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Abstract

Spintronics is one of the emerging fields in nanoelectronics, where the spin angular momen-
tum of electrons is utilized to store and manipulate information. The spin current generated
by the spin Hall effect (SHE) in heavy metals (HM) can be used to change the spin state in
adjacent ferromagnet layers (FM) via spin-orbit torques (SOTs). In this thesis, I focus on
characterizing such spin orbit torques in different materials. Specifically, the crystallographic
dependence of spin orbit torques has been studied in two different classes of materials:
heavy metal (Pt) and cubic non-collinear antiferromagnet (Mn3Pt).

In Pt, spin orbit torques were studied in three crystallographic directions: Pt(111),
Pt(110), and Pt(001) respectively. We utilized optical and electrical techniques, namely
optical detected ferromagnetic resonance (OFMR) and spin orbit driven ferromagnetic
resonance (ST-FMR). The results obtained from these techniques were compared using DC
bias methods, and the advantages of using optical techniques have been discussed.

For SOT characterization in Mn3Pt, we studied the role of exchange bias along two
crystallographic directions: Mn3Pt(111) and Mn3Pt(001) respectively. To understand the
role of exchange bias, a thin layer of Cu was inserted between Permalloy (Py) and Mn3Pt
layers. We observed damping/antidamping-like (τAD) and field-like torques (τFL) due to
spin polarization in three directions (σx, σy, and σz respectively). The origin of these spin
polarizations could be related to the magnetic and crystal symmetry of the crystal. Finally,
we were able to demonstrate the field-dependent switching of FM with perpendicular
anisotropy via the spin orbit torque generated by the Mn3Pt layer.
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1
Introduction

The goal of spintronics research is to reduce the power consumption of CMOS based devices

and at the same time to increase the storage and processing capabilities [18]. Spin currents

can be categorized into two types: spin-polarized current and pure spin current. The

former is the flow of spins with net charge current associated with it, and the latter one is just

the flow of pure spin current with no net charge current associated with it. The efficiency of

pure spin current generation and manipulation are the critical figures of merit for industrial

device applications. One of the promising applications of SHE can be implemented in the

Racetrack Memory (RM), which was proposed by Prof. Stuart Parkin in early 2008. RM

consists of a nanowire made of ferromagnetic material, where information is stored in

magnetic domain walls. These domain walls are typically magnetized in a perpendicular

direction (shown in Fig. 1.1) [1]. The domain walls are the transition region between

1
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two domains magnetized in opposite directions, and the spacing between two successive

domains are defined the bit length of the memory. The data bits are moved along the RM by

means of passing the spin polarized current. The reading is done by intersecting the RM

with magnetic tunnel junctions magneto resistive devices [1]. Racetrack memory (RM) has

generated significant interest due to its outstanding potential for low-power, high-density

and high-speed data storage. However, for long time current driven domain wall rely only on

the flow of spin polarized current by means of spin transfer torque (STT), in which domain

wall move along the direction of applied current. Recently, spin orbit torque (SOT) driven

based RM has been demonstrated, in which a strip of heavy metal such as Pt and W are

used to inject the pure spin current into the ferromagnetic layer [19] [20]. SOT based RM

are more efficient compares to conventional STT, which provides lower shift current density

and perform higher DW velocity. Additionally, since the resistance of heavy metal is usually

lower than the FM layer and therefore, low voltage and power consumption is needed to

achieve the same DW velocity.

Figure 1.1: Schematic of Racetrack memory. The Fig. is adapted from [1].

The efficiency of generated pure spin current in a given material is defined by the

generated spin current (js) per unit energy applied, or otherwise known by the parameter
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spin Hall angle (θSH = js/jc), where jc is applied electric current. Despite having significant

application of pure spin current, the accurate estimation of js or θSH is quite challenging and

crucial, as the generated spin current (js) doesn’t have direct electrical voltage associated

with it [18]. Various techniques are employed to measure the θSH are both electrical and

optical in nature. However, these techniques often yield different values for θSH [4]. This

discrepancy arises due to the model dependence of some techniques, leading to potential

over- or underestimation of θSH [21]. Therefore, it is of utmost importance to develop

optical techniques that can be utilized in conjunction with existing electrical techniques to

enable a direct comparison of spin Hall measurements. One widely employed technique

for studying the spin Hall effect (SHE) in FM/HM bilayers is Spin Torque Ferromagnetic

Resonance (ST-FMR) [22].

Another aspect of studying the spin Hall effect (SHE) is the influence of crystal and

magnetic symmetry on its efficiency. The origin of SHE is dependent on the electronic and

magnetic structure of materials, considering both intrinsic and extrinsic contributions [4].

Recent research has revealed that non-collinear antiferromagnetic materials, where magnetic

moments are tilted in space, exhibit spin chirality. This spin chirality is characterized by the

expression Si,j,k = Si.(Sj ×Sk), where Si,j,k represent non-coplanar spins in a lattice. The

spin chirality gives rise to a fictitious magnetic field known as a Berry phase, which plays a

pivotal role in the SHE and anomalous Hall effect (AHE) observed in non-collinear antifer-

romagnetic materials like Mn3X (where X can be Sn, Ge, Pt, Ir, etc.), even in the absence

of significant spin-orbit coupling (SOC) [6]. Consequently, non-collinear antiferromagnetic

materials possess intriguing magnetic and crystal symmetries, making them compelling

candidates for studying the SHE.

With these goals and requirements in mind, this thesis focuses on several key aspects.

Firstly, we investigate the crystallographic dependence of the spin Hall effect (SHE) in Pt

along three crystallographic directions: (001), (110), and (111). In this research, we utilize

an in-house developed optical technique called optically detected ferromagnetic resonance

(OFMR) and compare the results obtained with this optical technique to those obtained

using a standard spin-torque ferromagnetic resonance (STFMR) technique.
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The latter part of the thesis delves into the crystallographic dependence of spin orbit

torque in cubic Mn3Pt(001) and Mn3Pt(111). By exploring the angular dependence of

STFMR measurements, we aim to gain insights into the origin of different torques present

in these films. Subsequently, we observe field-dependent magnetization switching using

the Mn3Pt film as a spin Hall material. Through these investigations, we aim to advance

our understanding of the crystallographic dependence of the spin Hall effect and spin orbit

torque, utilizing optical and electrical techniques

1.1 Outline of the thesis

In Chapter 2 we described the scientific background needed to understand the rest of the

thesis. In the beginning, we explained the basics of spintronics, spin current, spin orbit

coupling, and then we articulated the spin Hall effect (SHE) and its different mechanism

(intrinsic and extrinsic). After this, we described the non-collinear antiferromagnets in the

context of spin Hall effect (SHE) and how these materials can be useful for spintronics

application. In particular, we focus on the spin orbit torque generated from cubic Mn3Pt(111)

and Mn3Pt(001), respectively.

In Chapter 3 experimental methods and techniques used in the context of this work has

been discussed. At first, the basic principle of the sample preparation and characterization

technique such magnetron sputtering, X-ray diffraction (XRD), Atomic Force Microscopy

(AFM), Physical Property Measurement System (PPMS) has been discussed. Then, the

basic of the device fabrication such as optical lithography and resistivity measurements

are discussed. The last two sections of this chapter are devoted to the techniques, namely

: Optically Detected Ferromagnetic Resonance (OFMR) and Spin Torque Ferromagnetic

Resonance (STFMR).

Chapter 4 serves as the inaugural experimental chapter in the thesis. In this chapter, we

first discuss the sample preparation and its structural, magnetic properties such as XRD,

AFM, MOKE etc. Then, we describe the OFMR set up in detail and discuss the way of

measuring the FMR response in the setup such as field sweep and delay sweep measurement,
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respectively. After this, the principle of STFMR measurement is presented. In the end, the

comparison of above-mentioned techniques are discussed with respect to samples Pt(111),

Pt(110) and Pt(001), respectively and discuss the advantage of optical technique compare to

STFMR especially in the context of DC bias measurement.

Chapter 5 comprises the subsequent experimental chapter within the thesis. Firstly,

sample preparation and its basics structural and magnetic characterization are presented.

Then, unconventional spin orbit torques in non collinear antiferromagnets Mn3Pt with

respect to its crystallographic directions (111) and (001) are discussed. In particular, angular

dependence STFMR measurements are performed to estimate torques associated with these

materials. In the last section, field dependent magnetization switching of perpendicular

anisotropic ferromagnetic material with Mn3Pt as a spin Hall material are discussed.

Finally, Chapter 6 presents the summary and outlook of the thesis.





2
Therotical Background

In this chapter, the theoretical background is presented to provide the necessary context for

understanding the subsequent chapters of the thesis. The first section provides an overview of

spintronics, introducing the fundamental concepts and principles in the field. The subsequent

sections delve into the concept of spin current, exploring its properties and characteristics.

The focus then shifts to the Spin Hall Effect (SHE) and its various mechanisms. The different

mechanisms underlying SHE are discussed in detail, shedding light on the intricate interplay

between spin and charge currents.

The latter part of the chapter concentrates on antiferromagnetic spintronics. It explores

the Anomalous Hall Effect (AHE) and Spin Hall Effect (SHE) in non-collinear antifer-

romagnets, emphasizing their unique properties and potential applications. Additionally,

the concept of Berry curvature, a key factor in understanding the phenomena observed in

7



2.1. Spintronics 8

non-collinear antiferromagnets, is introduced and explained.

2.1 Spintronics

Conventional electronics relies solely on the charge degree of electrons, completely ignor-

ing the fact that electrons also possess a unique quantum mechanical property known as

“intrinsic angular momentum” or “spin”. The spin of an electron is a direct consequence of

relativistic quantum mechanics and has no classical analogue. Since the invention of the

first semiconductor transistor at ATT’s Bell Labs in 1947 [23], the number of transistors on

an integrated chip has doubled every two years (known as Moore’s Law) [24]. This rapid

development, with an increasing number of transistors, has resulted in smaller and smaller

modern computers. However, this downsizing also brings the challenge of joule heating

in microelectronics. Surprisingly, all these devices utilize the charge degree of freedom to

store and process information. Hence, there is a growing need for devices that can store

more information, consume less power, and operate faster.

Spintronics is an emerging field in the next-generation nanoelectronic devices aimed

at reducing power consumption and increasing memory and processing capabilities [25].

As the name suggests, Spintronics utilizes the spin degree of freedom of electrons to store

and manipulate information. The field of Spintronics began with the discovery of Giant

Magnetoresistance (GMR) in alternating metallic ferromagnetic thin films separated by

nonmagnetic layers in 1988. [26][27][28].
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Figure 2.1: Resistivity change due to applied magnetic field in Fe/Cr multilayers [2].

In a typical Giant Magnetoresistance (GMR) structure, the electrical resistance of the

system changes depending on the relative orientation of the magnetization in the two

ferromagnetic layers. When the magnetization is antiparallel (AP), the resistance is higher,

whereas when they are parallel (P), the resistance is lower (as illustrated in Figure 2.1). This

GMR phenomenon arises from the spin-dependent scattering of electrons in ferromagnetic

materials. Due to the difference in density between up and down spins at the Fermi level in a

ferromagnetic material, the scattering rates for these spin orientations are also different [2].

A similar effect is observed when an insulating layer replaces the conducting barrier

between the two ferromagnetic layers. In this case, electrons tunnel through the insulating

layer, leading to a phenomenon known as tunneling magnetoresistance (TMR) [29]. This

TMR effect finds practical application in Magnetic Tunnel Junctions (MTJs). MTJs serve

as the fundamental building blocks of Magnetic Random Access Memory (MRAM), as

shown in Figure 2.2. MRAM is a non-conventional memory technology that offers potential

advantages over conventional CMOS-based computer memory, such as non-volatility, low

energy dissipation, fast switching speed, radiation hardness, and durability [3].
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Figure 2.2: (a) Typical circuit diagram of magnetic random-access memory (MRAM) and
(b) cross-section area of typical MTJ as a spin valve [3].

There are three important pillars in the studies of Spintronics

• Spin Injection, as this is the first step to generate efficiently and to implement them

in spintronics device application.

• Spin Manipulation, to control the orientation of the electron’s spin to process or

store the information.

• Spin Detection, to read out the spin coherent states after applying the logic operations

on them.

2.2 Spin Current

An electron carries an elementary charge of –e, and when there is a coherent flow of

electronic charges, it gives rise to an electric current. In conventional electric currents, the

spin orientations of electrons are random, meaning that the spins do not have any significant

effect on the information being carried. However, in spin currents, the flow is specifically

of spin angular momentum without any accompanying charge current. Spin currents are

distinct from conventional currents in that they carry and manipulate the spin information of

electrons.In order to formulate the spin current, let us consider the Hamiltonian of many

body systems [30].
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H = ∑
i,σ

1
2m

(Pi –
e
c

Aσ)2 +∑
i̸=j

Vij (2.1)

The first term defines the kinetic energy of the system, and the second term represents

the non-neighbouring interactions between electrons. Where σ =↑↓ is the spin index. From

the Hamiltonian, the velocity operators of electrons are

vσ = –
c
e
∂H
∂Aσ

= ∑
i

(
Pi –

e
c

Aσ

)
/m (2.2)

Here Aσ is the spin dependent vector potential. The electric current can be expressed as

je = –e

(
∂E
∂A↑

+
∂E
∂A↓

)
= –e(v↑ + v↓)/2 (2.3)

Where E (A↑,↓) is the energy eigenvalue for the system. If the vector potential is

independent of spins i.e., A↑ = A↓ then v↑ = v↓, velocities of electrons are independent of

the spin orientations. However, if the vector potential is spin dependent i.e., A↑ ̸= A↓ then

the velocities will also dependent on the spins for e.g., v↑ ̸= –v↓. In this case je = 0 but there

will be non-zero spin current js ̸= 0. Therefore, spin current can be defined as ℏ
2 (v↑ – v↓),

where factor ℏ
2 comes from the quantum mechanical unit of spin. It should be pointed that

there is clear distinction between spin polarized current and pure spin current, the former

includes charge current with majority spin up or spin down electrons and while the latter is

just a flow of pure spins with no charge current associated with it.

2.3 Spin Orbit Coupling

Spin-orbit coupling (SOC) is a relativistic phenomenon that occurs when the spin (or

magnetic moment) of a moving electron couples to an effective magnetic field in the

presence of an electric field. SOC is a direct consequence of the Dirac equation and is

included as a correction term in the equation, given by:

HSO = ηSOσ.(k×∇V(r)) (2.4)
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Here, ηSO = h̄
2mc2 ≈ 3.7×10–62 represents the SOC strength, h̄k = p, V(r) is the potential

acting on the electron, and σ represents the Pauli matrices. In a solid, the potential acting

on the electron can be divided into two components: a periodic potential originating from

the lattice, denoted as VL(r), and a non-periodic potential due to impurities. The interaction

between the spins (σ) and the periodic potential VL leads to an effective term of the form:

HSO,int = –
1
2
σ.B(k) (2.5)

Here, B(k) is the k-dependent magnetic field, which depends on the electron’s band

structure. In this context, k is considered as a crystal wave vector. This contribution is solely

determined by the electron’s band structure and arises even in the absence of impurities,

making it an intrinsic contribution of SOC. Additionally, due to the non-periodic part of the

potential, SOC takes a similar form:

HSO,ext = η′SOσ.(k×∇V(r)) (2.6)

Here, η′SO represents the strength of extrinsic SOC, which can be orders of magni-

tude larger than ηSO. This extrinsic SOC is associated with the non-periodic part of the

potential and is considered as an extrinsic contribution. As a result of the intrinsic and

extrinsic contributions of SOC, the velocity and coordinate operators of the electron become

spin-dependent. When an electron scatters from an impurity, the scattering cross-section

becomes spin-state-dependent, leading to unequal scattering angles for spin-up and spin-

down electrons. This phenomenon gives rise to the mechanism of the spin Hall effect (SHE),

which can be explained by various mechanisms such as Mott scattering and the side jump

mechanism [4].

2.3.1 Rashba and Dresselhaus type of SOC

As mentioned in the previous section, the spin-orbit coupling (SOC) takes the form of

HSO ∝ –σ.(∇V(r)×p). Let’s denote the term w(p) = ∇V(r)×p as the SOC field. Since

the SOC is preserved under time reversal, the term w(p) must be odd with respect to the
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electron’s momentum p. This odd term survives only in systems where there is a lack of

inversion symmetry. Dresselhaus first noticed that certain semiconductors, such as GaAs

and InSb, lack inversion symmetry, resulting in an odd w(p) [31]. Bychkov and Rashba

proposed that in certain quantum wells, the structural inversion symmetry is broken along

the growth direction, creating an interfacial electric field E = Ezẑ. This broken inversion

symmetry gives rise to SOC of the form HR,SO = αR
h̄ (z×p).σ, where αR is known as the

Rashba parameter. The Hamiltonian for a two-dimensional electron gas (2DEG) with these

two SOC terms takes the form [32]:

HSO =
αR
h̄

(σxpy –σypx) +
λ

h̄
(σxpx –σypy) (2.7)

The first term represents the Bychkov-Rashba SOC arising from the lack of inversion

symmetry at the interface, while the second term represents the Dresselhaus SOC resulting

from the lack of inversion symmetry in bulk semiconductors. Both Dresselhaus and Rashba

SOC couple the spin of the electron to its momentum direction and cause a splitting of the

spin sub-bands in energy. The mechanism of the intrinsic spin Hall effect can be explained

by these types of SOC, namely Dresselhaus and Rashba SOC [4].

2.4 Spin Hall Effect (SHE)

The electrical manipulation and generation of spin currents are of key importance in the

field of spintronics. Among several possibilities, the Spin Hall Effect (SHE) stands out as

one of the primary methods for generating spin currents. In this section, we will discuss

SHE and delve into its underlying mechanism [4].
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Figure 2.3: An illustration of the connected family of the spin-dependent Hall effects. In
the AHE, a charge current generates a polarized transverse charge current. In the SHE, an
unpolarized charge current generates a transverse pure spin current. In the ISHE, a pure spin
current generates a transverse charge current. The figure is taken from ref.[4].

