iω(RC)ref

1 + 1

2 ⋅ iωRC
≙ F̃T(ω). (5.7)

81



5 Nanopatterned Spintronic THz emitters

For the RC time constant of a w ≙900 nm nanoSTE, the Ątting parameter k ≙ 120 was ob-

tained. Similarly, k for nanoSTEs with w ≙ 1.8µm,4.5µm,9µm and 18µm were 240,600,1200

and 2400, respectively, (see appendix A.5.1) and a kref for STEref was 6000 (see appendix

A.5). From this it was clear that k ∝ w as seen in the analytical model. From this model the

transfer functions for square nanoSTEs were obtained, which agreed well with the experi-

mental observations. The amplitude and phase of S̃nSTE(ω)/S̃ref(ω) determined the relative

change with respect to S̃ref .

Comparing the relative change, the high pass characteristics were observed as predicted before

[54] (see chapter 4) as the cutoff frequency increased with decreasing w because R and thus

also RC became smaller. Additionally, the dips at 15 and 24 THz were clearly reproduced

since both imaginary and real parts of ϵ̃(ω) of sapphire [151] exhibited extrema around

those frequencies that reduced ∣F̃T(ω)∣ at the same frequencies (see Ągure 5.10(a, c)). The

calculated phase change also showed a similar dependence as obtained in the experiment (see

Ągure 5.10(b, d)). Moreover, the high pass Ąltering in the frequency domain had a strong

contribution to the main peak in the time-domain peak-to-peak amplitude for nanoSTEs

which decreased with decreasing structure size, by up to 50% of the STEref amplitude for

the smallest 900 nm structures. By using the dielectric properties of glass [152] in the model

(see appendix A.5.2), the amplitude and phase of the relative change was appropriately

reproduced (see Ągure 5.10(e, f, g, h)). Hence, an estimation of spectra was achieved as per

the model by including the dielectric parameters of the substrates.

The modelling of rectangular nanoSTEs for the M⃗ ⊥ w conĄguration revealed a similar k

for the RC constant to that seen for square nanoSTEs, i.e. k ≙ 120, 240, 480 and 960 (see

appendix A.5.3) for rectangles with w ≙ 900 nm, 1.8µm, 3.6µm and 7.2µm, respectively,

with constant h ≙ 900 nm and s ≙ 100 nm. However, the Ątting parameters for the M⃗ ∥ w
conĄguration showed similar values of k ≙ 120 (see appendix A.5.3) for all rectangles, which

was the same as that of the square nanoSTE of size 900 nm. The analytical model is in

good agreement with the experimental observations as seen from the amplitude and phase

for S̃nSTE(ω)/S̃ref(ω) (see Ągure 5.11).

Normalised ∣S̃nSTE(ω)/S̃ref(ω)∣ for square nanoSTEs of w ≙ h ≙ 900 nm and various s re-

vealed an additional effect due to capacitance Cg. The Ątting parameter k was 120, which

was similar to that of the square nanoSTE of w ≙ h ≙ 900 nm; however, the Ątting of kg

gave values of 12, 6, 3, and 1.5 (see appendix A.5.4) for the square nanoSTEs with s ≙
100 nm, 200 nm, 400 nm and 800 nm respectively. Similar Ątting parameters were observed

for rectangular nanoSTEs with constant w ≙ 1.8µm, h ≙ 900 nm and various s. The Ątting

parameter was k ≙ 240 corresponding to the square nanoSTE with size w ≙ h ≙ 1.8µm and
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the kg values were 6, 3 and 1.5 (see appendix A.5.5) for s ≙ 200 nm, 400 nm and 800 nm

respectively. The relative phase was equivalent to each other for all the cases, which was

reĆected in both the experiment and the model (see Ągure 5.12).

Figure 5.11: (a) Amplitude and (b) phase for the relative change of rectangular nanoSTEs
as compared to the thin Ąlm reference STE for M⃗ ⊥ w conĄguration with w ≙
900 nm, 1.8µm, 3.6µm and 7.2µm and constant h ≙ 900 nm and s ≙ 100 nm.
Their corresponding (c) Amplitude and (d) relative phase were obtained from the
analytical model. (e) Amplitude and (f) relative phase for M⃗ ∥ w conĄguration
and their corresponding (g) Amplitude and (h) relative phase obtained from the
analytical model.

From the analytical model, it was evident that Ce was inĆuenced by the geometry and com-

plex dielectric functions ϵ̃(ω) of the STE and the substrate. Consequently, Ce is frequency-

dependent since Ce ∝ ϵ̃(ω). Ce can be considered to be independent of w as long as w is
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larger than the relevant screening length, which is consistent with the experimental condi-

tions. Moreover, a positive linear relationship was observed between Ce and h. Cg, similarly,

was not affected by w and was proportionate to h, although it should also be noted that it

exhibited an approximately inverse proportionality to the spacing s.

Figure 5.12: (a) ∣S̃nSTE(ω)/S̃ref(ω)∣ (normalised based on the Ąlling factor) and (b) relative
phase obtained for an array of nanoSTE squares of size 900 nm and spacing,
s = 100 nm, 200 nm, 400 nm or 800 nm from the experiment and (c, d) the
model. (e) Normalised ∣S̃nSTE(ω)/S̃ref(ω)∣ and (f) relative phase for an array
of rectangles of constant h ≙ 900 nm, w ≙ 1.8µm and s = 200 nm, 400 nm or
800 nm from the experiment and (g, h) the model.

The resistance R was determined by the conductivity in the x direction, exhibiting an inverse
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relationship with h and a positive relationship with w. Consequently, an increase in w with

constant h resulted in a linear increase in RC. Contrastingly, alterations in h impacted R,

Ce, and Cg while maintaining a constant value for R(Ce + Cg). It should be noted that

although RC remains constant, the initial current is directly proportional to h.

Figure 5.13: Correlation of geometry on RC circuit. P0 (≙ V ⋅ I0) ∝ w × h; R ∝ h; Ce ∝ h

as inferred from (a) square and rectangular nanoSTEs with dependence on (b)
w, (c) h, and (d) θ between w and j⃗0. Effect of spacing s with (e) Cg ∝ 1/s
and (f) Cg ∝ h.

In summary, the geometrical dependence of the RC time constant can be deduced from the

previous arguments. The RC time constant depends on w and not h of the nanoSTEs. The

total induced current I0 ∝ h while the voltage V ∝ w. Hence, the power P0 ≙ V ⋅ I0 is

proportional to w×h. For square shaped nanoSTEs with constant Ąlling factor, doubling the

size w and h each, the area w × h increases by 4. Hence, I0 and V are doubled, while P0

increases by 4 times. However, R remains the same since R ∝ w/h remains the same. Ce

increases by 2 since Ce ∝ h. Thus, RCe increases by 2 (see Ągure 5.13 (a)). For rectangular

nanoSTEs, when w is increased by 2 whilst keeping h constant for the conĄguration M⃗ ⊥ w,

I0 remains constant while V is doubled, thus doubling P0. Moreover, R increases by 2 since

w/h increases by 2 and Ce is constant since h is constant. Hence, RCe is increased by 2

(see Ągure 5.13 (b)). For the conĄguration M⃗ ⊥ h, I0 is doubled while V remains constant,

thus doubling P0. R decreases by 2 since w/h decreases by 2 and Ce increases by 2 following

the increase of h by 2. Thus, RCe stays constant (see Ągure 5.13 (c)). Consequently, for

a scenario where the STE is at an angle to M⃗ where θ is the angle between w and j⃗0, as

shown in previous studies [37, 153], the THz response can be attributed to the effective
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length (weffective) of the rotated STE in the direction of j⃗0 (see Ągure 5.13 (d)). For an

array of such nanoSTE, Cg ∝ h/s. Thus, an incremental increase in spacing ŠsŠ leads to a

decrease in Cg hence, a decrease in RCg (see Ągure 5.13 (e)) while an incremental increase

in h leads to an increase in Cg hence, an increase in RCg (see Ągure 5.13 (f)).

5.3 STE stripes

Figure 5.14: (a) SEM image for STE stripes with w ≙ 50 nm and period Λ ≙ 200 nm. (b)
Charge current induced in STE stripes for both the conĄgurations when M⃗ ∥ w
and M⃗ ⊥ w as compared to STEref .(c) EOS signal for both the conĄgurations
and their (d) Amplitude Spectra. The grey curve in (d) shows the calculated
STE wave impedance.
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The modelling of nanopatterned STEs in the previous sections provided insight into the role

of STE geometry in shaping the THz spectrum. The THz response is related to the relevant

RC time constant of the device which is dependent on the STE geometry, speciĄcally the

length along which j⃗0 is induced. An STE nanopatterned as a stripe could be designed to

have a small C due to a very thin width, thereby keeping the R across the length similar

which is effective within the FWHM of incident laser pulse. This would eventually lead

to a very small RC time constant, which would eventually give the same I⃗tot as the I⃗0.

Therefore, a trilayer STE [15, 156] was patterned using Laser Interference Lithography with

a subsequent Ar-ion mill using an e-beam evaporated AlOx mask (see section 3.4.2), in order

to obtain stripes of width w ≙ 50 nm and a period Λ ≙ 200 nm.

The pulse shape of the EOS signal (see section 3.6.1) for the conĄguration when j⃗0 was

along the length of the stripe was similar to that of STEref however, with a reduced overall

amplitude which can be attributed to a reduced Ąlling factor of the STE material. A similar

change was also observed in the corresponding Spectral Amplitude which follows the η̃(ω) for

the STE on the sapphire substrate. The charging was expected to occur along the boundaries

of the laser spot, very similar to the case for a thin Ąlm STE discussed in the previous chapter

(see chapter 4). However, when j⃗0 was induced along the width of the stripe there was a

comparatively smaller EOS amplitude. The features of the spectral amplitude were similar

to those observed for the small-sized nanoSTEs as shown in previous sections. The typical

reduction in amplitude for lower frequencies and at 15 THz and 24 THz, shows the effect of

charging along the STE edges (see Ągure 5.14).

Another signiĄcant factor which becomes quite relevant in the case of STE stripes is their

larger dimensional ratio compared to nanoSTEs since, the optical effects of the incident

light can no longer be disregarded and differences in the THz responses can be expected

for different polarisations of the incident light. Thus, a polarisation-dependent study was

carried out on striped STEs. As a reference, the polarisation of incident light was considered

to be 0○ or p-polarised when it was parallel to the base and 90○ s-polarised when it was

perpendicular to the base. Considering the uniformity of the thin Ąlm in both the directions,

the polarisation direction of light was not expected to affect the RMS amplitude of the thin

Ąlm STE. However, it was observed that the s-polarisation of the incident pulse on the thin

Ąlm STE showed a small increase in the RMS amplitude compared to p-polarisation. This

was the result of the sample being illuminated at an angle of approximately within 5○ to

10○ along the vertical axis with respect to the incident light propagation direction to avoid

reĆection back to the laser (see section 3.6.1). This indicates a decreased absorption of

incident light for p-polarised incidence than s-polarised incidence.
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Figure 5.15: EOS with parallel and perpendicular polarisation of incident laser pulse for (a)
a thin Ąlm STE and (b) striped STE with stripes aligned parallel to the base
and magnetisation aligned perpendicular to the stripes. (c) RMS amplitude for
thin Ąlm STE and striped STE for different incident pulse polarisation. (d)
EOS for parallel and perpendicular polarisation of the incident pulse when the
magnetisation was parallel to the STEs stripes.

In an ideal situation where the STE surface is perpendicular to the direction of incident

light propagation, both the polarisations should result in equal amplitudes. However, for

the striped STEs with stripes parallel to the base and magnetisation perpendicular to the

stripes (M⃗ ∥ w), the incident laser pulse with s-polarisation showed a decrease in the RMS

amplitude (see Ągure 5.15 (a, b, c)) compared to that with p-polarised incidence. A similar

trend was also observed for both the incident light polarisations when the magnetisation

direction was parallel to the stripes (M⃗ ⊥ w) (see Ągure 5.15 (d)).
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Figure 5.16: (a) Normalised transfer function for striped STEs for both magnetisation direc-
tions when the polarisation of incident pulse was parallel to the stripes and their
respective (b) relative phase. (c) Normalised transfer function for striped STEs
for both magnetisation directions when the polarisation of incident pulse was
perpendicular to the stripes and the respective (d) relative phase. The sketch at
the top shows each conĄguration corresponding to the respective graphs. The
green arrows in (a) and (c) mark the features that are opposite to the trend.
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As seen from the ∣S̃nSTE(ω)/S̃ref(ω)∣ that was normalised on the basis of the Ąlling factor,

the THz response of the striped STEs with j⃗0 perpendicular to the length behaved in a similar

way as the square nanoSTEs with dips at 15 and 24 THz and reduction at lower frequencies

(see Ągure 5.16 (a, c)). The relative phase (see Ągure 5.16 (b, d)) also followed the trend

in terms of features observed for the relative phase of nanoSTE. In contrast, normalised

∣S̃nSTE(ω)/S̃ref(ω)∣ for j⃗0 parallel to the length of the stripes showed an inverted trend with

overall normalised amplitude higher than that of S̃ref .

The observed features include a negative slope with higher amplitudes for lower frequencies

and peaks for 15 and 24 THz (see Ągure 5.16 (a, c)). This suggests that the stripes have

less high-pass Ąltering due to the inĆuence of charging and backĆow compared to a thin Ąlm

STE. The relative phase (see Ągure 5.16 (b, d)) also has inverted features compared to the

relative phase of rectangular nanoSTE.

A similar trend in transfer function and relative change was observed irrespective of the

polarisation of the incident laser pulse. However, the overall amplitude of the transfer

function was signiĄcantly higher for the conĄguration when the incident light polarisation

was parallel to the stripe length (see Ągure 5.16 (a)). This was attributed to the fact that the

nanoSTE stripes act as polarisers. The parallel alignment of polarisation and the stripes leads

to more absorption and electric Ąelds drives currents along the stripes. For perpendicular

conĄguration, the electric Ąeld oscillates across the narrow gaps between stripes and leads

to less absorption. As a result, more this gives rise to an increased intensity of THz response

for the parallel conĄguration. However, the behaviour of relative phase stayed unchanged

irrespective of polarisation of incident laser pulse (see Ągure 5.16 (b)) indicating that the

transmission or reĆectance remains almost similar for both the conĄgurations.

COMSOL [143] simulations were performed for the input parameters, as used in the previous

chapter (see chapter 4), for a stripe of width 50 nm, giving an I⃗0 ≡ Itot in the x-direction.

The Ąlter factor obtained from the FFT of the time derivatives of I⃗0 and I⃗tot showed high

pass characteristics (see Ągure 5.17). However, the cutoff frequency for j⃗0 across the length

had a much smaller cutoff frequency than that for j⃗0 across the width. For these cases the

effective excitation area was the length corresponding to the diameter of the laser spot.

The resistances for both the arrangements were equal, corresponding to an equal illumination

area. In the Ąrst case, j⃗0 Ćowed along the longer side, and the charge accumulated along

the edges of the FWHM of the laser was much less due to smaller C. This eventually led to

the charge neutralisation and backĆow along the stripe length, which occurred very slowly

due to a smaller RC time constant compared to that of a structure with length shorter than
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the FWHM of the laser. It should also be noted that the current backĆow took place only

along the STE stripe illuminated by the laser, in contrast to the thin Ąlm STE with current

backĆow occurring within the laser spot as well as through the surrounding STE material.

In the second case, j⃗0 Ćowed across the smaller side with a larger C, therefore, a larger RC

time constant, which led to a higher cutoff frequency. Hence, the electric Ąeld radiated by

the j⃗0 induced in a striped structure along its length did not undergo high pass Ąltering, thus

providing a direct relation between the laser-induced j⃗s and the THz radiation (see Ągure

5.17). It should be noted that the simulation only shows the charge dynamics in nanostriped

STEs without any optical effects such as interference. Hence, the simulation does not explain

the polarisation dependent behaviour as observed previously (see Ągure 5.16).

