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Abstract 

Existing technologies of electronic data storage and memory devices employ ferromagnets 

with controlled magnetic properties. Emergent technologies including spintronics and 

magnonics also search for engineered magnetic materials and metamaterials. There are two 

ways of controlling the magnetic properties for this purpose a) by searching new materials or 

b) by active control of existing material by external means. In this thesis we engineer 

magnetization dynamics by injecting spin current, modifying interface properties by ion 

irradiation or using suitable combination of materials forming the interface. 

Unlike charge current, which is a direct consequence of flow of charge, spin current solely 

deals with the spin degree of freedom of an electron giving rise to a new technology over the 

existing charge based technology, known as spintronics. For a pure spin current there are a lot 

of advantages including no net flow of charge and hence no stray Oerstead field, minimum 

power dissipation, tunable magnetic damping, or reduction of noise due to thermal fluctuation 

in nanomagnetic devices. All these exciting features, however, have been bottlenecked by the 

insufficiency of spin current density required to drive spintronic devices. Hence substantial 

research is required to enhance the conversion efficiency between charge current and spin 

current known as spin Hall angle
 
( SHθ ). The content of this thesis is to investigate SHθ  of 

ferromagnetic/nonmagnetic bi-layer systems using different measurement techniques like 

spin-torque ferromagnetic resonance (ST-FMR) and modulation of damping technique. We 

shall study spin orbit interaction, impurity scattering, spin Hall effect, spin diffusion length, 

spin pumping, generation and injection of spin current across the interface, which can play a 

crucial role in controlling the magnetization dynamics and spin transport properties of the 

ferromagnetic layer. This will enable an external control of the effective damping of a 

material by tuning the applied charge current density.  

The detection principle is based spin troque ferromagnetic resonance technique which relies 

on anisotropic magnetoresistance of the ferromagnet. The spectrum shape, amplitude, line 

width and resonance position are very important measurable quantity for this experiment, 

which gives us information about Gillbert damping, precession frequency, and also SHθ . 

 However, damping measurement using FMR is not very precise because of instrumental 

linewidth and various extrinsic effects. Hence, we directly measure the Gilbert damping using 
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an all-optical time-resolved MOKE microscope for comparison. To have a better 

understanding and control over the dynamical properties we study the effect on the various 

measurable quantities by varying different experimental and material parameters including rf 

power, bias field angle and film thickness as well as interface properties.  

Recently, focused ion beam (FIB) is regularly used for direct nanoscale patterning and 

milling to fabricate nanostructures with high precision. It may also be used to locally 

manipulate and control magnetic properties, domain structures as well as magnetization and 

domain wall dynamics on the micro and nanoscale. This opens new opportunities for 

interesting scientific investigations and has potential in future applications of nanoscale 

magnetic structures, such as sensors, memory and logic devices. In this thesis we will 

investigate the local magnetic property manipulation by low dose FIB irradiation of 

ferromagnetic/nonmagnetic bilayer thin film systems. A systematic investigation are made on 

patterned 30 µm dots of Ni80Fe20(10 nm)/nonmagnetic-metal [Au, Cr, Cu, Pt] bi-layers as a 

function of very low dose focused gallium ion irradiation (upto 5 pC/µm
2
). The dynamics are 

be measured by using an all-optical time-resolved MOKE microscope. We characterize the 

variation of Gillbert damping and precession frequency of magnetization with irradiation 

dose and also investigate the underlying phenomena occurring at the interface. The results are 

further supported by measurements of structural and compositional changes at the interface. 

Possible intermixing of the layers as a function of ion beam dose, in terms of interfacial 

broadening, roughening and development of a nanoscale compositionally graded alloy is 

discussed to explain the precession frequency and damping in such systems. 
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direction. (c) Variation of the precessional frequency f with CJ  for θ =45°, and 90°. 
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Figure 9.1. Schematic diagram of the ion irradiated Ni81Fe19/Pt bi-layer sample. 160 

Figure 9.2 Microscopic image of ion irradiated spots on the sample. 161 
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Figure 9.3. Photographic image of the sample with electrical connection arranged on a 

sample holder. 
162 

Figure 9.4. Photograph of the excitation and detection part of the TR-MOKE setup 

illustrating the experimental arrangement for this experiment. 
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Figure 9.5. (a-e) Time-resolved Kerr rotation data for unirradiated Ni81Fe19/Pt bi-layer at 

different applied current. The black circles denote experimental data points and the red lines 

are the fitted data. 
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Figure 9.6. Damping is plotted as a function of applied current for un-irradiated Ni81Fe19/Pt 

bi-layer sample. 
165 

Figure 9.7 (a-e) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer at an irradiation 

dose d = 0.8 pC/µm2 for different applied current. The black circles denote experimental 

data points and the red lines are the fitted data. 
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Figure 9.8. Damping is plotted as a function of applied current for the sample with 

irradiation dose d = 0.8 pC/µm
2
. 
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Figure 9.9. (a-e) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for an irradiation 

dose of d = 2 pC/µm2 for different applied current. The black circles denote experimental 

data points and the red lines are the fitted data. (f) Variation of damping as a function of 

applied current corresponding to figure 9.9 (a-e). 
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Figure 9.10. (a-f) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for irradiation 

dose d = 3.6 pC/µm2 for different applied current. The black circles denote experimental 

data points and the red lines are the fitted data. (g) Variation of damping as a function of 

applied current corresponding to figure 9.10 (a-f). 
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Figure 9.11. (a-f) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for irradiation 

dose d = 5 pC/µm
2
 for different applied current. The black circles denote experimental data 

points and the red lines are the fitted data. (g) Variation of damping as a function of applied 

current corresponding to figure 9.11 (a-f). 
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Figure 10.1. (a) Examples of x-ray reflectivity data and the best-fitting simulations for Co 

(10 nm)/Pt (tPt). (b) Background subtracted time-resolved magneto-optic Kerr rotation data 

for Co/Pt with two different Pt layer thicknesses and the best-fitting damped sinusoids. 
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Figure 10.2. [(a) and (c)] effα  as a function of tNM for Co/Pt and Ni81Fe19/Pt, respectively. 

(b) Frequency and saturation magnetization as a function of NMt  and ∼1.4 kOe of magnetic 

field strength; it shows a similar trend in their variations. The shaded bar indicates the Pt 

thickness where the Pt became continuous. 
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Figure 10.3. Damping coefficient effα  as a function of precessional frequency for 10 nm 

Co films capped with 0.6 nm and 2 nm Pt. The extrinsic damping decreases with the 

increasing Pt thickness until reaches to negligible extrinsic effect at NMt = 2 nm. 
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Figure 10.4. Schematic illustration of the growth of discontinuous to continuous NM 

capping layer. (a) Experimental damping data for Co/Pt and Co/Au as a function of NMt . 

The circular point is a literature value for pure cobalt. (b) Theoretical variation in damping 

data for Co/Pt and Co/Au adapted from reference 3. as a function of NMt . 
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Chapter 1 

Introduction 

Magnetism is commonly known as a force generated in some specific materials due to which 

it attracts matter of similar type. The history of magnetism is quite old starting from the dates 

earlier than 600 BC. Magnetic material was probably first discovered from naturally occur-

ring iron oxide known as loadstone. However, scientific understanding and application of 

magnetism started much later. In the twelfth century magnetic compass was known to be 

used for navigation. Dr. William Gilbert first published a systematic study on magnetism, 

“The Magnete”, in the year of 1600. On 1819, Oersted discovered deflection of magnetic 

needle by current carrying wire which essentially bridges between electricity and magnetism 

triggering a series of inventions leading to the development of modern electromagnetism. 

Around 1880 magnetic hysteresis loop was first observed in iron. In 1895 Curie law was pro-

posed. Theories of diamagnetism and paramagnetism were developed in 1905 by Langevin 

followed by the theory of ferromagnetism by Weiss on 1906. Landau and Liftshitz theorized 

the dynamics of magnetic moments in 1935[1], which was further modified by Gilbert in 

1955[2]. The theory of spin wave was developed in 1930 by Bloch[3].  In the year of 1988-

89, the history of magnetism reached another milestone when professors Fert[4] and Grun-

berg[5] first experimentally observed giant magnetoresistance effect in Fe/Cr multilayer sys-

tem for which they were awarded Noble prize in 2007. This investigation finds huge applica-

tion in magnetic read write devices triggering a new dimension of research called 

spintronics[6] along with considerable interest in interlayer spin transport and magnetization 

dynamics in ferromagnetic (FM)/nonmagnetic (NM) bi-layer or multilayer systems. Here we 

see spintronics evolve beyond fundamental magnetism and venture into exciting applications 

in different magnetic systems. In that sense spintronics and magnetism should not be consid-

ered as two isolated branches of research, rather they are intimately related to each other. The 

purpose of this thesis is to study some properties which bridge between these two branches. 

Nowadays, we are used to in handling gigabytes or terabytes of data in electronic gadgets like 

smartphone, tablets and personal computer. A new addition in that list is cloud computation 

which offers individual storing and manipulating data in the web. Even few years back the 

scenario was completely different. Such a sophisticated computation and freedom of memory 

were simply beyond one’s imagination. So it will be interesting looking back into the history 
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of recording evolving to our present hard drive technology before we discuss about its future 

prospective. 

In the nineteenth and earlier twentieth century, before the advent of magnetic recording, 

punched cards were widely used as a recording medium. It was first implemented in mecha-

nised textile loom in 1725. In early digital computers punch cards were introduced as primary 

input method for programs and data. These are basically paper cards containing punched 

holes at suitable places to represent data. They are also known as Hollerith cards and IBM 

cards. These cards allow the user to save and access information by inserting it into the com-

puter. The data was read by determining the position of the holes. The technique becomes 

obsolete after 1970s being replaced by more efficient magnetic recording technique. 

In 1932 G. Taushek discovered a magnetic recording technique called drum memory which is 

an early stage of magnetic hard drives. It looks like a cylinder or drum with ferromagnetic 

layer coated at the outer surface. Read and write head was mounted few microns apart. Data 

can be written by applying short electric pulse in the rotating drum and the change of polari-

zation of magnetization at a particular point of the magnetic surface is detected by the read 

head. It had a typical storage capacity of 10 KB. It was widely used in computers in 1950s 

and 60s. 

The first hard disc drive (HDD) was introduced by IBM in 1956. It was a bulky hard drive 

with weight around 250 kg consisting of 50 discs of 24 inch diameter and storage capacity of 

~5 MB. In 1980 IBM introduced hard drive (IBM 3310) with more than 2.5 GB memory but 

still very large in size. Later the use of GMR and TMR technology in HDD made the life 

much easier. Present hard drives are very fast, handy and can store Terabytes of data. But 

how does such a miracle become possible? The answer lies in its working principle. It has a 

number of thin magnetic disks called platter mounted on a spindle which can rotate at thou-

sands of rpm. The data can be stored in both sides of the platter provided magnetic layer and 

read write heads are present on each side. Co Based alloy is used as a magnetic material. A 

sophisticated engineering makes it possible to float the read-write head only few nanometres 

apart from the film plane. Such a narrow gap helps to reduce the size of each data element 

and thus increase storage density. The head can have a very accurate movement in the film 

plane by Lorentz force with small applied current. A tiny electric field is used to write the 

data in the magnetic disk. A GMR or TMR based read head detect small change in flux corre-

sponding to the data bit. 
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There are different other types of data storage medium and some of them are obsolete like 

magnetic tape, floppy disk while some are still being used like magneto-optical (MO) disks, 

flash drives and data cards. In MO disks local heating due to pulsed laser is used for writing 

data. This technique is known as heat assisted magnetic recording (HAMR)[7]. The laser 

pulse of 1µm diameter falls on the disk and increases the local temperature. As a result the 

coercivity of the material decreases from its original value at the spotted region. Now, the 

magnetization of the region can be switched easily by applying a suitable field without affect-

ing the other part of the disc. The field value should be chosen intermediate to the coercivity 

of heated and outside region. When the laser spot moves, temperature decreases with a sub-

sequent increase in coercivity. This essentially freezes the magnetization orientation. The 

data is read by the same laser spot using magneto-optical Kerr effect.  

It is clear that the storage density increases with the reduction of bit size. However, the parti-

cle size for storing one bit of data can be reduced down to a certain limit called superpara-

magnetic limit. For a single domain particle the magneto-crystalline anisotropy energy is 

given by
21

sin
2

E KV θ= where K is the anisotropy constant, V is the volume and θ is the an-

gle between easy direction and magnetization. The minimum energy or the most favourable 

state can be obtained for two opposite orientation of magnetization given by 0θ = °  and 180° . 

If magnetization tries to hop from one state to the other it has to cross the energy barrier of 

KV. Hence, the barrier is important because it restrains the loss of spin memory. The thermal 

fluctuation in the environment determined by KBT (KB= Boltzman constant and T= tempera-

ture) acts as a source of perturbation energy for random switching of magnetization. Hence, 

for thermal stability the ratio between KV and KBT should be larger than a certain value. The 

critical value of KV/ KBT depends on various properties of the medium like saturation mag-

netization, grain size distribution and inter-granular coupling which can typically vary be-

tween 40 to 80[8-11]. Now if we want to reduce the volume (V) of data bit, K has to be large 

enough for maintaining the barrier height. Hence high anisotropy material can be a solution 

for higher storage density. However, the increase of K is limited by the required field to be 

produced to write in the medium. The maximum write field is around 400 kA/m, correspond 

to a minimum grain diameter of approximately 11–12 nm by ensuring thermal stability in 

CoCrPt-based longitudinal media[8,11]. Hence from the discussion we understand that the 

storage capacity can be increased by increasing anisotropy of the material only up to a certain 

limit. 
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From earlier discussion we understand that the recording head has to apply a field larger than 

the coercive field of the writing medium. This essentially put a limitation on anisotropy and 

thereby in storage capacity. But interestingly there exist another scheme where one can have 

saturation recording with writing field much smaller than the coercivity of the medium. This 

is called microwave assisted magnetic recording (MAMR)[12-14]. The idea is based on fer-

romagnetic resonance (FMR). Initially magnetization of a system is oriented along the easy 

direction. A transverse ac field is applied in presence of a pulsed magnetic field along the 

easy axis opposite to the initial magnetization. At resonance, energy is absorbed and preces-

sion angle increases. If absorption of energy overcomes the damping, the gyration will in-

crease and finally causes gyro reversal of magnetization providing the reversing field pulse to 

sustain for sufficiently long time. The threshold field value for magnetization reversal de-

pends on the duration of pulse, damping and ac frequency. The scheme promises storage den-

sity over 1TB/in
2
[12]. 

Apart from magnetic properties and recording technique, storage capacity depends on the ge-

ometry of writing. It can be written in the plane of the film or perpendicular to the film plane 

which requires in-plane magnetized or perpendicularly magnetized materials, respectively. 

The first one is called longitudinal recording [9,11,15-19] and the latter is known as perpen-

dicular recording[20-24]. Longitudinal recording was more conventional earlier. Later per-

pendicular recording has been proposed due to certain advantages. In perpendicular recording 

the areal density of data is higher and the bit patterns are magnetostatically more stable as 

compared to the longitudinal recording. Therefore, it is less affected by thermal fluctuation 

and other spurious fields. Earlier literature reveals that longitudinal recording can have 

maximum storage capacity of 100 GB/in
2
[17]whereas for transverse recording it can be up to 

340GB/in
2
[24]. It addition to that, the switching mechanism is much sharper having lower 

level of noise. These make the transverse recording a hot area of research at present. 

Another interesting field is patterned magnetic media[25] where periodic array of dots acting 

as data bits are supposed to be a possible solution for high density storage media. A 50 nm 

periodicity of such dots correspond to a storage density of 260 GB/in
2
. In this case the feature 

size is very small which is in nanometre scale. Hence, instead of photolithography electron 

beam lithography is used. An advanced lithographic technique can produce even smaller fea-

ture which may lead to even higher storage capacity[26]. Another important aspect of this 

scheme is the bits have a defined boundary which is physically separated from each other and 

not by the domain wall boundary in a continuous medium. As a result transition noise can be 
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eliminated resulting in a better performance of the device. Unlike thin films, dots of a pat-

terned media are coupled to each other behaving like a single magnetic domain. As a result 

thermal stability criteria correspond to the volume and anisotropy of the entire magnetic ele-

ments which make the system thermally very stable. One major problem of this arrangement 

is synchronization which means the read-write head should be very small and addresses the 

exact location of the dot.  

The concept of spin wave is relatively old which was introduced by F. Bloch in 1930[27]. 

However, it is equally relevant to the present technology due to its tremendous applicability. 

A collective excitation of spins with phase propagating in a continuous or confined magnetic 

medium is known as spin wave. The quanta of spin waves are called magnons. A periodically 

varying medium where propagation of magnons is studied is called magnonic crystal. By 

changing the physical parameters of a magnonic crystal like size, shape, unit shell arrange-

ment and lattice constant one can modulate band structures and thereby magnonic band gaps 

which can be applied as components for data communication devices such as filters. Kostylev 

et al. first demonstrated spin wave based logic gates using Mach–Zender-type current-

controlled interferometer[28].It is important to note that spin waves can be classified into 

various modes depending on the relative orientation between propagation vector and applied 

magnetic field. There exists one variant of spin waves which are localized in the surface 

called surface spin wave or Damon-Eshbach mode. This mode has a nonreciprocal behaviour 

in the spin wave amplitude for opposite direction of wave vector[29-32]. The value of non-

reciprocity is not a constant but depends on external magnetic field. Using this nonreciprocal 

behaviour one can construct spin wave logic[33] which can be potentially important to re-

place our existing semiconductor based logic devices due to its exciting features. The surface 

spin waves have a large group velocity of ~few tens of micron/nm. Hence, the logic gate can 

well operate in the GHz frequency range. Such devices are scalable up to a feature size of few 

nanometres. In terms of power consumption spin wave propagation is not associated with any 

charge transfer. Hence, they are energetically very efficient. 

For fast logic operation of a computer a special type of memory is required which can be ac-

cessed (read or write) randomly by a program. This is known as random access memory 

(RAM). In contrast there exist memories which can be serially accessed called serial access 

memory (SAM) like recording tape. It works well as a buffer memory e.g., video card but not 

as programmable memory because to find a particular data in SAM each memory shell needs 

to be checked serially which makes the operation complex and much slower. In case of 



Chapter 1 

 

6 

 

RAM, memory cells are located at the junction of two dimensional grids and can be ad-

dressed instantly by the row and column numbers. Our present technology offers semicon-

ductor based RAM driven by charge current. Dynamic random access memory (DRAM)[34] 

is a common variant of RAM, where information is stored using an integrated circuit which 

contains transistors and capacitors. The transistor acts as a controlling switch and the capaci-

tor holds the data in form of electrical charge. But the main drawback of DRAM is volatility 

that is the storage capacitor cannot hold its charge over an extended period of time and will 

lose the stored data bit unless its charge is refreshed periodically. That is the reason why it is 

called dynamic. As a substitute to DRAM magnetoresistive random access memory 

(MRAM)[35-37] comes into picture which is non-volatile. It relies on spin valves. A unit 

structure has a hard magnetic layer with fixed spin orientation and a soft magnetic layer sepa-

rated by a thin insulating spacer. The parallel or anti-parallel configuration of the soft mag-

netic layer with respect to pinned layer results in a low or high resistance due to tunnelling 

magnetoresistance (TMR) effect denoting “1” or “0” state respectively. Recently MRAM is 

proposed with spin transfer torque (STT) based switching called STT-MRAM. Fast switching 

time, low programming current, scalability and non-volatile nature of this memory qualify 

itself as a possible alternative to the present RAM. Configuration wise TMR elements with 

perpendicular anisotropy (P-TMR) are even more interesting because of its small cell size as 

well as high anisotropy assuring a good thermal stability. Such STT-MRAM[38-39] based on 

of P-TMR elements is known as P-STT-MRAM. In such devices programming current re-

duces rapidly with the reduction of the size of the element. Hence, it is naturally scalable. 

Switching probability increases with write current. The critical current needed for magnetiza-

tion switching is proportional to the damping of the system. It means lower the damping is 

smaller will be the current for writing. Smaller damping can also be useful in other applica-

tions such as spin wave based devices where low loss transmission and processing of signal 

via magnetization waves are required. Recently, it is observed that STT can completely com-

pensate the damping torque resulting in an un-damped precession of magnetization called 

auto oscillation[40] that unfolds the opportunity of electromagnetic signal being transferred 

through a magnetic medium without decay. One step further, negative damping with suffi-

ciently large STT can enable us to construct a new type of nano-oscillator based on self-

excitation of magnetization[40]. On the other hand, large damping causes the suppression of 

magnetization which is desirable for nano-scale magnetic devices due to higher reversal rate 

and coherent rotation of magnetization. It also helps in reduction of noise due to thermal fluc-

tuation and hence, we have a better signal to noise ratio. The operation of a device and its 
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speed can depend on the frequency modes of magnetization oscillation. Hence, the key mes-

sage turns out from the discussion is that optimization or active control of magnetic proper-

ties is crucial for the performance of various devices. Let us talk about a FM/NM bi-layer 

system which is considered to be a promising unit structure for many future devices. Mag-

netic parameters of such structures can be optimized in several ways like designing the inter-

face with selective combination of materials, variation of layer thicknesses and also active 

controls like injection of spin current or interface modification by low dose ion irradiation. 

The concept of spin current[41] came from electrons having two degrees of freedom namely 

charge and spin degrees of freedom which are normally associated with each other but sepa-

rable in space under certain experimental conditions. Unlike charge current which is a direct 

consequence of flow of charge, spin current solely deals with the spin degree of freedom of 

an electron giving rise to a new technology over the existing charge based technology known 

as spintronics. For a pure spin current[41-42] there are a lot of advantages like no net flow of 

charge and hence no stray Oerstead field, minimum power dissipation, tunable magnetic 

damping[40,43-45], by which one can achieve loss less propagation of electromagnetic 

waves [44], or reduction of noise due to thermal fluctuation[44] as mentioned earlier. All 

these exciting features, however, have been bottlenecked by the insufficiency of spin current 

density required to drive spintronic devices. Hence, a lot of research is required to enhance 

the conversion efficiency between charge current and spin current known as spin Hall 

angle[45-48](
SHθ ). One important aspect of this thesis is to investigate 

SHθ  of FM/NM bi-

layer samples using different measurement techniques like spin torque ferromagnetic reso-

nance and modulation of damping techniques. We will discuss spin-orbit interaction, impu-

rity scattering, spin Hall effect, spin diffusion length, spin pumping, generation and injection 

of spin current across the interface, which can play a crucial role in controlling the magneti-

zation dynamics, spin wave and spin transport properties of the ferromagnetic layer. The dis-

cussion will be included in chapters 6-10. 

Recently, focused ion beam (FIB) is commonly used for direct nanoscale patterning[49] and 

milling to fabricate nanostructures with high precision. It may also be used to locally manipu-

late magnetic properties, domain structures[50] as well as magnetization and domain wall 

dynamics[51-52] on the micro and nanoscale. This opens new opportunities for interesting 

scientific investigations and has potential in future applications of nanoscale magnetic struc-

tures, such as sensors, memory and logic devices. In this thesis, we have studied active con-
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trol of dynamic magnetic properties by interface engineering[53-54] using FIB irradiation 

which will be included in chapters 4, 5 and 9. 
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Chapter 2 

Theoretical Overview 

In this chapter we present an overview of the theories relevant to this thesis. In the first part 

we describe electron spin in a quantum mechanical approach from which the concept and 

properties of spin current will be discussed. We also discuss the underlying theories of differ-

ent spintronic phenomena like spin Hall effect, spin pumping and various magnetoresistance 

effects. The second part of this chapter begins with the discussion of the theoretical back-

ground and origin of magnetism. Later we focus on magnetization dynamics, spin waves and 

related phenomena including the underlying physics of magneto-optical Kerr effect and fer-

romagnetic resonance. 