SHE is a collection of relativistic spin-orbit coupling phenomena, where longitudinal

charge current generates transverse spin current and vice versa. The theoretical prediction

of SHE was made in 1971 by Dynkonov and Perel, based on the idea of asymmetric Mott

scattering [33]. In typical SHE, a longitudinal electrical current passing through a material

generates pure transverse spin current polarized perpendicular to the plane defined by the

spin and charge current (Red and blue arrows define the direction of spins in Fig. 2.3). In

the reciprocal of SHE, known as the Inverse Spin Hall Effect (ISHE), a pure spin current

generates a transverse charge current. In order to have SHE/ISHE, the material should

possess large SOC. SHE shares some common mechanism with anomalous Hall effect

(AHE), where spin orbit coupling generates an asymmetric deflection of the electron charges

depending on their spin direction [34] as shown in Fig. 2.3. The AHE can be measured

electrically in a ferromagnet via a transverse voltage due to the difference in population of

majority and minority charge carriers. Since there is no charge current or electrical signal

associated with pure spin current, therefore, it is difficult to detect the SHE electrically.
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The important difference between AHE and SHE/ISHE is that, AHE correlates the charge

degrees of freedom via SOC which is a conserved quantity. However, SHE/ISHE correlates

to the spin degree of freedom, which is a non conserved quantity subject to decay and

dephasing. The first observation of SHE was observed by Kato et al. and subsequently by

Wunderlich et al. by optical means [35] [36]. In their experiments, scanning Kerr microscopy

was used to measure the electrical induced out of plane spin accumulation near the edges of

unstrained GaAs and InGaAs films [35] [36].

2.5 Mechanism of SHE

The microscopic mechanism of SHE is similar to AHE. There are three distinct microscopic

mechanism namely : the intrinsic, the skew and unique the side jump mechanism. Similar

to AHE, the contributions from these mechanisms can be classified based on the transport

lifetime (τ). These contributions can be observed by experiments. Within the metallic

regime, it is easy to identify the contributions to the spin Hall conductivity, σH
xy which is

varied as τ1 and as τ0.

Similar to AHE experiment, σH
xy ∝ σxx (longitudinal conductivity) ∝ τ1 and the τ can be

varied by altering disorder or changing the temperature. This contribution proportional to

τ1 is called skew scattering contribution, σH–skew
xy . The other contributions which are not

dependent on τ (τ0 or independent of σxx ) can be further divided into two terms : intrinsic

and side jump. The total contributions of σH
xy can be written as:

σH
xy = σH–skew

xy +σH–int
xy +σ

H–sj
xy (2.8)

2.5.1 Intrinsic Mechanism

Ordinary Hall effect was discovered by Edwin Hall in 1880 and the microscopic under-

standing of this effect was unknown for the next few decades. As the name implies, the

intrinsic contribution of SHE depends on the band structure of the crystal structure [4].

Within semiclassical theories it has been shown that due to interband coherence there is an
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additional anomalous velocity arises from momentum-berry phase [37][38].

vk =
∂Ek
∂k

+ eE×Ωk (2.9)

The first term in the above equation is the normal velocity of the electron due to band

energy with respect to electron’s momentum k and the second term is called the anomalous

velocity, which is linear with respect to E and Ω is called Berry curvature [39]. To understand

the intrinsic contribution of SHE analytically, a system of 2D electron gas with Rashba type

of spin-orbit coupling can be considered [5] [40]:

H =
P2

2m
–
λ

ℏ
σ.(ẑ× p⃗) (2.10)

Where P = ℏk is the 2D electron momentum, λ is the Rashba effective coupling constant,

σ is the Pauli matrices, m is the mass of the electron effective mass and ẑ is the unit

vector perpendicular to the 2DEG plane. The illustration of the intrinsic nature of SHE

is depicted in the Fig. 2.4. In a translation invariant 2DES (Two Dimensional Electron

States), due to SOC, a momentum dependent effective magnetic field causes the spins to

align perpendicular to the momenta as shown in the Fig. 2.4 (green arrows). When the

external electric field E is applied, electrons get acceleration and drift through momentum

space at the rate of P⃗ = –eEx̂. The spin Hall effect arises from the time dependent effective

magnetic field experienced by the spins because of their motion in momentum space. It has

been shown that the nature of this spin current is purely intrinsic and does not rely on the

scattering by impurities[5]. The generated spin current density along the ŷ direction is given

by [5].

js,y =
∫

annulus

d2⃗p
(2πℏ)2

ℏnz,⃗p

2

py

m
=

–e
16πλm

(pF+ – pF–) (2.11)

Where pF+ and pF– are the Fermi momenta of the majority and minority spin Rashba

bands. When both bands are occupied, the spin Hall conductivity takes the form :

σSH =
js,y
Ex

=
e

8π
(2.12)
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Figure 2.4: a) The 2D electronic eigenstates in a Rashba spin-orbit coupled system are
labeled by momentum (green or light gray arrows). For each momentum, the two eigen-
spinors point in the azimuthal direction (red or dark gray arrows). (b) In the presence of an
electric field, the Fermi surface (circle) is displaced an amount jeExt0 = hj at time t0 (shorter
than typical scattering times). While moving in momentum space, electrons experience
an effective torque which tilts the spins up for py > 0 and down for py < 0,creating a spin
current in the y direction. The figure is taken from ref.[5]

Which is independent of both the Rashba coupling strength and 2DES [5].

2.5.2 Extrinsic Mechanism

The extrinsic mechanism of SHE can be broadly characterized into two parts : skew-

scattering and side-jump mechanism. The skew-scattering mechanism contribution of

both SHE directly depends on the Bloch state transport lifetime τ. The skew scattering

mechanism of SHE arises from the spin orbit coupling in the disorder potential. This causes

the asymmetric chiral contribution to the scattering probability of momenta k and k′ [4].
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WA
kk′ ∼ (k×k′).M (2.13)

Using this transition probability in the Boltzmann equation leads to the longitudinal current

proportional to E and perpendicular to both E and M, where the direction of M defines

the spin polarization in SHE. The corresponding contribution in σH–skew
xy is proportional to

longitudinal conductivity σxx and therefore scattering lifetime τ.

There is another extrinsic mechanism that contributes to SHE is called Side-jump mecha-

nism, which is the difference between the total SHE conductivity and the skew and intrinsic

contributions. The definition of side-jump contribution within the semi classical theory is as

follows : When a Gaussian wave packet scattered from a spherical impurity with spin orbit

interaction [The Hamiltonian due to spin orbit coupling, HSO = 1
2m2c2 (r–1 ∂V

∂r SzLz)]. It’s

wave vector (k) will change by an amount of 1
6

kℏ2

m2c2 in the transverse direction to k. This

type of contribution was mentioned by Smit and Berger [41] [42]. The side jump mechanism

can be classified further into two parts : intrinsic and extrinsic. These contributions depend

on the non spin-orbit and spin-orbit coupled part of the wave packet formed by the Bloch

electrons.

2.6 Antiferromagneticic Spintronics

Antiferromagnetic (AF) materials belong to a category of magnetic materials in which the

magnetic moments of neighboring atoms are oriented in opposite directions, and therefore

they exhibit no net magnetization. The information stored in antiferromagnetic (AF) mate-

rials is not influenced by external magnetic fields or perturbations due to the cancellation

of the net magnetization. The opposing alignments of neighboring magnetic moments in

AF materials result in a zero net magnetization, making them less susceptible to external

magnetic fields. Because of this cancellation effect, AF materials exhibit a high degree of

stability against external magnetic disturbances. The information stored in AF materials

remains preserved even in the presence of external magnetic fields, making them attractive

for applications where data integrity and robustness are crucial, such as in magnetic storage
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devices and magnetic sensors.

Due to strong interaction between neighboring spin sublattices, AF materials also posses

large magnon frequencies (typical in THz range) compare to the ferromagnetic materials

in which weaker anisotropy results in small magnon frequencies (in GHz range) [43].

Therefore, AF materials are also suitable candidates for writing and reading the information

at very short time scale [44]. Antiferromagnetic spintronics can be considered as a subfield

of spintronics, in which spin transport, dynamics, and magnetic texture in AF materials are

investigated.

2.6.1 Non collinear Antiferromagnets

In collinear antiferromagnets, the AHE vanishes due to the existence of both time-reversal

(T̂) and crystal symmetry (Ô) [9]. Due to the vanishing AHE, collinear AF isn’t suitable for

reading out signals in spintronics applications. Non-collinear antiferromagnets (NCAF) are

a special kind of antiferromagnets in which geometrical frustration leads to the canting of

the magnetic moments [45]. Mn3X (X = Sn, Ge, Ga, Ir, Pt, Rh) are the most common types

of compounds that exhibit a non-collinear antiferromagnetic structure [45][6] [46].

Figure 2.5: Crystal and magnetic structure of (a) Mn3Sn (as well as Mn3Ge and Mn3Ga)
(b) Mn3Ir (as well as Mn3Pt and Mn3Rh). The Fig. is adapted from ref [6]

The crystal and magnetic structures of Mn3Sn and Mn3Ir are shown in Fig. 2.5. In

Mn3Sn, a non-collinear antiferromagnetic order is observed in the hexagonal crystal struc-

ture (with space group P63/mmc), and the antiferromagnetic ordering persists up to 420K
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(Néel temperature TN). As seen in Fig. 2.5, the Mn atoms exhibit a 120◦ orientation from

each other due to geometrical frustration. Although the total moments are compensated,

they align along the same axis. This type of magnetic moment arrangement is referred to

as non-collinear antiferromagnetism. On the other hand, Mn3Ir exhibits antiferromagnetic

ordering in a cubic crystal structure (with space group Pm – 3m, 221), with a kagome plane

along the (111) directions. It also has a high Néel temperature of 730K [47]. Due to its large

TN and the presence of the exchange bias effect, Mn3Ir it has been utilized in spin valve

structures for spintronics applications [48].

Furthermore, it is important to highlight the difference in spin textures between hexago-

nal and cubic crystal symmetries. In Mn3Sn, the magnetic moments lie in the (0001) basal

plane, as illustrated in Fig. 2.6. If we consider the Mn atoms in a clockwise direction, the

corresponding magnetic moments will rotate by 120◦ in the counterclockwise direction

compared to the previous moment. This spin texture is referred to as the inverse triangular

spin texture. Conversely, in the cubic structure of Mn3Ir, if we consider the Mn atoms

in a clockwise direction, the corresponding magnetic moment will rotate by 120◦ from

the previous moment in the same clockwise direction. This spin texture is known as the

triangular spin texture.
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Figure 2.6: (a) (b) The triangular and inverse triangular spin textures in cubic Mn3Ir and
hexagonal Mn3Sn crystal structure. (c) and (d) shows respective crystal structures. The Fig.
is adapted from ref [7].

Although these spin structures are different in cubic and hexagonal compounds, both

exhibit chirality or handedness. This means that the magnetic properties of the system

depend on the direction of rotation through the spin texture. For instance, in the clockwise

rotation, the spins follow a tail-to-head configuration, while in the anticlockwise rotation,

they follow a head-to-tail configuration, as shown in Fig. 2.6. When the spin textures are

reversed, the chirality is also reversed [49]. The specific chirality of the magnetic structure is

determined by the Dzyaloshinskii–Moriya interaction (DMI), which is an antisymmetric

exchange interaction between neighboring spins. The term in the Hamiltonian associated

with the DMI can be expressed as:
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HDMI = Dij.(Si ×Sj) (2.14)

Dij is a vector that determines the strength of the DMI, with its direction pointing out of

the plane containing the Si and Sj moments. The DMI promotes the canting of magnetic

moments, causing Si and Sj to be oriented at an angle. Thus, the presence of DMI introduces

chirality in the system.

Due to the chirality in the spin structure, when conduction electrons hop onto chiral

spin sites, their quantum mechanical amplitude (or wave function) acquires a complex

phase factor known as the Berry phase. The Berry phase manifests itself as an internal

magnetic field in reciprocal space, giving rise to the anomalous Hall effect (AHE) and

spin Hall effect (SHE) (which will be explained in the next section) even in the absence of

spontaneous magnetization and SOC. It is worth noting that in ferromagnets, the transverse

resistivity scales linearly with the saturation magnetization (ρH = R0B + 4πRsMs), whereas

in non-collinear antiferromagnets, the Berry phase alone can induce the anomalous Hall

effect1.

2.6.2 AHE in Non-Collinear Antiferromagnet

Hall effect directly probes the electronic states at the Fermi level, and its ordinary part (∝ B)

represents the measurement of the Fermi volume, which is the volume in momentum space

enclosed by the Fermi sphere. In ferromagnets (FM), an additional contribution comes from

the magnetic order, known as the extraordinary or anomalous Hall effect [50].

ρxy = R0Bz +ρAHE
xy (2.15)

Here, R0 is the ordinary Hall coefficient, Bz is the applied magnetic field in the out-of-

plane direction, and ρAHE
xy is the anomalous Hall resistivity. Equation 2.15 is valid when the

cyclotron frequency (ωc) is much smaller than the scattering rate (τ–1) of carriers (R0Bz <<

1In ferromagnets, the presence of spontaneous magnetization and SOC contribute to the AHE. However,
in non-collinear antiferromagnets, the Berry phase induced by chirality can give rise to the AHE even in the
absence of spontaneous magnetization.
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ρxx). In ferromagnets, the anomalous Hall effect arises as a direct consequence of the

broken time reversal symmetry and spin-orbit coupling (SOC) [51]. The SOC leads to spin-

dependent scattering of spin-up and spin-down electrons, resulting in different populations

inside a ferromagnet depending on their spin direction. This creates an asymmetric charge

accumulation at the opposite edges of the sample, giving rise to a transverse electric field,

i.e., the Hall voltage (VH).

In the earlier section, we mentioned that due to geometrical frustration, spin textures

become chiral in non-collinear antiferromagnets. The chirality of the spin texture can be

described by two means: the vector spin chirality (k = (Si × Sj)) and the scalar spin

chirality (k = Si.(Sj ×Sk)) (where indices i, j, and k are the lattice sites) [52]. The vector

and scalar chiral orders of spins are direct results of DMI without an inversion center and

can be used as order parameters in frustrated ferromagnets and antiferromagnets [52]. The

vector chirality is introduced in the context of coplanar arrangements of chiral spin textures,

while the scalar chirality is used to describe non-coplanar chiral spin textures [52].

Now let’s consider the case when an itinerant electron hops along a closed loop (1 →

2 → 3 → 1) in a chiral spin texture. Its wave function acquires a phase that corresponds to

the total angle subtended by the three spins in three dimensions [8]. This phase is known

as the Berry phase and can arise from either vector chirality or scalar chirality. In the case

of vector chirality (when spin textures are coplanar), this Berry phase is known as the

momentum space Berry phase (γ(k)). For a closed path in momentum space, it can be

defined as:

γnk = i
∮

C
dk.⟨nk|∇k|nk⟩ =

∮
C

An(k).dk (2.16)

Where An(k) = i⟨nk|∇k|nk⟩ is a vector-valued function known as the Berry connection

or otherwise known as Berry potential. Using Stoke’s theorem, it can be seen as

∮
C

An(k).dk =
∮

S
∇×An(k)dS (2.17)

The pseudo vector Ωn(k) = (∇×An(k)) is known as Berry curvature in momentum
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space [53]. This Berry curvature acts as a fictitious magnetic field in momentum space

Figure 2.7: Surface enclosed by the canted spins. The Fig. is adapted from [8].

The fictitious magnetic field exerts a Lorentz force on the charge carriers, deflecting

their paths in the transverse direction and changing the direction of their momentum. This

deflection gives rise to the Hall voltage. The magnetic field induced by the momentum

space Berry phase can be as high as 100T [54], resulting in strong deflection of the charge

carriers from their initial trajectories. The Berry phase induces the anomalous Hall effect

and contributes to the intrinsic part of the anomalous Hall conductivity.

The intrinsic contribution of the anomalous Hall conductivity can be calculated by

integrating the orbital polarization (OP) of the momentum Berry curvature of Bloch electrons

Ωn(k) over the entire Brillouin zone (BZ) [55].

σAHE
xy =

e2

ℏ

∫
BZ

dk
2π3 ∑ f(k)Ωn(k) (2.18)

It is important to note that the momentum Berry phase is a direct consequence of the

non-collinearity of the magnetic ordering, which in turn breaks the time reversal symmetry

in the system. As a result, even in the absence of net magnetization and spin-orbit coupling,

the intrinsic anomalous Hall effect arises in non-collinear antiferromagnets due to the broken

time reversal symmetry caused by the long-range magnetic ordering.
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Figure 2.8: Schematic illustrations of (a) AHE and, (b) SHE from the viewpoint of spin-
dependent Mott scattering. (c) AHE in collinear FM, collinear AFM, chiral FM, and chiral
AFM systems. The Fig. is taken from [9].

2.6.3 SHE in Non-Collinear Antiferromagnet

In this section, spin Hall effect (SHE) in non collinear antiferromagnet will be discussed, in

particular Berry phase driven intrinsic SHE. Similar to AHE, the intrinsic contribution of

spin Hall conductivity (SHC) can be obtained from the linear response theory [9].

σ
γ
αβ =

e
ℏ∑

n

∫
BZ

d3k
(2π)3 fn(k)Ωγ

n,αβ(k) (2.19)

Ω
γ
n,αβ(k) = 2iℏ2

∑
m ̸=n

⟨un(k)|Jγα|un(k⟩⟨un(k)|vβ|un(k⟩
(En(k) – Em(k))2 (2.20)

Where Ω
γ
n,αβ(k) is the spin Berry curvature, σγαβ is the spin Hall conductivity tensor,

which is a third order tensor and related to the generated spin current Jγαβ via electric

field Eβ. The notation Jγαβ represents the spin current flows along α the direction with

the polarization axis along the γ direction and Eβ is the component of electric field E⃗

(α,β,γ = x,y,z). The intrinsic contribution of SHC is determined by the electronic band

structure, which are fully compilable with the symmetry in the Hamiltonian.