Figure 5.17: COMSOL simulations for an STE stripe with w ≙ 50 nm, h ≙ 150µm and T ≙
10 nm on a sapphire substrate of size 150µm×150µm for (a) M⃗ ⊥ w and (c)
M⃗ ⊥ w. Their corresponding (b) Spectral Amplitude and (d) Filter Factor. The
insets in (a) and (c) show the charge density (ρx,y,z) and the direction of current
density(jx,y) at t ≙ 100 fs from the COMSOL simulation.
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5.4 STE metastructures

In recent years, metamaterials based on Split Ring Resonator (SRR) have gained wide recog-

nition for their ability to efficiently manipulate the propagation of THz waves [166] and also

as a source of broadband THz emission [167]. An SRR is a metallic structure specially engi-

neered to interact with electromagnetic waves to enable exotic behaviours such as reversed

SnellŠs law in negative-index metamaterials [168]. It comprises a highly conductive ring inter-

rupted at one or more locations by a non-conductive gap Ąlled with air or another dielectric

medium. In the SRR, when subjected to a time-varying magnetic Ąeld, a circular current is

induced resulting in charge accumulation across the gaps due to an effective capacitance C.

The electric Ąeld established at these gaps opposes the induced current, thereby localising

electric energy predominantly in the gap regions. In contrast, magnetic energy is conĄned

within the area enclosed by the ring where the ring loop contributes to an effective inductance

L. This can be simpliĄed into an LC circuit with a resonance frequency (ωm) expressed as

ωm ≙ 1√
LC

. In the resonance condition, a pronounced magnetic moment can be generated,

and an array of subwavelength SRRs can lead to substantially negative permittivity µeff,

which has been shown previously [169Ű172]. These studies usually involved a single layer of

SRRs fabricated on a substrate with the excitation direction perpendicular to the plane of

the SRR. This approach leverages the coupling of the electric Ąeld to the magnetic resonance

of the SRRs through structural asymmetry [173]. Hence, SRR shaped STEs is a promising

candidate to study the STE physics with regard to electromagnetic interaction via magnetic

Ąeld coupling and shaping of the THz response.

An array of U-shaped structures were nanopatterned in an STE trilayer [15, 156] on sapphire

substrate using e-beam lithography and subsequent Ar-ion etching involving AlOx as an

etching mask (see section 3.4.2). These metaSTE structures had a width of 110 nm and a

height of 106 nm with a split of 30 nm between the two legs. The STE-SRR arrays were

excited with a fs-laser pulse with a wavelength of 800 nm (see section 3.6.1). The time

domain EOS signal was much smaller in amplitude compared to Sref due to a smaller Ąlling

factor and the size of the structures. The conĄgurations for upright or horizontal positions

of legs w.r.t M⃗ are referred to as U and C, respectively, in the rest of the text. The Spectral

Amplitude for both shows similar behaviour with equivalent amplitudes across most of the

spectrum apart from a low-frequency suppression and a reduction at 15 THz and 24 THz,

which were similar to the features seen in the Spectral Amplitude of small-sized square

nanoSTEs (see Ągure 5.18). ∣S̃mSTE(ω)/S̃ref(ω)∣, which was normalised based on the Ąlling

factor, showed absorption dips and high pass Ąltering.
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Figure 5.18: (a) SEM images of metaSTEs with a width of 110 nm, height of 106 nm, with
a split of 30 nm between the two legs, and period Λ of 190 nm. (b) Time
domain EOS signal for metaSTEs in U and C conĄguration with respect to the
direction of M⃗ (The inset shows enlarged plots for metaSTE responses) and
their corresponding (c) Spectral Amplitudes. (d) ∣S̃mSTE(ω)/S̃ref(ω)∣ for the
metaSTE, normalised based on the Ąlling factor and its (e) relative phase as
compared to Sref . The inset in (d) shows charge density and current density
of metaSTE for both U and C conĄgurations as obtained from the COMSOL
simulation.

A similar behaviour was also seen in the relative phase as observed in the case of nanoSTEs.

The charge dynamics was understood on the basis of a COMSOL [143] simulation with

similar input parameters as used for the work presented in the previous chapter (see chapter

4), which shows that the metaSTEs in the U and C conĄgurations behaved as a combination

of rectangular nanoSTEs. Additionally, the comparison of relative THz amplitudes emitted
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from the metaSTEs for both conĄgurations showed a larger amplitude for the C conĄguration,

indicating an additional capacitance at the legs of the SRR.

In the following step, the behaviour of THz response was observed for different polarisation

of incident light. The U conĄguration of SRR was taken and the convention for polarisation

of incident light was considered to be ŠsŠ-polarised (θ ≙ 0○) or ŠpŠ-polarised (θ ≙ 90○) based on

the polarisation parallel(perpendicular) or perpendicular(parallel) to the legs(gaps), respec-

tively. It was observed that the EOS response is prominent for ŠsŠ-polarisation while there

was an approximately Ćat response for ŠpŠ-polarisation (see Ągure 5.19 (a)). A polarisation

sweep from θ ≙ 0○ to 90○ showed a decreasing trend of RMS-THz amplitude while further

increasing the polarisation upto 150○ led to an increasing trend in RMS-THz amplitude (see

Ągure 5.19 (b)).

Since the SRR was excited by a laser with 800 nm wavelength perpendicular to the SRR

plane, the transmission and reĆection characteristics were subsequently analysed. This was

performed using an electromagnetic simulation involving the CST Microwave Studio. The

SRR dimensions were taken to be similar to the experimental structure dimensions, and a sap-

phire substrate was taken to exist underneath the SRR. For the simulation, gold was assigned

as the SRR material with a thickness of 20 nm to imitate the STE metal stack. The CST

simulation for a unit cell conĄguration revealed dips in the transmission (S21) and reĆection

(S11) curves for both the ŠsŠ and ŠpŠ-polarisations (see Ągure 5.19 (c)), indicating possible

resonance conditions. For ŠsŠ-polarisation the dips were observed at 650 nm, while for ŠpŠ-

polarisation the dips were observed at 800 nm. Further, at 800 nm, the surface current and

electromagnetic Ąeld behaviour revealed circular current for the ŠpŠ-polarisation state which

is induced due to the asymmetry of the SRR along the direction of the electric Ąeld of the

incident electromagnetic wave. The strong electric Ąeld across the gaps indicated an electric

dipole and the strong magnetic Ąeld in the centre indicated a magnetic dipole. This is in

contrast to the behaviour observed for the ŠsŠ-polarisation state with parallel uni-directional

surface currents, and strong electric and magnetic Ąelds only on the opposite edges along the

direction of electric and magnetic Ąelds (see Ągure 5.19 (d)). Hence, the magnetic resonance

condition is favourable at 800 nm incident wavelength for the ŠpŠ-polarisation state, and this

phenomenon is termed electric excitation coupling to the magnetic resonance (EEMR) [173].

This mechanism is particularly advantageous in magnetic resonance detection in SRR for an

incident electromagnetic wave parallel to the SRR plane at optical frequencies via transmis-

sion and reĆection behaviour. Additionally, SRRs also exhibit electrical resonance [174] at

the ω0 frequency for the ŠsŠ-polarisation state, here observed from the dip in transmission

and reĆection behaviour at ∼ 650 nm.
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Figure 5.19: (a) EOS response from STE-SRR for ŠsŠ (θ ≙ 0○) and ŠpŠ-polarisation (θ ≙ 90○)
states of incident light where θ is the angle between the polarisation direction
and the legs. (b) RMS THz amplitude from STE-SRR for different incident
polarisation angles (θ). Electromagnetic simulation using CST Microwave Stu-
dio for both ŠsŠ and ŠpŠ-polarisation states showing (c) transmission (S21) and
reĆection (S11) curves and behaviour of (d) surface currents, and electric and
magnetic Ąeld at λ ≙ 800 nm. The black arrows represent the surface currents.

The trend observed for EOS amplitude of STE-SRR due to incident light polarisation, in-

dicates there is less interaction with STE response for ŠsŠ-polarised state, which gives a

prominent EOS signal while there is a counter response of magnetic resonance of SRR to

the STE response for ŠpŠ-polarised state, which gives a Ćat EOS signal. However, this needs

further investigation to understand the nature of the interaction of the magnetic dipole with

the STE response.
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Conclusion and Outlook

Nanopatterned STEs exhibited signiĄcant alterations in the emission spectrum compared to

the reference STE thin Ąlms owing to the fact that these structures were smaller than the

laser spot size and underwent homogeneous illumination. A controlled tuning of the THz

signal was obtained by changing the dimension and, thus, the resistance in the direction

of the ISHE current Ćow, which led to a change in the RC time constant of the system.

The high pass Ąltering seen in the nanoSTEs validates the theoretical model proposed in the

previous chapter, which was also used to explore the spectral features in the form of peaks

and dips pertaining to the frequency-dependent substrate dielectric constant. Within limits,

this dimensional control allows for intentional modiĄcation and shaping of the THz spectrum

of the STE by selecting a cutoff frequency or selecting a suitable substrate material to mute

certain frequencies in the emission band, with the level of damping determined in part by

the nanoemitterŠs dimensions.

Since, the emitted spectrumŠs lower frequencies were suppressed for smaller sized STEs, the

corresponding cutoff frequency rose. For measurements in a setup with bandwidth limited

to smaller frequencies in the range of 5 to 10 THz, this might be interpreted as a blue shift

[37, 153] or a reduction in peak amplitude [155]. Hence, it is quite useful to understand the

behaviour of nanostructured STEs in upper frequency regime with a broadband spectrum.

The nanopatterned STE stripes provide a suitable solution to the problem of charging, which

occurs for both thin Ąlm and quadratic nanopatterned STEs. This can be an appropriate

approach to obtain the relation between the spin current and the ISHE charge current and

to obtain the spin current information from the broadband THz emission of STE without

the inĆuence of charging and backĆow.

The metastructures of STE provided useful insights into the electromagnetic interaction of

incident light with the STE THz response thus, paving the way for designing suitable STE

metastructures for wide range of applications such as shaping or Ąltering of broadband STE

THz response.
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Charge Dynamics and nanostructuring significantly shape the emitted THz radiation, as

seen in the previous chapters. In this chapter, various produced spintronic devices with their

working regime in ultrafast timescales are realised. In order to achieve this, the concept of

shaping the Power Spectral Density (PSD) of ultrafast electrical responses are considered,

drawing parallels with the optical pulse shaping in the context of THz radiation. The tuning

parameters relevant for pulse shaping are dependent on the length of the transmission line

between STEs, which determine the central driving frequencies, and a THz burst leads to

a narrowband PSD. Moreover, the choice of the FMs and STE shape to vary the switching

fields of the magnetisation via shape-influenced changes in domain wall nucleation energy, is

used to fabricate a THz spintronic device for Digital-to-Analog conversion applications. Fi-

nally, an alternative method of THz generation from an STE is shown by locally modulating

the magnetisation via the Oersted Field generated by a dc-bias current without the need for

any external magnetic field.
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Introduction

Spintronic logic devices are promising for low-power computing [175Ű178]. However, their

adoption is limited by their slow operational speed. Although mechanisms like Spin Transfer

Torque (STT) and Spin Orbit Torque (SOT) can induce fast magnetisation dynamics [16,

34], as shown theoretically, their measured record switching time is still too slow [179, 180]

compared to traditional silicon Ąeld effect transistors [181]. Additionally, the state of the

art devices have a limited working range in terms of frequencies of the signals, which are

typically in MHz or low GHz regime. To achieve a competitive edge over charge-based

devices in information technologies, it would be beneĄcial to increase the operational speed

of spintronic technologies as well as accommodate functionality for signals with much higher

frequencies.

Recent research has revealed that exciting electrons on picosecond or subpicosecond time

scales, faster than electron-phonon relaxation times [182], can overcome precessional speed

limits for manipulating magnetic order. Moreover, exciting new developments in THz sources

are being explored and involve innovative methods that reduce the need for bulky optics

setups [183, 184]. By combining THz emitters (see chapter 2) with metallic waveguide

structures, on-chip experimental setups are possible. In a recent study [35] it was shown

that sub-THz current and voltage pulses can be generated from STEs on waveguides via

ISHE. The straightforward implementation of a multilayer and metallic waveguide makes it

possible to integrate it into any sample layout, including on-chip designs. This development

opens up new possibilities for spintronic applications with ultrafast timescales.

6.1 Frequency-specific Narrowband THz emission

In addition to the broadband applications of the THz spectrum, narrowband applications are

also important, especially for high-resolution and low-power spectral transmissions relevant

for frequency-selective applications. Optical pulse shaping of THz radiation by generating a

tunable pulse train [185] and the generation of narrowband pulses via chirped pulse difference

at THz frequencies have been shown in previous studies [186, 187]. Alternatively, long-range

spin waves were generated from magnetoelastic materials [188] leading to narrowband THz

pulses. Apart from optical pulse shaping and material selection, narrowband THz emission

could also be realised via multiple emission sources for pulse shaping based on time delay

between the emissions. For on-chip applications, an ultrafast electrical pulse burst could be

generated to shape the overall time domain response where the time delay is engineered based
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on current transmission time from the emitters and obtain a narrowband power spectrum of

the signal with driving frequencies in the THz regime.

6.1.1 Experimental details

Figure 6.1: (a) The measurement schematics for the detection of an ultrafast electrical re-
sponse. (b) Optical microscope image for a 20µm by 20µm STE on a trans-
mission line. The circular area marked on the transmission line represents the
approximate FWHM of the laser spot size D ≙ 900µm. (c) Time domain elec-
trical signal from a single bilayer STE consisting of Ni80Fe20(5 nm)/Pt(5 nm) on
MgO substrate. (d) The Power Spectral Density (PSD) for the time domain
signal showing the resolution was limited by the oscilloscope at 50 GHz.

The STE, typically consisting of a bilayer of FM|NM, was comprised of Ni80Fe20(5 nm)/Pt(5 nm),
which was fabricated by DC Magnetron Sputtering in an argon atmosphere at a base pressure

of 6 × 10−8 mbar on a MgO(001) substrate. The STE was nanopatterned using e-beam lithog-
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raphy followed by Ar-ion etching into 20µm by 20µm sized structures (see section 3.4.2).

This was followed by nanopatterning by e-beam lithography of a thick Ti(10 nm)/Au(150 nm)

transmission line connecting the STEs and terminating in large contact pads (see section

3.4.1). The Ti/Au layer was deposited using e-beam evaporation at a base pressure of

5 × 10−7 mbar. The STE was excited using linearly polarised laser pulses at normal incidence

from an ampliĄed Yb:KGW femtosecond laser with 99.6 kHz repetition rate, a wavelength of

1030 nm and a pulse duration of 300 fs. The excitation of STEs led to a spin current from

the FM layer to the NM layer, inducing a charge current pulse IC in the lateral direction

determined by the direction of magnetisation under the maximum applied magnetic Ąeld of

80 mT (see section 2.1). The electrical pulse was detected via the transmission line by a

sampling oscilloscope of 50 GHz bandwidth (see section 3.6.2) (see Ągure 6.1 (a,b)).

Figure 6.2: Illustration showing spectral shapes as a result of various temporal shapes:- (a)
Single pulse, (b) series of pulses (burst signal) and (c) periodic pulse burst leading
to frequency selective (fc ∝ 1/t) narrowband PSD.

The initial measurement was carried out with only one STE on a transmission line. The

incident Gaussian beam had a spot diameter D of 900µm FWHM intensity with a pulse

energy of 6µJ and an average laser power P̄ ≙ 600 mW, resulting in an incident light intensity

of Ī ≙ 6.3 GW/cm2. This gave a Ćuence F ≙ 1.894 mJ/cm2 on the sample surface. It also
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resulted in a prominent electric pulse with a peak voltage of 9 mV. The rise time was about

10 ps which was in agreement with the 50 GHz resolution of the sampling oscilloscope (see

Ągure 6.1 (c,d)). It should be noted that the bandwidth of THz response was limited by

the incident pulse width and the carrier lifetime which was typically reported in the order of

femtoseconds [189]. This would typically mean that a bandwidth of 3 THz for 300 fs pulse

width (see Ągure 6.2 (a)) was still achievable.

In order to obtain a narrowband emission, a series of such pulses can be designed, thus giving

a burst of pulses. However, the pulses deĄning the pulse burst will have the same polarity,

thus leading to a dc-component of the signal in addition to a narrowband signal where the

central frequency (fc) is the inverse of half of the time between the two subsequent peaks

(see Ągure 6.2 (b)). An efficient solution to eliminate the dc-component and to obtain a

large PSD signal with a narrowband was to use periodic electrical pulses with an alternative

and opposite polarity. The fc here was determined by the period t of the pulse burst (see

Ągure 6.2 (c)).