2.1. Electron Spin 

Electron is a negatively charged subatomic particle commonly known to us over a long time. 

Itinerant electrons in a metal wire can carry current when an electrical voltage is applied. The 

negative charge is a fundamental property of electron, as is its small charge to mass ratio. In 

addition to charge and mass, electrons have a third property called spin that is often over-

looked. However, more recently it is realized that spin of an electron can be utilized to drive 

electronic based devices like memory and logic devices with added functionality. 

2.2. Spin Continuity Equation 

We know that electron is a Fermionic particle with ½ integer spin and therefore constrained 

by Pauli exclusion principle. Spin of an electron is a quantum mechanical observable angular 

momentum of which is expressed by an operator as 

 σS ˆ
2

ˆ ℏ
=  

 
(2.1), 
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where ℏ is the Plank’s constant andσ̂ is Pauli spin matrices given by 

 
0 1 0 1 0

ˆ ˆ ˆ,  and 
1 0 0 0 1

X Y Z

i

i
σ σ σ

−     
= = =     

−     
 (2.2). 

In quantum mechanical formalism the state of an electron is described by a spinor ),( trψ  as 

 







≡↓+↑= b

a
baψ(r,t)  (2.3), 

where ↑ and ↓ are the two eigenstates of Ŝ  known as “spin up” and “spin down” respec-

tively corresponding the eigenvalues 2/ℏ± while a and b are the complex quantities. The 

probability density of ψ(r,t)  is 
22

baψ(r,t)(r,tψtr
†

+== )),(ρ . In case of an electron charge 

density ρ
C
 spin density 

Ŝ
ρ  with quantization along Ŝ can be expressed as 

 ˆ
ˆ( , ) ( , ) and ( , ) ( , )† †

C S
r t ψ (r,t)Q r t r t ψ (r,t)S r tρ ψ ρ ψ= =  (2.4), 

where 
2

eIQ −= is the charge operator, e−  is the charge of an electron and 
2

I is a two dimen-

sional identity matrix. Now, charge can be defined as a ratio of charge density and probability 

density i.e., ),(/),( trtr
C

ρρ . Using similar intuition one can define spin charge as 

 ),(ˆ
),(
),(ˆ

),(

),(
),( ˆ

trS(r,t)
tr(r,t)ψ

trS(r,t)ψ

tr

tr
trs

†

†

†

S
ϕϕ

ψ

ψ

ρ

ρ

===  (2.5), 

 where ),( trϕ is the normalized spinor which is related to ),( trψ  as 
1/2( , ) ( , ) ( , )r t r t r tφ ρ ψ

−
= . 

Now using equation 2.1 in equation 2.5 we get 

 ),(),(ˆ),( trptr(r,t)trs †

22

ℏℏ
== ϕσϕ  (2.6). 

Here, ),( trp is called polarization vector[1] corresponding to the spinor ),( trϕ . The polariza-

tion vector as well as spin charge of an electron is unit real pseudovector in three-dimensional 

space and can be observed experimentally. It determines the spin precession of an electron. 

Bloch introduced this concept in the discussion of nuclear induction[2]. 
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In quantum mechanics, the fundamental probability continuity equation in steady state is 

given by  

 . 0j
t

ρ∂
+ ∇ =

∂

� �
 (2.7), 

where j is the probability current density. As we define spin charge density as

),().,(),(
ˆ

trstrtr
S

ρρ = , the continuity equation in case of spin current[3] turns out to be 

 

( . ) 0

( )
.(  ) .  0

s j
t

s s
j s j s

t t

ρ

ρ
ρ

∂
+ ∇ =

∂

∂ ∂
+ ∇ − − ∇ =

∂ ∂

� ��

� �� �� �� �
 

 

(2.8), 

where (  )j s
� �

 is a second order tensor. 

2.3. Spin Polarization 

So far we have seen that spin of an electron can be considered as a degree of freedom similar 

to charge which follows continuity equation and can be defined by the polarization vector. 

But what do we actually mean by spin polarization of an ensemble of electron? A system is 

said to be polarised if the two spin states have unequal distribution of population. In other 

words spins have a preferential orientation which is analogous to the polarization of light 

where the electric field vectors are preferentially orientated along a particular direction. An 

electron beam is called fully polarized if all the spins are in same state. If the majority of spin 

belong to a particular state then the beam is polarized to that state and if they are equally dis-

tributed then the beam is called un-polarized. The spin polarization of electron is important in 

many aspects. In theoretical studies spin polarization makes it easier to calculate parameters 

like initial and final energy state of an electron system undergoing spin dependent processes. 

Hence, we need not to bother about what happens to the individual spins. It brings the con-

cept of pure spin current and spin polarized current on which spintronics stand. Spin current 

can exert torque on magnetization and thereby control magnetization dynamics and magneti-

zation reversal and domain wall motion. Some unique examples will be discussed in chapter 

7-9. 
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It is not straight forward to polarize an electron beam by separating spins in space. In 1922 

Otto Stern and Walther Gerlac took the first initiative by polarizing neutral silver atoms pass-

ing through an inhomogeneous magnetic field[4-5]. The atoms have a magnetic mo-

ment related to their angular momentum. Hence, magnetic field deflects the atoms from their 

straight path. A screen placed at a distance shows discrete points rather than a continuous dis-

tribution. The experiment first reveals the quantum nature of spin angular momentum, and is 

considered to be important step towards the development of spin physics. However, the 

scheme cannot be used for the separation of charged particles like electron. Lorentz force act-

ing on electrons combined with uncertainty criteria prevents the separation of opposite spins. 

However, more recently it is known that electron spins can be separated in space using spin 

Hall effect which gives rise to spin current. The detailed mechanism will be discussed in later 

part of this chapter. 

2.4. Spin Current and Charge Current 

As we have seen earlier the probability density of ψ(r,t)  can be expressed as 22 ba + . Here, 

2a  and 2b signifies the probability densities of “spin up” and “spin down” states which in 

classical picture corresponds to the carrier densities of those states denoted by 
↑

n and 
↓

n re-

spectively that adds up to the total carrier density n . Hence we get, nnnba =+=+
↓↑

22
. 

Now by applying charge operator Q  and spin operator Ŝ (equation 2.1) on wave function 

ψ(r,t)  and choosing quantization along 
z

Ŝ  without loss of generality equation 2.4 yields 

 

2 2

2 2

ˆ

( , ) ( ) ( )

ˆand ( , ) ( ) ( )
2 2 2

†

C

†

ZS

eψ (r,t) r t e a b e n n

ψ (r,t) r t a b n n

ρ ψ

ρ σ ψ

↑ ↓

↑ ↓

= − = − + = − +

= = − = −
ℏ ℏ ℏ  

 

(2.9). 

It is important to note that in the right hand side of equation 2.9 we obtain pre-factors as e−

and 2/ℏ in case of 
C

ρ and 
Ŝ

ρ respectively which signifies that electron acts as a carrier of 

charge as well as angular momentum. Now, from the concept of classical mechanics it is easy 

to understand that volume charge density ρ
C
 multiplied with the carrier velocity v gives the 

charge current density (
 C CJ vρ= ). Similarly, one can define spin current density as vJ

SS ˆ
ρ=  
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and the current densities of individual carrier will be venJ
)()( ↓↑↓↑

−= . Hence, using equation 

2.9 we get 

 ( ) and ( )
2

C S
J J J J J J

e
↑ ↓ ↑ ↓

= + = − −
ℏ

 (2.10). 

Hence, we can conclude that charge current can be denoted by the sum of currents due to two 

different carriers whereas spin current is the difference of that[3,6-7]. It is important to note 

that the units of charge current and spin current are not the same. We know that in SI system 

the unit of charge current 
C

J is 2
mA / . From equation 2.10 we get the unit of 

↑

J and
↓

J  as

2mA / and hence the unit of spin current
S

J  becomes ( / )e Aℏ .  

2.5. Time Reversal Symmetry of Spin Current 

In this context we shall discuss about how spin current behave under time reversal. Earlier it 

is mentioned that pure spin current is dissipation less which is considered as one of the most 

important advantages of spin current. On the contrary charge current is associated with heat 

dissipation. The argument suggests that spin current is time invariant whereas, charge current 

changes sign under time reversal. Time reversal is defined as an operation where time chang-

es sign due to which velocity (v), spin ( Ŝ ) and charge ( q ) transforms as v v→ −
� �

, ˆ ˆS S→−  

and q q→− . Now we know that the charge and spin current densities can be expressed in 

terms ofv, Ŝ  and q  as C CJ vρ=  and S SJ vρ= . The schematic diagram of the time reversal in 

case of charge and pure spin current are shown in figure 2.1 (a) and (b) respectively. Equiva-

lent diagrams are shown at the bottom of each figures from which it is clear that charge cur-

rent changes sign under time reversal but spin current does not. 
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Figure 2.1. Schematic representation of time reversal in case of (a) charge current and (b) 

spin current. The bottom figure in each case represents the equivalent picture. 

2.6. Hall Effect 

Hall effect was first observed by Edwin H. Hall in the year of 1879, 18 years before the dis-

covery of electron[8]. If a nonmagnetic conductor carries charge current, in presence of a 

transverse magnetic field, an electric field is developed within the conductor in a direction 

perpendicular to both current and magnetic field. The phenomenon is referred to as Hall ef-

fect or ordinary Hall effect. 

2.6.1. Ordinary Hall Effect 

Let us consider a piece of conductor carrying current I  along x-direction placed in an exter-

nal magnetic field B
�

 applied along y-direction as shown in figure 2.2. The current carriers 

Time Reversal

Time Reversal

(a) Charge current:

Time Reversal

Time Reversal

(b) Spin current:
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will be deflected by the Lorentz force, given by .( )F q v B= ×
� ��

, along z-direction causing an 

accumulation of charge on the top surface. Here, q  is the charge and v
�

 is the average veloci-

ty of the carrier. When the charge carrier is electron (for metal or n-type semiconductor) the 

top surface will be negatively charged with respect to the bottom surface while in case of hole 

(for p-type semiconductor) the picture is opposite. The accumulation of charge gives rise to 

an electric field (Hall field, 
H

E
�

) that exerts a force on the charge carriers opposite to the Lo-

rentz force. The two opposing forces cancel each other when equilibrium is achieved. Hence, 

in steady state the force equation for an electron can be expressed by as 

 . .( )
H

e E e v B= ×
� ��

 (2.11). 

Using equation 2.11 and the expression for current as I nyzve= , one obtain the expression for 

Hall voltage as 

 /H HV E z vBz IB nye= = =  (2.12). 

Here, HV , n , y  and z
 
indicate Hall voltage, number density of electron, width and thick-

ness of the conductor. In this case the total electric field in the system is 
2 2

T A HE E E= +

where, 
A

E
�

is the applied electric field along x-direction which drives the current. The angle 

between 
A

E
�

 
and 

T
E
�

 is called Hall angle Hθ
 
given by the expression in equation 2.13. 

 
1tan ( / ) /H H A A cE E Bv E Bθ µ

−
= = =  (2.13). 

Here, cµ denotes the mobility of electron.  

 

 

x

y

z

B
�

I

HV

⊙

⊙

⊙
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Figure 2.2. Schematic illustration of ordinary Hall effect. 

2.6.2.  Anomalous Hall Effect 

Anomalous Hall effect (AHE)[9-11] is one of the most interesting transport phenomenon 

which refers to the appearance of a large Hall voltage in a magnetic system in response to an 

applied electric current. The total Hall resistance in a ferromagnetic material is contributed 

from two different effects. One is proportional to applied B which corresponds to the ordi-

nary Hall effect. The other part is anomalous which is often proportional to the magnetization 

(M) of the system as given by equation 2.14 

 H O AR R B R M= +  (2.14), 

where OR  and AR  are the ordinary and anomalous Hall coefficients, respectively. At normal 

temperature OR is much higher than AR . However, at lower temperature they are 

comparable[12]. Despite its century long history of research the microscopic origin of AHE is 

still a matter of debate. Primarily three mechanisms can be identified as contributing factors 

to AHE namely, intrinsic effect, skew scattering and side jump mechanism. The last two ef-

fects fall in the extrinsic category which is related to spin asymmetric scattering in presence 

of impurity. These two effects will be discussed later in further detail. The intrinsic effect can 

be observed in a pure system with no impurity scattering involved. Rather, it can be described 

in terms of k-space (momentum-space) Berry phase of occupied Bloch states. Recently, Yao 

et al.[13] proposed a scheme for the calculation of Anomalous Hall conductivity in terms of 

Berry phase. If we consider a cubic magnetic material with magnetization along z-direction, 

the nonzero component of Berry curvature along that direction can be expressed in the form 

as equation 2.15 which comes from Kubo formula derivation 

 
( )

2

2  Im       
( )   

n x n n y nz

n

n n n n

v v

E E

ψ ψ ψ ψ
′ ′

′≠
′

< >< >
Ω =

−
∑
ℏ

k k k k

k  (2.15), 

where | ψn′k > and En are the eigen states and eigen values of Bloch Hamiltonian respectively 

and v is velocity operator. The sum of Berry curvature over occupied bands are 
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 ( )  ( ) ( )z z

n

n

f nΩ = Ω∑k k  (2.16). 

Here, ( )f n  denotes the equilibrium Fermi-Dirac distribution function. The integration of 

equation 2.16 over Brillouin zone (BZ) gives us the AHC as shown in equation 2.17. 

 

2 3

3
 - ( )

(2 )

z

xy

BZ

e d
σ

π
= Ω∫ℏ

k
k  (2.17) 

In this context it is worth to discuss the quantum Hall effect (QHE)[14] which is considered 

as a quantized version of the intrinsic AHE. QHE was discovered by Klitzing et al.[15] in the 

year of 1980. They found that in a two dimensional electron gas Hall conductivity is quan-

tized in the units of e
2
/h. 

 
2

e
n

h
σ =  (2.18) 

Here, n is known as filling factor which can take either integer or fractional values. Thus 

QHE can be classified in two parts namely integer QHE and fractional QHE[16-18] depend-

ing on the value of n. The first one is the usual case which can be understood in terms of 

Landau quantization. The latter one is more complicated which relies on the collective behav-

ior of 2D electron gas. Robert Laughlin, Horst Störmer and Daniel Tsui were awarded Nobel 

prize in physics in the year of 1998 for this discovery[19]. 

2.6.3. Spin Hall Effect 

The Spin Hall effect was first predicted by Dyakonov and Perel in 1971[20]. It was experi-

mentally observed much later in 2004-05 in semiconductors[21-22]. This eventually opens 

new possibilities for spintronic based devices as a replacement to our present electronic tech-

nology triggering a lot of research interest and industrial drive. 

The spin Hall Effect can be described as the scattering of electron with opposite spin polarity 

in the two lateral boundaries of a nonmagnetic metallic wire (like Pt, Ta) due to the applica-

tion of a charge current along the length. Figure 2.3 schematically illustrates the effect in case 

of a rectangular and cylindrical wire. For a rectangular wire opposite spins are accumulated 

in the opposite boundaries perpendicular to the current while in case of a cylinder spins wind 

around the surface. The strength of spin accumulation is proportional to the applied current 
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and the polarity of spin accumulation changes sign while the direction of current is reversed. 

The heavy metal itself determines the polarity and strength of spin accumulation denoted by 

spin Hall angle ( SHθ ) which is usually intrinsic to the material. For example, in case of Pt and 

Ta spin accumulation is opposite. Hence the polarity of SHθ is different. Here accumulation of 

opposite spins, transverse to charge current, gives rise to spin current which is somewhat sim-

ilar to ordinary Hall effect where separation of charge gives rise to a transverse charge cur-

rent. The reciprocal phenomenon is also allowed in nature where spin current gives rise to a 

transverse charge current called inverse spin Hall effect. The mechanism is similar to the spin 

Hall effect. In figure 2.4 the spin Hall effect geometry is compared with other Hall geome-

tries. Here we notice a major difference that spin Hall effect does not involve any external 

magnetic field or magnetization as opposed to other Hall effects. 

The physical origin of this effect[23] lies in the coupling of the charge and spin currents due 

to spin-orbit interaction. Impurity induced spin asymmetric scattering causes spin Hall effect 

which can be explained by two different mechanisms known as skew scattering and side 

jump discussed below.   

 

Figure 2.3. Schematic diagram of spin Hall effect. 
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Figure 2.4. Hall geometries; (a) ordinary Hall effect, (b) anomalous Hall effect and (c) spin 

Hall effect. 

2.6.4. Skew Scattering 

The concept of skew scattering was proposed by N. F. Mott in the year of 1929 which sug-

gests that polarized electrons are asymmetrically scattered due to spin orbit interaction[24-

25]. Itinerant electrons with opposite spin polarity deflect in opposite directions while ap-

proaching a local impurity present in the propagation medium. Let us consider the interaction 

of electrons with such an impurity having negative electric charge as shown by the schematic 

in figure 2.5. When an electron passes through the electric field (induced by the impurity), a 

magnetic field ~B v E×
� ��

 is experienced by spin in the moving frame of electron. From figure 

2.5 one can easily make the following observations that B
�

 acts perpendicular to the plane of 

scattering and the sign is opposite for electrons passing from the left and right side of the im-

purity. The B
�

 field is inhomogeneous over space due to the non uniformity of E
�

 field as 

well as the space dependent v
�

 in the electron trajectory. Hence, electron experience a force 

of deflection due to Zeeman effect given by / .( . )
B

Bµ σ∇
� �

ℏ  which depends on the polarity of 

spin. This is known as Mott effect or skew scattering effect. 

⊙ B
�

Conductor/ Semiconductor Ferromagnet Heavy Metal

(a) (b) (c)
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Figure 2.5. Skew scattering effect. 

2.6.5. Side Jump 

In quantum mechanical formalism free electrons are considered as wave packets travelling 

with an average constant velocity along a straight line. Now, let us consider the case of scat-

tering of electron by a central potential at time t=0. From the principle of quantum mechanics 

one can argue that at a finite time t (t>>0) after scattering the trajectory will again be a 

straight line. When spin-orbit interaction plays a role in the system, the symmetry of the 

problem is low. It suggests that there is no reason why the linear trajectories of electron be-

fore and after collision should coincide. Hence, two possibilities come into the picture. Either 

the two straight lines will make an angle θ with each other or they make a lateral shift y∆  

parallel to each other. The second one is known as side jump mechanism.  

Side jump is believed to be a purely quantum mechanical process where its physical signifi-

cance is debated over a long time. When a plane wave is scattered by an impurity in presence 

spin orbit interaction, a spherical wave is generated with its centre shifted laterally with re-

spect to propagation. An anomalous velocity of electron occurs which depends on the polarity 

of spin. Starting from Pauli Hamiltonian (H) with consideration of spin-orbit (SO) interaction 

one can obtain the anomalous velocity as 

 

2

2 2

2 2

/ 2 , [ ( ). ]
4

( )
4

SO SOH p m eV V V V p
m c

H p e
v E

p m m c

σ

σ

= + + = ×∇

∂
⇒ = = − ×

∂

�ℏ � �

� �ℏ� �
�

 

 

 

(2.19), 

where, σ
�

 
is the spin polarity and E

�
is the electric field corresponding to the potential V. 

E
�

E
�

⊗ ⊙
B
�

B
�

Negatively 

charged 

Impurityv
�

v
�
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2.7. Spin Pumping 

Spin current can exert spin transfer torque on magnetization vector resulting in a switching or 

modification of magnetization dynamics in a ferromagnetic material. The reverse process is 

also allowed in nature where precessing magnetization gives rise to spin current transported 

into an adjacent normal metal at the cost of its own angular momentum. As a result the ampli-

tude of precession suffers a faster decay leading to an enhancement of damping. The magnet-

ization precession can be described by the Landau-Lifshitz-Gilbert (LLG) equation as shown 

in equation 2.20.  

 ]
ˆ

)(
[ˆ

ˆ
2 dt

md

m
Hm

dt

md
eff

γ

λ
γ +×−=

 
(2.20)

 

Here, m̂ is the magnetization, γ  is the gyromagnetic ratio, Heff is the effective magnetic field 

and mγλα /=  is the Gilbert damping coefficient. We will have a detailed discussion about the 

origin of this in section 2.19. The first term of the right hand side of this equation represents 

the torque responsible for the precession of magnetization which is physically related to the 

volume injection of spin current. When the spin current is allowed to leak through an adjacent 

nonmagnetic material damping increases. In other words an external excitation induces mag-

netization precession due to which angular momentum is transferred from ferromagnetic to 

the nonmagnetic layer in form of spin current which is analogous to a physical pumping 

mechanism, hence known as spin pumping effect. Spin pumping and a consequent enhance-

ment of damping can be described analytically in terms of scattering matrix at Fermi energy 

of the ferromagnetic thin film in contact with normal metal reservoir suggested by Berger[26] 

[78] and Tserkovnyak et al. [27]. The effect is analogous to the parametric pumping of 

charge current in mesoscopic systems[28] which is governed by periodically varying two in-

dependent parameters of a system. The enhancement of damping also depends on the type of 

normal material used. For instance, Pt acts as a better spin sink than Cu resulting in a larger 

enhancement of Gilbert damping[29]. The spin absorption efficiency can be estimated by the 

inverse of spin flip relaxation time (
SFτ ) which is again proportional to Z

4
, where Z is the 

atomic number. Hence, a stronger spin pumping is expected in presence a of heavy metal lay-

er adjacent to the ferromagnet. Tserkovnyak et al. theoretically calculated spin pumping and 

explained the behavior of damping using time dependent scattering theory in case of ferro-

magnetic sandwich structures (N/F/N; N=nonmagnet, F=ferromagnet) as experimentally ob-
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tained from FMR line width by Mizukami et al.[30] The spin current can be expressed in the 

form of equation 2.21. 

 

2 2

* *

( ) where, 1/ 2 { } 
4

and Im { ( ) ( ) }

Pump

S r i r mn mn mn mn

mn

i mn mn mn mn

mn

dm dm
I A m A A r r t t

dt dt

A r r t t

π

↑ ↓ ↑ ↓

↑ ↓ ↑ ↓

= × − = − + −

= +

∑

∑

ℏ

 

 

(2.21)

 

Here,

 
mn

r
↑ ,

 
mn

r
↓  are the reflection coefficients and 

mn
t

↑  ,

 
mn

t
↓  are the transmission coefficients for 

spin up and spin down electrons. Considering the conservation of angular momentum in case 

of spin pumping the magnetization dynamics can be represented by the LLG equation (Equa-

tion 2.20) where α  and γ  are modified as 

 0

0 0

1 1
[ ( ) / 4 ] and  [1 ( ) / 4 ]C S C S

i i i ig A A M g A A M
γ

α α π π
γ γ γ

= + + = + +

 
(2.22),

 

where γ is the gyromagnetic ratio, M is the total magnetic moment, the superscripts C and S 

indicate the capping and seed normal metal layer and the subscript 0 denotes the bulk value. 