Based on the crystal and magnetic symmetries of Mn3X compounds, we would classify

the discussion into two parts. Mn3Sn, Mn3Ga and Mn3Ge compounds shows hexagonal
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crystal symmetry with space group P63/mmc, in each primitive unit cell Mn3X planes are

stacked along c axis according to “-AB-AB-” structure and in each structure Kagome type

lattice is formed with Ga, Ge, and Sn situated at the center of hexagon formed from the Mn

atoms. Due to the geometrical frustration, Mn moments are canted at 120◦ from each other

in the same plane. On the other hand, compounds like Mn3Rh, Mn3Ir and Mn3Pt shows

cubic crystal symmetry (face centered lattice) with space group Pm3m, in which atoms Ir

(Rh, Pt) sits on the face center while Mn atoms are lying on the corner of the cube. In the

cubic structure, within (111) plane Mn atoms forms the Kagome lattice and stack along

“-ABC -ABC-” sequence.

2.6.4 SHE in Mn3X, X = Ga, Sn and Ge

The magnitude and direction of SHE can be explained by the SHC (Spin Hall Conductivity)

tensor. The Intrinsic SHC tensor depends on the electronic band structure, which in turn

relies on the symmetries in Hamiltonian. Similar to AHC tensor, some elements of intrinsic

SHC tensor will be zero based on the magnetic and lattice symmetries of the compound.

For Mn3X, X = Ga, Sn, and Ge, the magnetic space group is R3̄m′ and the corresponding

Laue group is m’m’m’[9]. The table 2.1 summarizes the shape of intrinsic SHC tensor

and the corresponding numerical values. It can be inferred from the table 2.1 that SHC is

anisotropic, i.e., the magnitude of the spin current depends on the flow of the charge current

with respect to the crystallographic plane. For example, we take the case of h – Mn3Ge,

which is shown in Fig. 2.9.

Here we set the kagome plane in xy plane, if the charge current J flows in x direction

then the corresponding spin current JS will have maximum amplitude along the y direction

and minimum amplitude along z direction. Therefore, in order to observe the largest SHE,

the charge current needs to be set in the kagome plane, which is also evident in the table 2.1

only σz
xy and σz

yx dominated and rest of the elements are zero (SHC« 12 ℏ
e ).
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σx σy σz

symmetry-imposed tensor shape

0 0 0
0 0 σx

yz
0 σx

zy 0

  0 0 σ
y
xz

0 0 0
σ

y
zx 0 0

  0 σz
xy 0

σz
yx 0 0
0 0 0



Mn3Ga

0 0 0
0 0 –14
0 12 0

  0 0 15
0 0 0
–7 0 0

  0 –597 0
626 0 0
0 0 0



Mn3Ge

0 0 0
0 0 –21
0 18 0

  0 0 21
0 0 0

–18 0 0

  0 112 0
–115 0 0

0 0 0



Mn3Sn

0 0 0
0 0 –36
0 96 0

  0 0 36
0 0 0

–96 0 0

  0 64 0
–68 0 0
0 0 0



Table 2.1: The intrinsic SHC tensors and numerical values of SHC for Mn3Ga, Mn3Ge
and Mn3Sn, elements of SHC tensors are considered to be zero when they are less than 12
ℏ
e (Ωcm)–1. The value in the table is adapted from ref [9]

Figure 2.9: (a) Anisotropy in spin current in Mn3Ge : spin current JS arising due to the flow
of charge current J along x-axis. The value of JS inside a YZ plane, the largest and smallest
SHC occurs for θ = 0◦ (y-axis) and θ = 90◦ (z-axis) respectively. (b) Direction of JS and J
with respect to Kagome plane in Mn3Ge. The Fig. is adapted from [9].
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2.6.5 SHE in Mn3X, X = Rh, Ir and Pt

In the cubic lattice of Mn3X (X = Rh, Ir, and Pt), there are three mirror planes that are

related to each other by a threefold rotation and intersect the [111] crystallographic plane [9].

In the Kagome plane, the mirror reflection M̂ preserves the lattice symmetry but reverses

the magnetic moments, and the time-reversal T̂ also reverses the moments. Therefore, the

system preserves the symmetries with respect to T̂M̂ operations. For symmetry analysis,

we set the Kagome plane in the xy plane and the z direction along the [111] direction.

The magnetic space group for Mn3X (X = Rh, Ir, and Pt) is Am′m′m2, which provides

information about the shape of the spin Hall conductivity (SHC) tensor. The non-zero

components of the SHC tensor are σx
yz (σy

xz = σx
yz) and σ

y
xy (σy

xy = σ
y
yx = –σx

xx = σx
yy), as

shown in Table 2.2. Similar to the anomalous Hall conductivity, the SHC in non-collinear

antiferromagnets is also anisotropic, meaning that the magnitude of the spin current depends

on the experimental configuration (i.e., the flow of charge current with respect to the crystal

symmetry).

It is worth noting that the SHC tensor reveals that the charge current J, spin current JS,

and spin polarization do not have to be perpendicular to each other, as indicated by the

non-zero value of σx
xx. This type of spin current is known as a longitudinal spin current,

in which conduction electrons are naturally spin-polarized. This phenomenon is common in

ferromagnetic metals. The ability of non-collinear antiferromagnets to generate longitudinal

spin currents makes them promising candidates for novel spintronic applications. Figure

2.10 shows the angle-dependent SHC in Mn3Ir, where the charge current is flowing along

the [-110] crystallographic direction (J||x according to convention). The associated SHC

exhibits minimum and maximum values of 7 ℏ
e (Ωcm)–1 and 215 ℏ

e (Ωcm)–1 along the [111]

(i.e., z-axis) and [001] planes, respectively. This variation of SHC (or θSH) in Mn3Ir has

been experimentally verified [56].
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σx σy σz

symmetry-imposed tensor shape

σx
xx 0 0
0 –σx

xx σx
yz

0 σx
zy 0

  0 –σx
xx –σx

yz
–σx

xx 0 0
σx

zy 0 0

  0 σz
xy 0

–σz
xy 0 0

0 0 0



Mn3Rh

–276 0 0
0 276 220
0 70 0

  0 276 –220
276 0 0
–70 0 0

  0 145 0
–145 0 0

0 0 0



Mn3Ir

–210 0 0
0 210 299
0 –7 0

  0 210 –299
210 0 0
7 0 0

  0 163 0
–163 0 0

0 0 0



Mn3Pt

–66 0 0
0 66 108
0 7 0

  0 66 –108
66 0 0
–7 0 0

  0 32 0
–32 0 0

0 0 0



Table 2.2: The intrinsic SHC tensors and numerical values of SHC for Mn3Rh, Mn3Ir and
Mn3Pt, elements of SHC tensors are considered to be zero when they are less than 12
ℏ
e (Ωcm)–1. The value in the table is adapted from ref [9]

Figure 2.10: (a) Variation of SHC with respect to angle in yz plane for Mn3Ir, the charge
current J flows along x axis i.e., [1-10], the SHC is largest along [001] and smallest [111]
plane. (b) Direction of J and JS within the crystal structure. The figure is adapted from [9].
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2.7 Mn3Pt

Mn3Pt is a cubic non-collinear antiferromagnet with a lattice constant of a = 3.833 Å and

a Néel temperature TN ≈ 475 K [57]. It has a face-centered cubic (fcc) crystal structure,

with Mn atoms located at face-centered positions. At room temperature, similar to Mn3Ir,

the magnetic moments of Mn atoms form a triangular spin texture. Due to geometrical

frustration, the moments are canted at 120◦ from each other, creating a Kagome plane [58].

The magnetic structure of Mn3Pt exhibits symmetry, which results in non-zero mo-

mentum space Berry phase for Bloch electrons. This leads to the presence of anomalous

Hall effect (AHE) and magneto-optical Kerr effect (MOKE) even in the absence of net

magnetization [59] [60]. The magnetic symmetry in Mn3Pt also generates out-of-plane spin

polarization (σz), which is useful for magnetization switching in perpendicular magnetized

ferromagnetic films. This property makes Mn3Pt a promising candidate for spintronics

applications [61] [62] [63]. At 360K, Mn3Pt exhibits first order magnetic phase transi-

tion between low temperature non collinear spin texture (D-phase) and high temperature

collinear AFM (F-phase) (shown in Fig. 2.11a and 2.11b) [64].

(a) F Phase (b) D Phase

Figure 2.11: (a) High-temperature F phase of Mn3Pt shows collinear spin texture and (b)
while relatively low temperature (< 360K) D phase exhibits non-collinear spin texture. The
crystal structure is made with the help of VESTA software.

The non-collinear D phase of Mn3Pt exhibits two types of domain configurations: T1

and T2, as shown in Fig. 2.12a and 2.12b. In the T1 configuration, the magnetic moments
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of Mn atoms are aligned either head to head or tail to tail. On the other hand, in the T2

configuration, the moments are aligned head to tail or tail to head. The energy difference

between these two configurations is very small [57].

In Mn3Pt with the T1 domain configuration, a robust anomalous Hall effect (AHE) is

observed. However, the T2 configuration lacks AHE due to the magnetic symmetry of this

configuration [63].

(a) T1 domain configuration of Mn3Pt. (b) T2 domain configuration of Mn3Pt.

Figure 2.12: Different domain configuration of Mn3Pt. The crystal structure was drawn with
the help of VESTA software.





3
Experimental Methods

3.1 Introduction

In this chapter, the experimental methods utilized in the thesis are presented. These methods

encompass sample preparation techniques such as magnetron sputtering, as well as fun-

damental sample characterization techniques like X-ray diffraction (XRD), Atomic Force

Microscopy (AFM), and the use of specific measurement devices such as the Superconduct-

ing Quantum Interference Device (SQUID) and the Physical Property Measurement System

(PPMS) from Quantum Design Inc. In the final section of the chapter, the home built setups

Optically Detected Ferromagnetic Resonance (OFMR) and Spin-Transfer Ferromagnetic

Resonance (STFMR) are discussed.

33
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3.2 Sample preparation technique-Magnetron Sputtering

The samples discussed in this thesis are grown using the magnetron sputtering technique. To

understand the magnetron sputtering process, it is important to describe the basic phenomena

involved. The term "sputtering" originates from the French word "pulvérisation," which

refers to the vaporization of atoms from a surface through bombardment by foreign ions or

atoms. The deposition of these sputtered atoms onto another surface, typically a substrate,

is known as sputtered deposition.

Figure 3.1: Events that occur during the sputtering process. The figure is taken from [10]

Sputter deposition is typically performed under a good base vacuum (less than 10–5

Torr) with a low or high-pressure gas environment (5-50 mTorr), where the sputtered atoms

travel from the target surface (the source of the atoms) to the desired substrate. The typical

processes involved during sputtering are illustrated in Figure 3.1. The ratio of sputtered

atoms to the incident ions is known as the sputtering yield, which depends on various factors

such as the incidence angle and mass of the bombarding atoms.

There are different configurations of sputtering, with the most common being plasma-

based sputtering. In plasma-based sputtering, a plasma is created between the cathode

(target) and anode (substrate). Positive ions generated in the plasma are accelerated towards



3.2. Sample preparation technique-Magnetron Sputtering 35

the target, which is held at a negative potential with respect to the plasma, initiating the

sputtering process. Within the plasma configuration, different types of sputtering can be

categorized based on the nature of the applied potential to the target.

• DC/Diode Sputtering

• AC Sputtering

• Radio Frequency (RF) Sputtering

• Magnetron Sputtering (DC/RF)

In diode sputtering, a negative DC potential is applied to the target, while the substrate is

held at a positive potential or ground potential. It is important for the target in DC sputtering

to be an electrical conductor because an insulating surface would develop a surface charge

that would hinder further sputtering. The sputtering rate is usually slower in DC sputtering.

In AC sputtering, the potential is periodically reversed between the target and substrate.

AC sputtering is typically considered to occur at frequencies below 50 kHz. At frequencies

above 500 kHz, it is referred to as RF (radio frequency) sputtering. In RF sputtering, the

ions do not have enough mobility to behave like in DC sputtering, and the applied potential

is spread uniformly between the electrodes. During the first half of the RF cycle, ions are

accelerated towards the target, causing sputtering. In the second half of the cycle, electrons

in the plasma reach the target and prevent the buildup of charges on the target. Therefore,

RF sputtering is suitable for both insulating and conducting targets. Typical frequencies for

RF sputter deposition range from 0.5 to 30 MHz, with 13.56 MHz being a commonly used

standard frequency [10].

In magnetron sputtering, a magnetic field is applied behind the target. The Lorentz

force acting on electrons leads to a high flux of electrons, creating a high-density plasma,

from which ions can be extracted to sputter the target uniformly and at relatively higher

sputtering rates. Both DC and RF potentials can be applied in magnetron sputtering. The

main advantage of magnetron sputtering is that the high-density plasma allows for higher

sputtering rates.
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3.3 Sample Characterization Techniques

In this section sample characterization techniques such as X-ray diffraction (XRD), Atomic

Force Microscopy (AFM), SQUID (Superconducting Quantum Interference Device), PPMS

(Physical Property Measurement System) are discussed.

3.3.1 X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) is an analytical technique used to study the crystal structure and

composition of materials. The basic principle of X-ray Diffraction is as follows: X-rays

are electromagnetic waves with wavelengths on the order of a few Å, which is comparable

to the distance between atomic planes in crystalline solids. When X-rays interact with the

atoms in a crystalline solid, the scattered beams undergo constructive interference.

In XRD, a beam of X-rays is directed at a crystal, and the scattered X-rays are detected.

Figure 3.2 illustrates a beam of X-rays scattered by atomic planes inside a crystal. Rays

1 and 2 represent X-rays scattered by atoms K and L, respectively. The path difference

between these two rays can be expressed as follows:

Figure 3.2: Diffraction of X-rays from the atomic planes inside a crystal. The Fig. is taken
from [11]
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Figure 3.3: Schematic of X-ray spectrometer. The Fig. is taken from [11]

ML + LN = 2d′sinθ (3.1)

Where d′ is the distance between the atomic planes and θ is the angle of incidence (or

angle of reflection). In order to have the constructive interference, this path difference must

be an integer multiple of the wavelength. Therefore

nλ = 2d′sinθ (3.2)

The number n is the order of the diffraction, and this relation is known as Bragg’s law

(named after British scientist W.L.Bragg). Bragg’s law can be applied experimentally in two

ways. Using x-rays of known wavelength and measuring θ of different atomic planes with

different spacing d′ in a crystal, this analysis is called structure analysis. Alternatively, with

known spacing d′ of atomic planes and reflection angle (θ), determining the wavelength of

X-rays. The instrument used for this procedure is known as x-ray spectrometer (as shown in

3.3). In X-ray spectrometer, X-rays come from the tube T, incident on a crystal C which

is set at any desired angle with respect to the incoming beam, by rotation about an axis

through O. D is the detector which measure the intensity of reflected X-rays and can also be

rotated about O and set at any desired angular position as shown in Fig. 3.3. Generally, for

structure analysis, the intensity (I) vs angle (2θ) is measured.
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3.3.2 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a surface sensitive technique which is capable of

producing three-dimensional images of a surface with an atomic resolution of 10–10 m.

The basic principle of AFM is as follows, when a sharp tip is brought to the sample, the

interatomic potentials are developed between the atoms of a tip and the atoms of a surface.

This sharp tip is integrated to the cantilever, when the sample moves horizontally in X-Y

direction, the interatomic forces cause the cantilever to move up and down in Z direction, the

position of the cantilever can be recorded by the sending a diode laser on it, which deflects

the laser onto a position sensitive photodetector. Therefore, by recording the position of the

cantilever while moving the sample in X-Y direction, a three-dimensional topography of

the sample can be constructed.

Figure 3.4: Schematic of AFM instrument. The Fig. is taken from [12].

3.3.3 Superconducting Quantum Interference Device (SQUID)

Superconducting Quantum Interference Device (SQUID) is one of the sophisticated instru-

ments to measure the magnetic flux, It can measure the magnetization as low as 10–14 T.

SQUID utilizes the Josephson effect to measure the tiny changes in magnetic flux [65].

Typically, SQUID consists of one or two Josephson junctions (DC or RF) in a supercon-
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ducting loop (Fig. 3.5). The working principle of SQUID is as follows, when a bias current

(IB) is applied to the superconducting loop, it splits into two parts (each half side of the

loop carries IB/2 current). Inductively coupled magnetic field to the SQUID loop creates

screening currents (Iloop = Φ/Lloop, Where Lloop is the inductance of the loop). The amount

of the screening current will increase or decrease, depending on the direction of the induced

flux, therefore the voltage drop at the Josephson junction will also change. This voltage

change at the Josephson junction is periodic with respect to the quantum magnetic flux (Φ0)

(Fig.3.6). Measuring the change in voltage allows the quantification of the magnetic flux (or

magnetization due to the sample) coupled to the superconducting loop.

Figure 3.5: Schematic of SQUID instrument [13].

Figure 3.6: (a) Bias point (IB) for Josephson junction; (b) voltage vs external applied field
at constant current [14].
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3.3.4 Electrical Transport Measurements

In this section, we discuss the electrical characterization such as Hall effect (Rxy - H) and

resistance vs temperature (Rxx - T) measurements of the grown thin films. A cryostat is an

instrument which can vary the temperature (T) and the applied magnetic field (H) around the

sample of interest. In particular, we use for all electrical measurements, Physical Property

Measurement System (PPMS, DynaCool) from Quantum Design. A very brief description

of PPMS is as follows : PPMS is a fully automated cryostat system with temperature range

1.9K-400K and different magnetic field range (up to ±14T). The basic unit of PPMS consists

of a cryostat and a superconducting magnet, as shown in Fig.3.7a. The cryostat has two

different stages. The cryostat typically has two stages: a primary stage and a sample stage.

The primary stage is cooled using liquid helium and serves as a heat sink to remove heat

from the sample stage. The sample stage is located at the bottom of the cryostat and is

cooled by the primary stage, typically to temperatures as low as 0.05 K.

The superconducting magnet is located outside the cryostat and produces a magnetic

field that can be varied up to 9/14T. The magnet is typically cooled using liquid helium to

achieve its superconducting state and to minimize its resistance, which allows it to produce

a strong and stable magnetic field.
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(a)

(b)

Figure 3.7: (a) The DynaCool Cryostat showing the components of the Cryostat Control
System, Chamber Temperature Control System, and Magnetic Field Control System. [15].
(b) Puck for placing the sample for R-T and R-H measurement.