6.1.2 Sequentially emitting STEs

A straightforward approach to obtain a pulse burst is through the use of simultaneous emis-

sion of STEs with different time delay paths. With regard to the propagation of the electrical

pulse through the transmission line, the propagation velocity v along the transmission line

is determined by the material around the transmission line. This velocity is proportional

to c√
ϵeff

where c is the speed of light in vacuum and ϵeff is the dielectric constant for the

surrounding media. Thus, the pulse duration can be estimated from the path length l, which

is substantial for nanometer and micrometre scale structures at sub-THz frequencies [190,

191], and relative to v. Hence, multiple STEs on the transmission line can be arranged with

equivalent intervals to simultaneously emit an electrical pulse from the STEs in order to

generate a pulse burst.

One possible approach to obtain the inverse polarity of each alternate STEs, is to use an

opposite magnetisation on adjacent STEs, which is in agreement with the proportionality of

induced j⃗c direction to j⃗s ×M⃗ . Another possibility is to Ćip the FM|NM layer to NM|FM for

each alternative STE. In either case, it is quite complicated to achieve these conĄgurations.

A simpler solution would be to modify the transmission line containing the STEs into a

meander shape. Although the STEs generate pulses in the same in-plane direction with

the same polarity, the convention also satisĄes the interpretation of the same plane being

in the opposite direction with inverse polarity. Since the meander-shaped transmission line
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is connected in opposite directions for the STEs in alternate positions, the electrical pulses

from alternate STEs have opposite polarity to the adjacent STEs while having M⃗ for all the

STEs along the same direction (see Ągure 6.3). The adjacent STEs can be referred to as

STE − 1 and STE − 1̄.

Figure 6.3: Design schematics of STEs on the transmission line to generate periodic burst
signal with the period t∝ l/v where v is the transmission velocity and fc ∝ 1/l.
The black arrows represent magnetisation direction M⃗ and corresponding polarity
of j⃗c depends on M̂ . The equivalent representation of the transmission line as a
meander with M⃗ along the same direction and corresponding STE nomenclature
as 1 or 1̄ for +j⃗c or −j⃗c, respectively.

The 50 GHz resolution of the Sampling Oscilloscope allowed for a minimum time difference

(time period, t) of 10 ps between two signals if they were to be distinguishable and an

approximate length of at least 2 mm between the STEs corresponding to the half-period.

However, it was quite challenging to illuminate all the STEs simultaneously due to the

limitation of the laser spot size.
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The use of the meander shape makes the arrangement of STEs in a smaller area possible,

which is required for uniform illumination by a fs-laser pulse. Additionally, it allows for the

modiĄcation of the inter-STE path length along the transmission line, which is beneĄcial for

designing the fc of the PSD.

Figure 6.4: (a) Optical microscope image of a meander-shaped transmission line with mul-
tiple STEs of size 40µm by 20µm and its (b) electrical response. The magneti-
sation M⃗ was along the same direction for all the STEs, as represented by the
black arrows. The path length between STEs was l≙ 4030µm.

By taking the above reasons into consideration, a meander-shaped transmission line was

patterned to accommodate multiple STEs of size 40µm × 20µm, with STEs placed in the

middle of the meander (see Ągure 6.4 (a)). Upon uniform illumination with a fs-laser pulse

with a FWHM of spot size diameter of 700µm and a Ćuence of ∼ 3 mJ/cm2, a combination

of electrical pulses was observed with multiple peaks and dips (see Ągure 6.4 (b)). Therefore,

the proof of principle was established (see Ągure 6.4). In this design the magnetisation of

the STEs were all aligned in the same direction and the length between STEs was 4030µm.

The STE combination used here followed the convention 11̄11̄.

In a similar manner, different combinations of the STEs on the transmission lines were

fabricated with conventions 1000, 11̄00, 11̄10, 1010 and 01̄01̄. The Ąrst set of structures

comprised equal-sized STEs (see Ągure 6.5 (a)). The total current generated by the STE was

proportional to the STE size since it was proportional to the illuminated area. Hence, varia-

tion of STE size was expected to result in a proportional total charge current, which allowed a

certain modiĄcation of the individual pulse. This was observed for a similar meander-shaped
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transmission line with varying STE sizes (see Ągure 6.5 (b)).

Figure 6.5: Electrical responses from different combinations of STEs as shown in the under-
lying optical microscope images when the STE sizes were (a) equal (w ≙ 40µm)
and (b) of varying sizes (w ≙ 20µm, 40µm, 60µm and 90µm) proportional to
the arrangement order. This presentation arrangement was helpful in identifying
the individual responses from each STE and the timeshift of t≙ 33 ps between
STEs.

The 1000 conĄguration gave a single pulse. The pulse from the second STE was determined

from the response of the 11̄00 and 01̄01̄ conĄgurations with a large negative pulse dip

appearing after t ≙ 33 ps of the Ąrst peak. Thus, the actual signal velocity through the

transmission line was given by v ≙ l/t ≙ 0.4 × 3 × 108m/s (velocity of light in vacuum),

considering the relative path length of l ≙ 4030µm between the STEs. However, it should be

noted that the dips from the Ąrst and the second STEs also had a time delay of about 20 ps.

The pulse from the third STE was observed for the 11̄10 and 1010 conĄgurations with a

peak appearing about 66 ps after the Ąrst peak. Similarly, the Ąnal STE pulse was observed

in 01̄01̄ conĄguration about 99 ps after observation of the Ąrst peak. Although the pulses

from the third and the fourth STEs were very low, they could be clearly distinguished using

these conĄgurations. As a result, the complete shape was given by the 11̄11̄ conĄguration

with sequential pulses. In addition, the 1010 and 01̄01̄ conĄgurations showed an increase in

amplitudes of the third and fourth STE pulses and a decrease in amplitude of the Ąrst STE
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pulse owing to their relative sizes.

The variation in the total current response due to changes in the amplitude of individual pulses

was quite clear. However, this effect was very small since the design led to signiĄcant crosstalk

between the parallel levels of the transmission line. The effects of the crosstalk were also

visible from the PSD of the signal (see Ągure 6.6 (a)). Due to the limitation of the sampling

resolution, the frequency characteristics had to be observed within 50 GHz. The device

corresponding to the 1000 conĄguration showed a plateau, as a single pulse spanned the

sampling frequency. Similar features were observed for the 1010 conĄguration and, to some

extent, for the 01̄01̄ conĄguration. The PSD for the 11̄00 and 11̄11̄ conĄgurations reĆected

the bandwidth central frequency fc of 15 GHz, which corresponded to the relative path length

between the STEs. It should be noted that the sidebands in this case corresponded to the

timeshift between the individual pulses.

Figure 6.6: PSD for the electrical responses (see Ągure 6.5) from different STE conĄgurations
with STE size (a) equal and (b) varying across the arrangement. The central fre-
quency was fc ≙ 15 GHz. Here t≙ 66 ps corresponded to the time period between
two alternate STEs.

Typically, the Gain (Q-factor) is determined using ≙ fc/∆f [192, 193] of the signal where

fc is the central frequency and ∆f is the bandwidth. Hence, a broader bandwidth can be

achieved for a lower Gain and a narrower bandwidth for a higher Gain. Considering the 11̄11̄

conĄguration, larger amplitudes were obtained for the PSDs. Hence, a device with a series of

11̄ STE conĄgurations could be used to obtain more power and a better Gain, thus obtaining

a narrowband emission. A similar trend could also be observed in the devices with increasing

STE size. (see Ągure 6.6 (b))
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6.1.3 Pulse burst from coplanar waveguide

In the next step, the Pulse Burst Emitter was optimised in order to reduce the crosstalk

and the path length in order to align the positive pulse with the inverted pulse from the

subsequent STEs about 20 ps apart, thus forming a periodic temporal shape. Hence, a

meander-shaped Coplanar Waveguide (CPW) was fabricated (see section 3.4.1) with STEs

placed centrally on the signal line (see section 3.4.2), with a square shape of 25µm side

length and ground lines twice as wide (see Ągure 6.7 (a)). The STEs were equally spaced

with a path length l ≙ 2160µm corresponding to 18 ps, calculated by considering the velocity

of the signal v ≙ l/t ≙ 0.4 × 3 × 108m/s through the transmission line. A larger incident laser

spot of diameter D of 900µm FWHM of the intensity was used with a pulse energy of 6µJ

and P̄ ≙ 600 mW, resulting in Ćuence F ≙ 1.89 mJ/cm2 (see section 3.6.2).

Figure 6.7: (a) Optical microscope image of STEs on a meander-shaped CPW with
l≙ 4350µm and the (b) electrical response upon simultaneous illumination of
STEs by femtosecond laser with t≙ 36.1 ps and its (c) PSD with fc ≙ 27.7 GHz.
The circular area on the CPW-Pulse Burst Emitter represents approximate
FWHM of the laser spot-size D ≙ 900µm.
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The electrical response was obtained upon simultaneous illumination of STEs, forming a 11̄11̄

STE conĄguration, with a fs-laser pulse. This resulted in a lower amplitude of output signal

than obtained in the previous section. The peaks and dips corresponding to the emission

of each STE were clearly observed at the desired relative time duration (see Ągure 6.7

(b)). There was an overall reduction in the peak amplitude owing to the reduced incident

light intensity but with more uniform illumination of the STEs compared to the earlier

measurements. Moreover, the large oscillations due to crosstalk were signiĄcantly reduced

owing to the waveguide structure. However, the peak amplitudes decreased with increasing

delay path from the STEs due to the dissipation of power along the transmission line. The

PSD showed a narrowband feature with the driving central frequency at fc ≙ 26 GHz (see

Ągure 6.7 (c)). The peak spectral amplitude increased owing to a periodic temporal proĄle

of the pulse burst. The fc being at 26 GHz corresponded well to the pulse duration determined

by the path difference between the alternate STEs.

Figure 6.8: (a) Electrical responses from CPW-Pulse Burst Emitter for STEs at different
positions and (b) for different combinations of STEs and comparison with signal
addition of corresponding individual STE responses. The STE positions and the
combinations are shown in the underlying optical microscope images.
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In this work the timeshift in the amplitude peak due to the waveguide path was veriĄed

by STEs positioned at different equally spaced waveguide locations (see Ągure 6.8 (a)) as

observed from their electrical responses. These were deĄned as having the elementary con-

Ągurations 1000, 01̄00, 0010 and 0001̄. It was observed that the electrical pulse appeared at

exactly equal delay time corresponding to their positions, and the peak amplitude gradually

decreased with position. Multiple STEs in the coplanar waveguide also represented the pulse

peaks corresponding to each STE as seen from 1010, 01̄01̄ and 11̄11̄ conĄgurations (see Ąg-

ure 6.8 (b)). In addition, the electrical responses followed superposition where the electrical

response from the combination of STEs at different delay paths were equivalent to the su-

perposition of electrical responses from the isolated STEs. For instance, adding the electrical

responses of the 1000 and 0010 conĄgurations was the same as the electrical response of the

1010 conĄguration. Similarly, the combination of the 01̄00 and 0001̄ conĄgurations gave the

same output as that of 01̄01̄ conĄguration. The 11̄11̄ conĄguration signal was equivalent

to the combination of 1010 and 01̄01̄ conĄgurations and also the combination of the four

elementary conĄgurations, 1000, 01̄00, 0010 and 0001̄.

6.1.4 Frequency selectivity for narrowband emission

The central driving frequency fc is determined by the time period t of the signal. It was

also shown earlier that the temporal pulse position corresponding to individual STE was

proportional to the path length l. As a result, fc is proportional to 1/l. Hence, the meander-

shaped CPW-Pulse Burst Emitter was modiĄed to modulate the driving frequency by reducing

the inter-STE path length l to 2654µm (see Ągure 6.9 (a)). The number of STEs were

increased to 8 in order to increase the gain, and at the same time, the STE size was

increased to 100µm × 25µm. The STEs were illuminated by fs-laser pulses with FWHM

of the spot size 500µm and a Ćuence of 3 mJ/cm2. The time domain electrical signal was

obtained which showed multiple peaks and dips corresponding to the STEs with a time

period t ≙ 22 ps, obtained for peaks corresponding to alternate STEs (see Ągure 6.9 (b)). It

should be noted that the response corresponding to the STEs further along the transmission

line showed decreased signals due to the dissipation of power in the transmission line. The

PSD showed a fc of 45 GHz corresponding to l≙ 2654µm (see Ągure 6.9 (c)). Although the

bandwidth was limited the gain was not signiĄcant.
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Figure 6.9: (a) Optical microscope image of STEs on a CPW-Pulse Burst Emitter with
l≙ 2654µm and the (b) electrical response upon simultaneous illumination of
STEs by femtosecond laser with t≙ 22 ps and its (c) PSD with fc ≙ 45 GHz. The
circular area on the CPW-Pulse Burst Emitter represents approximate FWHM of
the laser spot-size D ≙ 500µm.

6.1.5 Optimisation for high Q-factor of narrowband spectrum

To improve the gain for the narrowband emission, the number of temporal pulses was in-

creased in addition to being periodic in shape. For this the number of the STEs was increased.

Additionally, it was observed that the emissions of the STEs lying further along the trans-

mission line undergo greater loss through transmission. Hence, these STEs can be increased

in size to have increased amplitude for their respective pulses in order to compensate for the

transmission loss.

With the modiĄed parameters, the CPW-Pulse Burst Emitter was fabricated (see section

3.4.1 & 3.4.2) with 20 STEs. Additionally, the size of the STEs increased from 40µm to

420µm in length, but with a constant width of 25µm. The l between the alternate STEs

was 4000µm (see Ągure 6.10 (a)). Upon illumination with a fs-laser pulse of spot size with
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FWHM diameter of 1616µm and a Ćuence of ∼ 1 mJ/cm2, a pulse burst comprising of 20

electrical pulses from the STEs was observed (see section 3.6.2). The t was 33 ps which

corresponded to the l between the alternate STEs. Finally, the PSD showed a sharp peak at

fc ≙ 30 GHz, which was in accordance with the t and l (see Ągure 6.9 (b)). Moreover, from the

PSD a gain of 6.38 was achieved with a narrowband emission of bandwidth ∆f ≙ 4.7 GHz.

Figure 6.10: (a) Optical microscope image of STEs on a CPW-Pulse Burst Emitter with
l≙ 4000µm and (b) the electrical response upon simultaneous illumination
of STEs by femtosecond laser pulse. The enlarged image shows the STEs
with increasing size from the bottom to top. The PSD with fc ≙ 30 GHz and
∆f ≃ 4.7 GHz obtained from the temporal electrical response with t≙ 33 ps which
is shown in the inset. The circular area on the CPW-Pulse Burst Emitter rep-
resents approximately the FWHM of the laser spot-size D ≙ 1616µm.
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6.2 Digital to Analog Converter for ultrafast signals

For a device involving multiple STEs, the inĆuence of the inter-STE path length along the

transmission line and size in terms of electrical response and pulse shaping is discussed above.

Another factor which can be used to modulate the electrical response is the individual control

of the magnetisation M⃗ direction of the STEs. This method of control can lead to many

applications, for instance a DAC can be designed which has THz bandwidth owing to the

STEs being the building blocks.

As discussed in previous chapters, the THz response, or the ultrafast electrical response, are

dependent on the M⃗ which is controlled via an external magnetic Ąeld H⃗. Owing to the

magnetic behaviour of the FM involved in the STEs, the polarity of the response changes

when the direction of M⃗ Ćips as the coercive Ąeld HC is overcome by the applied H⃗. Hence,

the typical scheme to achieve separate switching of the STEs was by having FMs of different

HC . Alternatively, this can also be achieved by varying domain wall nucleation energy (see

chapter 2) via manipulation of geometry such as in the case of nanostripes (see Ągure 6.11).