Now let us consider density of states of conduction electrons in a ferromagnet during spin 

pumping (see figure 2.6). Initially the bands corresponding to spin up and spin down elec-

trons (red and blue) are filled up to Fermi level with relative shift equal to exchange energy 

(figure 2.6 left). A change in magnetization orientation causes a further shift in the energy 

level by allowing electrons above Fermi energy which will relax via spin flip process to fill 

the lower energy spin band. An additional relaxation process takes place in presence of an 

adjacent nonmagnetic layer via spin pumping followed by a spin flip in the nonmagnetic lay-

er (figure 2.6 middle) until the equilibrium is achieved (figure 2.6 right). 
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Figure 2.6. Schematic illustration of spin pumping using density of states. 

2.8. Anisotropic Magnetoresistance 

Anisotropic magnetoresistance[31] (AMR) is one of the most fundamental phenomena which 

relates electricity with magnetism and forms the basis of spintronics. The fact that electrical 

resistivity ( ρ ) of a magnetic system depends on the relative angle (θ) between applied 

charge current and magnetization direction is known as anisotropic magnetoresistance. The 

strength of this effect is determined by the AMR ratio defined as follows. 

 
ρ ρρ

ρ ρ

⊥

⊥ ⊥

−∆
=

�  (2.23) 

In this equation ρ
�
 and ρ

⊥
 are the resistivity with current parallel and perpendicular to the 

magnetization, respectively. Let us consider a rectangular strip of polycrystalline ferromag-

netic material where current is applied along the length. In such case ρ can be expressed in 

terms of θ as shown in equation 2.24 considering resistivity as a rank two tensor[32].  

 
2( ) cosρ θ ρ ρ θ

⊥
= + ∆  (2.24) 

Here, ρ∆ denotes the differential resistivity for longitudinal and transverse magnetization 

orientation. It has also been observed that the effect has a significant dependence on layer 

thickness. A rapid decrease of the AMR ratio is observed when the thickness is reduced be-

low 6 nm. This effect can be attributed to the enhancement of the resistivity at lower thick-

ness while ρ∆ remains constant. However, recently a reduction of ρ∆ with decreasing thick-

ness is also observed contributing to this effect[33]. The AMR effect is originated from s-d 

scattering of the ferromagnetic electron and influenced by the spin density of states at Fermi 

energy. The AMR can take both positive and negative values[34]. Strong ferromagnets like 

face centred cubic (FCC) Fe, Co with mostly filled d-bands shows positive AMR whereas 

half metallic ferromagnets having significant DOS at one spin state and zero DOS at other 

shows negative AMR. In case of Fe3O4 of the half metallic ferromagnets, the sign of AMR 

switches from negative to positive with increasing temperature.  

A theoretical description for the explanation of AMR deals with the s-d interaction where the 

scattering of conduction band electrons into localized d states by impurities are considered. 
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The d bands are spin mixed due to the spin orbit interaction given by SL
��

.λ where λ , L and S 

are the spin orbit coupling constant, and orbital and spin angular momentum, respectively. 

Under this framework Campbell–Fert and Jaoul derived an expression for AMR ratio for 

strong ferromagnets shown in equation 2.25 known as CFJ model[34-35]. 
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ρ
 (2.25) 

In this equation ExH is the exchange field, 
σ

ρs denotes the resistivity of the conduction elec-

tron with spin polarity σ  while
σ

ρ
′→ds takes care of the s-d scattering effect where conduction 

s electrons are scattered by the impurities into the d states of σ ′  spin. The scattering proc-

esses considered in the CFJ model are ↑↑→ ss , ↓↑→ ds  and ↓↓→ ds . Later Malozemoff 

generalized the model by incorporating other scattering processes and found the expression 

for AMR applicable for both strong as well as weak ferromagnet as given by the following 

expression[34,36]. 
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2.9. Giant Magnetoresistance 

The giant magnetoresistance (GMR) is one of the most remarkable inventions of the last cen-

tury which offers a huge scope of application in magnetic data storage and sensor devices. 

Now a days the data storage industry focus towards increasing the storage capacity by writing 

each data bit in a smaller region of a magnetic disc. As a consequence the magnetic signal 

corresponding to a data bit becomes weaker. GMR device can sense very small change of 

magnetic flux that is why it can be used in present hard drives. It can be used as sensors for 

example, machine speed controller, motion and position tracker, automotive engine control, 

proximity sensor and tag reader. The GMR is also a potential candidate for the replacement 

of semiconductor random access memory (RAM) by magnetoresistive random access 

memory (MRAM) which is not affected by power disruption. 
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In the year of 1988-89, the team of professor Fert[37] and  of Grunberg[38] first experimen-

tally observed giant magnetoresistance (GMR) effect in Fe/Cr superlattices. The two adjacent 

ferromagnetic layers of the system separated by a nonmagnetic spacer are usually 

antiferromagnetically coupled to each other by an indirect exchange interaction. In presence 

of an external magnetic field the moments of the magnetic layers align themselves in the 

same direction resulting in a significant drop in the electrical resistance of the system. The 

word “giant” here signifies that the percentage change in resistance with respect to bias field 

is much larger as compared to other magnetoresistance effects like AMR. As for instance 

around 50% change in the GMR value is observed for the above system while the AMR for 

Fe is only a few percent. Figure 2.7 shows the magnetoresistance curves for the Fe/Cr 

superlattice at 4.2 K with current and field applied in the same direction in the plane of the 

sample. Here we observe that the resistivity drops with applied field and stabilizes after a cer-

tain field called saturation field, Hs. In this context it is important to discuss two fundamental 

and interrelated concepts of spintronics on which GMR stands. One is spin dependent scatter-

ing and the other is two current model.  

 

Figure 2.7. Variation of resistance with magnetic field in Fe/Cr superlattice (reference 37). 

2.9.1. Two Current Model 

The two current model was proposed in the year of 1936 by N. F. Mott where a sudden drop 

in the resistivity of ferromagnetic metal below Curie temperature in presence of a magnetic 
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field was explained[39]. In this model conduction electrons spins are considered parallel and 

antiparallel to the magnetization and the probability of spin flip process during scattering is 

considered to be negligible. Below Curie temperature when the ferromagnet attains saturation 

magnetization the unoccupied shells (or holes) in the d band align themselves antiparallel to 

the magnetization. In that case only half of the conduction electrons are allowed to make 

transition to the d band. On the other hand, above Curie temperature d band transition for all 

conduction electrons is possible as the unoccupied states in the d band have both the spin 

states. As conduction electron population determines the conductivity, the model explains a 

decrease in resistance in presence of magnetization. Later in 1968 A. Fert and I. A. Campbell 

experimentally observed two current conduction in dilute nickel based alloy at low tempera-

ture[40]. They found that spin up and spin down electrons carry current in parallel with dif-

ferent resistivity giving rise to an effective resistivity of the system. The model considers dif-

ferent relaxation times for opposite spin states as
↑

τ  and
↓

τ . It also incorporates spin flip and 

electron scattering processes by another relaxation time as
↑↓

τ . The Boltzman equation for 

the two spin channel is solved for a coupled system from which the expression for the effec-

tive resistivity can be obtained as shown in equation 2.27. 
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Here, 
ςς

τρ
2/ nem= ( ↑↓↓⇒↑ ,,ς ) with m, e, n being the mass, charge and number of elec-

trons.  

2.9.2. Spin Dependent Scattering  

It is observed that in some specific systems itinerant electrons with a certain polarity of spin 

scatter more strongly than the other. This phenomenon is known as spin dependent 

scattering[41-44]. From the first principle analysis of electronic structures it can be under-

stood that the primary contribution to spin dependent scattering comes from the uniformity of 

spin dependent atomic potential in a magnetic alloy or multilayered system. The matching of 

a spin channel lowers the density of states at Fermi energy. Korringa-Kohn-Rostoker coher-

ent potential approximation technique provides us first-principles electronic structure calcula-

tions for a random disordered alloy which basically introduces an effective periodicity replac-
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ing the random disorder. The scheme enables us to calculate cohesive energy, ground state 

properties and conductivity of the system[45-46]. A more recent modification to this theory 

allows us to calculate the conductivity of a layered structure with varying composition[47]. 

Now let us consider a trilayer system with NM layer sandwiched between two FM layers as 

shown in figure 2.8[48]. In the first case Cu is sandwiched between Co (figure 2.8(a)) and in 

the second case Cr is embedded in between two Fe layers (figure 2.8(b)). In both the cases 

strong GMR can be observed. The graphs describe the variation number of up and down spin 

electrons per atom with layer numbers. Note in this study magnetization in the adjacent FM 

layer is considered to be parallel. A discontinuity or irregularity in the number of electrons in 

a specific spin channel can be considered as atomic potential or defects in the system. To an 

itinerant electron such discontinuity appears as a barrier due to which it encounters scattering 

at the interfaces leading to a loss of velocity and a consequent increase in the effective resis-

tivity. In Co/Cu/Co an up spin electron does not experience a significant change in the num-

ber of electrons per atom across the interface. In other words, the matching in the majority 

spin channel makes lattice potential smooth due to which an up spin electron faces minimum 

resistance while passing through the system. On the contrary, down spin electron faces a 

large difference in potential between Co and Cu. Hence it is more likely to scatter in both the 

interfaces. Thus the resistance in the minority spin channel is large. Conversely in Fe/Cr/Fe 

system scattering occurs in the up spin channel causing larger resistance while the down spin 

channel is short circuited (see schematic diagrams of figure 2.8). 

 
CuCo Co Cr FeFe

(a) (b)
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Figure 2.8. Variation of the number of up and down spin electrons per atom with layer num-

bers for (a) Co/Cu/Co and (b)Fe/Cr/Fe structures along with schematic illustrations of scatter-

ing mechanism. 

2.9.3. How GMR Works 

Let us now go back to the discussion of GMR and consider the case of Co/Cu/Co trilayer sys-

tem. In absence of a magnetic field the two adjacent Co layers are antiferromagnetically cou-

pled as shown in figure 2.9(a). In case of an up spin electron the resistance in the first inter-

face is negligible while it is large in the second interface. For a down spin electron the case is 

the opposite i.e., high resistance in the first and negligible resistance in the second interface. 

Hence, in this configuration the current is almost equally distributed between two spin chan-

nels. Now when an external magnetic field is applied the magnetization in the Co layers be-

comes parallel (see figure 2.9(b)). Hence, the up spin channel acts as electrically short due to 

small resistance in both the interfaces while the down spin channel becomes highly resistive 

resulting in a large decrease in the effective resistance. An example of such decrease in 

magnetoresistance with external field curve is shown in figure 2.7 as obtained by Baibich et. 

al.[37] in case of Fe/Co superlattices at 4.2 K. Here Hs denotes the field value above which 

the minimum resistance can be achieved. The GMR can be increased by increasing the num-

ber of repeats. It is weaker when the nonmagnetic layer is thicker or the temperature is higher 

because in both the cases the probability of spin flip scattering increases in the nonmagnetic 

layer resulting in a mixing in the spin channels. 
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Figure 2.9. Schematic illustration of GMR by using equivalent circuit. 

2.10. Tunneling Magnetoresistance 

The remarkable success and application possibilities of GMR fuels up the interest in spin de-

pendent transport phenomena in magnetic tunnel junctions[49] (MTJ). The magnetoresistance 

effect similar to GMR can be observed in MTJ known as tunneling magnetoresistance 

(TMR). The structure of a MTJ consists of two ferromagnetic layers separated by an insulat-

ing barrier. Specifically, the insulating layer has to be very thin which can be a few atomic 

layers in thickness to allow a significant tunneling conductivity between the ferromagnetic 

layers. The TMR can be explained as a change of electrical resistance perpendicular to the 

film plane depending on the relative configuration of the magnetizations of the adjacent fer-

romagnetic layers. For parallel configuration the possibility of electron tunneling through the 

insulating barrier becomes larger, resulting in a large tunneling current. Conversely tunneling 

current is less of antiparallel configuration.  

The TMR is purely a quantum mechanical process which cannot be explained classically be-

cause tunneling of electron through an insulating potential barrier is not allowed in classical 

picture. In the year of 1975 a theoretical model was proposed by Julliere to explain TMR in 

terms of spin polarization ratio of ferromagnetic electrons (P) calculated from spin dependent 

density of states (D) at Fermi energy (EF) as shown in equation 2.28[50]. 

CuCo Co CuCo Co

r R

R r

r r

R R

H

(a) (b)

Interface 1 Interface 2 Interface 1 Interface 2
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Here the subscript ↑  or ↓ denotes spins parallel or antiparallel to the magnetization. Now P1 

and P2 being the polarization ratio for the two adjacent ferromagnetic layers the TMR is giv-

en by 
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=  (2.29), 

where PR  and APR  are the electrical resistances in parallel and anti-parallel configuration of 

the ferromagnets. The equation shows that for spin polarization close to 1 the TMR ratio be-

comes very high which can act as a switch having very small or large resistance depending on 

the moments.  In Fe/MgO/Fe (001) system experimentally observed TMR[51-53] is obtained 

of the order of 300% whereas theoretical prediction shows more than 1000% of TMR can be 

achieved in similar systems[54-55]. The TMR is a promising candidate for application in 

magneto-resistive devices like MRAM[53,56-59] and hard disc read head [60-65]. 

2.11. Magnetization 

 So far we have discussed how electron and spin can control different spintronic phenomena. 

The underlying physics of magnetism also stems from the evolution of electron round the 

atomic nucleus and also spin of an electron about its own axis. The unpaired electrons in an 

atom are associated with an intrinsic dipole moment. Considering the orbital motion of an 

electron as a current loop the moment can be defined as .l I Aµ =  where 
2 /

e
I

π ω
=  and 

2
A rπ=  are the current and area of the orbit. Now, using the ground state of orbital angular 

momentum as 
2

l m rω= =

�
ℏ in the above expression we get / 2l e mµ = ℏ which is called Bohr 

magnetron ( Bµ ). In absence of an external bias field the moments are randomly oriented due 

to thermal fluctuation. As a result there is no net magnetic moment or magnetization in the 

system. Now with an applied magnetic field the dipoles tend to orient themselves along the 

bias field direction resulting in a net magnetic moment in the system. The phenomenon is 

known as magnetization. The magnetization M
�

 is vector quantity which is defined as a den-
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sity of magnetic dipole moment at a point volume. Mathematically this is expressed as fol-

lows. 

 
0

1

1
lim

N

i
V

i

M m
V∆ →

=

=
∆
∑

� �
 (2.30) 

Here, N is the total number of dipoles present in a small volume V∆  and im
�

 
indicate the 

moment corresponding to the i
th

 dipole. 

2.12. Maxwell’s Equations 

The concept of electromagnetism stands on four famous equations known as Maxwell’s equa-

tions given below. 
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(2.31) 

Here, , , , ,  and D B E H Jρ
� � � � �

 

denote Electric displacement vector, Magnetic induction, charge 

density, Electric field, magnetic field and charge current density, respectively. The general 

concept of magnetism can be obtained from the electromagnetic theory by considering the 

process to be quasistatic with no electric field and current involved. Hence, this is specialized 

case where the following conditions are applicable on the Maxwell’s equation to describe 

magnetism as shown by the expressions below 

 0, 0 and 0J E
t

∂
→ → →

∂

� �
 (2.32). 

Thus the new set of Maxwell’s equation is obtained as follows. 

 . 0 and 0B H∇ = ∇× =
� �

 (2.33) 

2.13. Classification of Magnetic Materials 

Let us consider magnetic induction B
�

 which can be expressed as 
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 0 ( )B H Mµ= +
� � �

 (2.34). 

The magnetization M
�

 and magnetic field H
�

 are closely related to each other. However, the 

relationship is material dependent. In most of the cases M
�

 is proportional to H
�

 up to a cer-

tain value. Such a class of material is called linear material which can be expressed as fol-

lows. 

 M Hχ=
� �

 (2.35) 

Here χ  is a dimensionless scalar quantity known as magnetic susceptibility. As a result a lin-

ear relationship between B
�

 and H
�

 can be obtained as equation 2.36 by substituting equation 

2.35 into 2.34  

 0 (1 )B H Hµ χ µ= + =
� � �

 (2.36), 

where 0 (1 )µ µ χ= +  is the permittivity of the material. The linear magnetic materials can be 

divided in two categories one with χ < 0 and the other with χ > 0. The former is known as 

diamagnetic whereas the latter is called paramagnetic material. The diamagnetic material is 

weakly repelled by the external field and the paramagnets are weakly attracted by the field. In 

the following table we have some examples of diamagnetic and paramagnetic materials along 

with their susceptibilities relevant to this thesis. 

 

Table 2.1. Magnetic susceptibility of materials at 300K. 

Paramagetic Diamagnetic 

Material χ  Material χ  

Ta 21.78 10−
×  Au 53.5 10−

×  

Pt 42.9 10−
×  Si 64.2 10−

×  

Cr 42.7 10−
×  Cu 69.8 10−

×  
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There is another set of materials where a nonlinear response of M with H is observed. In other 

words χ or µ is no more a constant rather a function of H. In such materials a larger positive 

value of χ  can be obtained due to its strong response with external field. Such a class of ma-

terials is called ferromagnet. Examples of such element and alloys as studied in this thesis are 

Co, CoFe, CoFeB and NiFe. They have different magnetic properties and can show interest-

ing phenomena in combination with diamagnetic and paramagnetic systems. 

2.13.1. Langevin Theory of Diamagnetism  

The Langevin theory of diamagnetism is based on the electronic motion around the nucleus. 

Let us consider an electron of charge e−  and mass m with precession radius r. Thus the mag-

netic moment developed is 2

2

e
m r

ω
=
�

. 

 
2 2Current . Area =

2 2

e e
m r r

ω ω
π

π
= − = −
�

 (2.37) 

The centripetal force acting on electron is given by
2

m rω . In presence of a magnetic field 

there will be an additional force ( )
L

F e v B= ×
� ��

 known as Lorentz force due to which the angu-

lar frequency changes by ω∆ .  Hence the force equation takes the form as shown in equation 

2.38. 

 2 2( )m r m r e rBω ω ω ω+ ∆ = +  (2.38) 

From equation 2.38 we obtain / 2eB m Bω γ∆ = = (γ =gyromagnetic ratio) which is known as 

Larmour frequency. Hence a corresponding change in magnetic moment is observed. If there 

is Z atomic orbitals and n number of atoms per unit volume, then the total induced magneti-

zation can be expressed as 

 2 2 / 6M nZe r B m= −
� �

 (2.39), 

 where 2r is the mean square radius of the orbitals. So the diamagnetic susceptibility per unit 

volume is given by 

 2 2

0/ / 6M H nZe r mχ µ= = −
� �

 (2.40). 
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It is important to note that expression of χ in case of a diamagnetic material is negative and 

independent of temperature and applied field. 

2.13.2. Langevin Theory of Paramagnetism 

 In this theory a molecular gas is considered having n atoms per unit volume. The total poten-

tial energy of a dipole in presence of a field can be expressed as .U m B= −
��

. According to the 

Boltzman distribution the number of dipoles within the energy range between UandU U+ ∆

is given by 

 / cos /. . sinU KT mB KT
dn Ce dU Ce mB d

θ
θ θ= =  (2.41). 

Here θ is the angle between moment and magnetization, C is a constant to be determined and 

K is the Boltzman constant. The value of C is obtained by integrating the equation 2.41 over 

all θ and we get  

 

cos /
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n e d
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π
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θ θ

θ θ

=

∫
 

(2.42) 

Hence, the dipole moment per unit volume will give the magnetization expressed as follows. 

 
0

cosM m dn

π

θ= ∫  (2.43) 

From equations 2.42 and 2.43 the expression of M is obtained as 

 (coth 1/ ) ( ),  [ / ]SM nm M L mB KTα α α α= − = =  (2.44), 

where SM  is the saturation magnetization and ( )L α  is known the Langevin function. Now 

the ( )L α  can be approximated as / 3α  for small value of alpha. Thus we get the susceptibil-

ity as shown in equation 2.45. 

 
2

0/ / 3M H m n KTχ µ= =  (2.45) 

In this case the susceptibility is inversely proportional to the temperature which is known as 

Curie law. 
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2.13.3. Weiss Theory of Ferromagnetism 

In ferromagnetic materials magnetic dipoles are connected to each other via a quantum me-

chanical interaction called exchange interaction. As a result a large group of neighboring di-

poles are aligned parallel to each other and undergo coherent rotation during magnetization 

reversal. Thus they form a magnetic domain which can be considered as a single macrospin 

in magnetization calculation. The boundary of the domain is called domain wall. When the 

sample is not magnetized the domains are randomly oriented. Hence, the magnetic moments 

cancel each other resulting in zero net magnetic moment in the system. With the application 

of the external field domain wall is displaced or rotated through a quasistatic dynamical pro-

cess called domain wall dynamics and we have a net moment along the applied field. The 

process is not fully reversible. Hence such a material shows magnetic hysteresis. 

P. Weiss first proposed the theory of ferromagnetism which is basically an extension of 

Langevin theory of paramagnetism. Here, apart from external magnetic field molecular field 

due to the interaction of the neighboring dipoles is considered which is proportional to the 

magnetization. Hence, the effective magnetic field can be expressed by the equation below. 

 effH H Mγ= +
� �

 (2.46) 

Here, γ  is the proportionality constant independent of temperature called Weiss constant. 

From Langevin theory (equation 2.44) we know / ( )SM M L α=  where /mB KTα = . Here, 

replacing B by 0 eff
Hµ we get 

 / ( ),  ( )o
S

m
M M L H M

KT

µ
α α γ′ ′= = +  (2.47) 

Now from the above equation we can see that at zero applied field we can have magnetization 

in a ferromagnetic sample called spontaneous magnetization. Hence, for 0H = , / SM M can 

be obtained as  

 0/ / 3 ,  = / 3SM M T nm Kα θ θ µ γ′=  (2.48) 

So, magnetization at a particular temperature can be obtained by the general solution of equa-

tion 2.47 and 2.48. For T θ<  finite solution of M  can be obtained that means we are in the 
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ferromagnetic regime. Above Curie temperature no general solution can be obtained. It sug-

gests that no spontaneous magnetization can be obtained in this region i.e., it acts like a par-

amagnet. In this region the susceptibility is proportional to 1/( )T θ−  which is known as Cu-

rie-Weiss law. 

2.14. Origin of molecular field (The exchange interaction) 

The molecular field introduced in Weiss theory is nothing but the exchange interaction which 

is a consequence of Coulomb interaction and Pauli exclusion principle.  Heisenberg theorized 

the direct exchange interaction based on Heitler-London model for hydrogen molecule where 

overlap between two electronic wave functions is considered. The Pauli exclusion principle 

suggests that the resultant wavefunction must be antisymmetric. If we consider electron 

wavefunction having spatial and spin components as ( ) ( )r sψ φ χ= , the asymmetric part of 

the resultant wavefunction  can be written in two ways. 

 
1 2 1 2

1 2 1 2

( , ) ( , )

or, ( , ) ( , )

a s a

a a s

r r s s

r r s s

ψ φ χ

ψ φ χ

=

=
 

 

(2.49) 

Here, the subscripts a and s correspond to asymmetric and symmetric wavefunction whereas 

the numbers corresponds to individual electrons. From this, one can obtain the singlet and 

triplet states, the energy corresponding to which can be obtained as follows. 