3.3.4.1 Resistivity measurement— Linear four probe method

After describing the cryostat operation, we wish to measure the resistivity of the grown thin

films. Four probe method is one of the common ways to estimate the thin film resistivity, it

is also known as Kelvin probe method named after Lord Kelvin invented a Kelvin bridge to

measure a very small resistance. In four point probe method, four equally spaced probes

are placed to make the electrical contact with the material of interest, the inner two probes

measure the voltage, and the outer two probes provide the current (Fig. 3.8). If the probe

spacing is S and the voltage drop between the inner probes is ∆V due to the current (I) flow

in the outer probe, then the sheet resistance (RS) of the infinite sheet of thin films can be

written as;

RS =
π

ln(2)
∆V

I
(3.3)

The factor π
ln(2) is geometrical factor and this factor depends on the sample dimension,

shape, and thickness of the sample. The primary advantage of using four probe method is that
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because the current and voltage are applied and measured at different probes, respectively.

Therefore, the effect of contact resistance on the actual value of the resistance can be

eliminated. If the film thickness is t, then the resistivity (ρ) can be calculated using the

following formula

RS =
ρ

t
(3.4)

Figure 3.8: Schematic of four point probe method [16]

3.3.4.2 Resistivity measurement—Van der Pauw method

Van der Pauw method is also a four probe technique to measure the resistivity and the Hall

coefficient of a sample of an arbitrary shape. In this method, instead of linear contacts,

electrodes are placed on the perimeter of the sample, and thus it measures the average

resistivity of the sample. Van der Pauw method can be useful when the sample properties

are anisotropic. The value of the resistivity can be estimated from the conventions shown in

Fig. 3.9. The voltages V1, V3, V5 and V7 are measured with one polarity of the current at

the respective contacts and V2,V4,V6 and V8 are measured at the same contacts but with

opposite polarity of the current. Once all the voltage are measured, two values of resistivity

ρA and ρB are derived from the following formula:
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ρA =
π

ln(2)
fAts

V1 – V2 + V3 – V4
4I

,

ρB =
π

ln(2)
fBts

V5 – V6 + V7 – V8
4I

(3.5)

Where ρA and ρB are the volume resistivity and fA and fB are geometrical parameters

which depends on the symmetry of the sample. for perfectly symmetric sample fA = fB = 1.

I is the current flows in each side of the sample. V1-V8 voltage measured according to the

Fig. 3.9.

The average resistivity of the sample can be calculated from the average value of ρA

and ρB.

ρ =
ρA +ρB

2
(3.6)

Figure 3.9: Convention in Van der Pauw resistivity measurement.

3.3.5 Device Fabrication-Optical lithography

In order to measure the current and voltage in the thin film, electrodes are fabricated on

the film using optical lithography. Optical lithography, also known as photolithography, is

a technique that utilizes light to transfer a desired pattern onto a thin film. This process is

commonly used in semiconductor IC manufacturing. The type of lithography used can vary

based on the wavelength of light employed, such as UV (Ultraviolet) lithography, EUV
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lithography (Extreme ultraviolet), or X-ray lithography. The choice of light wavelength

plays a role in determining the maximum resolution or minimum feature size achievable in

the process.

Figure 3.10 illustrates the typical steps involved in optical lithography. The process

begins with surface cleaning of the thin film to remove any organic or inorganic contaminants.

This is typically done by sonication in solutions such as IPA (Isopropyl alcohol) and

Acetone. Next, a photoresist is coated onto the thin film using a spin-coater to ensure

an even thickness. A soft bake is then performed to remove any residual solvent from

the photoresist. Subsequently, the photoresist is exposed to light through a mask, causing

a chemical change in the resist. After exposure, the sample is immersed in a developer

solution, which selectively dissolves either the exposed or unexposed parts of the photoresist

depending on the nature of the resist. In positive resist, exposure makes the resist more

soluble in the developer solution, while in negative resist, the exposed resist becomes

chemically hardened, allowing the unexposed resist to be dissolved away. This process

results in the desired pattern being transferred onto the film, as shown in Figure 3.10. For

OFMR and STFMR measurements, a typical device setup is shown in Figure 3.11.

Figure 3.10: (a) Illustration of Photolithography process [17]
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Figure 3.11: SEM image of the STFMR/OFMR device. The optical lithography process was
used to fabricate such devices.

3.4 Magneto optical Kerr effect (MOKE)

When a linearly polarized light (s or p polarized) interacts with a magnetic surface, it

experiences a rotation of its polarization plane and it becomes elliptically polarized light.

This effect was first observed by Michael Faraday in transmitted light in 1845, and the same

effect was observed by the Scottish physicist John Kerr in 1876, but in the reflection mode,

This effect is known as Magneto Optical Kerr (or Faraday) effect (MOKE).

There are three types of MOKE geometry: Polar, Longitudinal and Transverse, depend-

ing on the direction of the magnetization (m⃗) as shown in the Fig. 3.12. The Kerr angle

(ΘK) of the polarization plane of light is generally expressed as a complex number [66].

ΘK = ϕ+ iϵ (3.7)

The angle ϕ generally represents the Kerr rotation and ϵ denotes the Kerr ellipticity. The

physical origin of Kerr effect can be understood using microscopically approach and it’s

as follows : A linearly polarized light can be decomposed to right and left handed circular

polarized (LCP and RCP)states. These LCP and RCP components interact with sample

surface differently and results in complex Kerr rotation.
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Figure 3.12: Schematic of magneto optical Kerr effect, There are three types of MOKE
geometry (Polar, Longitudinal and Transverse) depending on the direction of incident light
polarization and magnetization m⃗ in the sample.

In general, if the optical properties of the sample is same in every direction (optically

isotropic), then the permittivity tensor can be written as follows


ϵxx 0 0

0 ϵyy 0

0 0 ϵzz

 (3.8)

ϵxx = ϵyy = ϵzz = ϵrϵ0, where ϵr is the relative permittivity of the material, and ϵ0 corre-

sponds to the vacuum permittivity. The refractive index of a material is defined as n2 = ϵr.

However, due to the net magnetization (m⃗) in the sample (for example, in the z-direction,

mz), it becomes optically anisotropic, and therefore the permittivity tensor takes the form of

a skew-symmetric matrix.


ϵrϵ0 ϵrϵ0mz 0

–ϵrϵ0mz ϵrϵ0 0

0 0 ϵrϵ0

 (3.9)

The non-zero off-diagonal components (ϵrϵ0mz) of the permittivity tensor are mag-

netization (mz) dependent and therefore affect the velocity and refractive index of light
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differently. This means that LCP and RCP light experiences different velocities and refrac-

tive indexes inside the material, which results in the phase difference between them and thus

rotation of polarization plane. The origin of Kerr ellipticity depends on the magnetic circular

dichroism i.e., the absorption of LCP and RCP light different absorption. The MOKE is a

powerful tool to study the magnetization in ferromagnetic or even in some antiferromagnetic

materials [67].

The magnitude of Kerr rotation can be quantified in a magneto-optical Kerr effect

(MOKE) setup [68]. When a linearly polarized beam is incident upon a ferromagnetic

material, the reflected beam contains both p-component (Ep) and s-component (Es), with the

ratio Es/Ep defining the Kerr rotation. However, a drawback of this measurement is that the

intensity (I) detected by the photodetector is proportional to the square of the s-component

(|Es|2), which can lead to inaccuracies.

To overcome this issue, the analyzer can be positioned at a small angle (δ) relative to

the p-axis. By doing so, the intensity measured by the photodetector is no longer solely

dependent on |Es|2, but is influenced by the combined effect of Es and Ep, resulting in a

more accurate measurement of the Kerr rotation.

I = |Epsinδ+ Escosδ|2 ≈ |Epδ+ Escosδ|2 (3.10)

Now Kerr rotation according to the equation 3.7 Es/Ep = ϕ+ iϵ. Therefore

I = |Ep|2|δ+ϕ+ iϵ|2 ≈ |Ep|2(δ2 + 2δϕ) = I0(1 +
2ϕ
δ

) (3.11)

The intensity at zero Kerr rotation can be represented as I0 = |Ep|2δ2. Consequently,

when the analyzer is positioned at a small angle (δ) relative to its orthogonal axis, the Kerr

rotation measured by the photodetector is directly proportional to the magnetization (m).

The ability to measure the magnetization in the sample can also provide the insight into

SHE based phenomena.
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3.5 Optically Detected Ferromagnetic Resonance (OFMR)

After studying the basic electrical properties of the films, we wish to characterize the spin

Hall efficiency or angle (θSH) in grown films. For this purpose, we build a special optical

technique known as Optically Detected Ferromagnetic Resonance(OFMR) to study the

dynamics of the magnetic moments and the effect of the spin current on it. We divide the

description of the setup in the following sections.

3.5.1 LASER Source

In OFMR, we use Ti: Al2O3 (Vitara oscillator, Coherent Inc.) laser system. Where Ti:

Al2O3 refers to the lasing medium, where sapphire crystal (Al2O3) is doped with Ti+3 ions.

There are some specials properties of the gain medium which makes Ti:Al2O3 its more

popular among all other solid state lasers.

• Monocrystalline Al2O3 has a large thermal conductivity, therefore it is suitable for

high laser power and intensities at high temperature.

• The Ti+3 ions provides very large gain bandwidth greater than rare-earth doped gain

medium, therefore allowing the shorter laser pulses.

• The maximum gain and efficiency obtained around 800 nm, although using different

mirror sets wavelength range can be tuned between 650-1100 nm.

• Ti: Al2O3 gain medium is pumped by an external laser source, usually a diode laser

(pump wavelength lies in green spectral region.)

In our case, Ti: Al2O3 laser has a central wavelength of 800 nm and has a repetition rate

of 80MHz (12.5 ns time difference between two sucessive laser pulses) and pulse width of

about 35fs. The sample of interest (shown in Fig. 3.11) is excited by a microwave/RF signal

which is synchronized with the laser pulses. We describe the synchronization process in the

next section.
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3.5.2 LASER Alignment

As shown in the Fig. 3.13 laser emanates from the source on table 1 and aligned to table 2.

The laser is aligned in straight line with the help of two mirrors. Each mirror is mounted

is on kinematic mounts, which provides the two degrees of freedom (Pitch(θ), Yaw(ϕ)).

By changing these two degree of freedom (θ1,ϕ1) and (θ2,ϕ2) for each mirror, with few

iterations the desired position (x0,y0) of the beam can be achieved.

Figure 3.13: Laser emanate from the source (labelled as Amplifier and Oscillator sitting on
table 1)

3.5.2.1 Delay Stage Alignment

We use a linear delay stage (DL325 from Newport) to provide the relative delay between

microwave and laser pulses. We use hollow retroreflector (shown in Fig. 3.14), which make

sure incoming and outgoing beams parallel to each other. We send the laser beam to very

far distance (longer than the travelled path of the beam in the setup) and move the stage

back and forth (from starting point to the end point of the delay stage) and observe the beam

position. We compensate the beam shift position with the help of two mirrors, after few

iterations of this procedure, laser beam is aligned accurately (shown in Fig. 3.15).
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Figure 3.14: Broadband hollow retroreflector
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Figure 3.15: Alignment of the delay stage

After alignment of the delay stage, the laser beam is collimated by two lens (lens 1 and

lens 2 as shown in Fig. 3.16). Then, it becomes s-polarized (parallel to the table) with the

help of polarizer, and it goes through the beamspliter (labelled as B.S in Fig. 3.16) and

impinges on the sample normally and measure the magnetization in the sample via MOKE.

The reflected light goes through the analyser and hits the photodetector. The polarization

axis of the analyser is deliberately positioned at an angle of 90◦±δ relative to the polarizer.

Here, δ represents a minute angular deviation from the orthogonal axis of the analyser, as

previously elucidated. The voltage due to Kerr rotation is measured by the photodetector,

the alignment, and focus of the beam on to the detector is done by the XYZ translational

stage. The voltage is multiplied by the gain (usually between × 1000-3000) of the detector

and feed into the lock-in amplifier (SR-830, Stanford Instrument). The sample is subjected

to an amplitude modulated microwave signal, which is delivered through a waveguide.

The modulation is achieved by utilizing a lock-in amplifier, generating a TTL (Transistor-
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Figure 3.16: (The Laser beam is collimated by the two lenses (lens 1 and lens 2)). The beam
becomes s-polarized after passing through the polarizer.

Transistor Logic) output that serves as the modulation source. The modulation frequency

ranges from 1 kHz to 5 kHz. By demodulating the voltage at the same frequency, the lock-in

amplifier enhances the signal-to-noise ratio and allows for the accurate measurement and

characterization of the desired response from the photodetector. We use an 20X objective

lens with a numerical aperture (NA) of 0.40 (Olympus LMPlanFl). Which provides the

lateral resoultion of the setup ≈ 0.5 – 1µm (R = λ
2NA )[69].

3.5.3 Synchronization of the RF signal and LASER

As mentioned above, an RF current passes through the device and excite the magnetization.

These excitations of the magnetic moment are probed by laser pulses. In order to probe the

excitations right on the time, the laser needs to time synchronized (or phase locked) with

an RF signal. The synchronization procedure is as follows : A RF signal is divided by an

appropriate ratio (n × 80MHz, where n is the divide ratio) using a frequency divider. Then

the divided signal goes into the synchrolock, which changes the cavity length of the laser in
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Figure 3.17: A laser beam is striking the sample perpendicularly and measure the magneti-
zation via MOKE. The reflected signal contains the information about the magnetization
in the sample and measured by the photodetector. The device is excited by passing the RF
current through the RF port into the device via wirebonding.

a way that it locks the phase of the RF signal to one of those longitudinal modes of the laser

in frequency domain (shown in Fig. 3.18). Here, the RF signal serves as a master clock while

the laser behaves as a slave clock. This synchronization is monitored by a fast photodetector,

which provides the feedback signal to synchrolock. The synchrolock, phase locked the laser

to RF signal up to the 9th harmonics and this synchronization can be maintained up to few

months without any interruption.
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Figure 3.18: Synchrolock Procedure in OFMR.

3.5.4 Voltage Detection in OFMR

In OFMR an in-plane magnetic field Hext is applied to the sample. The RF current passes

through the sample at 45◦with respect to Hext. This excites the magnetization, which give

rise to the out of plane component of magnetization (mz). The dynamics of the magnetic

moment in the presence of spin current can be explained by the Landau Lifshitz-Gilbert

equation (LLG) equation (under macro spin approximation).

dm⃗
dt

= (–γm⃗× H⃗eff) +
α

Ms

(
m⃗× dm⃗

dt

)
+τDL(m⃗× (m⃗× σ⃗)) +τFL+Oe(m⃗× σ⃗) (3.12)

The terms (m⃗× (m⃗× σ⃗) and (m⃗× σ⃗) represents damping-antidamping like (τDL) and

field/orested field like torques (τFL+Oe) acted along in-plane and out of plane component of

the magnetization (m⃗) respectively. Where H⃗eff is the total field acted on the magnetization,

i.e., anisotropic field (⃗Han), external field (⃗Hext), demagnetization field (⃗Hd) and RF field

(⃗HRF) etc. Therefore, H⃗eff = H⃗an + H⃗ext + H⃗d + H⃗RF, σ is the spin polarization and α is

the Gilbert damping of the ferromagnetic material. if we consider the linear excitation

(HRF = hosin(ω1t)), then the magnetization response at certain field would be
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mz = Asin(ω2t +Θ) (3.13)

Where A is the amplitude and Θ is the relative phase of the magnetization with respect

to the RF field and ω1,ω2 are the angular frequencies of the RF excitation and magnetic

oscillation at a certain field. At resonance,ω1 = ω2 = ω. For simplicity, we consider the

resonance condition. In our measurement, we choose two types of measurement protocols

to measure the magnetization response, either we sweep the delay between RF and laser at

certain field, or we sweep the external magnetic field at certain delay. The above equation

3.13 describe the amplitude of the magnetization at certain field, however if we sweep the

field the response would be

δmz = h0

(
χ
′
xycosϕ+χ

′′
xysinϕ

)
(3.14)

Where χ
′
xy and χ

′′
xy are the real and imaginary part of the susceptibility tensor [70]. ϕ is

the relative phase between RF excitation and laser. χ
′
xy and χ

′′
xy are given by the equation

χ
′
xy =

Ms
ω
γ

2(2Hext + Ms)
δH

(Hext – Hres)2 +δH2

χ
′′
xy =

Ms
ω
γ

2(2Hext + Ms)
(Hext – Hres)2

(Hext – Hres)2 +δH2

(3.15)

Where ω is the angular frequency of RF excitation, γ is the gyromagnetic ratio, Ms is

the saturation magnetization, δH is the full width half maximum (FWHM) of the spectra

and Hres is the resonance field. In the experimental set-up, the out of plane component of

the magnetization (δmz) is measured via MOKE. Upon reflection from the sample, the

polarization of the light is rotated by an angle δθ, which is proportional to the δmz .The

relation between δθ and δmz is given by

δθ =
Φkδmz

Ms
(3.16)
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where Φk is the Kerr rotation angle. Then the voltage at the photodetector yields.

Vdet = GP0(t)δθ (3.17)

Where G is the gain factor, P0(t) is the incident power on the photodetector therefore

voltage expression in OFMR yields

Vdet = Ah0P0(t)
Φkδmz

Ms
(3.18)

Vdet = Ah0P0(t)
Φk
Ms

[
χ
′
xycosϕ+χ

′′
xysinϕ

]
(3.19)

Therefore, the optical response of the FMR at certain delay can be written is a combination

of symmetric (Vsym) and antisymmetric (Vas) part of the Lorentzian function. i.e.