6.2.1 Experimental details

A trilayer stack of Ta(20 nm)/Co20Fe60B20(5 nm)/Pt(5 nm) was deposited using DC mag-

netron sputtering in an argon atmosphere at a base pressure of 5 × 10−8 mbar on Glass

substrate. The Ta layer was deposited on the substrate as a seeding layer in addition to its

function as a conducting layer for current transmission across the STE stripes. Moreover,

its negative spin hall angle θSH (see section 2.1) ensured a net charge current induced in

the same direction as the one induced due to ISHE in Pt with a positive θSH. The tri-

layer was nanopatterned into STE stripes (see Ągures 6.11 and 6.12 (a)) of various widths

of w ≙ 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 1µm, 5µm, 10µm, 20µm and 50µm..

There was also a 2µm gap between the stripes created by e-beam lithography to obtain

a very nice resolution of the structures [194] and subsequent Ar-ion milling down to the

Ta layer with AlOx as the etching mask (see section 3.4.2). The total surface area of the

STE stripes was kept constant with respect to the 20µm stripe by taking multiple stripes

of similar width. This was done to achieve the generation of electrical responses of equiva-

lent amplitude. The contact pads were nanopatterned by e-beam lithography and via liftoff

(see section 3.4.1), a subsequent e-beam evaporation of Ti(10 nm)/Au(150 nm) at a base

pressure of 5 × 10−7 mbar.
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Figure 6.11: (a) Optical microscope image of the device containing STE stripes
of width ŠwŠ and length 200µm. (b) The STE layer stack was
Ta(20 nm)/Co20Fe60B20(5 nm)/Pt(5 nm) on glass substrate. The spacing
between the STE stripes was 2µm and the extended contact pads were
Ti(10 nm)/Au(150 nm).

The device was excited using linearly polarised laser pulses with normal incidence on the

surface from an ampliĄed Yb:KGW femtosecond laser with 99.6 kHz repetition rate, a wave-

length of 1030 nm and a pulse duration of 300 fs. The response was detected using a 50 GHz

bandwidth sampling oscilloscope (see section 3.6.2). The laser spot size with FWHM of

500µm led to a Ćuence F ≙ 4.1 mJ/cm2 on the STE stripes which resulted in prominent ul-

trafast electrical responses (see Ągure 6.12 (b)). The shape of the response pulse was same

for all the STE stripes as obtained for a 20µm STE stripe due to the physical normalisation

based on 20µm surface area which is achieved by taking suitable number of stripes for each

set of similar stripe widths. The only exception is 50µm stripe whose amplitude is compared

to a single 20µm stripe by multiplying a factor of 0.4.

6.2.2 Coercive fields of STE stripes

The HC for a thinĄlm STE was 1.45 mT which was determined using MOKE as shown in the

hysteresis curve (see Ągure 6.12 (c)). For the devices with different STE stripes HC values

were determined from the electrical responses by monitoring the external Ąeld which led to

switching in the device (see section 2.4.2) and it was found that HC was higher for the STE

stripes below 1µm and exponentially increased for narrower widths (see Ągure 6.12 (d)).

This behaviour can be attributed to the nucleation volume and domain wall propagation

for the stripes of different widths [71, 195Ű199]. The minimisation of the magnetostatic

energy (see section 2.4.3) dictates the magnetisation reversal process initiation only through

the domain formation at the edges due to the additional stray Ąelds or around the defects

without affecting the surface magnetic charges. As a result effective nucleation area is of the

order of the width of the stripe and the domain wall nucleation energy is more for narrower
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stripes leading to higher HC . Hence, STEs with different HC values were obtained which

emit electrical responses in ultrafast timescales.

Figure 6.12: (a) Optical microscope images for the nanopatterned STE stripes with the
widths w ≙ 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 1µm, 5µm, 10µm,
20µm and 50µm. The number of stripes of each widths were determined
w.r.t 20µm stripe surface area. (b) Ultrafast electrical responses, from the
STE stripes upon excitation by fs-laser pulse with Ćuence F ≙ 4.1 mJ/cm2 at
external B Ąeld of 80 mT, showing similar output due to the equivalent STE
surface area. Coercive Ąelds for STE (c) thin Ąlm and (d) stripes for respective
widths. The dotted red line is the Ątting with inverse proportionality to w. The
inset is the zoomed plot for the STE stripes with smaller widths.

In magnetostatic terms, the HC can be Ątted with respect to a Ąrst order approximation

[196] to 1/w as,

HC(w) ≙H∞ + β
w

(6.1)
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where H∞ and β are free Ątting parameters. Here, H∞ signiĄes the coercive Ąeld for inĄnitely

wide stripe, which is a thin Ąlm. The equation nicely Ąt the coercive Ąeld values for stripes

with different widths (see Ągure 6.12 (c)) and the Ątting produced H∞≙ 1.51 mT which was

in accordance with the Hc≙ 1.45 mT determined earlier using MOKE for the thin Ąlm layer

stack of Ta(20 nm)/Co20Fe60B20(5 nm)/Pt(5 nm).

6.2.3 4-bit DAC with STE stripes

Figure 6.13: Optical microscope image showing combination of STE stripes with 4 different
stripe widths w ≙ 200 nm, 300 nm, 600 nm and 2.5µm making it a 4-bit device.
The number of stripes with the same widths was chosen to obtain the response
from 4-bits (A B C D) in the ratio 23 ∶ 22 ∶ 21 ∶ 20 which is 8 ∶ 4 ∶ 2 ∶ 1.

In accordance with the electrical responses and the coercive Ąelds of different STE stripes, a

4-bit DAC device was designed by selecting STE stripes of widths 200 nm, 300 nm, 600 nmand

2.5µm with HC values of 13 mT, 8.8 mT, 4.8 mT and 1.9 mT, respectively. The responses

from the bits were controlled by varying the number of STE stripe forming each type of bit
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in order to obtain the ratio of 23 ∶ 22 ∶ 21 ∶ 20 which is 8 ∶ 4 ∶ 2 ∶ 1. The ratio was determined

to be this as each bit can have 2 states, which are + and −, owing to the magnetisation

states. In addition, the 4 bits were distinguished by the states of the bits as 23, 22, 21 and

20. Hence, 100 stripes of 200 nm, 34 stripes of 300 nm, 9 stripes of 600 nm and one stripe

of 2.5µm were used which lead to a ratio of 8 ∶ 4 ∶ 2 ∶ 1 in terms of surface areas (see Ągure

6.13).

Figure 6.14: (a) Ultrafast electrical responses from 4-bit THz DAC device upon excitation
by fs-laser pulse with a Ćuence F ≙ 2.884 mJ/cm2. (b) Different conĄgurations
of the bits in the device and their corresponding digital codes which take into
account the electrical response ratio from each individual bit. (c) The peak
electrical responses from different conĄgurations corresponding to the positive
digital codes with Least SigniĄcant bit (LSb)≙ 0.295 mV. The red dotted line
shows the ideal response as corresponding to the LSb. (d) The Differential
Non-Linearity (DNL) and the Integral Non-Linearity (INL) for the device corre-
sponding to different Digital Code Inputs.

The excitation of the 4-bit THz DAC device by fs-laser pulses with a Ćuence F ≙ 2.884 mJ/cm2

led to an ISHE (see section 2.6) electrical response with a peak voltage of 4.5 mV (see Ągure

6.14 (a)). The magnetisation states of all the bits were in the same direction. Hence, the

output was assigned as the analog output corresponding to the digital code of 15, which was

the result of the sum of all values of each bit, i.e. 8 + 4 + 2 + 1 or 23 + 22 + 21 + 20. After this

the H⃗ was driven to the HC in the opposite quadrant corresponding to the lowest bit. This
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switched the bit and the Ąnal digital output was 23 + 22 + 21 − 20 ≙ 8 + 4 + 2 − 1 ≙ 13. The

ISHE electrical response was similar to the previous state with a decreased peak amplitude

of 4 mV. Subsequently, other conĄgurations were achieved by driving to the respective HC

by following major loops or minor loops (see section 2.4.2) when required (see Ągure 6.14

(b)). The respective digital codes were obtained, and subsequently, this led to different

ISHE electrical responses (see Ągure 6.14 (a)). A digital input in terms of the magnetisation

states of the bits led to a speciĄc analog ultrafast response where the analog outputs of the

conĄguration of the bits were their corresponding peak voltages. It should be noted that the

magnetisation switching driven by external magnetic Ąeld was slow. However, the DAC has

a large driving bandwidth. Based on the analog outputs the LSb of the device was calculated

as 0.295 mV (see Ągure 6.14 (c)).

It is quite evident that the analog outputs that were measured were not ideal as they can

be seen deviating from the ideal outputs derived from the LSb, which is also shown as the

red dotted line in the plot (see Ągure 6.14 (c)). These deviations or non-linearities are the

important metrics relevant to the device since these cannot be eliminated by calibration

and are the characteristics of the device. The deviation can be either expressed as the

deviation from the ideal output step size, which is referred to as DNL, or by accounting for

the maximum deviation from the ideal slope, referred to as INL (see appendix A.6). INL can

be understood as the cumulative effect of DNL. Both the DNL and INL have been obtained

for the device (see Ągure 6.14 (d)). The deviations were expressed in terms of counts and,

as can be seen, they both lied in the range of −2 to +2.

6.2.4 3-bit DAC with STEs of different FMs

As an alternative approach a THz DAC was also designed by taking FMs with different

HC values (see section 2.4.2) as the STE bits required for the DAC. A 3-bit DAC was

designed with 3 different STEs with a layer stack of FM(10 nm)/Pt(3 nm). For this the FMs

were Co20Fe60B20, Ni80Fe20 or Co50Fe50 with HC values of 1.65 mT, 0.75 mT and 10 mT,

respectively. Each layer stack was nanopatterned using e-beam lithography over a MgO(100)

substrate, followed by the DC-Magnetron sputtering of layer stacks and liftoff (see section

3.4.1). The choice of substrate was made due to the favourable growth of bcc-structured

Co-Fe alloys on the MgO which also has cubic crystal structure in the 100 crystal direction.

Finally, the contact pads were nanopatterned using e-beam lithography followed by e-beam

evaporation of Ti(10 nm)/Au(150 nm) and liftoff (see section 3.4.1). The structures of the

FMs were taken to be of equal length of 200µm and the widths w were optimised for different
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FMs based on the electrical response with w ≙ 65µm, 70µm and 50µm for Co20Fe60B20,

Ni80Fe20 and Co50Fe50, respectively. This led to a ratio of 4 ∶ 2 ∶ 1 ≙ 22 ∶ 21 ∶ 21 for the bits

(see Ągure 6.15 (a)).

Figure 6.15: (a) Optical microscope image for a 3-bit DAC device with different FMs for
different bits used in the layer stack FM(10 nm)/Pt(3 nm) on a MgO substrate.
The FMs have different HC values determined from MOKE measurements of
respective thinĄlms. The lengths of the bits were 200µm and the widths of
each individual bits were decided after optimisation to obtain an electrical re-
sponse in the ratio 22 ∶ 21 ∶ 20 which is 4 ∶ 2 ∶ 1. (b) Ultrafast electrical response
for different 3-bit conĄgurations upon excitation by fs-laser pulses with Ćuence
F ≙ 10 mJ/cm2. (c) The peak voltage (Analog Voltage) for different conĄgura-
tions (Digital Code Input). The dotted line represents the ideal output voltage
for different input codes. The LSb for the device was 21.48 mV. (d) The non-
linearities (DNL and INL) for different conĄgurations (Digital Code Input).
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Upon excitation by fs-laser pulses with a Ćuence of F ≙ 10 mJ/cm2 and with the magnetisation

of all the bits along the same direction (see section 3.6.2), an ultrafast electrical response

was obtained with a peak voltage of 150 mV. This corresponded to the digital code of 7. In

the same way, all the conĄgurations were obtained by driving the external Ąeld to different

HC values of the FMs following major and minor loops (see Ągure 6.15 (b)). The ISHE

peak voltage (analog output), followed the same ratio as the different digital codes. The

LSb=21.8 mV was obtained (see Ągure 6.15 (c)) and the DNL and INL were calculated from

the deviation compared to ideal output voltage (see Ągure 6.15 (d)). It should be noted that

the deviation was less compared to the 4-bit DAC discussed earlier due to very high output

voltage and lesser number of bits.
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6.3 Ultrafast current control by Oersted fields

Figure 6.16: Illustration showing Oersted Field across an STE stripe induced by in-situ Cu
wire underneath when a dc-current (Idc) was applied through the stripe.

It is quite evident from above that ultrafast spintronic devices can be designed with multiple

STEs as the core element based on their HC values and the time delay between the signals

from the STEs. The working principle of an STE is dependent on the direction of the external

magnetic Ćux density, B⃗external. It is also possible to modulate the cluster of STEs in a single

device separately by deriving a locally switchable B⃗ source through the generation of an

Oersted Field by Idc (see section 2.6.3). Subsequently, the STEs, each in the vicinity of such

a source, can be modulated separately. In order to achieve this in-situ Cu/STE stripes were

deposited (see Ągure 6.16).

In order to estimate the induced B⃗0 due to the Oersted Fields, COMSOL [143] simulations

were performed using the ŠAC/DCŠ module for a metal stripe with thickness 50 nm and

width of 500 nm. For this the conductivity was taken to be 2.85 × 107 S/m [200] for a Cu

stripe. Upon application of dc-current, B surrounding the stripes was calculated to vary with

distance from the stripe. For Idc≙ 5 mA, 10 mA and 20 mA through the Cu stripe, B⃗0≙ 6 mT,

12 mT and 24 mT, respectively, was obtained at a distance of 2.5 nm from the top surface of

the Cu stripe where the FM experienced the effective magnetic Ćux density which was the

source of net magnetisation in the FM layer (see Ągure 6.17).
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Figure 6.17: COMSOL simulation showing magnetic Ćux density, B0 of (a) 6 mT, (b) 12 mT
and (c) 24 mT around a stripe of Cu (σCu ≙ 2.85 × 107 S/m) with dimension
500 nm × 50 nm due to Idc≙ 5 mA, 10 mA and 20 mA, respectively, at a distance
of 2.5 nm from the Cu stripe surface.

6.3.1 Experimental details

The Cu(50 nm)/Co20Fe60B20(5 nm)/Pt(5 nm) trilayer was prepared by DC magnetron sput-

tering in an argon atmosphere at a base pressure of 6 × 10−8 mbar on a Sapphire(0001) sub-

strate. The nanopatterning of 100µm × 500 nm stripes was done using e-beam lithography

and Ar-ion etching against an AlOx etching mask deposited via e-beam evaporation (see sec-

tion 3.4.2). Multiple stripes were prepared (see Ągure 6.18) to increase the total amplitude of

the electrical response. In the intermediate step the remaining AlOx was removed and contact

pads were prepared by nanopatterning via e-beam lithography and Ti(10 nm)/Au(150 nm)

deposition by e-beam evaporation at a base pressure of 5 × 10−7 mbar, followed by liftoff (see

section 3.4.1).

Figure 6.18: Optical microscope image for Cu(50 nm)/Co20Fe60B20(5 nm)/Pt(5 nm) stripes
of width 500 nm and length 100µm.
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6.3.2 Fluence and magnetisation dependence of Cu/STE stripes

The stripes were excited using normal incident linearly polarised laser pulses from an am-

pliĄed Yb:KGW femtosecond laser with 99.6 kHz repetition rate, a wavelength of 1030 nm

and a pulse duration of 300 fs. In the Ąrst step, the magnetisation, M⃗ was controlled by

Bexternal≙ 70 mT for different laser powers, hence for different Ćuences. The response was

detected using a 50 GHz bandwidth sampling oscilloscope (see section 3.6.2). The M⃗ was

perpendicular to the stripes along the hard axis (see Ągure 6.19 (a)). The primary source

of the output signal was due to ISHE. In second step, the Bexternal was removed and a

dc-current, Idc≙ 5 mA was applied across the stripes for different Ćuences. The shape of the

electrical response was different from the response due to ISHE (see section 2.6). Moreover,

the polarity of the electrical response was found to be dependent on the direction of the Idc.

It was expected that Idc along the Cu wire would produce B0 perpendicular to the stripes

(see Ągure 6.19 (b)).

Figure 6.19: Electrical response from the stripes upon fs-laser excitation with contributions
primarily due to (a) ISHE for Bexternal≙ 70 mT, (b) Idc≙ 5 mA and (c) their laser
Ćuence dependence.