 Sin 12 12 12 12( ) and ( )glet TripletE K J E K J∝ + ∝ −  (2.50) 

Here, 12K  and 12J  are the Coulomb interaction energy and exchange integral, respectively. 

Apart from direct exchange we can have indirect exchange interaction in rare earth 

ferromagnets and antiferromagnetic oxides called superexchange. In metals, conduction elec-

trons can take part in such interaction known as RKKY interaction. 

2.15. Antiferromagnetic and Ferrimagnetic Materials 

In some special cases of magnetic materials the neighbouring spins are oriented antiparallel 

to each other due to the exchange interaction. In such cases, the exchange integral 12J  takes a 

negative value. As a consequence we have a zero or negligible magnetization because a pair 
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of neighbouring magnetic moments cancel each other as illustrated in figure 2.10. For exam-

ple, metals such as Cr and alloys like FeMn are known to have such antiferromagnetic 

belaviour. 

Let us now consider two neighbouring moments of different magnitudes are oriented opposite 

to each other due to negative exchange interaction. In that case we have a partial cancellation 

of moments leading to a net magnetization along the larger moment. It is of course smaller 

than that of ferromagnetic material of similar type. Such a material is called ferrimagnetic 

material. This is possible when the sublattices consist of two different materials or different 

ions of a particular material. 

 

Figure 2.10. Illustration of magnetic configuration in ferromagnetic, antiferromagnetic and 

ferrimagnetic materials. 

2.16. Fundamental Energies in Ferromagnetism 

Ferromagnetism deals with four fundamental energies which basically governs the static and 

dynamical magnetic properties of a ferromagnetic system. In this section we discuss about the 

energy terms listed below 

1. Zeeman energy: external field induced energy 

2. Exchange energy: quantum mechanical interaction between dipoles  

3. Anisotropy energy: originates from crystal anisotropy of a material 

4. Demagnetizing energy: developed due to the changes of magnetization at the bounda-

ry. 

Ferromagnet Antiferromagnet Ferrimagnet

(a) (b) (c)
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2.16.1. Zeeman energy: 

Let us consider a magnetic dipole in presence of an applied magnetic field H. The energy 

stored in the dipole is  

 0 cos
Zee

mHε µ θ= −  (2.51). 

Here, m  is the dipole moment and θ  is the angle between the moment and the magnetic 

field. This energy is known as Zeeman energy. If there is n number of dipoles in volume V 

we have the total Zeeman energy as 

 0 1
.

nZee

i
E m Hµ

=
= − ∑

��
 (2.52). 

Generalizing the above equation under continuum approximation we have the general expres-

sion of Zeeman energy as follows. 

 0 .Zee

V

E M HdVµ= − ∫
� �

 (2.53) 

2.16.2. Exchange Energy: 

In the earlier section we have discussed the exchange interaction which can be described by 

the overlapping of two electronic wavefunctions. Here we present the exchange Hamiltonian 

for a system with spin S and uniform exchange constant as J. 

 2 .Ex

i ji j
H J S S

≠
= − ∑

� �
 (2.54) 

Under continuum approximation the Hamiltonian takes the form as follows: 

 
2( )Ex

V

E A m dV= ∇∫
�

 (2.55) 

Here m is a unitary vector along the moment. A is the exchange stiffness constant which is a 

material property and can be expressed as 22 /A JS a=  where a is the lattice constant of the 

material. We know that exchange interaction is a short range interaction. The length scale 

corresponding to the interaction is called exchange length which is related to the exchange 

stiffness constant by the expression below (SI) 
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Ex
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=  (2.56), 

where Ms is the saturation magnetization of the material. In the following table we calculate 

exchange length for some ferromagnetic materials discussed in this thesis. 

Table 2.2. Calculation of exchange length. 

Material A (J/m) Ms (A/m) 
Exl  (nm) 

Co 111.8 10−
×  61.4 10×  3.8 

NiFe 111 10−
×  58 10×  5 

2.16.3. Anisotropy Energy: 

Magnetization of many crystalline materials are not isotropic i.e., they have a preferred orien-

tation of magnetization. The energy associated to such anisotropic behaviour of a material is 

known as anisotropy energy. The preferential direction can be indicated by the anisotropy 

vector K which is called as easy axis. Conversely, the crystallographic axis along which it is 

very hard to orient the magnetization is called hard axis. 

For a hexagonal crystal like Co the long axis is the easy axis. If magnetization makes an an-

gle with the easy axis the energy can be expressed by equation 2.57 after ignoring higher or-

ders of
2sin θ . 

 
2( sin )K

V

E K dVθ= ∫  (2.57) 

This is called uniaxial anisotropy energy. 

For cubic structures like FCC (Ni) or BCC (Fe), the anisotropy energy is given by 

 
2 2 2 2 2 2

0 1 1 2 2 3 3 1( ( )K

V

E K K dVα α α α α α= + + +∫  (2.58), 

where α  represents the direction cosine of magnetization with respect to crystal axes. This is 

known as cubic anisotropy energy. 
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2.16.4. Demagnetizing Energy: 

The distribution of magnetization gives rise to an intrinsic field inside the sample known as 

demagnetizing field Hd. The magnetization in presence of Hd gives rise to an energy similar 

to Zeeman energy as discussed in section 2.16.1. This is known as demagnetizing energy 

which can be expressed as follows. 

 
0 .

2

d

d

V

E M H dV
µ

= − ∫
� �

 (2.59) 

Here, the demagnetizing energy stems from the magnetization itself. Hence they are interre-

lated. To take care of this fact an additional factor ½ comes in the energy term as compared 

Zeeman energy because in that case the external field is independent of magnetization. 

2.17. Timescales of Magnetization Dynamics 

The evolution of magnetization can occur at different timescales ranging from microseconds 

(µs) to femtoseconds (fs) which determines the speed of the magnetization dynamics. The 

processes with their characteristic times are schematically represented in figure 2.11. The 

slowest one is the domain wall dynamics which typically occurs between few nanoseconds 

(ns) to few µs. Precession of magnetization is a relatively faster process [66] occurring be-

tween 10-100 picoseconds (ps) before it gets damped in sub-ns to tens of ns resulting in a 

propagation of spin-waves in ferromagnetic material. The vortex core switching has its char-

acteristic time of few tens of ps to several ns. Magnetization reversal dynamics which is 

commonly known for its application in magnetic recording covers the time scale of few ps to 

few hundreds of ps. Moreover, there are processes which are even faster than that, for exam-

ple, fundamental exchange interaction (~ 10 fs), SO coupling and spin-transfer-torque (~10 fs 

– 1 ps) and laser induced ultrafast demagnetization (100s of fs). When a femtosecond laser 

pulse falls on a magnetized sample, an ultrafast demagnetization is observed [67]. The origin 

of this effect is still unclear and debated over a long time. However, it can be understood in 

terms of the excitation of Stoner pairs [68], SO coupling [69], coupling with the 

electromagnetic field via a terahertz emission [70], and scattering of spins with impurity 

centers or phonons [71]. The demagnetization is followed by a partial recovery of 

magnetization within 1-10 ps. This occurs due to the exchange of energy from hot electrons 

and spins to the lattice which can be phenomenologically described by a three temperature 
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model [67,72]. The faster recovery is followed by a slower recovery of magnetization due to 

the diffusion of electron and lattice energy to the environment [73-74]. 

 

Figure 2.11. Magnetization dynamics of various timescales. 

2.18. Ultrafast Demagnetization 

The two colour pump-probe based technique using ultra short laser pulses has opened the ter-

ritory of the magnetization dynamics to the experimentalist in femtosecond time scale. As a 

most remarkable consequence the ultrafast demagnetization was first observed in 1996 [67] 

in Ni films which fuels up a huge research interest due to is applicability in high speed re-

cording devices. At the same time it resulted in new challenges like modeling the magnetiza-

tion dynamics in an extremely non-equilibrium regime and controlling the material properties 

in similar timescale. Although various theories have been proposed the topic remains highly 

debated over the years. Here we discuss some of the models which best explain this phenom-

enon. 

2.18.1. The Three Temperature Model 

In the year of 1974 S. I. Anisimov et al. [75] investigated electron-lattice relaxation kinetics 

due to ultrashort laser excitation in metal by considering transfer of electron energy to the 

lattice and subsequent change in temperature corresponding to lattice and electron gas known 

as two temperature model. The three temperature model is basically one step extension to that 

where the thermodynamics of spin has been considered. The first experimental observation of 
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the ultrafast demagnetization in Ni under the excitation of a 60 fs laser pulse is explained 

phenomenologically by this model [67]. It assumes that the system consists of three therma-

lized reservoirs namely, the electron, lattice and spin with corresponding temperatures Te, Tl 

and Ts respectively between which the exchange of energy is allowed.  

Initially the sample is magnetized in presence of a bias magnetic field. When the laser pulse 

is incident on the sample coherent interaction between the photon, charge and spin occurs. In 

this regime the angular momentum of light gets nonlinearly modified within about 50 fs. In 

the next step incoherent process starts which means the phase relation of electron wavefunc-

tion with respect to excitation has been destroyed. In this timescale thermalized electrons and 

spins are excited to the conduction band leading to a demagnetization in the system. After 

that, energy exchange between charge and spin with lattice takes place resulting in a fast re-

magnetization. This process involves a significant change in the macroscopic thermodynamic 

quantities due to a change in the spin correlation length near Curie temperature. A slower re-

laxation is followed by the faster relaxation when the energy is dissipated from the lattice to 

the surrounding. The ultrafast demagnetization dynamics can be formulated in terms of three 

temperatures Ts, Te and Tl corresponding to spin, electron and lattice as shown by the three 

coupled equations as follows 

 ������
���

��
� 	
����� 	 ��� 	 
����� 	 ��� 
 ���� (2.60), 

 ������
���

��
� 	
����� 	 ��� 	 
����� 	 ��� (2.61), 

 and ������
���

��
� 	
����� 	 ��� 	 
����� 	 ��� (2.62) 

with  Ce = electronic specific heat of the material concerned, 

Cs = magnetic contribution to the specific heat, 

Cl = lattice contribution to the specific heat, 

         gel = electron-lattice interaction constant, 

         gsl = spin-lattice interaction constant, 

         ges = electron-spin interaction constant, 
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       and P(t) = laser source term. 

2.18.2.  Elliott-Yafet (EY) Spin Flip Scattering 

The Elliott-Yafet (EY) spin flip scattering[76] describes the laser excited ultrafast transfer of 

angular momentum from electron spin degrees of freedom to the electronic orbital degrees of 

freedom or the atomic orbital moments of the lattice. The scattering of hot electrons excited 

by a phonon changes its probability to be found in up or down spin state. That is how the an-

gular momentum is delivered from the electronic system to the lattice. The sum over all elec-

tronic states corresponding to spin up or down is associated with magnetic moment of same 

size. The population difference between the states can be denoted by 
↓↑

−= NND , where 
↑

N
 

and 
↓

N  are the number of electrons in spin up and spin down states, respectively. Here, D

 
is 

proportional to the total magnetization of the system. Now
↓↑ ,

W  and 
↑↓ ,

W being the number of 

transitions per unit time from spin up to down and down to up states, the rate equation can be 

expressed as  

 )]()([2
,,

ττ
↑↓↓↑

−= WW
dt

dD
 (2.63), 

where τ is the spin relaxation time. The factor 2 on the right hand side appears as spin flip 

process changes the population difference between the states by a factor of 2. Y. Yafet con-

siders the system close to equilibrium with equilibrium Fermi energy 
0

Fε  and a deviation 

from the equilibrium can be accounted for by two different Fermi energies for both the spin 

channels as 0)( FF
t εε ≠

↑
 and 0)( FF

t εε ≠
↓

. Now by considering time and space invariance, equa-

tion (2.73) turns out to be  

 TDD
dt

dD
/0

−=  (2.64). 

Here, T is the spin relaxation time which according to Elliott and Yafet is further related to 

the relaxation of electrical resistivity,
 
τ  by the expression below 

 2/ pbT τ=  (2.65), 
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where p is a material specific parameter and 
2b  denotes the degrees of spin mixing between 

involved states. 

2.18.3. Spin-flip Coulomb Scattering 

The spin flip Coulomb scattering is primarily based on the EY interactions. In the earlier dis-

cussion of the EY interactions we have discussed laser induced ultrafast demagnetization due 

to the interaction between electron and phonon. In the present model electron-electron Cou-

lomb scattering[77] in presence of spin orbit interaction is exclusively considered as a key 

factor behind the demagnetization process. As opposed to electron-phonon interaction, the 

electron-electron scattering is not a (quasi)elastic process. So, the probability of phase space 

transitions from minority to majority bands is much larger in this case as compared to the 

electron-phonon scattering which can only cause transitions near points in the Brillouin zone 

when the bands are energetically close. The model analytically describes the scattering dy-

namics by Boltzmann scattering integrals for the momentum-dependent dynamical distribu-

tion functions in various bands. 

2.19. Landau-Lifshitz-Gilbert Equation 

The magnetization dynamics has a quantum mechanical background. Let us start with the 

time variation of spin which can be expressed by the commutation of spin and Hamiltonian 

operator as shown in equation 2.66. 

 ,
d

i S S H
dt

 =  

� �
ℏ  (2.66) 

Now in presence of an external magnetic field B, the interaction potential between S and B 

determine the Hamiltonian which takes the form as follows. 

 .Bg
H S B

µ−
=

� �

ℏ
 (2.67) 

Here, Bµ is the Bohr magnetron and g  is the gyromagnetic ratio for free electron. Using 

equation 2.67, the commutator [ ]HS, can be calculated as follows. 
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 , ( )
B

S H ig S Bµ  = × 

� � �
 (2.68) 

Thus substituting equation 2.68 in 2.66 we get the equation of motion for a single spin as 

shown in equation 2.69. 

 ( )Bgd
S S B

dt

µ
= ×

� � �

ℏ
 (2.69) 

In macrospin model the magnetization of the system is supposed to be uniform through the 

sample expressed as M
�

 which is related to S
�

 as 

 S
g

M B
�

ℏ

� µ
=  (2.70). 

Thus from equation 2.69 and 2.70 the equation of motion of magnetization dynamics turns 

out to be as follows 

 )( HM
dt

Md ��
�

×−= γ  (2.71), 

where 
ℏ

Bgµ
γ = , is the gyromagnetic ratio. This equation is known as Landau-Lifshitz (LL) 

equation[78]. A more generalized form of the equation can be obtained by introducing an ef-

fective field on the sample like anisotropy, dipolar and exchange field in addition to the ap-

plied bias field H, denoted by effH
�

. Thus the generalized LL equation can be written as equa-

tion 2.72 and the right hand side part of the equation is called precessional torque (PT) term. 

 )( effHM
dt

Md ��
�

×−= γ  (2.72) 

However, the LL equation as above cannot describe the equation of motion of magnetization 

completely because it does not incorporate damping. It implies that the magnetization vector 

precesses around the effective magnetic field in a conical trajectory for infinitely long time 

with an angular frequency effHγω = . The real situation is somewhat different. The magneti-

zation looses momentum during precession due to the magnetic viscosity of the material. 

Hence the tip of the magnetization vector follows a spiral path as shown in figure 2.12 and 
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finally gets aligned along H
�

. Therefore, an additional damping torque (DT) term (

( , )effD M H
� � �

) should be added with the LL equation[36].  

 ( ) ( , )
eff eff

dM
M H D M H

dt
γ= − × +

�
� � � � �

 (2.73) 

Gilbert proposed[79] 

 )(),(
dt

Md
M

M
HMD

S

eff

�
����

×=
α

 (2.74). 

 

Thus incorporating the Gilbert damping term in the LL equation we get the following equa-

tion of motion (equation 2.75) describing the magnetization dynamics which is famously 

known as Landau-Lifshitz-Gilbert equation.  

 )()(
dt

Md
M

M
HM

dt

Md

S

eff

�
���

�

×+×−=
α

γ  (2.75) 

In this equation α is a dimensionless constant known as Gilbert damping constant which de-

termines how rapidly the magnetization comes back to the equilibrium after excitation. This 

parameter is important for data storage and spintronics application. 

The dynamics of magnetization becomes further complicated when we have spin injection 

into a ferromagnetic system because spin current can exert torque on magnetization. In that 

case we have to consider another torque term in the LLG equation in addition to PT and DT 

called spin transfer torque (STT) and the modified equation takes the form as follows[80]. 

 
0

( ) ( ) ( )
2

eff S

S S

dM dM
M H M J M M

dt M dt e M t

α
γ σ

µ
= − × + × + × ×

� �
� � � � �ℏ �

 (2.76) 

Here, t , S
J  and σ

�
denote ferromagnetic layer thickness, spin current density and polarity of 

spin respectively. From vector analysis it can be shown that STT is collinear with DT i.e., 

either parallel or antiparallel to DT depending on σ
�

. Hence STT has a key role in controlling 

the effective damping of the system. 
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Figure 2.12. Precessional motion of magnetization in presence of damping and spin transfer 

torque. 

2.20. Spin-Orbit Coupling 

Electron has both orbital and spin angular momentum denoted by L
�

 and S
�

, respectively. The 

interaction between them is known as spin orbit (S-O) interaction. This interaction breaks the 

degeneracy of the energy levels of electrons corresponding to same orbital having opposite 

spin, thus responsible for the fine structures in the atomic spectra. It also plays a role in mag-

netic damping by transfer of momentum. This is a quantum mechanical process where angu-

lar momentum is quantized. Hence, it can take some particular values. The eigenvalues of 

2

L
�

 , 
2

S
�

 and 
2

J
�

can be expressed as follows. 

 

2
2

2
2

2
2

( 1),  {0,1, 2...}

( 1),  { 1/ 2, 1/ 2}

( 1),  {1/ 2,1,3 / 2...} [ ]

L l l l

S s s s

J j j j j l s

= + ∈
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�
ℏ
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ℏ

�
ℏ

 

 

 

(2.77) 

The total angular momentum is the vector sum of orbital and spin angular momentum as  

 J L S= +
�� �

 
(2.78). 

Let us take dot product of J
�

with itself. Then we have 

PT  Precessional torque

DT  Damping torque /

STT Spin Transfer Torque

effM H

M dM dt

M Mσ

= = ×

= = ×

= = × ×

PT

effH

M
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J L S L S
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(2.79). 

The energy corresponding to S-O interaction is given by 

 
, 2

22 2

2

( . )

( ) [using equation 2.79]
2

L S

a
V L S

a
J L S

=

= − −

��

ℏ
�� �

ℏ

 

 

(2.80). 

Here, a  is a constant having dimension of energy called spin-orbit coupling constant. Now 

replacing the operators with corresponding eigenvalues we get 

 , [ ( 1) ( 1) ( 1)]
2

L S

a
V j j l l s s= + − + − +  (2.81). 

This equation corresponds to the energy splitting due to S-O interaction. 

2.21. Origin of Damping 

The LLG equation describing magnetization precession provides us with important infor-

mation about a magnetic system. This attracts a considerable attention to research over dec-

ades due to its importance in information storage and spintronics applications. Specifically, 

the damping constant (α) can play a crucial role in controlling processes like magnetization 

switching in spin valves[81], spin injection and detection[80], current-induced magnetization 

reversal[81], and spin wave propagation in magnetic media[82].  

The basic concept of α is simple which comes from the relaxation of magnetization preces-

sion in absence of an external stimulus. However, a concrete understanding about its origin is 

still due. A combination of spin orbit (S-O) interaction[83] and s-d scattering into ferromag-

netic band electrons[84] by phonon is believed to be the origin of magnetic relaxation giving 

rise to an intrinsic α of the LLG type. Different processes like spin flip scattering or ordinary 

scattering between spin dependent band levels are introduced to analyze the phenomena. 

Magnonic modes relaxing through an exchange interaction with conduction s electrons via s-

d coupling accompanied by a spin flip of the s-electrons can explain the origin of α. On the 
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other hand, defect induced extrinsic two magnon scattering[85-86] may lead to an enhance-

ment in α as well as a shift in precession frequency in thin film ferromagnets. The phenome-

non can be visualized by generation of high frequency spin waves, degenerate with ferro-

magnetic resonance (FMR) mode, in presence of dipolar coupling between spins. Defects 

scatter energy from FMR mode to the spin waves leading to a relaxation of de-phasing char-

acter. The situation is even more complicated in case of bi-layer or multilayer thin films 

where α is sensitive to interface hybridization[87-88] as well as spin pumping[27,89] effect. 

Although a number of theoretical models exist for explaining damping analytically, experi-

mental evidences for those are quite challenging because a combined effect contributes to the 

experimentally observed α. In this scenario distinction and regulation of several intrinsic and 

extrinsic factors contributing to experimentally observed α have become a need of the mo-

ment, which are extensively explored in this thesis in case of ferromagnetic 

(FM)/nonmagnetic (NM) bi-layer systems.  

2.22. Ferromagnetic Resonance 

The word ‘resonance’ is commonly used in acoustics which comes from the word resound or 

echo. In string instruments such resonance sound can be heard due to an indirect interaction 

of vibrating strings in absence of direct excitation. The principle of resonance lies in transfer 

of energy between modes. To be specific, when a system is driven at one of its own natural 

frequencies the energy absorption from the excitation source is favoured as compared to other 

non natural frequencies resulting in an enhancement of vibration amplitude in the system. 

This phenomenon is known as resonance.  Although the natural frequency is a property of the 

system it can be tuned by varying external parameters. For example one can tune the natural 

frequency of a string by applying suitable tensile strain on it.  

Interestingly resonance can occur in precessing magnetization of a ferromagnetic material 

called ferromagnetic resonance (FMR) and the principle is similar to that observed in case of 

a vibrating string. In this case a steady external bias magnetic field is applied to orient the 

magnetization along the field direction which is analogous to the tensile strain of the string. 

Thus varying the strength of the bias field one can tune the frequency of magnetic resonance 

modes of a system. As an excitation source usually a radio frequency (rf) current is applied 

which produces an alternating magnetic field to the system. Either rf is swept at a constant 
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bias field or the bias field is varied at a constant rf to excite the resonance modes. At reso-

nance condition the amplitude of oscillation increases. It is associated with dissipation of en-

ergy per cycle resulting in damping as discussed earlier in LLG equation in section 2.19. For 

an alternate way to describe damping we go back to the example of a string where the relaxa-

tion rate corresponding to resonance depends on the viscosity which is an intrinsic property 

of the vibrating medium. Similarly in ferromagnetic medium intrinsic magnetic viscosity ex-

ists for controlling the dynamical magnetization relaxation processes which is nothing but the 

damping of the medium. Hence, the two primary information one can extract from FMR 

about a magnetic system are i) the behaviour of resonance modes and their frequencies and ii) 

damping. 

FMR was first experimentally observed by J. Griffiths [90]. However, it is found that the res-

onance frequency ( 0ω ) cannot be simply expressed by the Larmor frequency 
L eff

Bω γ= . To 

resolve anomaly Charles Kittel [91-92] proposed that one should consider the dynamical 

coupling caused by the demagnetizing field while he approximated the magnetization to be 

uniform throughout the sample and can be considered as a macrospin. 

Let us consider a ferromagnetic specimen with demagnetization factors Nx, Ny, Nz along three 

principal axes. A bias magnetic field H0 is applied along x-axis. The static and dynamic field 

can be expressed as follows: 

 0( ) ( ) ( )
d

H r H r H r= +
� � �

 (2.82) 

and, ( , ) ( , ) ( , )rf dh r t h r t h r t= +

� � �
 (2.83) 

Here, the subscript d denotes demagnetization. Hence, the effective field and magnetization 

can be given as follows. 
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(2.84) 
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M
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m

 
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The time variation of field and magnetization can be expressed as 
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ω

ω

−

−
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(2.85). 