Vdet = Γ
[
Vsymcosϕ+ Vassinϕ

]
(3.20)

Where

Γ = Ah0P0(t)
Φk
2δH

ω
γ

2(2H + Ms)
ω,

Vsym(H) =
δH2

(H – H0)2 +δH2 ,

Vas(H) =
δH(H – H0)

(H – H0)2 +δH2

(3.21)
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3.6 Spin Torque Ferromagnetic Resonance (ST-FMR)

After characterizing the spin Hall efficiency by OFMR, we wish to measure the same but by

an electrical technique known as spin torque ferromagnetic resonance (STFMR). ST-FMR is

a pretty common technique to determine the spin Hall efficiency θSH. In a typical ST-FMR

setup, an external magnetic field (Hext) is applied in plane to the sample. An RF current

(IRF) passes through the FM/HM bilayer at 45◦ with respect to Hext. Due to the oscillatory

nature of the current, the magnetic moment in FM layer starts to precess around Hext. This

leads to the oscillation in anisotropic magneto resistance (AMR) in FM layer, therefore

the resistance of FM becomes time dependent. The time dependent resistance (R(t)) and

RF current (IRF) produces a rectified voltage across FM/HM bilayer. This voltage is also

called mixing voltage (Vmix) as it comes from the mixing of IRF and an AMR (∆R). As

the external field (Hext) is swept, the oscillation of magnetic moment becomes larger at

resonance and decreases away from the resonance. This mix or rectified voltage (Vmix) can

be measured by nano-voltmeter or lock-in amplifier.

An additional DC current is applied to measure the SHE. The DC current creates DC

spin current, which in turn absorbed by the FM leads to a change in damping (α). The

effective damping (α) of FM under spin current can increase or decrease depending on the

polarity of the current and the direction of the external magnetic field. The Illustration of

the technique is shown below in Fig. 3.19b.



3.6. Spin Torque Ferromagnetic Resonance (ST-FMR) 58

(a)

(b)

Figure 3.19: (a) Illustration of the STFMR setup. (b) Different torques act on the magnetic
moment (m⃗).
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Figure 3.20: STFMR set up labeled with different parts

Fig. 3.20 shows a home built ST-FMR setup. The sample sits on a rotatory stage, which

is further mounted on a XYZ translational stage. The typical ST-FMR device is shown in

the Fig. 3.11. The RF current passes through the device at 45◦with respect to external field

(Hext). The pico-probe is used to send the RF current and to measure the voltage (Vmix) as

well. A bias tee is used to send the additional DC current. A vertical microscope is used to

align the pico probe on to the sample electrodes.
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3.6.1 Voltage rectification in ST-FMR

As we stated in the last section, the voltage in ST-FMR setup comes from the spin rectifica-

tion of AMR in FM layer. Here we’re going to derive the general expression of the ST-FMR

voltage. The voltage due to the rectification of the AMR can be expressed in the following

manner : The current passing through the FM/HM bilayer can be written as I = I0cos(ωt)

where I0 is the amplitude and ω is the angular frequency of the RF current Irf. Due to the

oscillation of AMR, the device resistance becomes oscillatory

R(t) = R0 +∆Rcos2θ(t) (3.22)

where R0 is the resistance when current Irf is perpendicular to the magnetization (m⃗) in

FM layer, ∆R is the AMR, θ is the angle between Irf and the magnetization m⃗, which in

turns depends on the time (t).

θ(t) = θH +θccos(ωt +δ) (3.23)

Where θH is the constant angle between applied field (Hext) and the current Irf, θc is

the cone angle of precession of m⃗ in FM layer, The value of θc is generally smaller than θH,

δc is the resonance phase between driving torques (damping-antidamping like τDL and field

like torque τFL) and the magnetization response. By using the Taylor’s expansion, we can

get

cos(θ(t)) = cos(θH +θccos(ωt +δ)) (3.24)

Therefore, time dependent expression of AMR becomes

R(t) = R0 +∆Rcos2(θH +θccos(ωt +δ)) (3.25)

R(t) = R0 +∆Rcos2θH – 2cosθHsinθH.θc.cos(ωt +δ) (3.26)

Hence, the voltage expression across FM/HM bilayer would become
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V(t) = I(t)R(t) (3.27)

V(t) = (IR0 + I∆Rcos2θHcos(ωt)) – I∆Rsin(2θH).θccos(2ωt +δ)/2 (3.28)

Therefore, the total voltage consists of three terms at frequencies ω 2ω and a DC term

(time independent term). And this DC term is nothing but the rectified ST-FMR signal.

Hence,

Vmix = –I∆Rsin(2θH).θc(cosδ)/2 (3.29)

The ST-FMR signal is determined by the combination of the amplitude of Irf, the AMR

in the device ∆R, the angle of Hext with respect to Irf, the cone angle of precession θc

and the resonance phase δ. The value of δ goes to 0 - π around the resonance field (Hres)

with a linewidth of ∆H. The typical ST-FMR spectra can be fitted by linear combination of

symmetric and asymmetric part of Lorentzian function.

Vmix =
VS∆H2

((Hext – Hres)2 +∆H2)
+

VA(Hext – Hres)
((Hext – Hres)2 +∆H2)

(3.30)

where VS and VA are amplitudes of symmetric and asymmetric component of the

Lorentzian function. The value of the symmetric component goes to maximum at Hres,

whereas for the asymmetric component, the value goes to zero at Hres. Both components

have the same linewidth value ∆H.

3.6.2 Methods for determining the Spin Hall angle (θSH) in STFMR

There are a number of ways to determine the spin to charge efficiency in STFMR technique.

The following methods
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3.6.2.1 VS/VA method

As described above, the STFMR voltage (Vmix) consist of symmetric (VS) and asymmetric

(VA) component of Lorentzian function. The VS component is proportional to the absorbed

spin currents (JS) in FM, and it represents the damping-antidamping like torque (τDL). The

VA component is correlated to the induced Oersted field torque (τOe) generated in HM

layer due to the flow of the current [71] [22][72].

VS ∝
ℏJS

2eµ0Mst
(3.31)

VA ∝
HRF

[1 + 4πMeff/Hext]1/2 (3.32)

The field induced Oersted torque can be calculated from Ampere’s law (HRF = JCd/2).

Therefore, the spin to charge conversion efficiency or spin Hall angle (θSH) can be estimated

by

θSH =
JS
JC

=
VS
VA

eµ0MStd
ℏ

[
1 +

4πMeff
Hext

]1/2
(3.33)

This method is known as lineshape analysis, and it works under the assumption that there

is no field like torque (τFL) generated at the interface of FM/HM layer. The contribution

to the asymmetric voltage (VA) only comes from the Oersted field HRF. If the interface of

FM/HM produces significant Rashba like SOT, Then this method could provide the wrong

the estimation of θSH [73].

3.6.2.2 VS only method

Since, VS component of STFMR signal comes from damping like torque(τDL, acts in plane

direction), and the VA component comes from both field like torque, (τFL) and Oersted

torque (τOe, acts out of plane direction), These two components can be separated by the

following equations [73][74][75];
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VS = –
IRFγcosθSH

4
dR

dθH
τDL

1
∆

FS(Hext) (3.34)

VA = –
IRFγcosθSH

4
dR

dθH
(τFL +τOe)

[1 +µ0Meff/Hext]1/2

∆
FA(Hext) (3.35)

Where τDL = θSHJCℏ
2eMSt , is the damping like torque, γ is the gyromagnetic ratio, dR

dθH
is the

angular dependence of the magneto resistance at angle θH, ∆ is the linewidth of STFMR

signal, FS(Hext) and FA(Hext) are a symmetric and antisymmetric part of the Lorentzian

function, IRF is the magnitude of the RF current, Meff is the effective magnetization.

Torques τFL and τOe have same symmetry (m⃗× σ⃗) and they act out of plane direction to

the magnetization (m⃗) and can be separate out by different methods [76] [77]. Once the τFL

and τDL are accurately evaluated, then the corresponding spin Hall efficiencies θ⊥ and θ∥

can be obtained. The VS only and VA only method is a general method and works in any

material. However, it requires an accurate estimation of parameters such as IRF RF current

following through HM layer, which further require calibration of RF signal through HM

layer.

3.6.2.3 Modulation of damping(MOD) method

The damping (α) of FM can be influenced in the presence of spin current [78]. In the MOD

method, an additional DC current (IDC) passes through FM/HM layer, which increase or

decreases the α or the linewidth (∆H), depending on the polarity of the current and the

direction of the external magnetic field (Hext). Under DC bias, the effective linewidth of

FM/HM bilayer can be written as

∆H = ∆H0 +∆Hsh =
2πf
γ

[
α0 +

sinθH
(Hext + 2πMeff)µ0MSt

h̄
2e

JC,HMθSH

]
(3.36)

The parameters have the following meanings:

∆H: The total change in the linewidth broadening caused by spin-orbit torques. ∆H0: The

intrinsic linewidth broadening without current. ∆Hsh: The additional linewidth broadening
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due to spin-orbit torques. f: The frequency of the magnetic resonance. γ: The gyromagnetic

ratio. α0: The damping value without current, representing the intrinsic damping of FM.

θH: The angle between the direction of the DC current (IDC) and the external magnetic

field (Hext). In STFMR/OFMR, this angle is typically set to 45. JC,HM: The current passing

through the heavy metal (HM) layer, contributing to the spin-orbit torques. Meff: The effec-

tive magnetization, which includes both the external magnetic field and the magnetization

of the system. µ0: The vacuum permeability. MS: The saturation magnetization of FM. t:

The thickness of FM. ℏ: The reduced Planck’s constant. e: The elementary charge. θSH: The

spin Hall angle, representing the efficiency of the spin-to-charge conversion in the heavy

metal layer.

The equation 3.36 shows that the change in the magnetic field (∆H) is determined by the

sum of the intrinsic linewidth broadening (∆H0) and the additional linewidth broadening

due to spin-orbit torques (∆Hsh). The term inside the square brackets represents the contri-

bution of the spin-orbit torques, where the effective damping (αeff) can be modulated by

adjusting the angle θH. This equation provides a simple and direct method for estimating the

effective damping by accurately measuring the slope of linewidth with DC current ( ∆H
∆IDC

).

This approach is applicable to various frequency-modulated resonance techniques and is

independent of the specific detection scheme. It can be applied in both STFMR and OFMR

to compare the techniques in spin Hall effect measurements.



4
Crystallographic Dependence Of Spin Hall

Angle in Epitaxial Pt Films

4.1 Introduction

The Spin Hall effect (SHE) encompasses a range of relativistic phenomena that arise when

a charge current jc generates a transverse spin current js
h̄
2e through spin-orbit coupling

(SOC) [4]. SHE has gained considerable attention due to its applications in manipulating

magnetization order parameters in perpendicularly magnetized ferromagnets (FMs) and

antiferromagnets for magnetic logic and storage devices [79, 80, 81]. It is also of funda-

mental interest as it emerges from well-defined band structures and scattering processes

closely related to the anomalous Hall effect (AHE). The extrinsic contribution to the spin

65
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Hall conductivity (σSH
xy ) depends on the scattering rate (τ) of the electron’s spin, while the

intrinsic contribution arises from the crystal’s band structure, symmetries, and orientation,

and is independent of τ [82, 34, 83]. SHE manifests in two forms: intrinsic, which relies on

crystal symmetry, and extrinsic, which stems from impurity scattering. The efficiency of

SHE is defined by the spin Hall angle (θSH) and plays a critical role in spintronics-based

technologies. However, accurately measuring θSH and identifying its origin pose significant

challenges.

Pt, known for its strong spin-orbit coupling (SOC), is a crucial material for investigating

the SHE [84]. It is generally accepted that the SHE in Pt arises from both intrinsic and

extrinsic contributions [85]. While studies of the SHE in polycrystalline films have utilized

resistivity and temperature dependence to distinguish between these origins [86], investi-

gations of epitaxial films, where the intrinsic SHE should be more pronounced, are less

common [83, 87].

Besides the challenges related to material fabrication and engineering, accurately deter-

mining the spin Hall angle (θSH) is crucial for advancing SHE-based technologies. Among

various techniques, the spin-torque-driven ferromagnetic resonance (STFMR) method has

been extensively employed for this purpose [22]. In a typical STFMR measurement, an

RF electrical current passes through a heavy metal/ferromagnet (HM/FM) bilayer, with the

HM layer polarizing spins that diffuse into the FM layer. The RF spin torque excites the

ferromagnetic resonance (FMR) of the FM layer, which is detected by measuring a DC

voltage Vmix across the device. The interplay between the oscillatory anisotropic magne-

toresistance (AMR) effect and the RF current gives rise to Vmix. θSH can be determined

by applying an additional DC current to modulate the FM’s damping [73]. However, in-

terpreting the STFMR signal requires careful analysis [88, 89], as it involves considering

factors such as RF spin torque, RF Oersted torque, spin pumping, anomalous Hall voltage,

and thermoelectric effects like the longitudinal spin Seebeck and Nernst effects [90, 88, 91].

Thus, accurately identifying and quantifying these contributions is crucial for estimating

θSH. Complementary techniques, such as optical methods, which are less prone to electrical

artifacts, can provide valuable insights.
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This chapter investigates the SHE in epitaxial Pt thin films, with a focus on understanding

the dependence of θSH on crystallographic orientation in epitaxial Al2O3(0001)/Pt(111),

MgO(110)/Pt(110), and MgO(001)/Pt(001) thin films. In addition to STFMR measurements,

the optically detected ferromagnetic resonance (OFMR) technique is employed, enabling

the probing of magnetization (mz) via the magneto-optical Kerr effect (MOKE), instead of

measuring Vmix.

4.2 Sample Preparation and Characterization

The films under study were grown using a homemade DC magnetron sputtering system in a

vacuum chamber with a base pressure of approximately 1×10–9 Torr. Pt (111) and Pt (110)

layers were sputtered directly onto Al2O3 (0001) and MgO (110) substrates, respectively, at

a deposition temperature of 550◦C. Pt (001) was grown at a temperature of 650◦C on a 0.3

nm thick Fe-buffered MgO (001) substrate. The sputtering power and argon (Ar) pressure

were maintained at 30 W and 3 mTorr, respectively. The thickness of the Pt layer in all films

was approximately 5 nm.

A 5 nm thick ferromagnetic (FM) layer made of Py (Ni81Fe19) was subsequently

deposited at room temperature on top of the different Pt films using a sputtering power of

30 W and an Ar pressure of 3 mTorr. The films are denoted as Pt (111), Pt (110), and Pt

(001), representing the Al2O3 (0001)/Pt/Py, MgO (110)/Pt/Py, and MgO (001)/Fe/Pt/Py

configurations, respectively, unless specified otherwise.

X-ray diffraction (XRD) plots of Pt (111), Pt (110), and Pt (001) films are shown in

Figure 4.1. The distinct peaks observed in each subplot indicate the crystalline nature

of these films. Atomic force microscopy (AFM) scans, presented in Figure 4.2, provide

information about the surface morphology of the films. The surface roughness of Pt (111)

and Pt (001) films was found to be comparable and relatively low, with values of 0.6 nm and

0.4 nm, respectively. In contrast, Pt (110) exhibited a significantly higher surface roughness

of 1.8 nm. To accurately determine the spin Hall angle (θSH), the resistivity of the individual

Pt layers was extracted by growing additional Pt/TaN films with the corresponding crystal
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Figure 4.1: (a) XRD Data of Pt (111), Pt (110) and Pt (100) films respectively (from up to
down). The distinct peaks of Pt (111), Pt (110) and Pt (001) shows the crystallinity of the
films. (b) Schematics of respective films structure.

orientations. The measured resistivity values for the bare Pt (111), Pt (110), and Pt (001)

layers were 18 ± 1 µΩ-cm, 30 ± 4 µΩ-cm, and 33 ± 1 µΩ-cm, respectively. It is worth

noting that these resistivity values did not reflect the large surface roughness observed in Pt

(110).
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(a) (b)

(c)

Figure 4.2: Atomic Force Microscope (AFM) images of Pt(001), Pt(111), and Pt(110) (from
left to right) respectively.
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Figure 4.3: Static MOKE data of three films, respectively. The films Pt(001) and Pt(111)
show a similar value of MOKE signal and correctivity Hc. Except in the case of Pt(110)
where inhomogeneity causes the small and large values of MOKE signal and correctivity
respectively.

However, the impact of surface roughness was evident in the in-plane magneto-optical

Kerr effect (MOKE) hysteresis curves. Figure 4.3 clearly illustrates that the magnitude

of the MOKE signal for Pt (110) is more than 50% weaker compared to the other crystal

orientations. Furthermore, the switching transition, represented by the coercivity (Hc),

of Pt/Py (111) and Pt/Py (001) films is sharper and smaller, indicating a more uniform

magnetization texture in these films.

4.3 OFMR Measurement

Figure 4.4 presents the schematic of the optically detected ferromagnetic resonance (OFMR)

setup. In the OFMR technique, a Ti:Sapphire femtosecond laser with a central wavelength

of λ = 800 nm and a repetition rate of ∆f = 80 MHz is used to probe the magnetization using

polar magneto-optical Kerr effect (MOKE). The external microwave signal, phase-locked

with the laser pulses using the Synchrolock-AP system (Coherent, Inc.), is utilized to excite

the magnetization. The microwave current, modulated at 1 kHz, is sent through a gold wire

to the sample, inducing magnetization excitation. An external in-plane magnetic field (Hext)
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is applied at an angle of 45° with respect to the current direction. The precession of the

magnetic moment (m⃗) is probed by measuring the out-of-plane component of the magnetic

moment (mz) using polar MOKE. An optical delay stage is employed to control the relative

phase (delay) between the laser pulses and the microwave signals. The response of OFMR

can be recorded in two ways: 1) by sweeping the phase between the microwave signal and

the laser pulses at a constant external magnetic field, or 2) by sweeping the magnetic field at

a fixed phase.

Figure 4.4: Schematic figure of optically detected ferromagnetic resonance (OFMR) set
up: A fs laser pulses emanating from the Vitara oscillator (Coherent Inc.) are aligned in
free space via mirrors and optical delay line. A phase-locked external microwave signal
is injected into the device. Precession of the magnetization is probed via polar MOKE
geometry.

4.3.1 Delay Sweep Measurement

As the name suggests, in delay sweep measurement, the delay between microwave and

laser pulses is swept at a constant magnetic field. At each value of the magnetic field, the

response of the magnetic moment is sinusoidal, as can be seen in the figure 4.5a below. From
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this response, the amplitude of magnetic moment (mz) and the relative phase of magnetic

moment with respect to the driving microwave field can be obtained by using the equation.

mz = Asin
(

2πt
T

+Θ

)
(4.1)

The relationship between the amplitude of the magnetic moment (A) and the phase (Θ)

of mz is described by an equation. The time period (T) of the magnetic moment oscillation

is determined by the frequency of the microwave signal. By applying this equation at

different values of the external magnetic field (Hext), the corresponding amplitudes (A) can

be obtained. The dependence of A on Hext yields the resonance curve for the magnetic

material under investigation.