The shape of the obtained electrical response involved a sharp rise followed by a plateau and

a slow decay. Moreover, the dependence on Ćuence of the electrical response originating

from the Idc was linear, similar to the electrical response originating via ISHE however,

with a different slope (see Ągure 6.19 (c)). This suggested that the electrical response

corresponding to the Idc was due to Joule heating (see section 2.7) which was parasitic with

the laser excitation. Hence, a suitable methodology was required to extract the electrical

response component generated by Oersted Ąelds.
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Figure 6.20: (a) Electrical response from the stripes upon fs-laser excitation of Cu/STE for
different Bexternal varying from 0 to 70 mT and (b) their corresponding peak
voltages.

In addition to the Ćuence dependence measurement of the device, a magnetisation depen-

dence study was also performed at a constant laser power of P̄≙ 362 mW, which gave a

Ćuence of F ≙ 3.7 mJ/cm2. Hence, the electrical response was obtained for different B⃗ from

0 to 70 mT and the peak ISHE amplitude was observed to increase with increasing M⃗ as ex-

pected (see Ągure 6.20 (a)). For small magnetic Ąelds, the increase was sharp, but eventually,

there was a saturation at Ąelds higher than 40 mT (see Ągure 6.20 (b)).

6.3.3 Extraction of electrical response contributions

In the next step, the electrical responses were obtained for M⃗ due to both B⃗external and B⃗0.

The B⃗external was modulated for both the polarities (see Ągure 6.21 (a)). Hence, the electrical

response due to ISHE corresponding to B⃗external was extracted by taking the subtraction of

the signals for +B⃗external and −B⃗external (see Ągure 6.21 (b)). The rest of the contributions

were extracted by the addition of both the signals, which was the result of Idc (see Ągure 6.21

(c)). Hence this was assumed to be the combination of Joule heating and the contribution

due to ISHE for B⃗0.

The above dependencies can be clearly observed for the cases when B⃗external ≙ 3.5 mT and

Idc≙ 5 mA, 10 mA or 20 mA (see Ągure 6.21 (d)). The ISHE contribution due to B⃗external was

clearly observed with an equal response for all the three cases and a peak value of 0.25 mV

(see Ągure 6.21 (e)). It should be noted that the electrical response for small magnetic Ąelds

showed a prominent secondary peak after 200 ps of the initial ISHE peak. This behaviour

was also observed earlier for ISHE signal corresponding to smaller external magnetic Ąelds

(see Ągure 6.20 (a)) however, with smaller amplitude compared to the primary ISHE peak.
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Since, an apprecible fraction of magnetic moments can still be expected to be not aligned

in the net magnetisation direction determined by the smaller external magnetic Ąelds, this

secondary excitation can be an indication of alignment of these magnetic moments driven by

spin-polarised current [201]. However, it needs further analysis to conĄrm the explanation.

Figure 6.21: (a) Schematics and measurements showing total electrical response from the
Cu/STE stripes upon fs-laser excitation with (d) Bexternal≙ 3.5 mT and (h) 0 mT
when Idc≙ +5 mA, +10 mA and +20 mA. The solid line represents +Bexternal and
dotted line represents −Bexternal. The extracted contribution due to (b, e, i)
ISHE and (c, f, j) Idc and the corresponding dependence of peak voltage of the
electrical response (g) with and (k) without Bexternal are shown.
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Figure 6.22: (a) Schematics showing electrical reponse upon fs-laser excitation of Cu/STE
stripes with Bexternal≙ 70 mT and Idc≙ 5 mA, 10 mA and 20 mA and the extrac-
tion of the contribution due to (b) ISHE and (c) Idc. The corresponding plots
are shown in (d), (e) and (f) respectively. (g) The dependence of peak voltage
on Idc is shown.

Further, the contribution due to Idc shows dependencies similar to what would be expected

for Joule heating (see Ągure 6.21 (f)). Additionally, the electrical response when B⃗external ≙ 0,

did not show an ISHE contribution while the same plots indicated a Joule heating contribution

(see Ągure 6.21 (h, i, j)). It can also be observed that the peak voltages varied proportionally

with Idc (see Ągure 6.21 (g, k)).

It should be noted that for the lowest B⃗external used it was difficult to extract the ISHE

contribution of B⃗0. This was attributed to the unequal ISHE responses for (+B⃗external + B⃗)

and (−B⃗external + B⃗) which can be used only to extract the B⃗external contribution. However,

driving M⃗ to saturation was helpful in extracting the total ISHE contribution (see Ągure 6.22

(a, b, c)). Hence, in the next step, a large B⃗external ≙ 70 mT was applied. This ensured that

any variation of B⃗external did not affect M⃗ signiĄcantly (see Ągure 6.22 (d)). The subtraction

of the signals for +B⃗external and −B⃗external gave the total ISHE contribution and the addition
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gave the contribution purely due to Joule heating (see Ągure 6.22 (e, f)). The response was

also linear for different Idc (see Ągure 6.22 (g)).

Figure 6.23: Schematics showing (a) electrical response upon fs-laser excitation of Cu/STE
stripes with Bexternal≙ 70 mT and Idc≙ 5 mA, and (b) the removal of Joule heat-
ing contribution and (c) the extraction of individual contribution from ISHE
for Bexternal and Boersted. The respective plots are shown in (d), (e) and (f)
respectively.

Finally, the electrical response comprised of the contribution for B⃗0 for Idc≙ 5 mA and

B⃗external ≙ 3.5 mT was obtained as shown earlier (see Ągure 6.21 (d)) and the contribu-

tion due to Joule heating (see Ągure 6.22 (f)) was subtracted from it to obtain total ISHE

contributions. Eventually, the separate contributions due to B⃗external and B⃗0 were obtained

(see Ągure 6.23).
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Figure 6.24: The contribution due to ISHE (ISHE(Bexternal)+ISHE(Idc)) from fs-laser ex-
citation of the Cu/STE stripes for (a) +Bexternal and (b) −Bexternal, and the
extraction of (c) ISHE(Bexternal) and (d) ISHE(Idc) which was due to Oersted
Ąeld. The dependence of ISHE due to Oersted Ąeld with Idc.

Similarly, the ISHE contributions arising from B⃗0 for other dc-currents, Idc≙ 5 mA, 10 mA

and 20 mA was obtained using the procedure followed above. The ISHE contributions cor-

responding to B⃗external ≙ 3.5 mT gave equal responses for all the cases. The peak voltage

was 0.26 mV, which was in agreement with the ISHE response obtained earlier (see Ągure

6.21 (e)). The ISHE contributions due to B⃗0 were proportional to Idc with peak voltages

of 0.4 mV, 0.7 mV and 1.25 mV corresponding to Idc≙ 5 mA, 10 mA and 20 mA, respectively.

This provided evidence of control of terahertz response both in terms of polarisation and

magnitude by an Oersted Ąeld generated by applied dc-current.
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Conclusion and Outlook

In this work, spintronic devices were designed and realised for applications in ultrafast

timescales.

In the Ąrst spintronic device an ultrafast electrical pulse burst signal was obtained from

simultaneous excitation of a series of STEs along the waveguide. The Ąnal response pulse

originating from the combination of these pulse bursts was shaped by Ąnding suitable tunable

parameters, thus, directly inĆuencing the signal bandwidth. These pulse burst emitters could

be manipulated based on the size and path length of the STEs in order to obtain power gain

and different driving central frequencies, respectively.

In the second spintronic device, a DAC was realised with ultrafast working frequencies by

designing multiple STEs with different Coercive Ąelds and controlling each STE separately.

In the third spintronic device, an alternate method of controlling terahertz response in an

STE was realised by locally controlling the magnetisation by Oersted Ąeld generated via an

in-situ dc-current carrying wire beneath the STEs.

131





7 THz excitation of magnetic multilayers

While the focus in the previous chapters were on heterostructures containing a single ferro-

magnetic layer, the magnetisation dynamics in multilayers containing multiple ferromagnetic

layers in ultrafast timescales is of relevance especially due to the configurations of currently

used Spintronic Devices such as pseudo spin-valves showing Giant Magnetoresistance (GMR).

This chapter contains an exploration of the fs-laser interaction with pseudo spin-valve devices

via ultrafast electrical measurements. In addition, the effect of laser heating and application

of decoupled ferromagnets in multiple ferromagnetic layers were explored and the later was

optimised to realise Switchable Terahertz emitters.

133





7 THz excitation of magnetic multilayers

Introduction

The fundamental mechanism involved in spintronic devices is based on Spin Transfer Torque

(STT) which is used to excite or reverse the magnetisation of a ferromagnet [202], especially

in Giant Magnetoresistance (GMR) [3, 4] and Tunneling Magnetoresistance (TMR) [5, 203,

204] devices. For these the currents in magnetic multilayers are spin-polarised and can carry

enough angular momentum that can cause magnetic reversal and induce stable precession

of the magnetisation in thin magnetic layers. Due to the interest of driving the processes

in ultrafast timescales, the evidence of hot-electron transport and its inĆuence on ultrafast

demagnetisation has been studied in magnetic multilayers [205, 206]. It was shown that,

in a multilayer made of two FM layers separated by a metallic layer of Ru, the initial de-

magnetisation was larger and faster in the case of an anti-parallel alignment compared to a

parallel alignment. This was attributed to the laser-excited spin-polarised hot electrons that

were created in both magnetic layers and travelled ballistically from one to the other, thereby

transferring angular momentum [205]. In addition to an efficient ultrafast demagnetisation

for an antiparallel alignment of both FM magnetisations in CoFeB/MgO/CoFeB magnetic

tunnel junctions, the laser Ćuence-dependent superdiffusive spin transport induced other ef-

fects [206]. Thus the study of multilayers, particularly GMR devices, is needed to obtain the

effects of their functionality in ultrafast timescales.

7.1 Pseudo spin-valve multilayer optimisation for GMR

The pseudo spin-valve multilayer thin Ąlms were fabricated on Sapphire(0001) substrates

using DC-Magnetron Sputtering in an argon atmosphere at a base pressure of 5 × 10−8 mbar

(see section 2.6.2) . The pseudo spin-valve layer stacks conĄguration usually consists of

FM1|NM(spacer)|FM2 with FM1 and FM2 being the hard and soft magnetic layers (see

section 2.4.2), respectively. The magnetically hard layer of Co50Fe50(5 nm) was grown on a

seeding layer of Ta(5 nm) which plays a critical role in promoting the formation of a stable

and energetically favoured texture; thus facilitating magnetic stability [207]. Moreover, a

capping layer of Ru(3 nm) was used. Initially, the free layer FM2 was a thinner layer of

Co50Fe50 as compared to the hard layer FM1 in order to achieve lower Coercivity [208] of

the FM2 layer compared to the FM1 layer and the spacer layer of Cu taken was 1.5 nm,

2 nm, 2.5 nm and 3 nm.
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Figure 7.1: Hysteresis curves measured using MOKE for different layer stacks with varying
Cu thicknesses. (a) Co50Fe50 as both the FM layers. Co50Fe50 as FM1 layer
and Co50Fe50/Ni80Fe20 as FM2 layer with thicknesses (b) 3.5 nm and (c) 4.5 nm.
(d) Co50Fe50/Ni80Fe20 as FM1 layer and Co50Fe50 as FM2 layer. Here Ta(5 nm)
and Ru(3 nm) were used as seeding layer and capping layers, respectively. The
respective MR (e), (f), (g) and (h) were measured using a Room Temperature
(RT) probe station and a MR of upto 3.9% was obtained for the layer stack
Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(1 nm)/Ni80Fe20(3.5 nm).

136



7 THz excitation of magnetic multilayers

For the Ta(5 nm)/Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(1.5 nm)/Ru(3 nm) layer, although

the MOKE measurements (see section 3.5.1) did not show any anti-parallel magnetisation

states from the hysteresis at the HC of 20 mT (see Ągure 7.1 (a)), the transport measure-

ments (see section 3.5.2) showed a small MR with a maximum value of 2% (see Ągure 7.1

(e)). The MR was deĄned using R for parallel (↑↑) and antiparallel (↑↓) states using the

relation,

MR% ≙ R↑↓ −R↑↑
R↑↑

× 100. (7.1)

In the next step, the free layer for the pseudo spin-valve was changed to a Co50Fe50/Ni80Fe20

bilayer which was necessitated by the fact that an effective free layer should be magnetically

soft with a low coercivity. This is an attribute of the Ni80Fe20 layer [208], yet in this bilayer

there was an effective spin polariser of conduction electrons, which is an attribute of the

Co50Fe50 layer [209]. Hence, the FM2 layer was Co50Fe50(0.5 nm)/Ni80Fe20(3 nm) and the

Cu spacer was varied as 1.5 nm, 2 nm, 2.5 nm or 3 nm. From this an anti-parallel magnetisa-

tion state was achieved for the Cu thickness 2.5 nm and 3 nm (see Ągure 7.1 (b)). For the layer

stack Ta(5 nm)/Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(0.5 nm)/Ni80Fe20(3 nm)/Ru(3 nm), a

maximum MR of 3% was observed (see Ągure 7.1 (f)) from the transport measurements (see

section 3.5.2).

The increase in the thicknesses of the layers in FM2 with Co50Fe50(1 nm)/Ni80Fe20(3.5 nm)
showed very prominent anti-parallel states of magnetisation for Cu spacer thicknesses 2.8 nm

and 3 nm (see Ągure 7.1 (c)). The transport measurement showed a prominent MR of 3.9%

for Ta(5 nm)/Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(1 nm)/Ni80Fe20(3.5 nm)/Ru(3 nm) (see

Ągure 7.1 (g)). The layer stacks with the FMs swapped showed a lower coercive Ąeld and a

soft magnetic behaviour (see Ągure 7.1 (d)) while the MR was observed to be maximum for

2 nm Cu spacer and for a thicker Cu no MR was observed (see Ągure 7.1 (h)).

A further increase in the FM2 thickness with Co50Fe50(1 nm)/Ni80Fe20(4 nm) and a variation

of Cu thickness from 1.5 nm to 4.5 nm with an approximate increment of 0.3 nm showed

prominent antiparallel magnetisation states for all the cases except for Cu thickness of 1.5 nm

and 1.8 nm (see Ągure 7.2 (a)). The transport measurement showed varying MR% for all

the conĄgurations while 1.5 nm showed no MR. The maximum MR achieved was 4.7% for

the Ta(5 nm)/Co50Fe50(5 nm)/Cu(2.1 nm)/Co50Fe50(1 nm)/Ni80Fe20(4 nm)/Ru(3 nm) layer

(see Ągure 7.2 (b)) and the Cu spacer thickness dependent MR showed a sharp increase in

MR for 2.1 nm Cu compared to lower thicknesses. However, it gradually decreased as the Cu

thickness decreased which showed an inĆuence of interlayer exchange coupling (see Ągure
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7.2 (c)). The pseudo spin-valve layer stack with a Cu thickness of 3 nm was used, which

showed a GMR of 3.9% for the THz experiments shown below in this chapter.

Figure 7.2: (a) Hysteresis loops from MOKE measurements and (b) MR measured from
a RT probe station for the pseudo spin-valve layer stack. The antiparallel M⃗
states achieved for B ≈ 15 mT for layer stacks with different Cu spacer thicknesses
varying from 1.5 nm to 4.5 nm. (c) The maximum MR of 4.7% was achieved for
Cu spacer thickness of 2.1 nm.
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7.2 Ultrafast excitation of CIP-GMR device

7.2.1 Experimental details

Figure 7.3: (a) Pseudo spin-valve layer stack for THz experiment and measurement scheme
used to obtain the electrical response upon excitation by fs-laser pulse while
Idc−bias was applied across the multilayer in CIP geometry by using a bias-tee.