Now substituting equation 2.83 and 2.84 in the LLG equation and ignoring the nonlinear 

terms under approximation of small precession angle we get 

0 1

0

[ ( ) ]1

[ ( ) ]

y x Sy y y

z x Sz z zm

H N N M i ih m m

i H N N M ih m m

γ αω ω
χ

ω γ αωω

−
+ − −      

= =      
− + − −      

 

(2.86), 

where m SMω γ= . This equation tells us that the transverse components of magnetization are 

not the same due to the different demagnetization factors. Hence the precession of magnetiza-

tion is not necessarily circular rather elliptical. Now we calculate the susceptibility tensor 

from equation 2.86 which can be expressed as 

 

 

0

0 0

2

0 0

[ ( ) ]

[ ( ) ]

[ { ( ) } ][ { ( ) } ]

z x S

m

y x S

z x S y x S

H N N M i i

i H N N M i

H N N M i H N N M i

γ αω ω
ω

ω γ αω
χ

γ αω γ αω ω

+ − − − 
 

+ − − 
=

+ − − + − − −
 

(2.87). 

The x component corresponding to the susceptibility tensor is zero because bias field is ap-

plied along this direction and the magnetization oscillation is taking place in the y-z plane. 

However, the transverse susceptibility components are very large because magnetization of a 

ferromagnet system is much larger than electronic or nuclear paramagnet for a particular 

magnetic field. The resonance condition can be achieved by using χ →∝ and 0α →  in equa-

tion 2.87 which under linear approximation take the form as follows 

 0 0[ ( ) ][ ( ) ]
z x S y x S

H N N M H N N Mω γ= + − + −  (2.88). 
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 The above dispersion relation gives a better estimation of resonance frequency of a ferro-

magnetic system solving the previous anomaly which is known as Kittel formula. The ex-

pressions for the resonance frequency for some standard shaped ferromagnetic systems (un-

der the co-ordinate system convention as shown in figure 2.13) are listed below [91,93]: 

Table 2.3. Expression for resonance frequency for some standard shaped ferromagnetic sys-

tems. 

Shape Magnetization 

direction 

Demagnetizing Factors Resonance frequency 

Nx Ny Nz 

Infinitely 

thin plane 

Tangential 0 4π 0 ( )[ ] 2
1

0 4 zzz MHH πγω +=  

Normal 0 0 4π [ ]zz MH πγω 40 −=  

Infinitely 

thin cylin-

der 

Longitudinal 2π 2π 0 ( )zz MH πγω 20 +=  

Transverse 2π 0 2π ( )[ ] 2
1

0 2 zzz MHH πγω −=  

Sphere - 4π/3 4π/3 4π/3 
zHγω =0  

 

In this context it is interesting to note that the transverse susceptibility χ  (equation. 2.87) is a 

complex quantity which has a real and imaginary component indicating relative phase differ-

ence.  

 

Figure 2.13. Some standard shapes with co-ordinate convention. 
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Chapter 3 

Experimental Techniques 

In this chapter we shall focus on sample preparation, characterization and measurement 

techniques used in this thesis. We start with thin film deposition using dc/rf magnetron sput-

tering and e-beam evaporation. The discussion is followed by micro-fabrication techniques in 

clean room which are used for patterning the samples, electrode and waveguide. The discus-

sion also includes an overview of optical and e-beam lithography. In this context we describe 

a novel technique to achieve controlled intermixing of atoms at the interface of a bi-layer by 

Ga
+
 ion irradiation using focused ion beam. Later we briefly discuss about the characteriza-

tion of the samples using scanning electron microscope, vibrating sample magnetometer, x-

ray refractivity, atomic force microscope and static magneto-optical Kerr effect. Finally, we 

describe time resolved magneto-optical Kerr microscopy and spin torque ferromagnetic res-

onance as investigative techniques. 

3.1. Thin Film Deposition 

Sample preparation is the first step to experimental research. It is crucial because unwilling 

imperfection in the sample may introduce noise or deviation from the physical and material 

properties. In our study samples are prepared using ultra high vacuum (UHV) thin film depo-

sition and clean room micro-fabrication techniques. Thin films of different materials like 

NiFe, Co, CoFe, CoFeB, Pt, Cu, Ta, W, Cr, Au, SiO2, MgO are grown on thermally oxidised 

non-doped Si substrate using dc/rf magnetron sputtering system in UHV chamber whereas in 

some cases metals like NiFe, Au, Cu are deposited using e-beam evaporation technique. 

NiFe, Co, CoFe and CoFeB are chosen as ferromagnetic material, Pt, Cu, Ta, W, Cr, Au are 

used as nonmagnetic metal and SiO2 or MgO are usually chosen as a protective or insulating 

layer. The thickness of the films lies in the range of 0 to 20 nm. In case of a co-planer wave-

guide 50 to 150 nm thick Au is deposited and patterned on top of 5 nm of Ta layer which is 

used for good adhesion of Au to Si substrate. 
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3.1.1. Magnetron Sputtering Process 

Magnetron sputtering[1] is a physical vapor deposition technique by which one can grow 

high quality thin films having same composition as the source material. The technique is 

widely used in electronic, hardware and optical industries for deposition of single or multi-

layer films and various types of coating by materials having different physical properties like 

low friction coating, corrosion resistive coating, thermal or electrical insulation coating and 

anti reflection coating. 

The sputtering process is done in an ultra high vacuum chamber filled with inert gas like Ar. 

When a high voltage is applied glow discharge plasma is created. As a result, positively 

charged ions driven by the electric field are accelerated to cathode and hit the negatively 

charged target material with sufficient force resulting in removal of target atoms from its sur-

face, called sputtering. Then the sputtered atoms may be condensed on a nearby substrate as 

thin film. For conductive material dc or rf power supply can be used to create electric field 

whereas for insulating materials only rf works. During sputtering, secondary electrons are 

also emitted from the target due to ion bombardment which essentially plays a role in main-

taining the plasma.  

The basic sputtering process is known for a long time. However, it suffers limitations like 

low deposition rate, high substrate heating and low ionization of plasma. To overcome these 

problems magnetron sputtering comes into picture. The magnetron is used to create magnetic 

field parallel to the target surface so that the motion of the secondary electron are confined 

along the field lines in the vicinity of the target. Thus the probability of electron-atom colla-

tion increases resulting in an increase in ionization efficiency of plasma. Hence more number 

of ions hit the target and sputtering rate increases consequently increasing the rate of deposi-

tion. In addition to that higher ionization allows plasma to be maintained at lower voltage and 

lower operating pressure. The magnetron is placed below the target with one of its poles 

along the central axis of the target plane while the other pole symmetrically placed around the 

outer edge of the central pole as shown in figure 3.1. Magnetrons can be of two types; bal-

anced magnetron and unbalanced magnetron. In the first case the strength of the two pole 

pieces are equal and the lines of forces are closed between the pole pieces while in the second 

case outer pole piece is stronger than the inner one resulting in some open lines of force. Thus 
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by designing the magnetron one can modulate the lines of force and thereby plasma for 

achieving the optimized sputtering condition.  

 

Figure 3.1. Schematic diagram of balanced and unbalanced magnetron sputtering. 

 

3.1.2.  E-beam Evaporation 

E-beam evaporation is another type of physical vapor deposition technique where target ma-

terial is vaporized by electron beam for deposition of films on to a substrate. Here an intense 

beam of electron generated from a filament is directed to the target material by electric and 

magnetic fields. The sample material is placed in a small graphite crucible in form of pellets. 

The sample is heated up by the electron beam and melts when the melting point is achieved. 

At some point the energetic surface atoms of target material leave the surface by overcoming 

binding energy and evaporation starts. The evaporation is performed under vacuum condi-

tion. The vacuum pressure should be below the point where the mean free path of electron is 

longer than the separation between the electron source and the target to achieve high energy 

electron bombardment helping higher evaporation rate. Achieving good vacuum is also im-

portant for preparing good quality films because it reduces the probability of oxidation and 

prevents contamination. The evaporated atoms now traverse ballistically in the vacuum and 

adsorbed on to a substrate placed above the target material. A constant partial vapor pressure 

is maintained during evaporation to ensure constant rate of deposition. In case of alloys one 

can have different evaporation rates of the composite materials resulting in percentage varia-

tion of the components in the deposited film. However, in case of NiFe the change of compo-
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sition is negligible. This technique is most suitable for deposition of metals for their relatively 

lower meting point but difficult for insulators because their melting temperature are higher. 

This technique is very efficient for growing multilayer films with high quality interface. A 

multi source system allows to evaporate materials in turn or co-evaporation for the formation 

of alloys without breaking the vacuum throughout the growth. 

3.2. Optical Lithography 

Lithography is a useful technique for micro and nanoscale patterning. It can be of different 

type depending on type of exposure like photolithography, e-beam lithography, x-ray and ion 

beam lithography. Out of those, photolithography is very popular for microscale patterning. 

The primary advantage of this technique is parallel growth of all microstructures. A large ar-

ea can be patterned in a single exposure of light using photomask. However, submicron fea-

tures are difficult to resolve by this technique due to diffraction of light. The usual steps for 

photolithographic patterning are as follows (see figure 3.2). 

1. Substrate cleaning: At first a Si substrate is taken on which the sample will be 

grown. It has to undergo a proper cleaning process by ultrasonicating it in acetone for 

20 minutes. This will help to remove inorganic and organic impurity materials from 

the top of the substrate. The substrate is dried by a dry nitrogen flow. 

2. Resist coating: A uniform layer of photo resist dissolved in an organic solvent is 

coated on the substrate. In our case a thin layer of primer (1,1,1,3,3,3,-

Hexamethyldisilazane, C6H10NSi2, HDMS) is coated using spin coater. First the sub-

strate is fixed on top of the spindle of a spin coater. A few drops of primer solution is 

put on the substrate and rotated at 500 rpm for 5 seconds and then 5000 rpm for 40 

seconds. The centrifugal force makes the liquid uniformly distributed on the substrate. 

The thickness of the layer depends on the density and speed of rotation. The substrate 

is then baked in an oven at 80°C for 5 minutes. Thereafter a positive photoresist (AZ-

1500) is coated on top of the substrate in a similar way and baked at 80° C for 10 min. 

Baking essentially removes solvent from the photoresist and increase the adhesion. 

With the recipe described above we obtain a typical thickness of resist ~1 µm. 

In this context it is worth mentioning that photoresist can be of two types either posi-

tive or negative. For positive photoresist chemical changes occur at UV light expo-
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sure. Hence the exposed part becomes more soluble in the developer solution. Con-

versely in case of negative photo resist the exposed part becomes more polymerized 

and less soluble. 

3. UV light exposure and developing: The resist coated substrate is exposed to UV 

light with typical energy 90mJ/mm
2
 through a mask containing pattern. The resist re-

acts at the exposed part which becomes soluble in the developer. Then the substrate is 

dipped into a developer solution for 50-60 seconds followed by a rinsing in de-ionized 

water for about 1 minute. Then it is dried by dry nitrogen flow. The process makes the 

resist pattern visible at the unexposed part. 

4. Lift off and etch back process: Single or multilayer thin films are deposited on the 

whole substrate and then treated with acetone for 1 minute to remove the residual re-

sist. Thus we obtain a patterned single or multilayer thin film. Sometimes thin films 

are deposited on the substrate first on top of which resist is patterned using photoli-

thography technique as mentioned above. Then the films are etched back in the weak-

er part of the resist using reactive ions and the harder part remains unaffected. Finally 

the residual resists are removed and we get the desired patterning on the thin film. 
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Figure 3.2. Schematic illustration of photolithography process. 

3.3. Focused Ion Beam 

Recently, focused ion beam (FIB) is regularly used for direct nanoscale patterning[2] and 

milling to fabricate nanostructures with high precision. It may also be used to locally manipu-

late and control magnetic properties, domain structures[3-4] as well as magnetization and 

domain wall dynamics[5] on the micro and nanoscale. This opens new opportunities for in-

teresting scientific investigations and has potential in future applications of nanoscale mag-

netic devices, such as sensors, memory and logic devices. In this thesis we have investigated 

the local magnetic property manipulation by low dose FIB irradiation of ferromagnet-

ic/nonmagnetic bi-layer thin film systems[6-7]. 

Here we have used the FEI Helios NanoLab Dual Beam (FIB/SEM) system. It consists of a 

liquid ion metal source (LIMS) with beam diameter ~5 nm and a field emission Gun (FEG) 
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electron source producing high resolution electron beam. Gallium is used as LIMS in our sys-

tem due to certain advantages like low vapor pressure, less volatility, low melting point and 

good electrical conductivity. The emission characteristics of Ga
+
 showing high angular inten-

sity with a small energy spread qualifies itself as one of the fittest candidate as LIMS. 

Let us now discuss about the dual beam system and how it can be used for creating antidot 

nano-structure or local intermixing in the sample. First the sample is placed on a stage inside 

the chamber. Then the vacuum is achieved below to 10
-6

 Torr. The electron gun is placed ver-

tically downward while the ion beam source is tilted at 45°  with respect to the electron gun 

(see figure 3.3 (left)). When the vacuum is achieved the tilt of the sample stage is adjusted at 

a critical angle of 52°  (see figure 3.3 (right)) so that both the ion and electron beam can be 

focused exactly at the same position of the sample. This is called the eucentric point. This 

critical position of the stage enables us to image as well as irradiate the same part of the sam-

ple at the same time. The energetic ion beam raster scan and mills out the sample by local 

sputtering following a user defined pattern loaded earlier in the system’s program. The pur-

pose of the electron beam is to visualize the sample so that we can align and get the features 

at the desired location. It also helps us to understand the topographic quality of patterning. 

Secondary and back scattered electrons reflected from the sample produce the image. The 

mechanism is same as scanning electron microscopy. The imaging could be done by Ga
+
 

beam as well. However, electron beam is preferred because Ga ion can damage the sample 

during imaging. Moreover when the two beams are aligned at the eucentric point, it is better 

to use electron beam for aligning the sample before irradiation to limit the Ga
+
 exposure and 

allow better positioning of irradiation. At eucentric point we have a slanted view of the sam-

ple although one can have a top view by rotating sample stage perpendicular to the electron 

source. 
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Figure 3.3. Experimental arrangement of FIB system; (left) imaging mode and (right) irradia-

tion mode. 

3.3.1. Effect of Ion Irradiation 

The effect of ion irradiation on thin films, specifically at the low dose regime, stimulates a lot 

of research interest due to its potential in controlling various magnetic properties of a system. 

Recently it is established that low dose irradiation causes structural changes at the interface of 

a bi-layer[6,8-9] film. A detailed investigation on such structural change of NiFe/Au bi-layer 

has been performed by D. Burn in his Ph.D. thesis (see reference 9). Now the question is 

what is physically indicated by dose and what is its critical value below which one can expect 

interesting structural changes without having significant sputtering from top surface of a thin 

film? Dose indicates the strength of ion irradiation applied on a sample. It is determined by 

the number of Ga
+
 ions exposed per unit area. In this thesis we shall express dose in the unit 

of pC/µm
2
. To determine critical dose we can refer to figure 3.4 showing scanning electron 

microscopic image of NiFe (20 nm)/Au (3 nm) bi-layer with increasing irradiation dose from 

(a) to (f). At lower dose ((a)-(c)) faint contrast is observed due to surface roughness created 

by ions and at higher dose ((d)-(f)) the effect of sputtering is clearly observed. In this thesis 

we restrict irradiation dose up to 5 pC/µm
2
 to avoid structural deformation or damage in our 

sample. We study dynamical magnetic properties like ultrafast relaxation, frequency and 

damping of magnetization precession in FM/NM ion irradiated bi-layers.  
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Figure 3.4 NiFe (20 nm)/Au (3 nm) surface structure after the irradiation of 1×1 µm win-

dows with doses a) 3.1, b) 6.3, c) 12.5, d) 31.2, e) 62.5 and f) 625×10
15

Ga
+
/cm

2
 at normal 

incidence with a beam current of 1.5 pA and an acceleration voltage of 30 keV (see Refer-

ence 9). 

 

During ion irradiation Ga ions get implanted into the sample and distributed down to a depth 

of 10 nm from the surface. The density of implanted Ga
+
 increases with dose. However, in 

our study doping from Ga is less than 1-2% which is unlikely to create magnetic changes in 

the system. Transfer of energy from the incident ions to the capping layer causing displace-

ment of atoms at the interface is a more significant effect. The re-orientation of intermixed 

atoms initially located around the interfaces and the intermixed region broadens across the 

thickness with increasing dose as shown in figure 3.5. Intermixing may lead to a formation of 

compositionally graded alloy, change in effective grain size by expansion or contraction of 

lattice, local stress relaxation, amorphization, increase of scattering defects, loss of magnetic 

moment, change in hybridization, spin transport and dynamical magnetization properties. 

Earlier literature[10] shows simulated results on relative concentration of atoms across the 

thickness of NiFe/Au bi-layer due to irradiation using TRYDYN software which supports the 

formation of compositionally graded interface broadening with increasing dose.  
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Figure 3.5. Ion irradiation induced intermixing of interface forming compositionally graded 

alloy (a schematic illustration). 

3.4. Scanning Electron Microscope 

The scanning electron microscope (SEM) uses high-energy beam of electrons to produce a 

magnified image of a specimen with detailed information about surface topography and mor-

phology. It is an indispensible tool for the characterization of micro and nanostructures. Here 

we used SEM to check size, shape and morphology of our sample, electrode contacts, uni-

formity of the irradiated spot and identified their location in bi-layer film. 

For the emission of electron beam two types of phenomena can be used. One is thermionic 

emission and the other is electric field induced emission. Both types of SEM are used in 

course of this thesis. For the first case, an electron gun fitted with a tungsten filament cathode 

acts as electron source, whereas, in the latter case electron beam is emitted from a field emis-

sion cathode. The beam profile is narrower in case of field emission resulting in a better spa-

tial resolution. The energy of electrons can be varied from few hundreds eV to few tens of 

keV. A nonuniform electric field is used to accelerate the emitted electrons. The beam is fo-

cused by electromagnetic lenses, called condenser lens and then passes through an electro-

magnetic scanning coil and finally, is focused onto the sample (figure 3.6) [11]. The scanning 

coil deflects the beam laterally due to which it performs a raster scan over a rectangular area 

of the sample surface. When electron beam hits the sample different types of electrons like 

secondary electrons, backscattered electrons and Auger electrons are generated due to elastic 
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and inelastic collisions along with the emission of X-rays and visible light (cathodo-

luminescence). The secondary electrons, produced by inelastic scattering of electrons are col-

lected by a detector. By comparing the intensity of these secondary electrons to the scanning 

primary electron beam, an image of the sample surface is produced and displayed on a moni-

tor. The samples are generally fixed on a metal stub by a sticky carbon tape. There can be ac-

cumulation of charge at the sample surface which increases brightness and affects the image 

quality. Hence, the samples should be electrically conductive at the surface as well as 

grounded to avoid charge accumulation. We have used “FEI QUANTA 200” and “FEI Helios 

NanoLab 600” SEMs to characterize our samples. 

 

Figure 3.6. Experimental arrangement for scanning electron microscope. 

3.5. X-ray Reflectivity 

X-ray reflectivity is a powerful technique to characterize structural properties like electron 

density, interface roughness, thickness of single or multilayered thin films. The technique is 

based on reflection of x-ray from the surface or interface of a sample (see figure 3.7). Inside 
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the instrument usually we have a fixed x-ray source and the angle of incidence (θ) of x-ray 

beam falling on the sample surface is varied by rotating the sample stage. The angle of inci-

dence is small which is called grazing angle. An x-ray detector is also rotated and placed at 

an angle 2θ with respect to the incident beam for measuring the intensity of the x-ray reflect-

ed from the sample. The refractive index of sample for x-ray is slightly less than 1. Hence a 

total external reflection (up to a critical angle θc) is observed and x-ray barely penetrates into 

the sample. In this region the reflectivity curve is ideally flat. However, it can be influenced 

by the size and roughness of the top surface. Beyond θc x-ray starts to penetrate into the ma-

terial and the penetration depth increases with θ. Consequently the intensity of the specularly 

reflected radiation decreases. The critical angle depends on the electron density at the surface. 

When an interface is formed, electron density changes locally along the thickness. Hence, a 

part of the x-ray gets reflected from the interface plane. The remaining part passes through 

the interface and may then encounter another interface from where another reflection occurs. 

The intensity of x-ray reflected from each interface depends on the roughness at the interface, 

difference in electron density across the interface and how sharply it changes along the thick-

ness. Now the reflected x-rays come out of the sample at the same angle and collected by the 

detector. The reflected beams are coherent in nature but with a constant phase with each oth-

er. So, instead of simply adding up they form interference pattern on the detector. The perio-

dicity of the maxima and minima depends on the phase which is largely dependent on the dis-

tance between the reflection planes which is nothing but the layer thickness. Thus from re-

flectivity curve we can precisely measure individual layer thicknesses of multilayer thin 

films.  



Chapter 3 

 

75 

 

 

Figure 3.7. Schematic illustration of the working principle of XRR. 

3.6. Vibrating Sample Magnetometer 

Vibrating sample magnetometer (VSM) is commonly used for the basic characterization of 

magnetic samples. It enables us to study static magnetic properties of a system by precise 

measurement of magnetic moment (magnetization) as a function of magnetic field and tem-

perature. The mechanism of VSM stands on the Faraday’s law, which states that whenever 

there is a change in magnetic flux through a coil, an electromotive force (emf) is induced in 

the coil. Mathematically, it can be expressed as follows. 

 
dB

E NA
dt

= −  (3.1) 

Here E is the induced emf A  and N  are the area and number of turns of the coil. Now replac-

ing B
 
by 4H Mπ+ in equation 3.1 and considering constant field applied on the sample we 

get, 

 , [ =constant]
dM

E NA H
dt

= −  (3.2). 

Equation 3.2 implies that the emf generated in the coil is proportional to the magnetization of 

the sample provided initial magnetization is much smaller than field induced magnetization 

of the sample. 
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 In VSM there are two pole pieces and the sample is placed in a uniform magnetic field pro-

duced by the pole pieces. The sample is mounted in between the pole pieces by a vertical 

nonmagnetic plastic or quartz rod connected to a piezoelectric transducer. A sinusoidal elec-

trical signal produced by an oscillator is fed into a piezoelectric transducer where it is con-

verted into a mechanical vibration. As a result the sample starts to vibrate in vertical direction 

inducing voltage in the pickup coil proportional to its magnetization. The voltage is measured 

by a lock-in amplifier using piezoelectric frequency as reference. A Hall sensor is placed 

close to a pickup coil to measure the applied field. In this thesis we used VSM to study M-H 

curves of difference samples. A schematic illustration of the VSM setup is shown in figure 

3.8. 

 

Figure 3.8. Experimental arrangement for vibrating sample magnetometer. 