In Figure 4.5b, the resonance curve for Py(5)/Pt(5) (where the numbers in parentheses

represent the thickness in nm) is presented. The plot illustrates that initially, as Hext increases,

the magnitude of A also increases. At a specific field, known as the resonance field (Hres),

A reaches its maximum value. However, further increase in Hext causes a decrease in the

magnitude of A, resulting in a symmetric Lorentzian-shaped curve, as shown in Figure 4.5b.

Figure 4.6a demonstrates the resonance spectra for different frequencies ranging from

6.24 to 13.52 GHz. The linewidth (∆H) of these spectra, defined as the full width at half

maximum (FWHM), is proportional to the effective Gilbert damping (αeff) of the material.

The relationship between ∆H and the frequency (f) allows for an estimation of the effective

Gilbert damping coefficient (α) (as shown in figure 4.6b).

∆H = ∆H0 +
2παf
γ

(4.2)



4.3. OFMR Measurement 73

(a)

(b)

Figure 4.5: (a) The Oscillation of magnetic moment (mz), oscillation period corre-
sponds to the frequency of RF excitation. The above oscillation is recorded at 6.24
GHz for Py(5)/Pt(5)/Si02/Si sample. (b) Resonance curve (raw data) at 6.24 GHz for
Py(5)/Pt(5)/Si02/Si sample in OFMR delay sweep measurement. The values of Amplitude
(A) at different Hext obtained from the equation (4.1)



4.3. OFMR Measurement 74

(a)

(b)

Figure 4.6: (a) Resonance spectra’s at different frequencies from 6.24 to 13.52 GHz. (b)
Dependence of Linewidth ∆H on frequency(f). The fitted red line is given by equation 4.2.
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4.3.2 Field Sweep Measurement

In field sweep measurement, the field is swept at the arbitrary phase between microwave

and laser pulses. The OFMR response in this case is a linear combination of symmetric

and asymmetric parts of the Lorentzian function. The symmetric and asymmetric part is

proportional to the real and imaginary part of the susceptibility of the magnetization and is

given by equation 3.14.

δmz = h0

(
χ
′
xycosϕ+χ

′′
xysinϕ

)
(4.3)

Where χ
′
xy and χ

′′
xy are the real and imaginary part of the susceptibility tensor [70]. ϕ is

the relative phase between microwave excitation and laser. The χ
′
xy and χ

′′
xy are given by

the equations 4.4.

χ
′
xy =

Ms
ω
γ

2(2H + Ms)
δH

(H – H0)2 +δH2

χ
′′
xy =

Ms
ω
γ

2(2H + Ms)
(H – H0)2

(H – H0)2 +δH2

(4.4)

Figure 4.7: The resonance curve in field sweep measurement of OFMR. The shape of the
curve depends on the relative phase (ϕ) of the laser pulse and microwave signal.
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(a)

(b)

Figure 4.8: (a) OFMR traces at different delays(or phase ϕ) between laser pulses and
microwave signal at 6.24GHz. It is important to note that the trace repeats itself after one
cycle of RF signal (∆t ∼ 160ps corresponds to 6.24GHz in the frequency domain).(b)
The values S and A represent the coefficients of the symmetric and asymmetric parts of
the Lorentzian function. The ratio of S/A depends on the relative phase of the laser and
microwave signal.
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It is worth pointing out that the shape of the curve in field sweep measurement depends

on the relative phase(ϕ) of the RF with respect to the laser pulse. By varying the phase or

delays (∆t) by one cycle, the shape of the curve can be repeated, as evident from figure 4.8.

4.4 STFMR Measurement

Figure 4.9 shows the schematic of STFMR setup and the oscillations of the magnetic

moment and various torques acting on it. This oscillation of the AMR and microwave current

produces the rectified mix voltage (Vmix) across the FM/HM bilayer, which can be measured

by DC Nano-voltmeter or lock-in amplifier. The OFMR and STFMR measurements were

performed on the same devices. The samples were patterned by optical lithography followed

by Ar ion-milling to define devices of area 25×µm2. A detailed explanation of the STFMR

setup is given in the later section.

(a)
(b)

Figure 4.9: (a) Schematic of spin-torque ferromagnetic resonance (STFMR) setup. Bias tee
is used to mix the microwave and DC current and at the same time to detect the DC voltage
(Vmix) built across FM/HM bilayer. (b) Illustration of the precession of magnetic moment
and torques: An RF current passes through FM/HM (Ferromagnet/Heavy Metal) bilayer and
generates an RF spin torque which excites the magnetization. Due to the precession of the
magnetization, anisotropic magnetoresistance(AMR) becomes also oscillatory. Oscillating
AMR and RF current produces a rectified voltage, which can be measured by a lock-in
amplifier or nano DC voltmeter. The arrow represents the directions of in-plane (Damping
like torque τDL) and out-of-plane torques (Field like or Oersted torque τFL)



4.5. Comparison of OFMR and STFMR Measurement 78

4.5 Comparison of OFMR and STFMR Measurement

In this section, the detailed comparison of STFMR and OFMR measurement is pre-

sented. Figure 4.10 presents an example of the measured STFMR and OFMR spectra

of Al2O3(0001)/Pt/Py the sample at 6-13 GHz and 6.24-13.52 GHz, respectively. Each

STFMR spectrum is composed of symmetric and antisymmetric signals that stem, respec-

tively, from the spin-orbit torque (SOT) and Oersted field contributions [89] [22]. In contrast,

the OFMR traces were measured at an arbitrary delay between the optical pulses and the

microwave excitation. Each OFMR response comprises a linear combination of real and

imaginary parts of the susceptibility, χ
′

and, χ
′′

respectively. Namely, the measured traces

can be either purely symmetric or antisymmetric or a combination of both. The linear combi-

nation is determined by the phase between the optical pulses and the microwave excitation,

which is different at each frequency, as seen in the figure 4.10 (b). To extract the resonance

field and the linewidth, each trace was decomposed into the symmetric and antisymmetric

parts, similar to the procedure applied for STFMR measurements [89]. The resonance field,

Hres, and the linewidth, ∆H, can be determined in the STFMR and OFMR responses by

fitting the measured spectra to a sum of symmetric and antisymmetric Lorentzian functions

according to the following equation :

VE/O = VSE/O

∆H2

(H – Hres)2 +∆H2 + VAE/O

(H – Hres)∆H
(H – Hres)2 +∆H2 (4.5)

Where VS and VA are the symmetric and anti-symmetric parts of the Lorentzian and

the sub-index E or O indicates the electrical STFMR or optical OFMR method. From the

above equation, parameters like linewidth (∆H) and resonance field (Hres) are obtained. The

extracted frequency dispersion curves are summarized in Fig. 4.11 (a), (b), (c) and (d) for

the STFMR and OFMR measurements, respectively. The traces obtained by both methods

are similar. Using the Kittel formula

f =
µγ

2π

√
(Hres + HK)(Hres + Meff + HK) (4.6)

Value of effective magnetization, µ0Meff ∼ 1012± 2 mT(993 ± 4 mT), 700± 6mT
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Figure 4.10: Examples of measured spectra taken for a device fabricated from
Al2O3(0001)/Pt/Py at RF frequencies from 6 GHz to 13.5 GHz. (a) STFMR and (b) OFMR
spectra’s.
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Figure 4.11: (a) Frequency dispersion curves measured by (a) STFMR and (b) OFMR
Linewidth measurements obtained by (c) STFMR and (d) OFMR.
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(730± 10 mT), and 968 ± 3 mT (970 ± 1 mT) for the Pt (111), Pt (110), and, Pt (001)

films, respectively, was extracted for the STFMR (OFMR) measurements. γ = 178GHz/T

for Py and µ0 = 4π×10–7H/m are the gyromagnetic ratio and the magnetic permeability

of free space. The in-plane anisotropy value HK was negligible in Pt(111) and Pt(001),

but significant in Pt (110) where it was 19 ± 0.2 mT (22 ± 0.1 mT) as extracted by the

STFMR (OFMR). The value of µ0Meff for the Pt (110) film appears to be lower by ∼ 30

% as compared to the values for Pt (111) and Pt (001). Additionally, the µ0Meff values as

measured by the optical and electrical methods for Pt (111) and Pt (001) agree within an

error that is smaller than 1 % while the difference for the Pt (110) is significantly larger,

reaching almost 5%. This behavior can be attributed to surface roughness. The same trend

can also be seen in the figure 4.12 saturation magnetization, MS, values measured by a

vibrating sample magnetometer(VSM).
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Figure 4.12: VSM data for Pt (111), Pt (110) and Pt (001) films.

The Gilbert damping parameter, α was extracted from ∆H measurements using the

relation:

µ0∆H = µ0∆H0 +
2παf
γ

(4.7)

∆H0 arises from inhomogeneous broadening and disorder in the crystalline structure.
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Figures 4.11 present the measurements of ∆H. The values of α obtained are 19.28±

0.35×10–3 (20.9±0.2×10–3), 42.86±×10–3(45.7±2×10–3), and 16.08±0.1×10–3

(15.4± 0.2× 10–3) for the Pt (111), Pt (110), and Pt (001), for the STFMR (OFMR)

respectively. These values are consistent with other reports [92]. Despite the larger values

of α for the Pt (110) sample, both the optical and electrical methods give very similar

values. The values of ∆H0 extracted from equation 4.7 are 0.1±0.15 mT(0.07±0.06 mT),

9±0.50mT(8±0.6mT), and 0.7±0.08mT(1.1±0.07mT) for the Pt(111), Pt(110), and, Pt

(001), as measured by the STFMR (OFMR), respectively. Here, as well, the STFMR and

OFMR methods agree very well. The large ∆H0 value of Pt (110) as compared to the other

orientations illustrates quantitatively the conclusions drawn from the qualitative analysis

of the static MOKE (as shown in figure 4.3) and the influence of the surface roughness on

the measured magnetization dynamics. The side-by-side comparison of these values in bar

plots are shown in Fig. 4.13

(a) (b)

(c) (d)

Figure 4.13: Comparison of parameters: (a) Effective magnetization (µ0Meff), (b) In-plane
anisotropy (µ0Hk), (c) Inhomogeneous broadening (µ0∆H0), and (d) Gilbert damping
parameter (α) from OFMR and STFMR, respectively.
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4.6 Quantification of Spin Hall angle (θSH) using DC bias

measurement

The spin Hall angle θSH was determined through measurements of DC bias linewidth

modulation. The DC spin current density JS flowing in the Pt layer induces DC spin currents

that modulate the linewidth change ∆H of the Py layer through a damping/anti-damping

spin-orbit torque (SOT) effect. The resulting effective damping αeff is linearly proportional

to JS and can be described by the following relation [93]:

αeff = α0 +
sinφ

(Hres + 0.5Meff)(µ0MSt)
h̄JS
2e

(4.8)

In the above equation, 4.8, φ is the angle between the charge current and the externally

applied field, which is 45◦ in both techniques, and t is the thickness of the Py layer. The

above equation can be written more conveniently from which θSH can be extracted as

follows:

θSH =
δ∆H/δ∆IDC

2πf
γ

[
sinφ

(Hres+0.5Meff)(µ0MStPy)

][ρPytPt +ρPttPy

ρPy

]
w (4.9)

Here IDC is the bias current and δ∆H is the variation in ∆H as a result of IDC. ρPt and

ρPy are the resistivities of Pt, and Py, respectively, and w is the width of the device. From

equations 4.8 and 4.9, it is seen that when the external field is reversed, sinϕ changes sign,

i.e., the dependence of ∆H on IDC is also reversed.

The linewidth data at 6.24 GHz and 6 GHz for OFMR and STFMR, respectively, with

varying DC bias currents (IDC), are shown in Figure 4.14. The linear dependence of the

relative linewidth change (δ∆H) on IDC is clearly observed. It is also evident that the

maximum applicable current in the optical measurements (OFMR) is nearly four times

larger compared to the electrical measurements (STFMR). This limitation in STFMR arises

from the fact that the detection of STFMR relies on the anisotropic magnetoresistance

(AMR) of the ferromagnetic (FM) layer. As the DC current (IDC) increases, the background

DC voltage also increases, which is a function of AMR and the external magnetic field
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Figure 4.14: Current dependent linewidth broadening at 6 GHz and 6.24 GHz for Pt (111),
Pt (110), and Pt (100) (a) in STFMR and (b) in OFMR, respectively.
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Figure 4.15: STFMR and OFMR zero bias spectra for Pt (111), Pt (110) and Pt (001).

(Hext) [22]. Specifically, away from the resonance field Hext, higher-order contributions of

AMR become prominent, especially in the case of large damping (α) or inhomogeneous

broadening (∆H0). Consequently, the shape of the STFMR spectra away from resonance at

higher current densities introduces unwanted noise, leading to a lower signal-to-noise ratio

(SNR) in the measurement.

In contrast, the OFMR signal relies solely on the Kerr rotation of the FM layer, which is

a direct consequence of the magnetization of the FM layer, making it highly sensitive. These

observations indicate that the sensitivity of STFMR is limited by the background detection

voltage (Vmix) rather than the noise of the magnetic signal itself. Since the OFMR signal is

based on the magnetization and is less prone to artifacts, changes in the linewidth (δ∆H)

with respect to the DC current (IDC) can be studied over a wider range of current densities,

allowing for a more accurate quantification of θSH (slope of the linewidth modulation).

This conclusion holds true for all samples except for Pt (110). Surprisingly, in Pt (110),

the OFMR data is much noisier than the STFMR data, which clearly exhibits a linear

dependence on IDC. The θSH values explain this contradiction. For Pt (111) and Pt (001),

the values of θSH obtained from STFMR (OFMR) are 0.053± 0.01 (0.043± 0.01) and

0.072±0.01 (0.068±0.01), respectively. These results indicate that both methods yield

relatively close θSH values. However, for Pt (110), there is a significant discrepancy, with

an unusually large θSH value of 0.45±0.2 obtained using STFMR, while OFMR results
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in 0.09±0.03. Additionally, for all measurements, the θSH values from STFMR are larger

than those obtained using OFMR, except for Pt (110) where the difference is abnormal. This

observation suggests that one of the measurements is more prone to artifacts and yields an

inaccurate value of θSH. These contradictory values of θSH can be explained as follows:

As shown earlier, the VSM and MOKE data for Pt (110) films (Figure 4.3 and Figure

4.12) indicate small magnetic signals and a large coercivity (HC). The OFMR and STFMR

data also exhibit a large inhomogeneous linewidth broadening (∆H0) (shown in Figure

4.15) and weaker signals for Pt (110) compared to the other films (by almost an order of

magnitude). As stated above, the application of IDC shifts the DC baseline, and together

with the weak Vmix signal of Pt (110), it results in measurement artifacts that eventually lead

to an incorrect θSH value of 0.45. The OFMR results in a correct value of 0.09, from which

we conclude that the STFMR data in this case is erroneous. The error-induced linewidth

modulation in STFMR for Pt (110) at 8 GHz is shown in Figure 4.16. Additionally, the

STFMR data in the other crystal orientations are affected by the same artifact, but in these

cases, Vmix is larger, and the STFMR measurement is more reliable, except for a systematic

offset in the STFMR θSH measurement. The values of θSH for Pt (111) and Pt (001) are

larger by approximately 20% compared to OFMR.
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Figure 4.16: Error induced linewidth modulation for Pt(110) in STFMR at 8GHz. The value
of θSH obtained from this data is ∼ 0.4 ± 0.2.



4.6. Quantification of Spin Hall angle (θSH) using DC bias measurement 86

4.6.1 Interface Transparency (T)

Interface plays a important role when it comes to calculating the θSH. The spin current

generated in HM layer ℏJint is usually larger than the spin current ℏ/2JT
SH that diffuses into

FM layer [92]. These two quantities is determined by interface transparency(T) [92].

T =
G↑↓tanh( d

2λ )

G↑↓coth( d
2λ ) + σPt

λ
h

2e2

(4.10)

Where d is the thickness of HM layer (Pt in our case), h is Planck’s constant, λ and σPt

are the spin diffusion length and conductivity of Pt layer, respectively. When λ is relatively

smaller than d, the parameter G↑↓ is related to the spin mixing conductance Geff [94].

G↑↓ = Geff

σPt
λ

h
2e2

σPt
λ

h
2e2 – Geff

(4.11)

Where spin mixing conductance Geff is given by [95] [96].

Geff =
4πMst
gµB

(αFM/HM –αFM) (4.12)

Where MS, t, g, µB, αFM/HM and αFM are saturation magnetization, thickness of FM,

Kittel’s g-factor, Bohr magneton, effective damping of FM/HM bilayer and damping of

single FM layer respectively.

The intrinsic spin Hall angle (θSH–intrinsic) and effective spin Hall angle (θSH) are

related by

θSH–intrinsic =
θSH

T
(4.13)

The following table summarizes the transparency values of Pt (111) and Pt(001) samples

Table 4.1: Interface transparency values of Pt-111 and Pt-001 samples.

Sample Pt-111 Pt-001

T (OFMR/STFMR) 0.4827 0.6338
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In above calculation, we have used αPy = 0.008 for 5nm film. In Pt (110) the damping is

too high and the assumptions of the model do not hold resulting in a transparency that is

greater than 1. Overall, the θSH–Intrinsic of Pt (111) and Pt (001) are close in both OFMR

and STFMR measurement. The values of θSH and θSH–Intrinsic are summarized in table

below 4.2. For better illustration of the comparison, the bar graphs are plotted in figures

4.23 and 4.24 in the conclusion and discussion section below.

Table 4.2: Summary of θSH for Pt (111), Pt (110), Pt (001), and textured Pt (Pt/SiO2) films
measured by OFMR and STFMR.