The optimised pseudo spin-valve thin Ąlm stack with a GMR of 3.9% (see Ągure 7.3 (a))

was nanopatterned by optical lithography with an image reversal technique into a 200µm by

10µm stripe followed by Ar-ion etching with resist as an etching mask (see section 3.4.2) The

pseudo spin-valve structures were connected to thick Ti(10 nm)/Au(150 nm) large contact

pads using optical lithography. The contact pads were patterned into two conĄgurations to

facilitate horizontal and vertical alignment of the pseudo spin-valve stripe with respect to

the Ąxed position of probe tips and magnetic Ąeld direction of the THz electrical setup. The

Ti/Au layer was deposited using e-beam evaporation at a base pressure of 5 × 10−7 mbar

followed by liftoff (see section 3.4.1). The pseudo spin-valve was excited using normally

incident linearly polarised laser pulses from an ampliĄed Yb:KGW femtosecond laser with

99.6 kHz repetition rate, a wavelength of 1030 nm and a pulse duration of 300 fs (see section

3.6.2). The magnetisation was either along or perpendicular to the direction of the pseudo

spin-valve stripe length for vertical and horizontal conĄgurations. In addition, a dc-bias

current Idc−bias was applied through the probe tips via a bias-tee upto 5 mA. The generated

electrical pulses were detected via the transmission line by a sampling oscilloscope of 50 GHz

bandwidth (see Ągure 7.3 (b)).
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7.2.2 Ultrafast electrical response from pseudo spin-valve stripe

Figure 7.4: Electrical response from pseudo spin-valve stripes upon excitation by fs-laser
pulses with power P ≙ 96.8 mW creating a Ćuence F ≙ 1 mJ/cm2 across a spot size
of 500µm diameter with various Idc−bias. (a) Optical microscope image for the
stripe along the H⃗ direction and the electrical responses for the (b) parallel and
(c) antiparallel alignments of FM layers. The corresponding ISHE contributions
(for small M⃗ components perpendicular to the stripes) extracted for both the (d)
parallel and (e) antiparallel conĄgurations. (f) Optical microscope image for the
stripes perpendicular to H⃗ and corresponding electrical responses for (g) parallel
and (h) antiparallel alignments of M⃗ for FM layers.

The fs-laser pulse was incident on the pseudo spin-valve stripe with a power P ≙ 98.6 mW

and a Ćuence of 1 mJ/cm2 over an area of 500µm diameter. For the vertical conĄguration,
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H⃗ was applied along the length of the pseudo spin-valve stripe (see Ągure 7.4 (a)). The

ultrafast electrical response when I⃗dc−bias ≙ 3µA, 10µA, 50µA, 100µA, 200µA and 300µA

were applied, showed fast signals with a rise time of ∼ 10 ps followed by a slow decay signal for

the parallel and antiparallel M⃗ conĄguration achieved for H≙ 80 mT and 15 mT respectively

(see Ągure 7.4 (b, c)). However, a slight reduction of the signal amplitude was observed for

antiparallel M⃗ . The electrical response was also proportional to the applied Idc−bias.

In addition to the slow decay signal, the response corresponding to the M⃗ component per-

pendicular to the stripe was extracted by subtraction of the electrical responses for positive

and negative polarity of M⃗ . The parallel conĄguration gave a negative signal, while a pos-

itive signal, smaller in amplitude, was obtained for the antiparallel conĄguration (see Ągure

7.4 (d, e)). These responses were due to the transfer of spin angular momentum between

the FM and the NM [205] and ISHE (see section 2.6) in the FM|NM.

To verify the dependence of the electrical response on the applied Idc−bias, the horizontal

conĄguration (see Ągure 7.4 (f)) was used where H⃗ was applied across the width of the

pseudo spin-valve stripe. Upon fs-laser excitation (see section 3.6.2) oppositely polarised

ultrafast electrical responses were obtained for positive and negative H⃗ directions, implying

electrical response of magnetic origin. However, the response in the antiparallel conĄgura-

tion at H≙ 15 mT had opposite polarity when compared to that of parallel conĄguration at

H≙ 80 mT for same direction of H⃗. Moreover, the overall response increased proportionally

with the Idc−bias which was not inĆuenced by the H⃗ direction (see Ągure 7.4 (g, h)).

7.2.3 Joule heating due to dc-bias current

In the next step, the Idc−bias dependent signal was analysed. Hence, a waveguide was

fabricated (see section 3.4.1) comprising of a pseudo spin-valve multilayer patterned into

rectangular patch of dimension 50µm × 1000µm (see section 3.4.2) with M⃗ along the mul-

tilayer length and a dc-resistance Rdc≙ 193.3 Ω for the parallel conĄguration (see Ągure 7.5

(a)). As observed in the previous section, the ultrafast electrical response (see section 3.6.2)

had a fast rise time leading to a peak followed by a slow decay for both parallel and an-

tiparallel conĄgurations. Next, a waveguide with a rectangular patch of Pt was taken with

Rdc≙ 22.5 Ω and the normalised electrical response with IGMR
dc−bias showed the proportionality

of the signal as compared to the IPt
dc−bias. The response was similar to the patterned pseudo

spin-valve multilayer, thus indicating the contribution due to Joule heating (see section 2.7

and Ągure 7.5 (b)). However, the antiparallel conĄguration compared to the parallel con-

Ąguration showed a reduced signal for the same Idc−bias which was analysed in terms of the

141



7 THz excitation of magnetic multilayers

electrical response over a span of 1 ns (see Ągure 7.5 (c)). In the next step, the Ćuence

dependence of the peak amplitude was analysed with and without Idc−bias and it was ob-

served that the response was proportional to the laser Ćuence for both cases, suggesting no

additional thermal contribution apart from Joule heating (see Ągure 7.5 (d, e)).

Figure 7.5: (a) Optical microscope image for waveguide with pseudo spin-valve multilayer
rectangular patch and the measurement schematics with Idc−bias and M⃗ along
the direction of pseudo spin-valve multilayer patch length. (b) Ultrafast elec-
trical responses for parallel and antiparallel states with Idc−bias≙ 2 mA, show-
ing Joule heating contribution with a large decay time. (c) Comparison of
Joule heating from ultrafast electrical response of multilayer structure having
Rdc−parallel≙ 193.3 Ω with a Pt rectangle having Rdc≙ 22.5 Ω after normalisation
based on R for the Idc−bias≙ 1 mA and 2 mA. Linear dependence of Ćuence on
the pseudo spin-valve device on waveguide (d) with and (e) without Idc−bias.
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7.2.4 Heating of metal interface thermocouple by fs-laser pulse

Figure 7.6: Optical microscope image showing waveguides (a) with Pt/Au and Au/Pt ther-
mocouples and (b) without the thermocouples and the lateral schematics of layer
stacks as shown in (c) and (d), respectively. (e) Excitation of thermocouples by
fs-laser laser pulse with power P ≙ 98.56 mW creating a Ćuence of 1 mJ/cm2 over
a spot size of 500µm and their respective electrical responses. (f) The con-
tribution due to the thermovoltage was obtained by subtracting the electrical
responses from Pt/Au and Au/Pt thermocouples.

Since the pseudo spin-valve layer stacks were part of a waveguide which was subjected to

fs-laser heating, it was also necessary to consider the signal response due to the heat gradient

from the overlapping regions of metal layer stacks and Au layers of the waveguide. In order

to verify the effect of thermovoltage generation (see section 2.7), the electrical response

143



7 THz excitation of magnetic multilayers

from the waveguide with a Pt rectangular patch was compared with the waveguide with a

Au rectangular patch (see Ągure 7.6 (a, b)). The fs-laser pulse was directed towards the

overlapping junctions on both sides of the Pt patch.

The Pt patch was expected to create a thermocouple (see section 2.7) with the Au layer

in both ends (see Ągure 7.6 (c)). In contrast, the waveguide with just a Au patch did not

form any thermocouple (see Ągure 7.6 (d)). Upon excitation with a fs-laser pulse with power

P ≙ 98.56 mW, a Ćuence of F ≙ 1 mJ/cm2 was achieved over a spot of 500µm diameter (see

section 3.6.2). This led to an ultrafast electrical response with multiple peaks and a voltage

in the range of µV, whereas the excitation of the second thermocouple on the opposite

end led to multiple peaks of opposite polarity. The subtraction of one response from the

other gave the signal due to the thermovoltage, which were opposite in polarity due to the

inverted thermocouple conĄgurations (see Ągure 7.6 (e)). The thermovoltage (εth) obtained

was 145µV which was accounted for by,

εth ≙ −S∇T (7.2)

where S is the Seebeck Coefficient of the materials, and ∇T is the temperature gradient

arising due to the difference in temperature between the two ends. Upon addition of the

responses from both the thermocouples, the background can be obtained which can be seen

as small oscillations due to the waveguide reĆections. These responses were also similar to

the responses from the Au patch waveguide without the thermocouple (see Ągure 7.6 (f)).

However, it should be noted that the change in magnetisation direction did not have any

effect on the polarity of the electrical response, and the response was smaller compared to

the electrical response due to fs-laser-induced electronic effects.

7.2.5 Ultrafast excitation of pseudo spin-valve on waveguide

In light of the effects due to heating as described in the previous section, the waveguide

with pseudo spin-valve was excited with a fs-laser pulse (see section 3.6.2). For an external

magnetic Ąeld along the structure length, the M⃗ was expected to be along the length since

it was the easy axis. However, a small component could have still affected the electrical

response in either directions. In order to properly disentangle the ISHE signal (see section

2.6), the M⃗ direction was kept at an angle 30○ (see Ągure 7.7) with respect to the pseudo

spin-valve stripe along the length so that both the M⃗ components can have prominent

effects. This was helpful in disentangling the ISHE contribution from the electrical response.

The laser power of 170 mW was used, which led to a Ćuence of 1 mJ/cm2 over a spot of size
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650µm and Idc−bias≙ 5 mA was applied. The response w.r.t. Idc−bias in both directions was

measured in order to remove the background. As a result symmetric signals were achieved

for +ve and −ve Idc−bias for both the parallel and antiparallel conĄgurations in both the M⃗

directions. The difference in responses of parallel and antiparallel conĄgurations were clearly

observed (see Ągure 7.7).

Figure 7.7: Electrical response from pseudo spin-valve device on waveguide upon excitation
by fs-laser pulses with power P ≙ 170 mW creating a Ćuence F ≙ 1 mJ/cm2 across
a spot size of 650µm diameter with Idc−bias≙ 5 mA for both parallel and antiparal-
lel alignments of the M⃗ . The polarity of the response switched with the direction
of the Idc−bias and the M⃗ was directed 30○ w.r.t. the pseudo spin-valve patch
length.

In the next step, the signals for opposite polarities of each state were subtracted to cancel out

the signals which were not dependent on the M⃗ direction, thus giving the ISHE responses.

This was also veriĄed from the response without applying any Idc−bias (see Ągure 7.8 (a, b)).

It followed a similar trend as observed earlier when the parallel state with +ve polarity gave a

negative signal, and the corresponding antiparallel state, which was the −ve polarity, gave a

positive signal but with reduced amplitude. Subsequently, the addition of the signals, to rule

out the ISHE signal, gave a fast-rising signal followed by a slow decay. The antiparallel state

gave a reduced signal for the same Idc−bias although the dc-resistance for the antiparallel

state was Rdc greater than the R↑↑
dc
≙ 200.8 Ω, which was greater than the dc-resistance for

the parallel state R↑↑
dc
≙ 193.3 Ω (see Ągure 7.8 (c)).

Furthermore, the dc-voltage was calculated based on Idc−bias and Rdc, and the difference

between relative change of resistances for both the parallel and antiparallel conĄgurations,
∆R(↑↓)

R
− ∆R(↑↑)

R
was obtained where ∆R represents change in resistance from dc to the
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resistance in excited state. As a result, the relative resistance change showed a fast initial

decrease followed by a relaxation to return to the initial resistance state (see Ągure 7.8 (d)).

This can be attributed to the fact that excitation by a laser led to demagnetisation (see

section 2.6.2). This led to a decrease in resistance for antiparallel state than parallel state

due to the increase in mobility of electrons which was more in the antiparallel state than in

the parallel state. However, further experiments and analyses are required to understand the

spin accumulation and the fs-laser excitation affecting electron mobility in pseudo-spin valve

devices.

Figure 7.8: (a) ISHE component extracted from the ultrafast electrical response from pseudo
spin-valve device on the waveguide with Idc−bias≙ 5 mA for M⃗ directed 30○ w.r.t.
the pseudo spin-valve patch length and (b) ISHE response when Idc−bias≙ 0. (c)
The extracted contribution for the response w.r.t. the spin-polarised currents
due to the Idc−bias along with the Joule heating contribution for parallel and
anti-parallel states of M⃗ . (d) The difference between corresponding relative

change in resistances from dc state to the laser excited state,
∆R(↑↓)

R
− ∆R(↑↑)

R

obtained for parallel and antiparallel states. The scatter points were averaged to
be represented as the purple curve.
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7.3 THz excitation of FM|NM|FM trilayer

Figure 7.9: (a) Ultrafast electrical signal from Co50Fe50(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) tri-
layer on MgO substrate in parallel and antiparallel M⃗ states as seen from (b)
the hysteresis loop of MOKE measurements. The initial fast response peak cor-
responded to the ISHE and AHE, whereas the second peak with a slow decay
originating from the (c) heat gradient (∇⃗T ) and M⃗ directions for the FM layers.
Here, γ is the conversion factor.

In the previous section, the observed M⃗ dependent electrical responses were presented (see

Ągure 7.8 (b)). The obtained signals were primarily composed of charge currents produced

via ISHE and AHE (see section 2.6), which are usually short responses in time. In order to

investigate the contribution of FMs in the layer stacks without the inĆuence of the bottom

Ta and the top Ru capping layers, a FM|NM|FM trilayer was studied next. The thin Ąlm of

the layer stack Co50Fe50(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) was prepared by DC magnetron

sputtering (see section 3.1) on MgO(100) substrates where the substrate favoured the growth

of Co50Fe50 due to its bcc crystal arrangement [210]. The thin Ąlm was excited by fs-laser

pulses with power P ≙ 450 mW giving a Ćuence of 4.5 mJ/cm2 over a 500µm diameter spot
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and M⃗ was perpendicular to the contact direction between the two tips of the probe (see

section 3.6.2).

Prominent short responses (see Ągure 7.9 (a)) were observed for both parallel (B≙ 80 mT)

and antiparallel (B≙ 2.5 mT) states where these states were determined from the hysteresis

loops obtained through MOKE (see section 3.5.1) (see Ągure 7.9 (b)). In addition to the

short responses, a prominent slow decay response was observed after 10 ps of the appearance

of the short response peak of the signal. Interestingly, these responses were dependent on

M⃗ and have contributions from both the FMs as can be deduced from the signal polarities

and amplitudes where the slow response almost vanished for the antiparallel state (see Ągure

7.9 (c)).

Figure 7.10: Illustration showing heat gradient ∇⃗T due to fs-laser heating in FM layer. The
direction of electrical response was determined by the direction of M⃗ and ∇⃗T .
The signal had a fast component corresponding to the initial interaction between
FM electron and substrate phonon, whereas the origin of secondary slow decay
signal attributed to the interaction between FM phonon and substrate phonon
accompanied by heat dissipation.

To account for the slower component of the signal, an understanding of energy exchange

between the electronic levels of the metals and the lattice of both metals and the substrates

was required (see Ągure 7.10). It was shown earlier [211] that the fs-laser heating leads to

e− − e− interaction within the metal, which occurs within the Ąrst picosecond of excitation,

and e− − ph interaction between metal electron and substrate phonon which also occurs in

a similar timescale. However, a secondary channel has also been discussed, where ph − ph

interaction occurs between the metal phonon and substrate phonon which has a time constant

of 100 ps. Since a slow decay could be an indication of a slow dissipation of heat from the

heat gradient (∇⃗T ) in the metals to the substrate, the charge current can be assumed to be

originating from thermal effects such as SSE and ANE (see section 2.7).
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7.3.1 SSE mediated ultrafast electrical response

Figure 7.11: Ultrafast electrical signal via SSE from YIG(100 nm)/Pt(5 nm) grown on a GGG
substrate as compared to the reference FM|NM|FM trilayer, comprising of a
short response signal peak due to ISHE/AHE and secondary peak with slow
decay due to ANE and SSE. Here, YIG : Y3Fe5O12 and GGG : Gd3Ga5O12.

To understand the thermal origin of the slow decay response, the electrical signal from a pure

SSE contribution was also studied. To achieve this YIG (Y3Fe5O12) was a suitable candidate

[212] since it only contributes to the pure spin current transport via magnons (see section

2.5.3) which is suitable to observe a pure SSE effect. For this a 5 nm Pt was deposited

by dc-magnetron sputtering on an Liquid Phase Epitaxy (LPE) grown YIG (100 nm) on

a GGG (Gd3Ga5O12) substrate. Upon fs-laser excitation, this gave a single response peak

followed by a slow decay response of the signal with a time constant similar to the slow decay

component in the trilayer stacks (see Ągure 7.11). The sharp increase of the response can

be explained as the contribution from ISHE in the Pt layer where the spin current was driven

via SSE in the YIG layer due to the temperature gradient from the laser heating. However,

the slow decay of the signal can be attributed to the timescale of the heat dissipation, as

seen in previous sections. In both the cases the decay times were estimated to be ∼ 120 ps

which aligned well with the metal phonon and substrate phonon interaction time constant

as discussed earlier.