3.7. Atomic Force Microscope 

Atomic force microscope (AFM) is an instrument which can map the surface topography of a 

sample with atomic scale resolution. Typically it can have lateral and vertical resolution 

down to 10 nm and 0.1 nm, respectively. It works on the principle of inter atomic Van der 
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Walls forces between sample surface and a sharp tip of the AFM instrument. The tip is at-

tached to one end of a cantilever while the other end remains fixed. According to Hooke’s 

law the cantilever bends due to small force (F) acted on the tip and the deflection (S) at the 

free end can be calculated as S = F/K. Here, K is the spring constant of the cantilever which 

should be very small for having sufficiently large S. The deflection is monitored by a laser 

beam focused on the cantilever reflecting to a quadrant photodetector (QPD). The head is 

scanned over the surface with the help of a piezoelectric tube which can physically bend or 

stretch in all directions depending on the signal of a feedback controller connected to the 

QPD (figure 3.9). 

 The inter-atomic interaction can be described by Lennard-Jones potential (LJ potential) 

which is a combination of van der Walls attraction and Pauli repulsion mathematically ex-

pressed as follows.  

 
6 12

A B

r r
φ = − +  (3.3) 

For larger separation the nature of interaction is attractive due to the van der Walls force and 

for very close separation the interaction is dominated by a strong and short range electrostatic 

repulsion due to the overlap of electron cloud between atoms called Pauli repulsion. 

 AFM can be operated in three different modes namely contact, non contact and tapping 

mode. In contact mode the tip physically touches the sample and scanned over the surface. 

The imaging is done in the repulsive regime of the potential function (equation 3.3). The 

bending of the cantilever head causes deflection of the laser spot in the QPD which corre-

sponds to a change in voltage. The signal is used for mapping sample topography as well as 

adjusting the height of the cantilever. Contact mode AFM offers high scanning speed as well 

as very good atomic resolution for samples with hard surface. However, it is not appropriate 

for soft and sticky samples because it may damage the sample and the tip due to their direct 

contact. In non contact AFM the tip vibrates near its resonant frequency while scanning the 

sample and it does not physically touches the sample surface. The system keeps the ampli-

tude or frequency constant using feedback. As a result, the average height of the tip is main-

tained during scanning. In tapping mode the tip vibrates at larger amplitude, which is kept 
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constant. In this mode the tip can touch the sample only at its lowest position. Hence, it is 

called intermittent contact mode. 

 

Figure 3.9. Atomic force microscope setup (a schematic diagram). 

3.8. Static Magneto-optical Kerr Effect Microscope 

Static magneto-optical Kerr effect (MOKE) is an optical technique to measure static magneti-

zation properties of ferromagnetic systems like single or multilayer thin films, dot and anti-

dot nanostructures or nanoparticles. The technique works on the principle of MOKE effect 

which is basically the rotation of plane of polarization of a plane polarized light in presence 

of magnetization. MOKE can be measured in three different geometries namely polar, longi-

tudinal and transverse geometries. In polar geometry magnetization vector ( M
�

) is parallel to 

the plane of reflection but perpendicular to the sample surface. In longitudinal geometry M
�

 

lies in the sample plane parallel to the plane of reflection whereas in the transverse case M
�

 is 

in the plane of the sample transverse to the plane of reflection. In our lab we set up our exper-
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iment in longitudinal MOKE geometry to measure Kerr rotation as a function of applied 

magnetic field (hysteresis loop). 

In the experimental setup a He-Ne laser of wavelength (λ) = 632 nm is used as light source. 

The beam passes through a polarizer. The output beam is linearly polarized (s-polarization) 

which is focused on to a magnetic sample by a converging lens or long working distance mi-

croscope objective. The reflected beam having Kerr rotation information is collected by an-

other lens and fed into an optical bridged detector. High reflecting mirrors are used to guide 

the laser beam from the source to the detector. A variable attenuator is placed in the path of 

the beam to control the intensity of the laser. A combination of lock-in amplifier and optical 

chopper is used for phase sensitive detection to achieve better signal to noise ratio. Bias mag-

netic field is applied along the sample plane by an electromagnet, while the field is varied by 

changing the current in its coil (figure 3.10). 

Initially in absence of magnetization, the balanced condition of the detector is achieved by 

rotating the axis of a polarized beam splitter of the OBD (analyzer) at 45° with respect to the 

pass axis of the polarizer. At that point the beam will be split into two orthogonal components 

(A and B) with equal intensities (i.e., A = B). Hence, the differential signal (A - B) becomes 

zero. In presence of magnetization the reflected beam becomes elliptically polarized and split 

in two unequal components resulting in a nonzero value of (A - B) (figure 3.10 (bottom)). 

The value of (A - B) is proportional to the magnetization of the sample for small angle of ro-

tation. Hence, a suitable multiplication factor converts the lock-in voltage to Kerr rotation or 

magnetization which can be plotted as a function of the bias magnetic field. In this way the 

hysteresis loop is obtained from which we get information like coercivity, remanence, satura-

tion magnetization, domain property and anisotropy useful for the sample characterization. A 

typical static MOKE hysteresis loop obtained from NiFe(10 nm)/Pt(3 nm) bi-layer is shown 

in figure 3.10 (bottom). 
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Figure 3.10. A schematic diagram of static magneto-optical Kerr effect (Static MOKE) mag-

netometer setup (top) and the inside electronics of optical bridge detector along with a typical 

hysteresis loop obtained from static MOKE in case of NiFe(10 nm)/Pt(3 nm) bi-layer (bot-

tom).  

3.9. Time-resolved Magneto-optical Kerr Effect Microscope 

The most common application of magneto-optical Kerr effect is static MOKE measurement 

technique which allows us to investigate the static magnetization properties of a ferromagnet-

ic system by studying hysteresis loop as discussed in the earlier section. Apart from that 

MOKE can also be used to study the magnetization dynamics of similar system at a very fast 

time scale and the technique is called time-resolved magneto-optical Kerr effect 

microscopy[12]. Since its first discovery in 1991[13] TR-MOKE has become a powerful 
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technique for studying ultrafast magnetization phenomena. The main advantages of this tech-

nique are as follows. 

1. This is an all-optical technique (i.e., both excitation and detection are done optically) 

which allow us to investigate of magnetization dynamics at timescales of sub-100 fs.  

a. Measurement of ultrafast demagnetization occurring at 100s of fs. 

b. Fast relaxation of magnetization occurring between 1 and 100 ps.  

c. Precession of magnetization and damping occurring between 10 ps and 1ns). 

2. Sample fabrication procedure is straight forward. No additional waveguide structures 

are required as required in case of ferromagnetic resonance (FMR). 

3. This is a local measurement technique. 

4. This is a non–invasive measurement technique. 

Let us now discuss about the setup, its components, how it works and how to align it prior to 

a measurement. 

3.9.1.  Primary Components of the Setup 

3.9.1.1. Laser 

The Lasing system for this setup involves three lasers in a row. An array of diode lasers pump 

a solid state laser. The output of the solid state laser is used to pump a Ti-sapphire oscillator 

with maximum power 10 W and wavelength λ = 532 nm. Regenerative acousto-optic mode 

locking mechanism is used inside the Ti-sapphire oscillator called “Tsunami” (Spectra-

Physics). At the output of “Tsunami” we have laser pulses of ~80 fs pulse-width at 80 MHz 

repetition rate. The wavelength of the oscillator is tunable from 700–1080 nm. In our experi-

ment we keep the wavelength constant at around 800 nm because our Si-based detectors are 

most sensitive near that wavelength. A brief discussion the individual lasers are as follows 

[14-18]. 

• Diode Laser 

The CW output of the diode laser bars, consisting of twenty diode lasers, is collimated with a 

cylindrical micro-lens of high numerical aperture (N.A.). The output beam is coupled into an 
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optical fiber bundle. Typically 85-90% light of diode laser is coupled into the fiber bundle 

and directed to the solid state laser [16]. 

• Diode Pumped Solid State Laser (Millenia) 

In diode pump solid state laser (Millennia) (figure 3.11) Nd
3+

 ions doped in a Yttrium Vana-

date crystalline matrix (Nd:YVO4) is used as the gain medium. The monochromatic output of 

the diode laser overlaps with the absorption spectra of the Nd
3+

 resulting in an efficient 

pumping. The efficiency of the Millennia is further improved by focusing the diode laser out-

put on a volume in the active medium of the Millennia in such a way that it matches with the 

radius of TEM00 mode of the Millennia. The Nd
3+

 is a four level system where infrared light 

of wavelength (λ) = 1064 nm is emitted due to the transition of an electron from 4F3/2 level to 

4I1/2 level. There are also transitions at 1319, 1338 and 946 nm. However, at room tempera-

ture they have lower gain as compared to 1064 nm. A lithium triborate (LBO) nonlinear crys-

tal is used as a frequency doubler to convert the 1064 nm light into visible light (λ = 532 nm). 

As the efficiency of the LBO crystal is sensitive to temperature. Hence a temperature regulat-

ing oven is used to ensure constant λ at the output. A controller operated shutter placed out-

side the cavity to block the output beam whenever required.  

 

 

Figure 3.11. Schematic diagram of Millennia laser head. The figure is reproduced from ref-

erence 16. 
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• Mode lockedTi-sapphire Laser (Tsunami) 

The lasing medium for Tsunami is titanium ions (figure 3.12) (Ti
3+

) doped sapphire (Al2O3) 

crystal. Here the absorption occurs in the spectral range of 400-600 nm. Hence, the 532 nm 

laser from the output of the Millennia can efficiently pump the Tsunami. The fluorescence 

band also extends over a broad range from 600 nm to 1000 nm. However, the short wave-

length end of fluorescence and long wavelength end of the absorption spectrum overlap with 

each other making lasing action possible only for λ > 670 nm. 

To achieve a repetition frequency of ~80 MHz at the output of Tsunami it is essential to have 

a cavity longer than that in a CW laser. The longer cavity length is obtained by a ten-mirror 

folded arrangement as presented in figure 3.12 for optimizing space.  

 

Figure 3.12. A schematic of the beam path inside the folded cavity of Tsunami. The figure is 

reproduced from reference 14. 

 

The cavity is highly sensitive to the atmospheric condition like moisture, dust, chemical reac-

tion and temperature. Hence, clean dry and less reactive nitrogen gas (99.999%) is purged to 

the laser head for the removal of dust and vapor. A chiller unit is also provided to keep the 

Ti-sapphire rod at constant temperature for long term stable performance.  
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Group velocity dispersion and wavelength selection: It is known that the time-bandwidth 

product of a Gaussian pulse is constant. Hence, for a shorter pulse, we have a larger distribu-

tion of frequency. As the refractive index (n) depends on frequency, there is a distribution of 

n in a pulse resulting in a variation of velocity. The variation is called as the group velocity 

dispersion (GVD). If lower frequencies travel faster than the higher frequencies, then that is 

called positive GVD and the corresponding pulse is said to be positively chirped and vice 

versa (see figure 3.13). 

 

Figure 3.13. The four prism arrangement used for dispersion compensation in Tsunami laser. 

 

In Tsunami laser, positive GVD is compensated by a four prism arrangement as shown in 

Fig. The net intracavity GVD is tuned by translating prisms P2 and P3 perpendicular to their 

bases. The working frequency and the bandwidth of the output laser are selected by adjusting 

the width and position of a slit placed between P2 and P3. 

3.9.1.2. Second Harmonic Generator (SHG) 

Inside the second harmonic generator (SHG) cavity there is a nonlinear crystal of barium beta 

borate (BBO) which doubles the frequency of the laser coming from Tsunami. It produces the 

second harmonic beam with polarization axis perpendicular to the fundamental, whereas the 
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polarization of the residual fundamental beam remains unchanged. A prism separates the se-

cond harmonic from the residual fundamental beam. The high reflective coating on the prism 

at infrared wavelength reflects the fundamental beam while the second harmonic is diffract-

ed. Then the beam is guided to the output by a pair of prisms which make the beam almost 

parallel to the fundamental. These prisms have anti-reflection (AR) coating at second har-

monic wavelength to reduce the loss of output intensity by reflection.  

Here the BBO crystal is used for the following advantages: 

1. It minimizes pulse broadening due to group velocity dispersion (GVD).  

2. No compensating crystal is required. 

3. Only a single SHG crystal is required to match the phase over the entire tuning range 

(690 nm to 1090 nm).  

4. The BBO has higher conversion efficiency as compared to LBO crystal and the crys-

tal does not require any heater for maintaining temperature. 

3.9.2.  Experimental Setup 

Our home built TRMOKE microscope[12], schematically shown in figure 3.14, with colline-

ar pump-probe geometry is based upon a mode locked Ti-sapphire pulsed laser source with 

tunable wavelength between 700 and 1000 nm and pulse-width of about 80 fs. The funda-

mental beam is divided into two parts by a 7:3 beam splitter. The intense part goes through 

the SHG to produce the second harmonic (λ = 400 nm), which is used to pump the sample. 

The time-delayed fundamental is used to probe the dynamics by measuring the change in the 

Kerr rotation of the reflected probe beam by an optical bridge detector in a phase-sensitive 

manner. The time delay is created by a retro reflector fixed on an automated variable delay 

stage on the path of the probe beam. The probe beam is first focused on the sample surface to 

a diffraction limited spot size of ~800 nm with the help of a microscope objective (N.A. = 

0.65) and an x-y-z piezoelectric scanning stage. The pump beam is made collinear with the 

probe beam with the help of steering mirrors and is spatially overlapped with the probe beam 

to a spot size of ~1 µm after passing through the same microscope objective. The two-color 

collinear pump-probe geometry enables us to achieve a very good spatio-temporal resolution 

and non-invasive detection sensitivity in our measurements. A bias field is applied to the 

sample, the direction of which was tilted slightly out of plane of the sample to have a finite 
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demagnetizing field along the direction of the pump pulse. A time-resolved reflectivity and 

magnetization data (black and green curves respectively in figure 3.14) can be obtained sim-

ultaneously using this technique. 

 

Figure 3.14. Schematic diagram of the time resolved magneto-optical Kerr effect 

(TRMOKE) microscope. 

 

Figure 3.15(a) shows a typical time-resolved Kerr rotation data with three temporal regions. 

In Region I (t<0) sample is probed before excitation which shows steady magnetization under 

external bias field. Region II (up to few tens of ps) shows a sharp demagnetization (500 fs) 

and a subsequent fast relaxation. This is followed by a slower relaxation in region III and 
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precession of magnetization around its new equilibrium position. Figure 3.15(b) shows a bi-

exponential background subtracted precessional oscillation data fitted by a damped harmonic 

function for α whereas Figure 3.15(c) is the fast Fourier transform (FFT) of the same from 

which precession frequency (f) is obtained. 

 

Figure 3.15. (a) Typical time-resolved Kerr rotation data from Pt(6.8 nm)/Ni81Fe19(12.7 

nm)/MgO(2.4 nm) sample at a bias field of 1.4 kOe., (b) precessional oscillation part of the 

time resolved data and (c) fast Fourier transform of figure 3.15(b). 

3.9.3.  Some Routine Alignments 

The experiment is very sensitive to the alignment of the system. Hence prior to the experi-

ment one should follow some routine alignment procedure as follows. 

1. At first, the output power and spectra of Tsunami are maximized after adjusting the 

central wavelength (λ0 = 800 nm) and FWHM (~ 12 nm or more) with the help of ex-

ternal micrometer controllers of Tsunami.  

2. The alignment of the retro-reflector (RR) is checked by placing a beam height after 

RR. If the beam gets shifted by moving the delay stage, mirrors before RR are adjust-

ed to stop the shift. 

3. The co-linearity of the pump and probe beams is checked by placing the beam height 

after the beam combiner (BC). Both beams should go through the hole on the beam 

height. The overlap is further confirmed by observing their images in a CCD camera. 

Any misalignment is fixed with the help of adjustable mirrors. 

4. Next we check whether the pump and probe beams are co-axial with the MO or not. 

For that we check the back aperture of the microscope objective by an infrared view-
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er. For fine tuning we monitor the pump and spot falling on to a substrate by a CCD 

camera. The MO is moved back and forth with the help of micrometer screw attached 

to the stage on which it is mounted. The pump and probe beams are focused and defo-

cused repeatedly by moving the MO and we see the image on a display connected to 

the camera. A movement of the centre(s) of the pump and/or probe spot(s) on the 

screen implies that the beam(s) is (are) not co-axial with the MO. In that case, the 

pump and/or probe beams are made collinear with the help of two mirrors one near 

and one far from the MO. 

5. Finally, the alignment of the OBD is confirmed by superposing the back reflected 

beam from OBD with the incident beam.   

6. When the desired alignment is achieved the time-resolved reflectivity data from a test 

Si wafer is measured for about ~ 2000 ps (figure 3.16). The relaxation rate of the sig-

nal is compared with the standard data to verify the alignment condition. 

 

Figure 3.16. A standard reflectivity signal obtained from a Si(100) wafer as a function of the 

time delay between the pump and the probe beams. 

3.10. Spin Torque Ferromagnetic Resonance 

In this section we discuss spin torque ferromagnetic resonance (ST-FMR) which is a versatile 

all-electrical technique for studying the dynamical properties of a magnetic system as illus-

trated in figure 3.17. The technique involves rf current applied using a signal generator 

(MXG N5183A, Agilent) to excite a magnetic sample. The signal is launched through a 
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ground-signal-ground (GSG) pico-probe at a particular frequency while a bias magnetic field 

is applied by an electromagnet. A dc signal can also be applied with rf current along the same 

line in case of dc spin current induced modulation of damping experiment. The sample is de-

signed in a rectangular shaped element acting as a part of a co-planer waveguide. The dimen-

sion of the waveguide is calculated for having 50 Ω impedance. The value is conventionally 

chosen for a good compromise between low attenuation and power handling. The impedance 

is kept constant throughout the line to avoid the possibility of undesired reflec-

tions which would lead to the formation of standing waves on the trace introducing loss in the 

channel and noise in the spectra. 

The detection technique is based on spin torque diode effect[19]. The oscillating magnetiza-

tion gives rise to an oscillating resistance due to anisotropic magnetoresistance of the 

ferromagnet. Let us consider the applied current as tI ωcos0 , where ω  is the frequency of the 

rf signal. Hence, the resistance oscillates at the same frequency ω  with a constant phase φ  

given by )cos(0 φωδ ++= tRRR . Thus from Ohm’s law we get the expression for voltage ap-

pearing across the sample as in equation 3.4. 

 ]cos
2

)2cos(
2

cos 00
00 φ

δ
φω

δ
ω

RI
t

RI
tRIV +++=  (3.4) 

The expression contains a second harmonic and a dc signal in addition to the fundamental 

which is comparable to the diode rectification effect. Hence, it is called spin torque diode ef-

fect. The dc part of the voltage is separated using a bias tee and fed into a nanovoltmeter or 

lock-in amplifier for the detection of FMR. In case of lock-in amplifier, a phase sensitive de-

tection is used by applying low frequency amplitude modulated signal to the sample. In our 

study we use a bias tee, 2182A digital nanovoltmeter, low voltage meters and LI 5640 digital 

lock-in amplifier.  

FMR spectrum can be obtained in two ways. Either the bias field is kept constant while exci-

tation frequency is varied or vice versa. In our experiment we kept the excitation frequency 

constant and varied bias field applied on a sample for obtaining a spectrum. The excitation 

frequency usually varies between 4-12 GHz and excitation power is kept constant at +10 

dBm. Bias field is varied between 0-1.8 kOe with a time constant of 3 second. The direction 
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of the magnetic field can also be varied by 360° in the plane of the sample by rotating the 

electromagnet pole pieces. 

 

Figure 3.17. Schematic of the ST-FMR measurement set up and the mechanism of FMR ab-

sorption. 

 

In figure 3.18 a typical ST-FMR spectrum (black) is shown with its symmetric (red) and 

asymmetric (blue) components corresponding to spin transfer torque and Oerstead field in-

duced torque. 
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Figure 3.18. A typical ST-FMR spectrum (black) along with its symmetric (red) and asym-

metric components (blue). 
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Chapter 4 

Local Control of Magnetic Damping in 

Ferromagnetic/non-magnetic Bi-layers by 

Interfacial Intermixing Induced by Fo-

cused Ion-beam Irradiation 

The influence of interfacial intermixing on the picosecond magnetization dynamics of ferro-

magnetic/non-magnetic thin-film bi-layers was studied. Low-dose focused-ion-beam irradia-

tion was used to induce intermixing across the interface between a 10 nm Ni81Fe19 layer and 

a 2–3 nm capping layer of either Au or Cr. Time-resolved magneto-optical Kerr effect was 

used to study magnetization dynamics as a function of ion-beam dose. With an Au cap, the 

damping of the un-irradiated bi-layer was comparable with native Ni81Fe19 and increased 

with increasing ion dose. In contrast, for Ni81Fe19/Cr the damping was higher than that for 

native Ni81Fe19, but the damping decreased with increasing dose. 

4.1. Introduction 

Picosecond magnetization dynamics are largely controlled by damped precessional processes, 

and consequently, magnetic damping has received significant research attention both for the 

fundamental physics [1] and for technological applications [2]. For spin-transfer torque mag-

netoresistive random access memory (STT-MRAM) and magnonic devices, low damping fa-

cilitates a lower writing current and longer propagation of spin waves; higher damping is de-

sirable for increasing the reversal rates and the coherent reversal of magnetic elements, as 

damping suppresses the precessional motion of the magnetization vector. In general, the con-

trol of magnetic properties at the micro- and nano-scale is important for technological appli-

cations. Magnetization dynamics are commonly described phenomenologically by the Lan-

dau-Lifshitz-Gilbert equation[3] 
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 eff

s

dM dM
M H M

dt M dt

α
γ= − × + ×  (4.1), 

where  M  is the magnetization, γ  is the gyromagnetic ratio, effH  is the effective magnetic 

field, and α is the dimensionless Gilbert damping coefficient. The damping coefficient can be 

modified by introducing doping elements including rare earth [4-7] or transition metal [8-9] 

elements, with the dopant introduced by co-deposition, usually co-sputtering. A disadvantage 

of this approach is that the entire material is doped. 

An alternative method for doping is direct irradiation with an ion beam of the desired 

dopant.[10] Dopants including Cr,[10] Tb,[11] Gd,[11] Ni,[12] and Fe[13] have been intro-

duced as implanted ions. This approach can be used to introduce dopants into a localized area 

via lithography,[11,14] with an appropriate ion source. High-energy beams are needed to en-

sure adequate doping, requiring either a research accelerator or a commercially available ac-

celerator-based ion implanter[11]. High-energy heavy-ion irradiation is not usually compati-

ble with local patterning[15]. 

Dopants introduced by ion-irradiation can affect the magnetic properties by introducing spe-

cific atomic species into the material, by altering the microstructure of the magnetic material 

(e.g., recrystallization or amorphization) or through intermixing in multilayered structures. 