Sample θSH OFMR θSH STFMR Intrinsic θSH OFMR Intrinsic θSH STFMR
Pt(111) 0.043±0.01 0.053±0.01 0.089 ±0.01 0.109±0.01
Pt(110) 0.09±0.03 0.45±0.2 N.A. N.A.
Pt(100) 0.068±0.01 0.072±0.01 0.107±0.01 0.113±0.02
Pt/Si/SiO2 0.08±0.01 0.09±0.01 0.12±0.01 0.14±0.01

4.6.2 Field like torque efficiency ξFL estimation

In this section, we calculate the field-like torque efficiency (ξFL) using the DC bias method

in both OFMR and STFMR measurements. As mentioned earlier, in STFMR and OFMR, the

magnetic moment (m⃗) in the FM layer is excited by three torques: the damping-antidamping

torque (τDL), the Oersted torque (τOe), and the field-like torque (τFL). Typically, in STFMR,

there are multiple methods to estimate τFL, but they require complicated analyses such as

precise estimation of the microwave current in the HM layer and different FM thicknesses

[77]. Here, we utilize the DC bias method described earlier to calculate τFL.

In the presence of DC bias, the total effective field (Heff) can be written as:

Heff = Hext + HOe,dc + HFL,dc (4.14)

Here, Hext, HOe,dc, and HFL,dc represent the applied external field, the Oersted field, and

the effective field of τFL due to the DC spin current flowing into the FM layer, respectively.

Therefore, in the DC bias method, the changes in the resonance field at a given current (I)

(∆Hres(I) = Hres(I) – Hres(I = 0)) are the vector projection of the effective fields HOe,dc and
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HFL,dc, given by:

∆Hres(I) = –(∆HOe,dc +∆HFL,dc) sinφ (4.15)

Here, φ represents the angle between the external magnetic field (Hext) and the current

(I). Since the thickness of the device is smaller than the width, HOe can be expressed as

µ0JHMd/2 according to Ampere’s law, where µ0, JHM, and d are the relative permeability

of free space, the charge current density in the HM layer, and the thickness of the HM layer,

respectively. Similarly, the effective field HFL,dc can be written as ξFL

[
h̄
2e

][
1

µ0MSteff
FMJHM

]
,

where ξFL, h̄, e, µ0MS, and teff
FM represent the field-like torque efficiency, the reduced

Planck constant, the electronic charge, the relative permeability of free space, the saturation

magnetization, and the effective thickness of the FM layer, respectively. Therefore, Eq. 4.15

can be written as:

∆Hres = –

[
JHMd

2
+ξFL

h̄
2e

1
µ0MSteff

FMJHM

]
sinφ (4.16)

From the parallel model of current flow, JHM = ∆I
[

RFM
RFM+RHM

][
1

Ac,HM

]
. Therefore, we

can express:

∆Hres
∆I

RFM + RHM
RFM

Ac,HM
sinφ

= –
d
2

–ξFL
h̄
2e

1
µ0MSteff

FM
(4.17)

Finally, we can calculate ξFL using the equation:

ξFL =
2e
h̄

[
∆Hres
∆I

RFM + RHM
RFM

Ac,HM
sinφ

S –
d
2

]
µ0MSteff

FM (4.18)

The factor S can be ±1 depending on the geometry of the structure (FM/HM or HM/FM).

The term ∆Hres
∆I represents the slope of the changes in Hres with respect to the current (I).

It is worth noting that changes in Hres can also be caused by the thermal effect of

electrical current joule heating (∆Hres ∝ 4πMeff ∝ ∆T ∝ ∆Pdiss ∝ ∆I2). The thermal effect

is an even function of the current and does not depend on the polarity of the charge current.

Therefore, the odd part of the changes in Hres represents the contributions from both the
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Oersted and field-like torques. By separating the odd and even components of Hres using

([Hres(I) – Hres(0)]± [Hres(–I) – Hres(0)])/2, where (+) and (–) represent the even and odd

components, respectively, we can accurately determine the field-like torque contribution.

Figures 4.17 and 4.20, 4.18 and 4.21, and 4.19 and 4.22 represent the separation of the

even and odd parts of Hres from the raw data (Hres vs I) for the Pt(111), Pt(110), and

Pt(001) samples in OFMR and STFMR, respectively. Table 4.3 summarizes the values of

ξFL obtained. In the case of Pt(110), OFMR and STFMR measurements disagree, which

can be attributed to the broader STFMR signal and the lower signal-to-noise ratio (SNR)

resulting from the additional DC bias. This leads to an inaccurate value of ξFL in STFMR.
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Figure 4.17: OFMR measurement of Pt (111).(a) Variations in Hres with respect to DC
current for the positive and negative field.(b) and (c) are the odd and even components of
Hres that represents the field like torque and Joule heating, respectively.
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Figure 4.18: OFMR measurement of Pt (110).(a) Variations in Hres with respect to DC
current for the positive and negative field.(b) and (c) are the odd and even components of
Hres that represents the field like torque and Joule heating, respectively.
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Figure 4.19: OFMR measurement of Pt (001).(a) Variations in Hres with respect to DC
current for the positive and negative field. (b) and (c) are the odd and even components of
Hres that represents the field like torque and Joule heating, respectively.
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Figure 4.20: STFMR measurement of Pt (111).(a) Variations in Hres with respect to DC
current for the positive and negative fields. (b) and (c) are the odd and even components of
Hres that represents the field like torque and Joule heating, respectively. The linear fitting is
limited to the linear regime of the data.
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Figure 4.21: STFMR measurement of Pt (110). (a) Variations in Hres with respect to DC
current for positive and negative field. (b) and (c) are the odd and even components of
Hres that represent the field like torque and Joule heating, respectively. The linear fitting is
limited to the linear regime of the data.
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Figure 4.22: STFMR measurement of Pt (001). (a) Variations in Hres with respect to DC
current for positive and negative field. (b) and (c) are the odd and even components of
Hres that represent the field like torque and Joule heating, respectively. The linear fitting is
limited to the linear regime of the data.

Table 4.3: Summary of the ξFL values of Pt (111), Pt (110), and Pt (001) films from OFMR
and STFMR techniques

ξFL Pt(111) Pt(110) Pt(001)

OFMR 0.08±0.01 0.04±0.02 0.04±0.01

STFMR 0.05±0.01 0.29±0.2 0.03±0.02

4.7 Conclusion and Discussion

In this chapter, we investigated the crystallographic dependence of the spin Hall angle (θSH)

in epitaxial Pt thin films of Pt(111), Pt(110), and Pt(001) using both optical (OFMR) and

electrical (STFMR) techniques. Our results demonstrate that the measurement of θSH using

OFMR is more reliable than the conventional STFMR technique, particularly in cases where

the FMR signal is weak and broad, such as in the Pt(110) film. We observed significant

changes in θSH (20-30%) with respect to crystallographic orientation (Pt(111) to Pt(001)),

as shown in Table 4.2. Due to the ambiguity in the results for Pt(110), particularly with
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STFMR, we consider the value of θSH obtained from OFMR to be more accurate. The side

by side comparison of θSH are shown in fig. 4.25.

For comparison, we also grew a textured Pt film along the (111) direction with the same

structure: Si/SiO2/Pt(5)/Py(5) (units in nm). This film exhibited a resistivity of 27±2µΩ-

cm, damping constant α of (14.0±1)×10–3, and inhomogeneous linewidth broadening

∆H0 of 1.15±0.3 mT, resulting in a θSH value of 0.09±0.01 (STFMR) and 0.08±0.01

(OFMR). We also estimated other parameters such as transparency (T), intrinsic spin Hall

angle, and field-like torque efficiency (ξFL) for these films. Once again, we observed that

OFMR provides a better estimation of these parameters due to its immunity to electrical

noise and its local measurement nature compared to the non-local/global STFMR technique.

In summary, we developed a local optical technique called OFMR to measure θSH and

compared it with the standard STFMR technique. Accurately determining θSH is crucial for

characterizing the power efficiency of spintronics devices.

Figure 4.23: Values of θSH and θint–SH for Pt(111), Pt(110), Pt(100) and Pt/Si from OFMR
measurement
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Figure 4.24: Values of θSH and θint–SH for Pt(111), Pt(110), Pt(100) and Pt/Si from STFMR
measurement

Figure 4.25: Side by side comparison of θSH values for different crystallographic directions
in Pt from OFMR and STFMR measurements. The dotted rectangular box highlights the
discrepancies in θSH for Pt(110).



5
Crystallographic Dependence of Spin Orbit

Torques in Epitaxial Mn3Pt thin films

5.1 Introduction

In recent years, there has been significant interest in current-induced spin-orbit torques

(SOT) due to their potential applications in spintronics and their ability to manipulate

the magnetization of adjacent ferromagnetic layers [97, 98, 99]. Heavy metals (HM) are

commonly used as spin current source materials due to their large spin Hall angle (θSH)

resulting from the conventional spin Hall effect (CSHE) caused by strong spin-orbit coupling

(SOC) or the Rashba-Edelstein effect (REE) [100, 5]. The spin polarization in CSHE is

even under time-reversal symmetry (TRS). In this case, the in-plane anti-damping torque

95
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(τAD,y) is expressed as (m×m×σy), which is even under magnetization reversal, while

the out-of-plane field-like torque (τFL,y) is expressed as (m×σy), which is odd under

magnetization reversal. Here, m represents the magnetization of a ferromagnet (FM), and

σy represents the spin current polarization along the y direction.

In HM/FM bilayer systems with perpendicular magnetic anisotropy (PMA), magnetiza-

tion switching is primarily achieved through the large τAD,y originating from spin current

with polarization σy. However, one major technical challenge associated with current-

induced switching using HM is the requirement of a finite in-plane biased field, as CSHE

provides a pure in-plane damping-like torque. Consequently, there has been a significant

burst in scientific activities to search for novel materials that can generate spin currents

deviating from σy, with a special emphasis on collinear and non-collinear antiferromagnets,

as well as 2D materials [101, 102, 103, 63, 104, 105].

Spin currents with out-of-plane spin polarization σz were first observed in low crystalline

symmetric (orthorhombic) 2D materials in bilayer structures such as WTe2/Py, where the

broken crystal mirror symmetry contributes to the generation of σz [102]. A similar spin

current with σz was also observed in relatively higher crystalline (hexagonal) NbSe2/Py

bilayer systems due to uniaxial strain [103]. Furthermore, σz was observed in low sym-

metric point group heavy metal CuPt/CoPt bilayer systems, where Hx-free magnetization

switching was demonstrated [106]. In addition to broken crystal mirror symmetry, broken

magnetic symmetry has been proposed as another effective way to generate σz in collinear

antiferromagnets (AFMs) such as IrMn and Mn2Au, as well as non-collinear AFMs such as

Mn3Sn, Mn3Pt, and Mn3SnN [63, 105, 107].

However, previous studies did not observe spin currents with σx polarization. Never-

theless, spin currents with all three polarizations (σx, σy, and σz) were observed in the

non-collinear AFM Mn3GaN, and spin current with only σy polarization was observed

in γ – Mn3Ir [83, 101], which also belong to the non-collinear AFM family. Although

non-collinear AFMs exhibit higher structural symmetry (either cubic or tetragonal), the un-

conventional torques in these systems differ, highlighting the need for further investigation.

Moreover, it is worth noting that the interface between a heavy metal (HM) layer and a



5.1. Introduction 97

non-collinear antiferromagnetic (AFM) layer exhibits a substantial exchange bias (EB) field.

Surprisingly, the influence of this EB field on the spin-orbit torque (SOT) phenomenon has

not been adequately investigated in prior studies.

Mn3Pt is a cubic non-collinear AFM that can exhibit two magnetic domain structures,

denoted as T1 and T2 (shown in Fig. 5.1). Previous studies on SOT in Mn3Pt focused on

the T2 domain configuration, but the exchange bias effect between the FM and Mn3Pt has

not been extensively studied with both domain configurations [63].

In this chapter, we investigate the spin torque effects in Mn3Pt/Py and Mn3Pt/Cu/Py

systems using spin torque ferromagnetic resonance (ST-FMR). We explore the behavior

of Mn3Pt with (111) and (001) orientations, both exhibiting a T1 domain configuration.

Additionally, we examine the influence of exchange bias on different SOT phenomena by

introducing a thin Cu layer between Mn3Pt and Py.
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(a)

(b)

Figure 5.1: The (a) T1 and (b) T2 configurations of Mn3Pt are represented in the images
generated using VESTA software.

5.2 Sample Preparation and the Characterization

Mn3Pt is a cubic non-collinear antiferromagnet in which magnetic moment of three Mn

atoms form triangular spin arrangement in the (111) plane, (as shown in Fig. 5.1). It shows

non-collinear AFM ground state at room temperature and goes through a collinear AFM

phase at T ∼ 365K and finally paramagnetic phase at TN ∼ 475K. High quality epitaxial

thin films of 10 nm thick Mn3Pt with (111) and (001) orientations were grown at 500◦C

on TaN buffered Al2O3(0001) and directly on STO(001) substrates respectively using ultra

high vacuum DC magnetron sputtering. A 5 nm thick Ni80Fe20 (Py) layer was sputtered
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directly on top of the 10 nm thick Mn3Pt layer at room temperature. Another two sets

of samples with 10 nm thick Mn3Pt were also prepared by inserting 2 nm Cu layer in

between Mn3Pt and Py. All the films were capped with 3 nm TaN layer to prevent oxidation.

Figure 5.2 shows typical out-of-plane X-ray diffraction (XRD) patterns for both the samples.

Furthermore, transverse ϕ scans confirm the single crystalline nature of Mn3Pt(111) and

Mn3Pt(001) as shown in Fig. 5.4. Atomic force microscopy (AFM) micrograph displays

a smooth surface with r.m.s. roughness close to 0.5 nm (Shown in Fig. 5.3). Single-layer

Mn3Pt films with a thickness of 10 nm were also deposited on substrates Al2O3(0001) and

STO(001), enabling the characterization of their properties.

(a) (b)

Figure 5.2: (a) Out of plane X-ray diffraction of Mn3Pt(111)/Cu/Py, (b) Mn3Pt(001)/Cu/Py
grown on TaN buffered Al2O3(0001) and STO(001) substrates, respectively.

(a) (b)

Figure 5.3: (a) AFM images of (a)Mn3Pt(111)/Cu/Py and (b)Mn3Pt(001)/Cu/Py thin films.
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(a) (b)

Figure 5.4: (a) Transverse ϕ scan of Al2O3(11 – 23), TaN(220), Mn3Pt(220) reflections
for Mn3Pt(001)/Cu/Py and, (b) STO(111), Mn3Pt(111) reflections for Mn3Pt(111)/Cu/Py
structures, respectively.

(a) (b)

Figure 5.5: (a) Raw (black curve) and corrected (blue curve) M vs. H∥ for the 10 nm single
layer Mn3Pt(111) film. (b) Raw (black curve) and corrected (blue curve) M vs. H⊥ for the
10 nm single layer Mn3Pt(001) film
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(a) (b)

Figure 5.6: (a) Anomalous Hall resistivity of 10 nm Mn3Pt(001) film measured at 300 K
and 400 K. (b) Anomalous Hall resistivity of 10 nm Mn3Pt(111) film measured at 300 K
and 400 K.

The magnetization of 10 nm films for both the orientations is found to be less than

20emu/cm3 (shown in Fig. 5.5). A small but finite AHE in 10 nm Mn3Pt(001) film confirms

the non-collinear AFM state with T1 magnetic domain configuration and vanishing AHE at

400 K further verifies collinear AFM state which is usually observed beyond 365 K.

5.3 STFMR Measurement

Spin torque ferromagnetic resonance (ST-FMR) technique is used to determine the different

spin orbit torques associated with this system. When an in-plane RF charge current (IRF) is

applied into the bilayer, spin accumulation occurs at the interface between the FM and the

SOT materials and, produces an oscillatory anisotropic magneto resistance. This oscillatory

anisotropic magneto resistance and IRF produces a mixing ST-FMR DC voltage, Vmix,

which is expressed as,

Vmix = V0

[
VS

∆H2

∆H2 + (Hext – Hres)2 + VA
∆H(Hext – Hres)

∆H2 + (Hext – Hres)2

]
(5.1)

where V0,VS,VA,Hres,∆H and Hext are constant prefactors, the amplitude of symmetric

Lorentzian, the amplitude of antisymmetric Lorentzian, the resonance field, the linewidth

and the external DC magnetic field, respectively. The schematic of STFMR is shown in
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Chapter 4(Fig. 4.9).

To gain insights into the spin-orbit torque (SOT) phenomenon in these films, STFMR

measurements were conducted on Mn3Pt/Py and Mn3Pt/Cu/Py films with both orien-

tations of the Mn3Pt layer. Figures 5.7, 5.8, 5.9, and 5.10 depict the STFMR spec-

tra for Mn3Pt(111)(10)/Py(5), Mn3Pt(001)(10)/Py(5), Mn3Pt(111)(10)/Cu(2)/Py(5), and

Mn3Pt(001)(10)/Cu(2)/Py(5), respectively. The value of Gilbert damping (α) and effec-

tive magnetization (Meff) is calculated by using ∆H = ∆H0 + 2παf
γ and Kittel relation

f = µγ
2π

√
(Hres + HK)(Hres + Meff + HK), respectively. In these equations, the parameters

have the following meanings as before: ∆H: Linewidth at given frequency, ∆H0: Intrinsic

Linewidth, α: Gilbert damping, f: Resonance frequency, γ: Gyromagnetic ratio, µ: mate-

rial’s magnetic permeability, Hres: Resonance field, HK: In-plane anisotropy field and Meff:

Effective magnetization. The value of α and Meff are summarized in the following text.

(a) (b)

(c)

Figure 5.7: (a) STFMR spectra’s for different frequencies (5 to 14 GHz), (b) f vs Hres,(c)
∆H vs f of Mn3Pt(111)(10)/Py(5) sample (All the thickness are in nm).
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(a) (b)

(c)

Figure 5.8: (a) STFMR spectra’s for different frequencies (5 to 14 GHz), (b) f vs Hres,(c)
∆H vs f of Mn3Pt(001)(10)/Py(5) sample (All the thickness are in nm).