7.3.2 Understanding the contribution of FM layers

To further understand the contributions of each FM to this effect, single layer thin Ąlms of

Co50Fe50(5 nm) and Ni80Fe20(5 nm) were grown on MgO substrates (see Ągure 7.12 (a)).

It was observed that a Co50Fe50 layer gives a signal with a short response time of negative
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polarity as compared to the trilayer, suggesting a negative contribution from AHE, whereas

the Ni80Fe20 layer gave a positive short response signal. In both cases, the slow decay

responses had the same polarities which can be attributed to the same direction of ∇⃗T (see

Ągure 7.12 (a)) indicating that their origin was ANE [213].

Figure 7.12: Ultrafast electrical signal, when excited with a laser power of P ≙ 400 mW with
Ćuence of 4.1 mJ/cm2 over a spot size of 500µm diameter, from a trilayer of
Co50Fe50(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) on an MgO substrate as compared
to (a) single FM layers of Co50Fe50(5 nm) and Ni80Fe20(5 nm), (b) Cu(3 nm)
on Co50Fe50(5 nm) and Ni80Fe20(5 nm) on Cu(3 nm), and (c) Pt(5 nm) on the
Cu side.

However, bilayer thin Ąlms of the FMs with a Cu(3 nm) having the arrangement of layer

stacks as per the trilayer shown earlier, showed a decrease in amplitude of the short response

peak as compared to single FM thin Ąlms (see Ągure 7.12 (b)). Further, the addition of a
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Pt(5 nm) layer on the Cu layer drove a strong spin current from the FM layer, which created

a large short response signal overshadowing the slow decay response (see Ągure 7.12 (c)).

7.3.3 Influence of FM|substrate interface

To understand the combined contributions of the FMs in the unsymmetric FM|NM|FM

trilayer, electrical responses from the symmetric layer stacks with the same FMs material

were compared. For the Ni80Fe20(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) thin Ąlm, a reduction in

amplitude for the short response peak of the signal was observed which can be explained

as an effective reduction of spin angular momentum transfer and subsequent conversion via

ISHE or AHE while the slow decay response was similar to that observed for the unsymmetric

trilayer. For the Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(5 nm) layer stack, the signal did not

contain the short response peak which can be attributed to net zero spin angular momentum

transfer; however, the slow decay response was only observed (see Ągure 7.13 (a)).

Figure 7.13: Effect on M⃗ dependent ultrafast electrical signals due to (a) symmetric
FM|NM|FM trilayers separated by a Cu spacer layer, and (b) the effect of dif-
ferent substrates on the secondary slow decay response.
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To verify the thermal energy exchange between the metal and the substrate symmetric

Ni80Fe20(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) trilayers were prepared on different substrates

namely sapphire and glass and compared to the same system grown on MgO. As a con-

sequence, a signiĄcant impact on the slow decay responses of the signals were observed for

the layer stacks on sapphire and the glass substrates (see Ągure 7.13 (b)). The observed

reduction in amplitude can be attributed to the reduction in the exchange of energy between

the metal phonons and substrate phonons (see Ągure 7.10) since the substrates have different

thermal properties and lattice parameters.

7.3.4 Influence of spacer layer

Figure 7.14: (a)The role of Cu spacer layer thickness as seen from trilayers with varying Cu
thickness of 6 nm and 10 nm, as compared to 3 nm Cu spacer in trilayer. (b)
InĆuence on electrical signal response when a Co50Fe50(5 nm)/Ni80Fe20(5 nm)
bilayer and a trilayer with insulating spacer layer of 3 nm MgO were taken.

Next, the inĆuence of the spacer layer on the electrical response was studied. For vari-

able Cu thicknesses, decrease in amplitudes of short response peaks and slow decay re-

sponses of the signals were observed following the increasing Cu thickness. This can be
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explained as an increase in scattering events of the spins from the Co50Fe50 layer to the

Cu layer (see Ągure 7.14 (a)) where the scattering increases Cu layer thickness. With the

intention of excluding the scattering in the FM and Cu spacer layer interface, a bilayer of

Co50Fe50(5 nm)/Ni80Fe20(5 nm) was grown on MgO substrate. A strong electrical signal

was observed with both short response and slow decay response components. However, a

larger amplitude of the slow decay response of the signal was observed as compared to that

of the trilayer (see Ągure 7.14 (b)). This can be an indication of increase in number of

available electrons for interactions between the metal phonons and substrate phonons due

to the absence of Cu spacer layer and hence, less interface scattering.

For the MgO spacer layer, a similar electrical signal was observed as for the case of the Cu

spacer layer, however, with a decreased overall amplitude of the signal, since the contribution

from the Co50Fe50 layer was not mediated through the insulating MgO layer (see Ągure 7.14

(b)).

However, further investigation is necessary on the layer systems with multiple FMs to under-

stand the thermal effects and carefully segregate and quantify the SSE and ANE contribu-

tions.
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7.4 Switchable THz emitters

As observed in the previous sections, the M⃗ in the FMs in a multi ferromagnetic layer can be

controlled individually to obtain parallel and antiparallel alignments. The parallel states were

usually for large magnetic Ąelds at saturation and antiparallel states were represented by a

plateau in the hysteresis (see section 2.4.2) between the two switching Ąelds. The electrical

response from antiparallel states showed reduced amplitudes compared to that of parallel

states upon excitation by fs-laser pulse (see section 3.6.2). These responses can be used

to design a STE with switchable functionality. The multilayer used in the previous section

as a pseudo spin-valve (see section 2.6.2) device gave an ultrafast response with negative

amplitude for the parallel state and a small amplitude for the antiparallel state (see Ągure

7.15 (a)). In addition, the replacement of Ru with Ta as a capping layer gave a positive

amplitude for the parallel state (see Ągure 7.15 (b)).

Figure 7.15: Ultrafast electrical response based on ISHE corresponding to parallel and an-
tiparallel M⃗ states, showing different amplitudes for the spin valve based STE
layer stacks comprising of: (a) pseudo spin-valve multilayer stack with (b)
Ta(3 nm) capping layer (c) without the Ta seeding layer and capping layer,
and (d) Co50Fe50(5 nm)/Cu(3 nm)/Ni80Fe20(5 nm) trilayer. This mechanism
provides a switching ability to the STE.
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Furthermore, the layer stack Co50Fe50(5 nm)/Cu(3 nm)/Co50Fe50(1 nm)/Ni80Fe20(4 nm) af-

ter the exclusion of seeding layer and capping layer showed higher amplitude with positive

polarity for antiparallel state while the parallel state gave a positive but smaller amplitude

compared to the layer stacks with Ta and Ru (see Ągure 7.15 (c)). A similar behaviour was

observed when the second FM layer was replaced with Co50Fe50(5 nm); however, this had

an increased amplitude for the antiparallel state (see Ągure 7.15 (d)).

Similar to the spin valve structures, a sandwiched structure comprising of two FMs and

a heavy metal NM spacer layer such as Pt with an appropriate thickness to decouple the

FMs was selected. Based on the electrical response via ISHE, the FMs could achieve par-

allel and antiparallel state. As per the conĄguration, the FMs would lead to j⃗s in either

direction, with a parallel M⃗ state converting j⃗s to j⃗c in opposite directions. However, for

the antiparallel state, the j⃗s would be converted to j⃗c in the same direction with positive

polarity. Depending on the selection of the FM, the parallel state might lead to a positive

or negative response, depending on the effective j⃗s into the HM layer (see Ągure 7.16 (a)).

For initial proof of concept, a trilayer of Co50Fe50(5 nm)/Pt(6 nm)/Co20Fe60B20(5 nm) was

deposited on MgO substrate, along with an MgO capping layer to prevent the oxidation

of Co20Fe60B20. The electrical response showed different amplitudes for the parallel state

(H≙ 80 mT) and the antiparallel state (H≙ 1.5 mT) (see Ągure 7.16 (b)). However, the

difference between the amplitudes was not signiĄcant enough to differentiate and use for

switchable functionalities.

It should be noted that the parallel and antiparallel states corresponding to Ąxed magneti-

sation direction of the bottom Co50Fe50 layer resulted in electrical response with amplitudes

of opposite polarity. Since the amplitude of parallel state was more than the antiparal-

lel state, it was safe to assume that the contribution corresponding to the Co20Fe60B20

layer was more than that of Co50Fe50 layer. This difference can be optimised by vary-

ing the thickness of Co20Fe60B20 layer in the subsequent step and taking the layer stack

Co50Fe50(5 nm)/Pt(6 nm)/Co20Fe60B20(2.5 nm). It was observed that the ratio of ampli-

tudes was large enough (see Ągure 7.16 (c)) for the layer stack to be used as a switchable

emitter. However, the overall amplitude drastically reduced since a major portion of the

signal was contributed from the Co20Fe60B20 layer and the signal amplitude was also compa-

rable to the secondary slow decaying signal originating from thermal exchange between the

bottom Co50Fe50 layer and the substrate similar to the signal observed in previous sections

(see section 7.3). The layer stacks which are shown so far consist of HM layer sandwiched

between the two FM layers. As a result, primary source for the electrical response can be

safely attributed to the spin-to-charge conversion in HM layer which is Pt in this case.
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Figure 7.16: (a) A FM|NM|FM sandwiched conĄguration of multilayers with a heavy metal
NM spacer. The parallel and antiparallel alignments of M⃗ corresponding
to the FMs resulted in an ultrafast electrical response with different ampli-
tudes. Layer stack of (b) Co50Fe50(5 nm)/Pt(6 nm)/Co20Fe60B20(5 nm) and
(c) Co50Fe50(5 nm)/Pt(6 nm)/Co20Fe60B20(2.5 nm) gave different amplitudes
for parallel and antiparallel M⃗ conĄgurations. The ratio between these ampli-
tudes were increased by reducing Co20Fe60B20 thickness to 2.5 nm.

Alternatively, the contribution from individual FM can be controlled by introducing a NM

spacer such as Cu, between the FM and the Pt, which could reduce the spin transport by

scattering. The electrons at the FM|Cu interface carry a spin polarization due to the exchange

splitting in the FM [214] and undergo minimal spin-Ćip scattering due to weak spin-orbit

coupling. In the Cu spacer, there is primarily elastic scattering [215] with spin conservation

primarily dominated by the Elliot-Yafet type [128, 129] spin relaxation mechanism. At the
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Cu|Pt interface, spin-to-charge conversion occurs via ISHE.

Figure 7.17: Ultrafast electrical response based on ISHE corresponding to parallel and an-
tiparallel M⃗ states showing different amplitudes for the FM|Cu|HM|Cu|FM layer
stacks. The amplitude was controlled by changing the Cu layer thicknesses. The
respective multilayers comprised of (a) equal Cu thicknesses showing difference
in peak amplitudes and (b, c, d) unequal Cu thicknesses with maximum differ-
ence achieved in (d).

Hence, Cu layers were introduced in between the FMs and the Pt layer. It was observed that

an equal thickness of Cu (3 nm) led to the same ratio between the amplitudes of parallel

and antiparallel states, although with a reduced overall amplitude for both the states due to

scattering, as compared to that for the sandwiched trilayer without Cu. Subsequently, the

Cu thickness was varied on either side, and it was observed that a reduction of Cu thickness

to 1.5 nm on the Co50Fe50 side led to a further increase in the ratio. On the Co20Fe60B20

side an increase in Cu thickness to 6 nm also increased the ratio. The increase in the ratio

was due to the compensation of the larger spin current from Co20Fe60B20 as compared to

Co50Fe50. Finally, both the schemes were applied together by taking 1.5 nm and 6 nm Cu

for the Co50Fe50 and Co20Fe60B20 sides respectively. For this the ratio increased from 2.3 to

5 and it could be further increased by optimising the Cu thicknesses. Therefore, a terahertz

emitter with switchable functionality was achieved, which was controlled via an external

magnetic Ąeld.
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Conclusion and Outlook

The effect of fs-laser induced excitations in multilayers with multiple ferromagnets was inves-

tigated with a focus on GMR pseudo spin-valve devices when a dc-bias current was applied.

It was observed from the ultrafast electrical response that the antiparallel state of the pseudo

spin-valve device gave a reduced signal compared to the parallel state which was also reĆected

in the observed
∆R(↑↓)

R
− ∆R(↑↑)

R
, taking both dc and rf contribution, which showed an abrupt

reduction upon fs-laser excitation. This indicates an increase in spin population leading to

a current driving with a decreased resistance, especially for the antiparallel state. This led

to the investigation involving the multilayers without dc-bias current in order to understand

the thermal effects, which were reĆected by slowly decaying peaks in the ultrafast electrical

response. The observations in different multilayer conĄgurations indicated a response via

SSE or ANE due to the temperature gradient caused by laser heating. Moreover, the ther-

mal gradient-induced electrical response in a FM was believed to be an observation of ANE.

However, this needs further analysis and detailed investigation.

Subsequently, the parallel and antiparallel magnetisations of decoupled ferromagnets in a

multilayer were studied. This involved the designing of a sandwiched multi-ferromagnetic

layer stack to achieve decoupling of the FMs and the amplitude difference was controlled

via Cu interlayer scattering to realise switchable terahertz emitters. Thus, the switchable

emitters provide the ŠONŠ and ŠOFFŠ mechanism via an external magnetic Ąeld.
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This thesis highlighted various spintronic effects due to fs laser excitation of different mag-

netic multilayers, which included the conventional STEs and GMR heterostructures and

analysis of the geometrical inĆuence on emitted response due to various electrical, mag-

netic and thermal dynamics. Moreover, various techniques were discussed to engineer new

spintronic devices for terahertz applications. This is elaborately discussed below:

Significance of charge dynamics in spintronic terahertz emitters: The core research of

ultrafast spin dynamics for STEs involves the study of ultrafast spin currents. In the past

the usual way of ultrafast spin current estimation involved direct conversion of the emitted

terahertz radiation by using a plane wave approximation. However, it lacked a signiĄcant role

of charge dynamics, which is necessary to be taken into account during terahertz radiation

to ultrafast spin current conversion [15, 18, 21, 34] due to a Ąnite excitation spot in thin Ąlm

STE and charge accumulation. This was discussed using Ąnite element method simulation

in chapter 4. The effect of charge accumulation is followed by current backĆow, and the

Ąnite process involving a time constant derived from the resistive and capacitive effects of

the metal. Moreover, a high pass Ąltering effect on the emitted charge current spectrum

was observed due to a Ąnite time constant. InĆuences of various factors, such as spatial and

temporal shapes of the laser and material properties on the charge current spectrum were

compared as shown in chapter 4.

Observation and control of charge dynamics in nanostructured STEs: The effect of

charge dynamics was veriĄed experimentally via miniaturisation of the STEs by nanostructur-

ing to dimensions less than the laser spot and the charge dynamics was controlled with STE

geometry which was discussed in chapter 5. The inĆuence of the time constant relevant to

the current backĆow with the STE geometry was estimated analytically. It was established

that the geometry plays a signiĄcant role in determining the RC constant of the analytical

circuit for charge accumulation and backĆow. This was reĆected in the emitted spectra in

the form of increased high pass Ąltering for smaller sized nanostructured STEs which can be

mistakenly interpreted as a blue shift with reduction in peak amplitude for a narrow band-

width setup [37, 153, 155]. Moreover, STEs in the form of nanoscale SRR did not provide
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any signiĄcant optical effects due to the dominance of terahertz emission originating from

internal spin dynamics. Finally, it was observed that the STEs in the shape of stripes pro-

vided an optimal solution to avoid the high pass Ąltering in the emitted spectrum, with the

induced charge current along the length of the stripes. This was also discussed in chapter

5. The terahertz emission obtained from STE stripes can provide appropriate information

regarding the ultrafast spin dynamics as the ultrafast spin current can be correctly derived

from the THz emission due to negligible effects from charge dynamics. Overall, the inĆuence

of various tuning parameters was understood, which can be appropriately selected to shape

the emitted terahertz spectrum.