The saturation magnetization, magnetic anisotropy, coercivity, and damping can be modified 

by direct ion implantation.[12,16] Sufficient dopant can be introduced to produce significant 

alterations to the magnetic behavior, for example, irradiation by Cr
+
 ions can cause paramag-

netism in NiFe [16] and both Tb
+
 and Gd

+
 ions modify the damping in NiFe. These results 

are similar to those obtained from co-sputtering, thus indicating the effects are intrinsic to the 

dopants.[11] However, in the case of Cr, the damping varies according to whether the Cr is 

co-sputtered or ion-implanted,[10] with the biggest increase observed for implantation. With 

the exception of recent work on epitaxial vanadium-doped iron,[17] the addition of dopants 

typically increases damping.[8] Spin-wave waveguides have recently been fabricated by im-

planting Cr ions in selective areas of NiFe by lithographic patterning.[14]  Ion beam irradia-

tion can also modify the magnetic behavior through direct modification of the structure of the 

material being irradiated, without the ions acting as a dopant. Ion bombardment of a solid in-

terface results in thousands of intermixed atoms per single ion impact[18]. Ar
+ 

ion irradiation 

has been shown to cause intermixing in Co/Pt layers, grain growth and increased interfacial 
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roughening, changing the magnetization from perpendicular to in-plane,[19] while intermix-

ing in antiferromagnetic/ferromagnetic bi-layers has been shown to modify the damping.[20] 

Also, light ions, such as He
+
, can cause intermixing, but have been shown to end up buried in 

the substrate.[21] Local ion-beam-induced variations of magnetic properties have been intro-

duced through resist-based lithographic techniques resulting in purely magnetic 

patterning.[14] 

In contrast to mask-based ion beam patterning, focused ion-beam (FIB) irradiation allows 

direct nanoscale patterning without additional lithographic processes. However, although a 

range of ion species can be incorporated into FIBs, most commercial systems are limited to 

Ga
+
 ions. Earlier work suggested that direct implantation of Ga

+
 at high fluences is the main 

mechanism for modifying the magnetic properties [22] and that moderate fluences can tune 

the coercivity, saturation magnetization and anisotropy field in NiFe/Au bi-layers.[23] In bi-

layered or multilayered ferromagnetic/nonmagnetic (FM/NM) systems, low-dose FIB irradia-

tion could be used to induce interfacial doping providing a route to locally modify the mag-

netic properties without substantial structural changes or damage. 

Here, the magnetic damping behavior of ferromagnetic/non-magnetic thin-film bi-layers was 

investigated as a function of systematic intermixing of the bi-layer interface induced by low-

dose focused-ion-beam irradiation. The dynamic magnetization response was measured by 

time resolved magneto-optic Kerr effect (TR-MOKE) microscopy. The results indicate that 

intermixing across the FM/NM interface, using FIB provides a mechanism for local control 

of the damping within the bi-layer system that may open opportunities for magnetic device 

applications and for creating magnonic crystal structures. 

4.2. Sample Preparation and Experimental Details 

Measurements were made on FM/NM bi-layer microstructures where the FM layer was 

Ni81Fe19 (NiFe) with a thickness of 10 nm and a thin NM cap (2–3 nm) of either Au or Cr. 

Arrays of 30 μm diameter circular structures were patterned from the same bi-layer, allowing 

many different FIB irradiation doses to be applied to the same bi-layer. The areas of the cir-

cles were small enough to irradiate relatively quickly but easy to locate and large enough for 

measurements of the magnetization using the TR-MOKE, the scale of structures also suggests 

any side-wall oxidation can be ignored.  
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The bi-layers were deposited on to a hydrothermally oxidized Si/SiO2 substrate by thermal 

evaporation, with the deposition of the NiFe, Au and Cr from a base pressure of 
71 10−

×  Torr. 

Irradiation was performed using a FEI Helios Nanolab 600 FIB microscope with a 30 keV 

Ga
+ 

ion beam at normal incidence. The circles were individually irradiated by rastering the 

focused ion beam over a 50 μm square area. Irradiation doses ranged from 0 to 
152.5 10×  

Ga
+
/cm

2
 (0–4 pC/μm

2
), using a beam current of 28 pA. This current should not result in sig-

nificant heating and earlier work showed that the modifications depend on the total dose and 

not the specific current.[24]
 

The dynamic magnetization behavior of individual lithographic structures was measured us-

ing an all-optical TR-MOKE system based upon a collinear two-color pump probe 

geometry.[25] Magnetization was pumped with femtosecond laser pulses at a wavelength of 

400 nm, a pulse width of 100 fs, and a typical fluence of 10 mJ/cm
2
 (spot size of about 1 µm). 

The magnetization was probed with linearly polarized 800 nm wavelength pulses, with a 70 

fs pulse width, and a typical fluence of1.5 mJ/cm
2
(spot size of about 800 nm). A biasing 

magnetic field was applied at a small angle (5 15 )° − ° to the sample plane during the meas-

urements, the in-plane component of which is referred to here as H . 

The raw TR-MOKE data can be divided into three temporal regimes. First, an ultrafast de-

magnetization was observed within the first 500 fs, this was followed by a rapid remagnetiza-

tion within 10 ps and a slower remagnetization (260 ps for NiFe/Au and 1.2 ns for NiFe/Cr), 

superimposed on which was damped oscillatory behavior. This oscillatory behavior repre-

sents the precessional motion of the magnetization. For analysis of the data, a bi-exponential 

background was fitted to the decaying signal and subtracted to isolate the precessional behav-

ior. A fast Fourier transform with a Welch window function was used to obtain the frequency 

spectra. The time-domain data were fitted with an exponentially damped harmonic function 

to obtain the relaxation time and from this the damping coefficient α[26].  

4.3. Results and Discussion 

Figure 4.1 shows examples of the background-corrected magnetization oscillations measured 

for the NiFe/Au bi-layer system as a function of low to moderate irradiation dose at H=1.5 

kOe. In all cases, the data show damped single frequency sinusoidal behavior, allowing the 
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evolution of α and the precessional frequency to be determined as a function of FIB dose, see 

figure 4.2. For the un-irradiated bi-layer α is approximately 0.01, which is consistent with the 

typical values for Ni81Fe19.[27] With increasing dose α increases, the data show some scatter 

but, to a first approximation, across the range investigated α increases linearly with dose at a 

rate of 0.0035 μm
2
/pC. In contrast, the precessional frequency data show less scatter and are 

characterized by a general decrease upon which a small peak is imposed between 1.3 and 2.0 

pC/μm
2
. 

Figure 4.3 shows examples of the background-corrected magnetization oscillations measured 

for the NiFe/Cr bi-layer system as a function of low dose irradiation at H=1.5 kOe. Since the 

mass of Cr is lower than the Au the irradiation induced intermixing was expected to occur at 

lower doses, hence a smaller dose range was investigated. The damping coefficient α and the 

precessional frequencies for the NiFe/Cr bi-layers are shown as a function of ion dose in fig-

ure 4.4. In contrast to the NiFe/Au, the value of α of the un-irradiated NiFe/Cr bi-layer was 

significantly higher than that for the uncapped NiFe, indicating an enhancement of the damp-

ing associated with the Cr layer. With increasing dose, the damping showed significant vari-

ability but, in general, fell at a rate of 0.0054 μm
2
/pC. 

 

Figure 4.1. Examples of the background-corrected magnetization oscillations measured using 

TR-MOKE for NiFe/Au bi-layered microstructures as a function of low-to-moderate Ga
+
 ion 

irradiation dose at H=1.5 kOe. 
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Figure 4.2. (a) The damping coefficient, α, (note: error bars are smaller than data points) and 

(b) the precessional frequencies obtained from the TRMOKE data of a NiFe/Au bi-layer as a 

function of FIB dose at H=1.5 kOe. (c) The precessional frequency dependence of the damp-

ing determined by varying H, for irradiation doses of 0.1 (triangle), 1.7 (circle), and 3.2 

(square) pC/μm
2
. 

 

Figure 4.3. Examples of the background-corrected magnetization oscillations measured for 

NiFe/Cr microstructures as a function of low Ga
+
 ion irradiation dose at H= 1.5 kOe. 
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Figure 4.4. (a) The damping coefficient, α, and (b) the precessional frequencies obtained 

from the TR-MOKE data of a NiFe/Cr bi-layer as a function of FIB dose at H=1.5 kOe. (c) 

The precessional frequency dependence of the damping determined by varying H, for irradia-

tion doses of 0.13 (triangle), 0.40 (circle), and 1.00 (square) pC/μm
2
. 

 

Detailed analysis of the structural changes induced by low-dose FIB irradiation in NiFe/Au 

bi-layers, undertaken using grazing incidence x-ray reflectivity, x-ray fluorescence, and 

Monte Carlo simulations,[28] showed that sputtering of material was very limited at these 

doses and restricted to the non-magnetic capping layer. Also, Ga
+
 implantation was a very 

small dopant fraction (up to the order of 1%) over the relevant dose range. In contrast, inter-

mixing at the FM/NM interface was significant, leading to a compositionally graded alloy 
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extending over several nanometers at the interface.[28] Furthermore, quasi-static MOKE, 

SQUID, and x-ray magnetic circular dichroism (XMCD) measurements of FIB irradiated 

NiFe/Au bi-layers revealed complex changes in the magnetization as a function of the ion 

beam dose[24]. For a 2.5 nm Au cap, the saturation magnetization falls rapidly in the low 

dose regime to a minimum around 1.3–2.0 pC/μm
2 

and recovers to a small peak before falling 

further with increasing irradiation.[24] 

There have been significant developments in the theoretical understanding of the mechanisms 

for damping in Fe,[29-31] Ni,[29-31] and Co[30-31]and more generally in transition metal 

alloys (NiFe),[27] which have shown the significance of the effective field from spin-orbit 

coupling and of scattering processes. Spin-pumping across interfaces and two-magnon medi-

ated processes in FM/NM films have also been identified as possible mechanisms for en-

hanced damping.[32-35] Following Woltersdorf et al.,[35] additional measurements were un-

dertaken here on selected samples at different magnetic fields over range of 1.3–0.8 kOe for 

NiFe/Au and 1.7–0.9 kOe for NiFe/Cr to vary the precessional frequency and shed light on 

the damping mechanism, see Figures 4.2(c) and 4.4(c).  

Here, the damping parameter for the un-irradiated Au capped NiFe was comparable with that 

of uncapped NiFe, suggesting insignificant spin-pumping effects. Ion-beam irradiation in-

creases the precessional damping, which is associated with a broadening of the interfacial 

zone by intermixing between the NiFe and Au. This compositionally graded NiFeAu alloy 

extends over a few nanometers at the interface and may increase the damping by enhanced 

scattering and or modification of the spin-orbit interaction. The field dependent damping of 

the NiFe/Au was observed to decrease steadily with increasing frequency, indicating an ex-

trinsic two-magnon type contribution to the damping that may be associated with increased 

disorder. This contrasts with the behavior observed for MBE grown Au on Fe, where the 

damping was enhanced by spin-pumping effects.[35] Enhanced scattering is expected to in-

crease the electrical resistivity[36] and this was observed for the NiFe/Au bi-layer.[24] The 

precessional frequency falls with ion beam dose, but displays a small peak that is correlated 

in dose with a feature in the dose dependent magnetic moment.[28] The origin of this behav-

ior is not currently understood.  
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Capping NiFe with Cr increased the α value by ~50% compared to uncapped NiFe. With in-

creasing ion dose, the damping coefficient was reduced, falling to 0.0096 at the maximum 

dose, which is comparable with uncapped NiFe. The enhanced damping compared to un-

capped NiFe could be an intrinsic effect associated with spin pumping across the interface or 

d-d hybridization of the Fe and Cr at the interface that increases the d-band width of the NiFe 

in contact with the Cr layer, modifying the spin-orbit interaction.  Alternatively, the increased 

damping could result from extrinsic two-magnon scattering linked to the coupling across the 

interface. However, the damping of NiFe/Cr was invariant with increasing precessional fre-

quency for the doses investigated. This indicates an enhancement of the intrinsic damping, 

which contrasts with the effect of Cr on Fe observed for MBE grown samples[35] that identi-

fied an extrinsic two-magnon scattering contribution to the damping. Here, the enhancement 

may be associated with the thickness of the Cr layer or the interfacial structure. Both are 

modified by ion-beam irradiation, with the loss of some Cr from the surface by sputtering and 

increased interfacial intermixing, which could disrupt this spin-pumping or interface hybridi-

zation, respectively, thereby reducing the damping, ultimately towards to a single NiFe layer 

value. The precessional frequency of the Cr capped NiFe fell sharply with the lowest irradia-

tion dose and changed little with further irradiation. This may also result from interfacial hy-

bridization that increases the NiFe moment and hence the precessional frequency of the un-

irradiated sample. Subsequent irradiation may degrade the moment and the precessional fre-

quency would fall. 

4.4. Summary 

In summary, low-dose focused Ga
+
 ion beam irradiation of ferromagnetic/non-magnetic thin-

film bi-layers has demonstrated that the precessional magnetization behavior can be effec-

tively tuned. For NiFe with a Au capping layer, the damping coefficient of the un-irradiated 

bi-layer was comparable with that of native NiFe, and the damping parameter increased with 

increasing ion beam dose. In contrast, capping NiFe with Cr increased the damping parameter 

compared to the native NiFe and the damping parameter then decreased with increasing ion 

beam irradiation dose. The combination of the low doses coupled with the high spatial resolu-

tion of the focused-ion-beam suggests this methodology may be applicable for locally modi-
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fying the precessional magnetization behavior of ferromagnetic materials with feature sizes 

down to the nanoscale. This methodology may have applications to local control of damping 

for magnetic and spintronic device applications. 
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Chapter 5  

Tunable Magnetization Dynamics in 

Interfacially Modified Ni81Fe19/Pt Bi-layer 

Thin Film Microstructures 

Interface modification for control of ultrafast magnetic properties using low-dose focused ion 

beam irradiation is demonstrated for bi-layers of two technologically important materials: 

Ni81Fe19 and Pt. Magnetization dynamics were studied using an all-optical time-resolved 

magneto-optical Kerr microscopy method. Magnetization relaxation, precession, damping 

and the spatial coherence of magnetization dynamics were studied. Magnetization precession 

was fitted with a single-mode damped sinusoid to extract the Gilbert damping parameter. A 

systematic study of the damping parameter and frequency as a function of irradiation dose 

varying from 0 to 3.3 pC/µm
2
 shows a complex dependence upon ion beam dose. This is in-

terpreted in terms of both intrinsic effects and extrinsic two-magnon scattering effects result-

ing from the expansion of the interfacial region and the creation of a compositionally graded 

alloy. The results suggest a new direction for the control of precessional magnetization dy-

namics, and open the opportunity to optimize high-speed magnetic devices. 

5.1. Introduction 

Controlling the magnetic properties of micro- and nano-scale magnetic structures is important 

for applications, such as magnetic data storage and sensors, and emerging technology con-

cepts in spintronics[1] and magnonics[2-3]. This drives the search for engineered magnetic 

materials and metamaterials. In general ferromagnetic (FM) materials with low Gilbert damp-

ing are preferred in spin-transfer torque magnetic random access memory and magnonic de-

vices, for reduced write-current and enhanced propagation of spin waves, respectively. On 

the other hand, for data storage and memory devices higher damping aids suppression of the 

magnetization precession during writing. Currently, to achieve control over spin waves[4] 
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lithographic patterning of magnonic crystals[5-8] was introduced, while for magnetic domain 

wall devices the behavior has been controlled by the lithographically defined shape[9] of 

nanowire structures and anisotropy[10] has been introduced by patterning magnetic films. 

Such patterning requires complicated nanofabrication methods, which, on a smaller scale 

may introduce defects that significantly affect the magnetic behaviour. Investigations of 

magnetic bi-layers and multilayers have revealed interesting phenomena like spin-dependent 

scattering[11] in giant magnetoresistance (GMR) multilayers, interlayer exchange coupling, 

interface hybridization, spin injection[12-13] and spin pumping[14], where the interface plays 

a crucial role in controlling the magnetization dynamics. Hence, interfacial engineering in 

ferromagnetic systems offers an exciting opportunity to both explore fundamental aspects of 

the interface physics and address the technological requirements for control of magnetization 

behavior as an alternative or complement to control by patterning. Precessional magnetization 

dynamics represents the transient response of the magnetization triggered by an external 

stimulus, such as a magnetic field pulse or a laser pulse. The magnetization vector follows a 

damped oscillatory trajectory in time-domain governed by the internal magnetization relaxa-

tion processes and the external magnetic field (H). The dynamical motion is 

phenomenologically described by Landau–Lifshitz–Gilbert (LLG) equation[15] 
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where, m̂  is the magnetization, γ  is the gyromagnetic ratio, Heff is the effective magnetic 

field and mγλα /=  is the Gilbert damping coefficient. The relaxation of magnetization dy-

namics is governed by the damping parameter, α, which describes how rapidly magnetization 

equilibrates in absence of any stimulus. As introduced earlier, α plays an important role in 

technology, including magnetization switching in spin valves[16], spin-injection and detec-

tion[17], current-induced magnetization reversal[16], and spin wave propagation in magnetic 

media[18]. Despite significant research efforts and industrial need, the nature and origin of all 

the contributing factors to damping are not fully understood. A combination of spin-orbit in-

teractions[19] and s-d scattering into ferromagnetic band electrons[20] provides some under-

standing of the origin of magnetic relaxation giving rise to intrinsic mechanisms for damping, 

while, extrinsic contributions, in particular the role of defects, via so-called two-magnon scat-

tering[21], have also been shown to enhance α and leads to a shift in the precessional fre-
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quency, f, for in-plane magnetized thin ferromagnetic films. This mechanism may be visual-

ized by the generation of higher frequency spin waves that are degenerate with the FMR 

mode in the presence of dipolar coupling between spins. The defects scatter energy from the 

FMR mode into the spin waves leading to a relaxation with some de-phasing. In the case of 

bi-layered or multilayered thin films the situation is further complicated because the intrinsic 

damping in the system is sensitive to both electronic hybridization at the interface and spin 

pumping into non-magnetic (NM) layers. As outlined, a number of theoretical models exist 

for explaining damping analytically, however, experimental assessment is challenging, as it is 

difficult to distinguish the effects contributing to the experimentally observed damping.  

In this work the role of interfacial structure on the damping of Ni81Fe19(NiFe)/Pt bi-layer 

films was studied by engineering the interface via exposure to low dose Ga
+
 ion irradiation 

using a focused ion beam (FIB) system. The low dose regime principally leads to interfacial 

intermixing via ballistic cascade along with low levels of gallium implantation (up to ~ 1 %) 

and limited sputter loss from surface of the bi-layer. In chapter 4, FIB has already been used 

to locally manipulate magnetic properties like precession frequency and damping[22] by con-

trolled intermixing with low-dose ion irradiation. Here, the variation of the effective damping 

and the precession frequency, and importantly, the spatial coherence of the dynamics were 

determined using a time-resolved magneto-optical Kerr effect microscope (TR-MOKE). 

5.2. Sample Description 

A bi-layer of NiFe(10 nm)/Pt(3 nm) was grown by sputtering on a thermally oxidised Si[100] 

substrate using a ultrahigh vacuum deposition system from a base pressure ~ 1×10
-8 

Torr. The 

bi-layer films were patterned by electron beam lithography into 30 μm disks and were irradi-

ated with irradiation dose (d) varying from 0 to 3.3 pC/µm
2
. Figure 5.1(a) shows a schematic 

diagram of the sample. NiFe was chosen for its negligible anisotropies. Pt was selected as an 

important heavy metal with regard to its strong spin-orbit coupling[23] and significant prox-

imity induced magnetic moment, although the role of this is currently an open question. 

Structurally, the as-deposited NiFe/Pt interface is shown to have a typical width of less than 1 

nm, resulting from a combination of topological roughness and chemical intermixing as ob-

served here by x-ray reflectivity. It has been shown in a previous detailed structural study of 

NiFe/Au that with higher ion dose the interface rapidly becomes broader, the capping layer 
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becomes very thin and the layer develops into a compositionally-graded alloy due to the in-

termixing of atoms of the heavy NM layer into the FM layer[24-25]. Pt also forms a protec-

tive layer preventing the oxidation of the NiFe. 

5.3. Methods 

5.3.1. Fabrication 

A bi-layer of Ni81Fe19(10 nm)/Pt(3 nm) was grown by sputtering on a thermally oxidised 

Si[100] substrate using a ultrahigh vacuum deposition system from a base pressure ~ 1×10
-8 

Torr. Sputter deposition used Ar at a pressure ~ 1 × 10
-3 

Torr and the deposition rates were 

0.01 nm/s and 0.02 nm/s for the NiFe and Pt, respectively. The bi-layered films were pat-

terned by electron beam lithography using deposition and lift-off into 30 μm disks and were 

irradiated with 30 keV Ga
+ 

ions at normal incidence using FEI Helios NanoLab 600 FIB sys-

tem with the focused beam rastered scan over a circular area of ~ 700 µm
2
. The irradiation 

dose (d) was varied from 0 to 3.3 pC/µm
2
.  

5.3.2.  Measurement Technique 

Time-resolved magnetization dynamics of the samples were measured using a custom built 

TR-MOKE microscope. An in-plane bias magnetic field (H) was applied at an angle of ~ 5° 

to the plane of the sample. The magnetization m̂  was aligned uniformly along the direction of 

H. An all-optical femtosecond laser-based pump-probe method was used to excite the mag-

netization dynamics and to probe the evolution of magnetization as a function of delay time 

with respect to the excitation. Details of the setup are described in chapter 3 and also in ear-

lier literature[26]. Kerr images of the 30 μm disks were built-up by raster scanning the sam-

ple under the probe spot using an x-y-z piezoelectric scanning stage at fixed time delays and 

by measuring the Kerr rotation at each scan point. The experiments were performed at room 

temperature. 

A two-color optical pump-probe setup was used with spatial and temporal resolutions of ~ 

1μm and 100 fs, respectively. The sample was excited using a second harmonic (λB = 400 

nm, fluence ~ 17.0 mJ/cm
2
, pulsewidth ~ 100 fs) of a mode locked Ti-sapphire pulsed laser 

(Tsunami, Spectra physics, pulsewidth ~ 80 fs). The fundamental laser beam (λR = 800 nm, 

fluence ~ 2.1 mJ/cm
2
) was used to probe the dynamics passing through a variable time delay. 
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The polar Kerr rotation was detected using a balanced photo diode detector, which complete-

ly isolates the Kerr rotation and reflectivity signals. The pump and probe beams were made 

collinear and focused on the central part of the sample through a microscope objective with 

numerical aperture, N.A. = 0.65. At the focal plane of the probe (diameter ~ 800 nm), i.e., on 

the sample surface, the pump beam was slightly defocused, and had a larger diameter (~ 1 

µm) than the probe beam, which made it easier to overlap the pump and probe beams on the 

sample surface. The probe beam was centred on the pump beam so that slight misalignment 

during the course of the experiment does not affect the pump-probe signals. A large enough 

magnetic field was first applied at a small angle ~ 5° to the planes of the sample for saturating 

their magnetization. The magnetic field strength was then reduced to the bias field value (H = 

component of bias field in the sample plane), which ensures that the magnetization still re-

mains saturated along the bias field direction. The pump beam was chopped at 2 kHz fre-

quency and a phase sensitive detection of total reflectivity and Kerr rotations were made us-

ing lock-in amplifiers. For obtaining the scanning Kerr images the sample was scanned under 

the focused laser spot by using a piezoelectric scanning stage (x-y-z) with feedback loop for 

better stability. 