(a) (b)

(c)

Figure 5.9: (a) STFMR spectra’s for different frequencies (5 to 14 GHz), (b) f vs Hres,(c)
∆H vs f of Mn3Pt(111)(10)/Cu(2)/Py(5) sample (All the thickness are in nm).
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(a) (b)

(c)

Figure 5.10: (a) STFMR spectra’s for different frequencies (5 to 14 GHz), (b) f vs Hres,(c)
∆H vs f of Mn3Pt(001)(10)/Cu(2)/Py(5) sample (All the thickness are in nm).
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Figure 5.11: Vmix along with the fits and individual contributions of VA and VS
are shown for (a) Mn3Pt(111)/Py, (b) Mn3Pt(111)/Cu/Py, (c) Mn3Pt(001)/Py, and (d)
Mn3Pt(001)/Cu/Py respectively. Pictorial representation of Mn3Pt/Py and Mn3Pt/Cu/Py,
directions of Hext and HEB are shown on top of the panel.

Vmix were measured on the device of Mn3Pt(111)/Py and Mn3Pt(001)/Py bilayers for

different frequencies at fixed, φ = 40◦, where φ is the angle between IRF and external DC

magnetic field. The Vmix is quite broad for both the bi-layers (Shown in Fig. 5.11a,c). The

effective magnetization (Meff) and Gilbert damping constant (α) are 895 (1027) emu/cm3
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and 0.023 (0.013) respectively for Mn3Pt(111)/Py (Mn3Pt(001)/Py) bilayers. To investigate

the origin of such broad Vmix, we insert 2 nm Cu layer in between Mn3Pt and Py. The Vmix

becomes sharper for both Mn3Pt(111)/Cu/Py and Mn3Pt(001)/Cu/Py tri-layers (Shown

in Fig. 5.11b,d). Meff and α are 812 (933) emu/cm3 and 0.007 (0.006) respectively for

Mn3Pt(111)/Cu/Py (Mn3Pt(001)/Cu/Py) tri-layers. The Hres is found to be 0.06 (0.03T) for

Mn3Pt(111)/Py (Mn3Pt(001)/Py) whereas, Mn3Pt(111)/Cu/Py(Mn3Pt(001)/Cu/Py) shows

0.08 (0.06T), respectively.

(a) (b)

Figure 5.12: EB as a function of T for the (a) Mn3Pt(111)/Py and (b) Mn3Pt(001)/Py
bilayers. Inset shows the magnetic hysteresis measured at 5 K and 300 K after field cooled
at 10 kOe.

The comparatively smaller Hres indicate the presence of an additional field at the

interface for Mn3Pt(111)/Py and Mn3Pt(001)/Py. This additional field is the exchange bias

(HEB) field, which is finite at room temperature for both Mn3Pt(111)/Py and Mn3Pt(001)/Py

(Shown in Fig. 5.12). To confirm this, detailed measurements of the exchange bias (EB)

were performed between 5K to 400 K. The highest magnitude of the EB field was observed

at 4 K, and as the temperature increased, the EB field gradually diminished until reaching

the blocking temperature. For the Mn3Pt (111)/Py sample, the blocking temperature was

determined to be 350 K, while for Mn3Pt (001)/Py, it was found to be 330 K. At these

respective temperatures, the EB field effectively diminishes to zero (shown in Fig. 5.12).

EB is not observed at 300 K when Cu is inserted between Mn3Pt and Py as Cu breaks the

exchange coupling between Mn3Pt and Py. The absence of EB causes a shift of Hres to high
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magnetic field for Mn3Pt(111)/Cu/Py and Mn3Pt(001)/Cu/Py. The large damping and broad

Vmix in Mn3Pt(111)/Py and Mn3Pt(001)/Py bilayers mainly originate due to the exchange

coupling between Mn3Pt and Py [108] [109].

5.4 Angular Dependence STFMR Measurement

To quantify the different torques (σx,σy and σz), a detailed angular dependence of Vmix has

been performed on both the bi-layers and tri-layers. The amplitudes VS and VA in Vmix are

proportional to the in-plane torque and out-of-plane torque arising from adjacent Mn3Pt.

VS(φ) = –A(τx,ADsinφsin2φ+τy,ADcosφsin2φ+τz,FLsin2φ) (5.2)

VA(φ) = A
√

1 +
Meff
Hext

(τx,FLsinφsin2φ+τy,FLcosφsin2φ+τz,ADsin2φ) (5.3)

Where A = – IRF
2 · 1

α(2µ0Hres+µ0Meff)
is a constant. τi,AD and τi,FL represents the strength

of the different torques(damping/anti-damping and field like) related to different polarization

directions σi(i = x,y,z), the spin polarization of the spin current along x,y,z, where x and y

are the directions along and transverse to the current, respectively and z is the normal to the

plane of the device.

VA(φ) can be described with out-of-plane field like torque (τy,FL and τx,FL) due to σy

and σx respectively (second and first term in equation 5.3) and small out of plane damp-

ing/antidamping torque τz,AD due to σz. Whereas, VS(φ) reveals in-plane anti-damping like

torque (τy,AD and τx,AD ) originating from σy and σx respectively (second and first term in

equation 5.2) and small in-plane field like torque τz,FL due to σz. VS and VA contributions

at different φ are extracted from Vmix using the equation 5.1.
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Figure 5.13: VS and VA as a function of φ (Angle between IRF and Hext) for (a)
Mn3Pt(111)/Py, (b) Mn3Pt(111)/Cu/Py, (c) Mn3Pt(001)/Py and (d) Mn3Pt(001)/Cu/Py
structures, respectively.

Fig. 5.13a,b,c,d shows the angular dependence of VS(φ) and VA(φ) for Mn3Pt(111)/Py

and Mn3Pt(001)/Py samples with and without Cu, respectively. The variations of VA(φ)

and VS(φ) with respect to the angle φ in both (001) and (111) orientations of Mn3Pt

(with and without Cu) demonstrate the presence of all damping/anti damping and field

like torques resulting from spin polarization σx, σy, and σz, respectively. However, the

magnitudes of these torques vary among different samples, as indicated by the differences

in the magnitudes of VA(φ) and VS(φ), as shown in Figure 5.13. Notably, the samples

without an exchange bias (with Cu layer) exhibit larger values of VA(φ) and VS(φ), while

the samples with an exchange bias (without Cu) display smaller values. It is important to
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point out that Mn3Pt(001)/Py shows highly asymmetrical angular dependence of VA and

VS compare to Mn3Pt(111)/Py.

(a)

(b)

Figure 5.14: Histogram of normalized torques for (a) Mn3Pt(111)/Py (with EB) and
Mn3Pt(111)/Cu/Py (without EB), (b) for Mn3Pt(001)/Py (with EB) and Mn3Pt(001)/Cu/Py
(without EB), respectively.

Figure 5.14 presents histograms depicting the normalized differences in torques

with respect to τy,FL. In the case of the Mn3Pt(111)/Py configuration, both the ratios

τy,AD/τy,FL and τz,FL/τy,FL exhibit large values. Conversely, these ratios are small for

the Mn3Pt(111)/Cu/Py configuration. For the Mn3Pt(001)/Py and Mn3Pt(001)/Cu/Py con-



5.4. Angular Dependence STFMR Measurement 110

figurations, similar torques are observed. However, the presence of exchange bias (EB)

significantly impacts not only the magnitude of the torques but also leads to erroneous

estimations of various torques. For instance, the ratio τy,AD/τy,FL reaches approximately 3,

which is physically implausible. The magnitudes of all the torques decrease substantially

and become physically acceptable when a layer of Cu is inserted between Mn3Pt and Py. It

is noteworthy that the ratio τy,AD/τy,FL is considerably higher for Mn3Pt(001) compared to

Mn3Pt(111).The angular dependence of the spin-torque ferromagnetic resonance (STFMR)

measurement reveals that both orientations of Mn3Pt(111)/Py and Mn3Pt(001)/Py exhibit all

three torques (σx,σy and σz). Furthermore, the magnitudes of these torques are influenced

by the presence of exchange bias at the interface between Mn3Pt and Py.
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Figure 5.15: Anomalous Hall Resistance (AHR) of (a) Mn3Pt(111)/Cu/(Ni/Co)3 and (c)
Mn3Pt (001)/Cu/Ni/Cu structures. Current induced magnetization switching in presence
of small Hx and in the absence of Hx are shown for (b) Mn3Pt(111)/Cu/(Ni/Co)3 and (d)
Mn3Pt(001)/Cu/Ni/Cu structures.
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I+

I-

V+ V-

Figure 5.16: Optical micrograph of Hall bar device. V+(V-), I+(I-) represents the polarity of
the measured voltage and applied current.

To investigate the capability of the observed Spin-Orbit Torques (SOTs) to reliably switch

a perpendicularly magnetized layer, two distinct sample configurations were prepared:

Mn3Pt(111)/Cu/(Ni/Co)3 and Mn3Pt(001)/Cu/Ni/Cu. The choice of (Ni/Co)3 was moti-

vated by its growth orientation along (111) and its well-established perpendicular magnetic

anisotropy (PMA). Conversely, in the second configuration, no significant PMA was ob-

served in these layers, leading to the growth of a Cu/Ni/Cu structure with an orientation

along (001) that exhibited PMA.

Hysteresis loops of the Anomalous Hall Resistance (AHR) as a function of out-of-

plane magnetic field (Hz) are depicted in Figure 5.15a and b, clearly demonstrating the

presence of PMA in both cases. Notably, the AHR originating from the Mn3Pt layer is

quite small, as determined from measurements conducted on individual Mn3Pt(001) and

Mn3Pt(111) layers (see Fig. 5.6).To assess the effectiveness of current-induced electrical

switching, we have performed experiments on both samples using a 100 ms writing pulse

and a 1 mA DC read current (I), without the application of any in plane bias field (Hx)

(device structure shown in Fig. 5.16). In the absence of Hx, no magnetization switching was

observed in either structure. However, Mn3Pt(111)/Cu/(Ni/Co)3 exhibited nearly complete

(90%) magnetization switching when a bias field of Hx = ±50 Oe was applied (Fig. 5.15c).

The degree of switching decreased for smaller or larger values of Hx. On the other hand,

Mn3Pt(111)/Cu/(Ni/Co)3 demonstrated a lower degree of switching (82%) at Hx = ±20
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Oe (shown in Fig. 5.15d). It is worth noting that although previous STFMR results on

related structures indicated finite values of τz,AD/τy,FL that should result in switching in the

absence of any bias field, no such switching was observed in our experiments. This suggests

that these torques are relatively small in magnitude.

5.6 Conclusion and Summary

In conclusion, we demonstrate that the presence of exchange bias in non-collinear AFM/FM

bilayers significantly enhances the magnitude of spin orbit torques. The substantial value

of Gilbert damping α in AFM/FM bilayers primarily stems from the finite exchange

coupling between Mn3Pt and Py, resulting in a broad Vmix signal. We observe spin currents

with all three polarizations, σx, σy, and σz, in both Mn3Pt(111)/Py and Mn3Pt(001)/Py

configurations, as well as in similar structures with Cu interface layers. Notably, the Spin

Hall Effect (SHE) attributed to σy (τy,AD/τy,FL) is considerably larger for Mn3Pt(001)

compared to Mn3Pt(111), regardless of the presence of Cu layers. Despite the presence of a

τz,AD torque indicated by our STFMR measurements, its magnitude is insufficient to enable

field-free magnetization switching in related structures with perpendicularly magnetized

ferromagnetic layers. This study underscores the significance of exchange bias in assessing

spin-orbit torques in non-collinear AFM/FM systems. The summarized parameters related

to spin-orbit torques (SOT) for these films are presented in table 5.1. Additionally, the effect

of exchange bias on ferromagnetic resonance (FMR) parameters is illustrated through bar

plots shown in Figure 5.17.

Sample Meff (emu/cc) Hres(T) α τx,AD/τy,FL τy,AD/τy,FL τz,FL/τy,FL τx,FL/τy,FL τz,AD/τy,FL

Mn3Pt(111)(10)/Py 895 0.059 0.023 0 0.720 0.248 0 0.005

Mn3Pt(111)(10)/Cu(2)/Py 812 0.073 0.007 0 0.153 0.075 0 -0.001

Mn3Pt(001)(10)/Py 1027 0.023 0.013 -1.064 3.136 0.195 0.049 -0.332

Mn3Pt(001)(10)/Cu(2)/Py 933 0.063 0.006 -0.182 0.539 0.066 0.068 -0.095

Table 5.1: Summary of the SOT extracted parameters of Mn3Pt(001), Mn3Pt(111) films
from STFMR Measurement (All the thickness in nm).
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(a)

(b)

(c)

Figure 5.17: Effect of exchange bias (with Cu indicating no exchange bias) on parame-
ters : (a) effective magnetization Meff, (b) resonance field µ0Hres, and (c) damping α in
Mn3Pt(111) and Mn3Pt(001), respectively.



6
Conclusion and Outlook

In summary, this thesis presents the study of the crystallographic dependence of SHE in two

different class of materials, namely heavy metal Pt and non collinear AFM Mn3Pt.

SHE is very well known in Pt and various technique has been employed to study the

effect. However, a direct comparison of optical and electrical methods has not been yet

explored. In this study, we have utilized magneto optical Kerr effect (MOKE) to build

an optical technique called OFMR that resemble STFMR however with a key difference

of detection. We have used this OFMR technique to measure the SHE in Pt in three

crystallographic directions Pt(111), Pt(110) and Pt(001) respectively. From the comparison

of SHE measurement, we have concluded that when the FMR width is large and the signal

is low, it’s difficult to estimate the value of θSH using DC bias method, especially in the case

of STFMR. This can be clearly seen in Pt(110) sample, where STFMR measurement results
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in erroneous value of θSH due to electrical artifacts. However, due to high sensitivity (pron

to fewer artifacts) of OFMR measurement, it results close to realistic value of θSH for Pt

(110). For other two samples, Pt(111) and Pt(001) respectively, we got agreeable values of

θSH from both OFMR and STFMR measurement. Overall, both the measurement showed,

20-30% changes in θSH values with respect to crystallographic directions (from Pt(111)

to Pt(001)). The other spin Hall parameter such as intrinsic spin Hall angle (θSH–intrinsic),

field like torque efficiency (τFL) were also found consistent for Pt(111) and Pt(001) from

both the measurement.

Second important part of the thesis focus on the characterization of SOT in cubic Mn3Pt

with respect to the crystallographic directions (001) and (111). It has been theoretically

predicted that non-collinear AFM posses large SHE due to its large Berry curvature. Due to

high crystal and magnetic symmetry of Mn3Pt, we have studied the effect of crystallographic

orientation on spin polarization (σx,σy and σz). To measure these spin polarization or

torques, angular dependence of STFMR measurement is carried out. We have concluded

that exchange bias plays a crucial role to characterize the SOT and in order to rule out the

effect of exchange bias, a thin (2 nm) Cu layer is inserted between Mn3Pt/Py. To further

support the evidence of facet dependent unconventional torques coming from Mn3Pt, field

dependent current induced magnetization switching is carried out.

The SHE has been investigated for Pt and Mn3Pt films in this thesis. Following could be

a potential outlook for future scientific work.

• One of the next steps would be to study the SHE with respect to film thickness

and temperature. For temperature dependent OFMR measurement, a suitable optical

cryostat would indeed be needed. Additionally, a rotating magnetic field dependence

measurement would also be beneficial to study the effect of anisotropy on SHE (as

shown in fig. 6.1).

• Studying the SHE in other non-collinear AFMs: The thesis has investigated the SHE

in Mn3Pt as an example of a non-collinear AFM with strong SHE, but there are

other non-collinear AFMs that could exhibit interesting SHE properties as well. For

example, Mn3Sn and Mn3Ge have recently been shown to have large SHE signals.
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Investigating the SHE in these materials could provide further understanding of the

effect and could also lead to the discovery of new materials with promising SHE

properties.

• Exploring the relationship between crystal structure and SHE: The thesis has investi-

gated the crystallographic dependence of the SHE, but there may be other structural

factors that influence the effect as well. For example, defects, strain, and interface

effects could all play a role in the SHE. Investigating these factors could provide a

more complete understanding of the effect and could also lead to the development of

new materials and devices with enhanced SHE properties.

• Developing new techniques for measuring the SHE: The thesis likely used a variety

of techniques to measure the SHE, but there may be new techniques that could pro-

vide additional insights into the effect. For example, time-resolved measurements

or pump-probe measurements could help to reveal the underlying physics of the

SHE. Developing new techniques could also help to improve the accuracy and re-

producibility of measurements, which is important for developing new materials and

devices.

Overall, the thesis has provided a good foundation for understanding the crystallographic

dependence of the SHE in Pt and Mn3Pt, but there are many directions for future research.
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Figure 6.1: Proposed schematic of the Cryo-OFMR setup, where a vector magnetic field
can be applied in any given 2D plane (complete circle) or 3D space (complete sphere) at a
cryogenic temperature of 4K.



A
Appendix

119



List of Abbreviations 
 

• SHE   Spin Hall Effect  

• ISHE  Inverse Spin Hall Effect 

• AHE   Anomalous Hall Effect 

• MTJ  Magnetic Tunnel Junction 

• RM  Race Track Memory 

• GMR  Giant Magneto Resistance 

• TMR  Tunnel Magneto Resistance 

• MRAM Magnetic Random Access Memory 

• CMOS  Complementary Metal-Oxide Semiconductor 

• SOC  Spin Orbit Coupling 

• STT   Spin Transfer Torque 

• SOT  Spin Orbit Torque 

• DW  Domain Wall 

• FM  Ferromagnetic Material 

• HM  Heavy Metal 

• DMI  Dzyaloshinskii–Moriya Interaction 

• ST-FMR  Spin Torque Ferromagnetic Resonance 

• OFMR  Optically Detected Ferromagnetic Resonance 

• AFM  Antiferromagnetic 

• XRD  X-Ray Diffraction 

• AFM  Atomic Force Microscopy 

• PPMS  Physical Properties Measurement System 

• SQUID Superconducting Quantum Interference Device 

• VSM  Vibrating Sample Magnetometer 

• MOKE  Magneto Optical Kerr Effect  

• LASER Light Amplification by Stimulated Emission of Radiation  

• SHA  Spin Hall Angle 
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