THz pulse burst emitter for narrowband emitted spectrum: The broadband spectrum

of STEs have been extensively investigated. With the intention of obtaining narrowband

emission at higher central frequencies, a device was designed using a series of STEs emitting

pulse burst. This was shown in chapter 6. The STEs were arranged with a calculated time

path for excitation signal based on the intended central frequency, and the pulse burst was

emitted from the STEs upon simultaneous excitations. The overall power of the emitted

spectrum was also seen to be dependent on laser power and larger STE size. Finally, a

working device with a high Q-factor was achieved by exciting a higher number of STEs

within the laser spot to create a pulse burst. These devices can provide suitable narrowband

for frequency-selective applications.

STE based DAC device for ultrafast signals: With the intention of designing a DAC

for ultrafast signals, spintronic devices were designed with multiple STEs stripes as shown

in chapter 6. The STEs comprised different-sized stripes with different coercive Ąelds due

to different domain nucleation energy. Alternatively, STEs stripes of different FMs with

different coercive Ąelds were also designed. The difference in coercive Ąelds provided control

of emitted current amplitude, and the operating number of bits for the DAC was achieved

based on the number of incidents of magnetisation switching of STEs altogether. Finally,

devices with 4-bit and 3-bit DACs were obtained to show the working principle. However,

a further increase in the operating number of bits and their optimisation to have minimal

non-linearities can be achieved.

Electrical switching of STE response: The conventional STE excitations only involve

a bias magnetic Ąeld. With the intention to achieve switching of magnetisation of FM

electrically, a device was designed with stripes of STEs on thick Cu where applied dc-bias

current created Oersted Ąelds to control magnetisation. The amplitude of the emitted signal

was also extracted by separation of Joule heating contribution and a control of emitted signal

amplitude was achieved through the magnitude of applied dc-bias current. This study can
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be extended by modulating the bias current using an ac-current pulse to modulate the THz

signal.

Effect of fs-laser excitation on magnetoresistance: In the chapter 7, the investigation of

fs-laser excitation on pseudo spin-valve devices was shown. The multilayer system comprising

of two decoupled FMs with a spacer layer in between, was optimised to achieve 4 % GMR

in the antiparallel state of magnetisations with a dc-bias current. The devices of pseudo

spin-valve layer stacks were studied upon fs-laser excitation, and a momentary decrease in

magnetoresistance was observed due to the demagnetisation. However, further investigations

are required to understand the effect pertaining to the transport properties in fs-laser excited

pseudo spin-valve multilayer system. This could have implications in future GMR based

devices with operating speeds at ultrafast timescales.

Signatures of spin-caloritronic effects in magnetic heterostructures via fs-laser exci-

tation: The study of GMR multilayer system in chapter 7 was primarily done using dc-bias

current with the magnetisation direction along the direction of Ćow of current. However, the

GMR layer stack was simpliĄed into a trilayer with a thin spacer layer sandwiched between

two decoupled FMs and the fs-laser excitation without any application of dc-bias current

resulted in an additional slowly decaying peak. The effect was studied using a series of

layer stacks with variable layer thickness and materials to deduce the origin of the effect.

The results indicated various spin-caloritronic effects with the slow decay response linked to

a thermal exchange between the metal phonons and substrate phonons. However, further

investigations are necessary to quantify the effect properly and to establish this technique

for direct measurement of spincaloritronic effects such as SSE or ANE which are difficult to

measure with the present experimental techniques.

Switchable terahertz emitters: A switchable terahertz emitting device was designed using

a heterostructure with a NM layer sandwiched between two FM layers. This is discussed in

chapter 7. The working principle involved the parallel and antiparallel magnetisation states of

the FMs, with different amplitudes. A series of sandwich structures such as GMR multilayers

were identiĄed to get the working principle of the device. In the subsequent steps, a layer

stack was designed with optimisation based on FM layer thicknesses and the introduction of

scattering through a spacer layer to reduce contribution from individual FM layers. Finally, a

switchable terahertz emitter was achieved with a high ratio of amplitudes between the parallel

and antiparallel states. This functionality can be used for applications involving switching

between signals based on different amplitudes.
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A.1 Wave Propagation

A.1.1 TE/TM modes

The propagation of electromagnetic waves along the waveguide is determined by the existence

of Ąelds within the waveguide. With the waves propagating with different modes, a mode is

deĄned as the transverse Ąeld pattern characterised by consistent amplitude and polarisation

proĄles along the longitudinal or z coordinate of the waveguide. They can be primarily

categorised into:

TE mode:

This waveguide mode relies on transverse electric waves. These waves are characterised by the

electric vector E⃗ always being perpendicular to the direction of propagation in z−direction.

TM mode:

Transverse magnetic waves are distinguished by the magnetic vector H⃗, which is consistently

perpendicular to the direction of propagation in z−direction.

A.1.2 CST electromagnetic simulation

The CST electromagnetic simulation is performed in order to determine the plasmonic effects

in the arrays of nanoSTEs with dimensions of sub-micrometer subjected to illumination with

fs-laser pulse of wavelength 800 nm.

For the simulations electromagnetic module with the submodule for periodic structures is

taken. The simulated nanoSTE dimensions were 900 nm and 4.5µm with a thickness of
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10 nm with the nanoSTE material being Pt with σ ≙ 3 × 106 S/m. The substrate material

was used as sapphire with σ ≙ 10−12 S/m and ϵr ≙ 3.064 [144]. The substrate dimension

is nanoSTE dimension along with the spacing which is 100 nm and 500 nm for 900 nm and

4.5µm nanoSTEs, respectively.

A unit cell is excited with a 100 THz signal using the two Floquet ports to have the two

modes, TE and TM, in order to model the radiation of a linearly polarised wave. The Floquet

boundaries are taken at least quarter wavelength apart from the radiating surface. Out of

the various default S-parameters obtained from the simulation, the S-parameters correspond-

ing to the TE and the TM modes in transmission are SZmax1.Zmin1 and SZmax2.Zmin2,

respectively, where Zmax and Zmin are the excitation and probing ports respectively.

A.2 COMSOL AC/DC Simulation

For the simulations the COMSOL [143] electric current submodule, which is part of the

AC/DC module is used to study electric current and the material parameters required were

Electrical Conductivity (σ) and relative permittivity (ϵr). For a sapphire substrate layer

σ ≙ 10−12 S/m and ϵr ≙ 3.064 [144] was used. For the STE thin Ąlm, an average σ ≙ 5×106

S/m was used, which is in good agreement with the conductivity values for multilayer thin

Ąlms with W, CoFeB, and Pt [15, 145, 146] and an ϵr of 903 for Pt [147]. The parameters

taken for the reference STE (STEref) were D ≙ 20µm, τ ≙ 20 fs, and a thickness t = 10 nm.

A.3 Fourier Transform of differential equation

For UC(t) the inverse fourier transform is,

UC(t) ≙ 1

4π
∫
∞

−∞
UC(ω)eiωt dω. (A.1)

The differential of this equation gives,

dUC(t)
dt

≙ 1

4π
∫
∞

−∞
UC(ω)(iωeiωt)dω

≙ 1

4π
∫
∞

−∞
(iωUC(ω))eiωt dω

(A.2)
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which is the inverse Fourier transform of iωUC(ω) Hence,

FFT [dUC(t)
dt

] ≙ iωUC(ω). (A.3)

A.4 Signal Processing

A.4.1 Von Hann Window

The Hann window is one of many window functions for smoothing values. It uses a Hann

function [216] on the dataset (see Ągure A.1). It is particularly useful for dealing with dis-

continuities or sharp transitions in the FFT due to truncated waveforms that arise when the

measured signal does not form complete periods, which is also referred to as Spectral Leak-

age. It is also used for smoothing discontinuities in the measured signals or the generation

of smooth FFTs for the case of a small number of time domain datapoints.

The Hanning function is deĄned as,

w(n) ≙ 1

2
− 1

2
cos

2πn

M − 1
(A.4)

where 0 ≤ n ≤M − 1 with M denoting the total number of data points.

Figure A.1: Illustration showing Hann function. (a) Raw electro-optic signal for thin Ąlm STE
and Hann window. (b) Electro-optic signal after application of Hann window over
a time of 0.4 ps centered at 0.4 ps in contrast to the raw signal.
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A.5 Fitting of Spectral Amplitude using analytical model

The analytical model for nanoSTEs consists of an RC constant which can be expressed

as k ⋅ ϵ̃(ω)/σ̃(ω) where ϵ̃(ω) and σ̃(ω) are material-speciĄc frequency dependent complex

parameters which were obtained from the literature [151, 152, 165]. The contribution due to

gap capacitance Cg is given by kg ⋅ ϵ̃(ω)/σ̃(ω). Overall the model accounts for the features

of ϵ̃(ω) and σ̃(ω) (see Ągure A.2 (a)) with frequency speciĄc effects primarily arising due to

different k and kg.

In a Ąrst step the k value was varied over a range in order to Ąnd the k value for which

the R2 value was at least 0.6 using the analytical model and compared to the experimental

spectral amplitude of thin Ąlm STE, along with an error band. In addition, the approximation

of model calculated and experimental spectral amplitude of thin Ąlm STEs were established

for a k value of 6000 along with its corresponding error band and R2 value. This has been

calculated for both sapphire and glass substrates (see Ągure A.2 (b)).

Figure A.2: (a) Conductivity (σ̃(ω)) of metal (Platinum) and electrical permittivity (ϵ̃(ω))
of different substrates (sapphire and glass) used in the (b) modelling and curve
Ątting to Ąnd k values for thin Ąlm STEs from the analytical model.
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A.5.1 Square nanoSTEs on sapphire substrate

For the square shaped nanostructured STEs the k values were Ątted for each frequency to Ąnd

the k value that minimises the difference between the measured and calculated amplitudes

of thinĄlm STEs. It should be noted that the kref value in the model was taken as 6000,

corresponding to thin Ąlm STE (see Ągure A.2). The number of successful amplitudes at

corresponding frequencies (counts) for speciĄed k values are represented by a histogram (see

Ągure A.3 (a)). A subsequent statistical analysis was made to extract the mean and median

of the k values. The total amplitude for the entire frequency range was calculated using the

model with the obtained mean and median k values and the corresponding Ąt quality was

evaluated by computing R2.

Additionally, spectral amplitudes over the entire frequency range were calculated and R2

values computed. These were compared for a range of k values. The k value was determined

for the best R2 value in agreement with the experimental amplitude and the rounded k values

with corresponding R2 values were compared (see Ągure A.3 (b)). It should be noted that,

beyond a certain threshold the k value for the best R2 value cannot be computed since the

spectral amplitude values become closer to the experimental values of the thin Ąlm STE.

Hence, in those cases the best k values are computed from k values close to the median

achieved in the histogram.
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Figure A.3: (a) Statistical analysis to obtain the mean k, median k values compared to best
k values based on R2 value and rounded k value used for Ątting. (b) Curve
Ątting of spectral amplitudes of square nanoSTEs on sapphire substrate using
the analytical model for best k value and rounded k value.
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A.5.2 Square nanoSTEs on glass substrate

The histograms (see Ągure A.4 (a)) and the Ątting of spectral amplitudes (see Ągure A.4

(b)) for glass substrate were also achieved in a similar way. It should be noted that the kref

value in the model is taken as 6000, corresponding to thin Ąlm STE (see Ągure A.2).

Figure A.4: (a) Statistical analysis to obtain the mean k, median k values compared to best
k values based on R2 value and rounded k value used for Ątting. (b) Curve
Ątting of spectral amplitudes of square nanoSTEs on glass substrate using the
analytical model for best k value and rounded k value.
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A.5.3 Rectangular nanoSTEs

In a similar manner to the previous cases the histograms (see Ągure A.5 (a)) and curve Ątting

(see Ągure A.5 (b)) for rectangular STEs were done for the conĄgurations where the M⃗ is

parallel to constant h and perpendicular to constant h (see Ągure A.6 (a, b)).

Figure A.5: (a) Statistical analysis to obtain the mean k, median k values compared to best k
values based on R2 value and rounded k value used for Ątting. (b) Curve Ątting
of spectral amplitudes of rectangular nanoSTEs for the parallel conĄguration
(M⃗ ∥ h) by using the analytical model for best k value and rounded k value.
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Figure A.6: (a) Statistical analysis to obtain the mean k, median k values compared to best k
values based on R2 value and rounded k value used for Ątting. (b) Curve Ątting of
spectral amplitudes of rectangular nanoSTEs for the perpendicular conĄguration
(M⃗ ⊥ h) by using the analytical model for best k value and rounded k value.
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A.5.4 Square nanoSTEs with varying spacing

Figure A.7: (a) Statistical analysis to obtain the mean k and kg, median k and kg values
compared to best k and kg values based on R2 value and rounded k and kg values
used for Ątting. (b) Curve Ątting of spectral amplitudes of square nanoSTEs with
varying spacing using the analytical model for best and rounded k and kg values.

For curve Ątting of square nanoSTEs with different spacing the best combination of two

model parameters (k and kg) that Ąt the experimental frequency-dependent spectral am-

plitude data was analysed by maximising the R2 value over a 2D parameter grid of k and

kg values, which is visualised as a heatmap (see Ągure A.7 (a)). Finally, the best k and kg
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values as per the heatmap and the rounded whole number k and kg values were Ątted cor-

responding to the experimental spectral amplitudes along with error band (see Ągure A.7 (b)).

A.5.5 Rectangular nanoSTEs with varying spacing

Figure A.8: (a) Statistical analysis to obtain the mean k and kg, median k and kg values
compared to best k and kg values based on R2 value and rounded k and kg

values used for Ątting. (b) Curve Ątting of spectral amplitudes of rectangular
nanoSTEs with varying spacing using the analytical model for best and rounded
k and kg values.

Similarly, the k and kg values are determined for rectangular nanoSTEs with varying spacing

(see Ągure A.8 (a, b)).
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A.6 Electronics

The performance of a Digital to Analog Converter (DAC) or Analog-to-Digital Converter

(ADC) is characterised by various parameters, which describe the linearity of a DACŠs output

i.e its ability to produce a proportional and consistent analog output as a response to a digital

input.

A.6.1 Differential Non Linearity

The Differential Non-Linearity (DNL) is a critical linearity parameter for ADCs or DACs and

is determined by measuring the difference between the deviations of the ideal and actual

output voltages from the corresponding digital inputs [217]. It is then expressed as LSb

which is expressed as an ideal deviation of voltage when the difference between the voltages

of corresponding digital inputs are calculated. A larger DNL signiĄes a continuous waveform

generation with less deformity. The DNL for the digital code D can be calculated as,

DNLD ≙ (VD+1 −VD) − (Videal
D+1 −Videal

D )
Videal

D+1
−Videal

D

(A.5)

where 0 < D < 2N, VD is the analog output value corresponding to the digital input code D,

N is the total number of bits. The DNL can also be expressed as

DNLD(LSb) ≙ (VD+1 −VD)LSb −Videal
LSb (A.6)

in terms of LSb where Videal
D+1 −Videal

D is the difference between the analog outputs of two

adjacent digital input codes, also referred to as LSb.

A.6.2 Integral Non Linearity

Integral Non-Linearity (INL) is another critical linearity parameter for ADCs or DACs, and

it is obtained by adding up all the discrepancies between the desired output and the actual

output for each digital input and then expressing the outcome as a fraction of the LSb of

the device [217]. Greater accuracy and precision in analog conversion is indicated by smaller

INL errors since these errors can lead to signiĄcant distortions in the output signal, causing

subsequent cumulative system errors which are crucial for precision control. The INL for the

digital code D can be calculated as,

176



A Appendix

INLD ≙
2N

∑
i≙0

DNLi ≙ (VD+1 −Vmin) − (Videal
D+1 −Videal

min )
Videal

D+1
−Videal

D

(A.7)

where 0 < D < 2N, VD is the analog output value corresponding to the digital output code

D, N is the total number of bits, Videal
min is the voltages corresponding to the minimum digital

input. In terms of LSb,

INLD(LSb) ≙ (VD+1 −Videal
D+1 )LSb (A.8)

where Vmin ≙ Videal
min and LSb ≙ Videal

D+1 −Videal
D .
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