5.4. Results and Discussion 

Figure 5.1(b) shows typical time-resolved Kerr rotation data obtained from a bi-layer disk 

irradiated with d = 3.1 pC/µm
2
 measured under H = 0.8 kOe. Three different temporal re-

gimes are identified. In region A (t < 0) a negative time delay simply shows steady magneti-

zation signal due to H when the sample is probed prior to excitation. A change in the Kerr 

angle from this state shows a change in the magnetization from its initial uniform state. In 

region B ultrafast demagnetization occurs within about 500 fs as a result of the pulsed laser 

excitation, the Kerr signal recovers quickly (relaxation time 1τ ) as the electronic thermal bath 

equilibrates with the lattice. This is followed by a slower relaxation with time constant 2τ  in 

region C where the lattice dissipates energy to the surrounding[27]. The solid curves are ex-

ponential fits to the relaxation in regions B and C. These relaxation processes are governed 

by the specific heats and the coupling between the different energy systems. A damped oscil-

latory signal was also observed in region C superimposed upon the decaying signal, and is 

due to the precession of magnetization that is described by equation 5.1.  



Chapter 5 

 

111 

 

5.4.1. Time-resolved Scanning Kerr Images 

Figure 5.1(c) shows scanning Kerr images[28] of the same region of one of the irradiated 

disks at three different antinodes of the precession (time delays = 110 ps, 360 ps, 790 ps as 

indicated by the arrows in figure 5.1(b)). These images show the uniformity of the excitation 

within the circular structures and decreasing brightness (Kerr angle) with increasing time de-

lay as the precession is damped. This indicates that any significant contribution to the damp-

ing from dephasing of multiple spin wave modes is ruled out and the damping is spatially 

uniform. Similar uniformity was observed for samples with other doses. This confirms that 

the magnetic changes due to irradiation were uniform over the sample and independent of the 

region probed. The effect of finite boundary or demagnetized region can also be excluded 

here since the sample size is much larger than the excitation and probed regions of about 1 

µm
2
. 

 

Figure 5.1. (a) Schematic illustration of ion beam irradiation of a bi-layer circular structure. 

(b) TR-MOKE trace from a sample irradiated with ion dose d = 3.1 pC/µm
2
. Note changes in 

the time base. (c) Time-resolved Kerr images of the sample at three time delays. 

5.4.2. Precession Frequency and Damping 

 A bi-exponential background was subtracted from the TR-MOKE traces to isolate the 

damped precessional behavior. Precessional data for a bi-layer structure irradiated with d = 
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0.3 pC/µm
2
 and uncapped NiFe film at H = 1.8 kOe are presented in figure 5.2(a). In both 

cases a single frequency damped oscillation is clear and the decay is much faster for the bi-

layer film. Similar single frequency damped oscillatory behavior was obtained for all of the 

samples here, see figure 5.1(c) for further examples. The time domain data were fitted with a 

damped sine curve 

 ( )φπτ −=

−

fteMtM

t

2sin)0()(  (5.2), 

where the relaxation time τ  is related to the damping coefficient α by the relation 

1/ 2 fτ π α= , f is the precession frequency and φ  is the initial phase of the oscillation. Ex-

amples of best fits to the experimental data are shown by the solid curves in figure 5.2(a), 

from which α values of 0.042 for the NiFe/Pt bi-layer and 0.015 for the uncapped NiFe layer 

were extracted. The uncapped value is consistent with typical values for NiFe film and the Pt 

capping increased the damping by almost a factor of 3. This large increase in damping may 

be attributed to spin pumping[29-30] into the Pt and enhanced dissipation associated with in-

creased spin-orbit coupling (SOC)[23] at the NiFe/Pt interface. The precession frequency for 

NiFe/Pt (13.28 GHz) was slightly higher than for the uncapped NiFe (13.05 GHz), which 

may perhaps be attributed to an induced moment on the interfacial Pt atoms. Figure 2(b) 

shows a monotonic decrease of f with decreasing H for the NiFe/Pt system from the fast Fou-

rier transform (FFT) power spectra and figure 5.2(c) shows f plotted as a function of H, and 

fitted with the Kittel formula for uniform precession, from which the saturation magnetiza-

tion MS was obtained as 833 emu/cc with the gyromagnetic ratio γ  = 0.0176 GHz/Oe. 

 )4(
2

SMHHf π
π

γ
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Figure 5.2. (a) Comparison of TR-MOKE traces between NiFe/Pt (d = 0.3 pC/µm
2
) and NiFe 

films. Symbols correspond to experimental data while the solid curves are fits to equation 

5.2. (b) Power spectra of NiFe/Pt sample at different bias field values H. (c) Frequency vs. 

bias magnetic field for the NiFe/Pt (d = 0.3 pC/µm
2
) sample. Here the symbols represent ex-

perimental data points and the solid curve is a fit to equation 5.3. 

The influence of interfacial engineering on the precession and damping of NiFe/Pt bi-layers 

is shown in figure 5.3(a). For the lowest irradiation dose (d = 0.3 pC/µm
2
) a value of α = 

0.042 was obtained, while for an intermediate dose, d = 2.0 pC/µm
2
, α increased to a maxi-

mum of 0.060 before falling again to α = 0.052 for the largest dose, d = 3.3 pC/µm
2
. 

In figure 5.3(b) the dependence of damping on the ion beam dose is plotted, where the top x-

axis shows the number density of Ga
+
 ions used during irradiation. The variation in α can be 

divided into two distinct regions. In region 1, α increases monotonically with increasing d 

reaching a peak between d = 2-2.4 pC/µm
2
. At higher doses α falls rapidly at first followed 

by a slower decrease with further increase in d. To understand the observed behavior, the var-

iation in the lower dose regime (region 1) for NiFe/Pt was compared with that of NiFe(10 

nm)/Cu(3 nm) bi-layer in figure 5.3(c). In both cases α increased linearly with increasing d at 

similar rate of ~ 0.015 µm
2
/pC, but with a constant higher offset of 0.019 in the case of the 

NiFe/Pt bi-layer. Significant spin-pumping and SOC associated with the Pt at the interface 
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can explain the origin of the shift. There are several studies related to the enhancement of α to 

spin pumping and SOC in the interfacial region, describing the Pt layer as a spin sink that ab-

sorbs spin waves from the adjacent FM layer[31-33]. The effect is insignificant in case of 

NiFe/Cu[33] which is supported by the observation that for NiFe/Cu α approaches 0.015 at d 

= 0, which is comparable with the damping coefficient of uncapped NiFe. SOC and spin 

pumping cannot explain the observed linear increase in α with dose that is common to both 

sets of samples. The doping from Ga is less than 1-2% and this is not expected to significant-

ly affect the damping of pure NiFe[25]. However, with ion beam irradiation, NM atoms are 

displaced into the NiFe causing defects and structural changes that give rise to extrinsic two-

magnon scattering, which causes an enhancement in α[34]. The defects introduced in the 

NiFe layer increase the width of intermixed region as the irradiation dose increases[24], re-

sulting in a linear variation of α with d. This is supported by earlier literature in case of 

NiFe/Au bi-layers[22], where it was suggested that the enhanced α of NiFe/Au with irradia-

tion was an extrinsic effect attributed to two-magnon scattering. This mechanism has been 

associated with defects, disorder or misfit symmetry breaking at the interface layer[25,35-36]. 

The dominance of two-magnon scattering as the mechanism for enhanced α with increasing d 

in region 1, is also supported by results from studies concerned with interface of an FM layer 

with Pt[25,35,37-41]. In figure 3(b) the variation of α with further increase of d shows a 

monotonic decrease in region 2. The shaded region indicates the dose region where α is ex-

pected to be maximum according to the trend of experimental data points. Structurally, ion 

beam irradiation leads predominantly to ballistic intermixing and some insight into the evolu-

tion of the NiFe/Pt interface may be gained from previous detailed x-ray structural analysis of 

FIB irradiated NiFe/Au bi-layers[24-25,40,42] since the process is dominated by momentum 

transfer and the atomic mass of Pt is close to that of Au. The interface in as-deposited 

NiFe/Au and NiFe/Pt has some small intrinsic width (~ 1nm from XRR measurements) and 

with increasing irradiation dose the interface width increases linearly due to intermixing of 

the layers, creating an increasing thickness of compositionally-graded NiFePt alloy between 

the NiFe and Pt. Previous experimental analysis of the Au capped system showed that a dose 

of roughly 1 pC/µm
2
 creates a graded alloy interlayer of ~ 4 nm and sputter loss of more than 

1 nm of NM capping layer. Extending this to the NiFe/Pt system, and assuming continued 

linear intermixing, for a dose above 2 pC/µm
2
 this would lead to the formation of a composi-

tionally graded-alloy that extends through the NiFe layer thickness and the loss of most of the 
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pure NM capping layer[24-25,34]. Here, the compositionally-graded alloy region forms a 

continuous magnetic layer with the remaining NiFe part of the film. In addition the loss of 

pure Pt layer thickness due to sputtering of the Pt-rich surface region leads to a reduction of 

the SOC and interlayer spin diffusion contributing to the intrinsic α. As a result the effective 

α falls. 

Further analysis of the variation of α with f is shown in figure 3(d). In the sample with mini-

mum dose (d = 0.3 pC/µm
2
), α is independent of f, which is a signature of intrinsic damping. 

For doses of d = 2.0 and 3.3 pC/µm
2
 α decreases steadily with f with similar slopes indicating 

an extrinsic contributions to the damping in both the cases. The extrinsic effect is dominant 

when H is weak (lower frequencies). At higher field, f is higher and the magnetization dy-

namics are strongly driven by the field itself and hence scattering is suppressed. Hence, the 

enhancement in α with decreasing f is a characteristic of two-magnon scattering effect. From 

the difference in slope in α (f) between d = 0.3 and 2.0 pC/µm
2
 curves in figure 5.3(d), it is 

clear that the extrinsic damping develops with intermixing which supports our earlier expla-

nation for linear variation of α (d) in region 1 of Figure 3(b) and the similar slope for d = 2.0 

and 3.3 pC/µm
2
 suggests the extrinsic contribution continues in region 2. This is because fur-

ther irradiation beyond a certain dose does not increase the number of scattering defects in 

the pure NiFe layer due to formation of a thick interface region. 
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Figure 5.3. (a) TR-MOKE traces at three different doses. Here, symbols correspond to the 

experimental data and solid curves are fits to equation 5.2. (b) Damping is plotted as a func-

tion of dose. The shaded box represents the transition between two regions. (c) Variation of 

damping with dose in the lower dose regime for NiFe/Pt (filled circles) and NiFe/Cu (filled 

triangles). Here, symbols are the experimental results and solid lines are linear fits. The data 

shown in figure 5.3(a) - (c) correspond to H = 1.8 kOe. (d) Variation of damping with preces-

sion frequency at three different doses. 

 

Figure 5.4(a) shows FFT power spectra of the TR-MOKE data for three different doses. A 

clear decrease of f is observed with increasing dose. The variation of f with d is shown in 

Figure 5.4(b). First a large decrease of f of 1.3 GHz occurs as d increases from 0.3 to 2.0 

pC/µm
2
, while a smaller fall of 0.4 GHz occurs as d increases further from 2.0 to 3.3 pC/µm

2
. 

The literature[43] shows a reduction of magnetic moment of Ni thin film with the concentra-
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tion of Pt atoms. Hence, the decrease of f in region 1 is likely to be related to the reduction of 

moment due to the presence of Pt in the vicinity of Ni and Fe in the intermixed region. In re-

gion 2 a NiFe-Pt alloy is established throughout a large fraction of the original bi-layer. The 

precessional frequency is almost constant with increasing dose, because the probability of 

sputtered Pt atoms to reach the pure NiFe layer by traversing through the thick interface re-

gion is small. This effect is in agreement with the structural evolution discussed earlier.  

5.4.3.  Spin Relaxation Times 

In figure 5.4(c) we plot the relaxation times 1τ  and 2τ  as a function of d. The relaxation times 

are obtained from the decaying part of the time-resolved Kerr rotation data as discussed earli-

er in figure 5.1(b). As mentioned earlier that 1τ  is related to the transfer of electron and spin 

energy to the lattice, while 2τ  is related to the transfer of lattice energy to the substrate and 

surroundings. The energy transfer rate depends on the specific heat of lattice (S). In other 

words 1τ  and 2τ  can be expressed in terms of S. Figure 5.4(c) shows both 1τ  and 2τ  increase 

with d. Specifically, the change is significant (larger than error) before and after d = 2.0 

pC/µm
2
. This is an indirect indication of a change in lattice configuration due to the for-

mation of alloyed layer in region 2. 
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Figure 5.4. (a) FFT power spectra of the TR-MOKE data of ion irradiated NiFe/Pt samples at 

three different doses at H =1.8 kOe. (b) Variation of frequency f as a function of dose at H = 

1.8 kOe. Symbols are the experimental data and solid lines are linear fits. The shaded box 

represents the transition between two regions. (c) Magnetization relaxation times 1τ  and 2τ  

are plotted as a function of dose. Here the symbols are obtained from experimental data while 

the solid lines are only guides to the eye. 
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er dose region (≤ 2.0 pC/µm
2
); where the precessional frequency falls and the damping in-

creases almost linearly with dose, and a higher dose region (> 2.4 pC/µm
2
), where the 

precessional frequency remains nearly unchanged while the damping decreases slowly. The 

damping of very low dose irradiated sample shows a large value as compared to uncapped 

NiFe layer due to the spin-orbit coupling and spin-pumping effects. Low dose irradiation 

causes dislocation of interface atoms leading towards defects and interface intermixing, 

which increases two-magnon scattering and the associated damping. With further increase of 

irradiation dose the interface region expands through the bi-layer leading to the formation of 

a compositionally graded alloy. In addition to that a progressive loss of the Pt layer by sput-

tering reduces the thickness of this spin-sink region below the spin-diffusion length, which in 

turn reduces the spin-orbit coupling and spin diffusion process and hence the damping of the 

system. The two relaxation times which are related to thermal conduction and lattice structur-

al changes also show concurrent variation, confirming the mechanisms as discussed above. 

Such a controlled variation of damping and precession frequency by low dose local ion irra-

diation may be important for the development of various spintronic and magnonic devices 

with patterned static and dynamic magnetic properties. 
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Chapter 6  

Role of Heavy Metal Capping Layer and 

Interface in Controlling the Damping of 

Ferromagnet/Nonmagnet Bi-layers 

We have investigated variation of effective damping constant as a function of nonmagnetic 

heavy metal capping layer thickness in Pt/CoFeB and Ta/CoFeB bi-layer samples. The sam-

ples are excited electrically using rf current and spin torque ferromagnetic resonance line-

width is used for the extraction of damping constant. We found that damping constant de-

creases below a certain nonmagnetic layer thickness. The variation is explained by spin 

pumping effect and spin accumulation around the interface. The results are compared with 

Pt/CoFe and Ta/CoFe bi-layers for understanding the role of boron at the interface. 

6.1. Introduction 

Recently magnetic bi-layer thin films attract a considerable attention to research as it offers 

an opportunity for the development of spintronic[1], data storage and data transfer devices 

with added functionality due to its tunable magnetic property. The operations of these devices 

are primarily governed by the relaxation processes of the magnetic system. It is observed that 

the magnetization dynamics of a ferromagnetic material can be modified simply by adding[2] 

an adjacent nonmagnetic layer. In this case, the sample preparation technique is fairly straight 

forward as compared to the other technologies involving complicated nanofabrication pro-

cesses. As a result, the bi-layer devices are less affected by instrumental limitations and 

hence, more acceptable for commercial applications due to its high quality to cost ratio. 

When a bi-layer is created, an interface is formed at the boundary of two materials. The prop-

erties of the interface can have a significant impact on the overall magnetic behavior of the 

system which is often overlooked in experimental and theoretical analyses as well as 
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micromagnetic simulations. The interface can be associated with a number of interesting 

phenomena like spin injection[3-5], spin pumping[6-7], spin diffusion[8], orbital hybridiza-

tion[9-11], spin orbit coupling[9], perpendicular magnetic anisotropy[9-10], two-magnon 

scattering[12-15] and proximity induced magnetization[16] with a rich physics involved in 

each of them. Hence, an improved understanding of magnetic relaxation processes of bi-

layers is required with a careful consideration of these facts. 

Although damping is a ferromagnetic material property, a nonmagnetic heavy metal adjacent 

to the ferromagnetic layer can enhance its value by spin pumping effect as seen in chapter 5. 

The efficiency of spin pumping depends on the spin absorption power of the nonmagnet as-

sociated with spin flip scattering process. In most of the cases the spin flip processes are con-

sidered to be intrinsic to the nonmagnetic metal, although it can be affected at smaller thick-

nesses, especially when comparable to the spin diffusion length of the material. Moreover, for 

simplicity the interface of a bi-layer is usually considered to be transparent for spin transport 

processes. However, the real situation can be far more complicated in presence of factors like 

spin accumulation, resistivity mismatch, strain, Rashba scattering, intermixing of atoms and 

defect induced translation symmetry breaking at the interface. Hence, investigation of spin 

pumping with nonmagnetic layer thickness and the role of interface in governing the process 

should be explored in detail. 

In this work, we studied a systematic variation of damping relaxation as a function of both 

ferromagnetic and nonmagnetic layer thicknesses using spin torque ferromagnetic resonance 

(ST-FMR) technique[3]. Specifically, this work is attributed to the understanding of nonmag-

netic layer thickness dependence of damping in magnetic bi-layers. The behavior of the 

damping constant is studied by using a combination of ferromagnetic (CoFe, CoFeB) and 

nonmagnetic (Ta, Pt) materials with different physical properties. The experimental results 

are explained by spin pumping with consideration of several interesting phenomena occurring 

at the interface. 

6.2. Experimental 

Nonmagnetic(NM)/ferromagnetic(FM) bi-layer films are grown on a thermally oxidized non-

doped Si substrate by dc magnetron sputtering with continuously varying thickness using a 

linear motion shutter at the base pressure of 4 × 10
-7

 Pa and Ar gas pressure of 0.13 Pa. The 
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thicknesses of the ferromagnetic layers (Co75Fe25, Co40Fe40B20) were varied between 3 and 10 

nm, while the same for the nonmagnetic layers (Ta, Pt) were varied between 1.5 and 18 nm. 

A 2-nm thick Al2O3 is used as an insulating capping layer. The resistivities of Ta, Pt, 

Co75Fe25 and Co40Fe40B20 were measured to be 162, 28, 15 and 194 µΩ.cm. Bi-layer films are 

patterned into rectangular shaped elements (20 × 60 µm
2
) using optical lithography and Ar-

ion etching technique. A co-planar Ti (5 nm)/Au (150 nm) waveguide (20 µm wide central 

conductor with 50 Ω characteristic impedance) is deposited on top of each bi-layer patterns 

so that the patterned samples can act as a part of the waveguide. The schematic of a typical 

sample and the experimental arrangements are shown in figure 6.1 illustrating the broadening 

of FMR line-width ( H ) due to spin pumping effect. A continuous rf (f = 8 – 12 GHz) signal 

with an output power of 10 dBm is applied along the length of the sample using a microwave 

analog signal generator. Resonance curve is obtained as a function of bias magnetic field Hext 

varied from 0 – 1.8 kOe, applied at an angle of 45    in the plane of the sample. The effec-

tive damping constant[3,17] is calculated by using the expression 2 /H f    , where  

is the gyromagnetic ratio. In this power range the output signal amplitude is linear and hence 

the spin precession in the ferromagnetic layer falls in the small angle regime. The experi-

ments are performed at room temperature. 

 

Figure 6.1. Schematic diagram of the experimental setup explaining increase in ferromagnet-

ic resonance (FMR) line-width due to spin pumping effect. 
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6.3. Results and Discussion 

Figure 6.2(a) shows variation of damping of CoFeB/Pt sample as a function of Pt layer thick-

ness where the symbols indicate the experimental data points. We observe that damping con-

stant shows smaller values at lower thicknesses of Pt which increases with thickness and gets 

saturated at higher thicknesses. The experiment is performed at four different thicknesses of 

CoFeB where we observe similar trend in the variation with Pt thickness. However, the 

damping values are higher for thinner CoFeB samples. Looking into the nonmagnetic layer 

thickness dependence of damping it can be said that Pt is a heavy metal which can absorb 

spin angular momentum from adjacent FM layer and act as a spin sink to the system. The 

precessing magnetization creates a non-equilibrium spin accumulation in the FM/NM inter-

face which diffuses in the adjacent NM layers where it can dissipate by spin-flip 

processes[18-19] associated with the spin diffusion length of Pt layer. As a result when the 

thickness of the Pt layer is reduced to a value close to its spin diffusion length, the spin-flip 

process gets affected which essentially causes a drop in the spin dissipation rate. Hence, be-

low a certain thickness an equilibrium  spin accumulation starts to develop at the FM/NM 

interface which will oppose the spin pumping from FM to NM layer and thereby a reduction 

in damping. 

This phenomenon has a noticeable similarity with the variation of spin injection as a function 

of normal metal thickness[5]. Let us consider the case where spin current is generated across 

the thickness of normal metal due to spin Hall effect (SHE) when a charge current is applied 

along its length. It is observed that the magnitude of spin current is reduced at lower thick-

ness of Pt when it is comparable to its spin diffusion length (
Sl )[20]. Due to a vertical gradi-

ent in the spin-dependent electron chemical potentials spin mixing occurs which gives rise to 

a counter flow of spin by effectively reducing the magnitude of the spin injection. Using the 

drift-diffusion analysis for a bilayer system and assuming a transparent interface one can ob-

tain that the spin current density is proportional to [1 sech( / )]Sd l− . For simplicity, let us first 

consider spin pumping through a transparent interface. Thus, drawing an intuitive analogy 

between the two effects associated with momentum transfer in case of a bi-layers our experi-

mental data points in figure 2(a) are fitted by equation 6.1 as shown by continuous lines.  

 0 [1 sech( / )]eff SP SFd dα α α= + −  (6.1). 
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Here, 
0α ,

effα and 
SPα  are the effective damping constants, intrinsic damping constant and 

enhanced damping constant due to spin pumping effect and dsf is the length scale correspond-

ing to the spin flip process in the NM layer. A good agreement between experimental data 

and theoretical fit has been observed. However, in case of spin pumping the role of ferro-

magnetic layer can be important. Figure 6.2(b) shows that dSF decreases with FM layer thick-

ness approaching a constant value ~2 nm which is comparable to lS of Pt as obtained in refer-

ence 5. We think that at lower FM thickness dsf  becomes larger than lS possibly because 

damping values get modified due to spin accumulation or development of strain at the inter-

face. A detailed study can be a topic for further investigation. 

Now, the Pt capping layer is replaced by Ta and the variation of damping is plotted with the 

NM layer thickness in figure 6.2(c). The experiment is repeated for different CoFeB layer 

thickness. A similar variation is observed as in case of Pt/CoFeB which is fitted by equation 

6.1 although, the variation is smaller in this case. Here, spin accumulation at the interface is 

small because spin pumping is weaker in Ta as compared to Pt. Hence, estimation of dsf (

3 1± nm) is associated with larger error. 

 

Figure 6.2. (a) Variation of damping in CoFeB/Pt system with Pt layer thickness and (b) spin 

diffusion length as a function of CoFeB layer thickness. (c) Variation of damping in 

CoFeB/Ta system with Ta layer thickness. (d) Comparison of damping variation between 

CoFeB/Pt and CoFeB/Ta with nonmagnetic layer thickness. 
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For the confirmation of the spin pumping effect as a key mechanism to describe the results 

above further investigation is performed. A variation of damping constant with CoFeB layer 

thickness 
CoFeB

t  at a constant value of d = 6 nm. We observe that damping decreases with d 

similar to the observation of reference 18. To illustrate the nature of the variation we plotted 

damping as a function of 1/t as shown in figure 6.3(a) and found a linear dependence. The 

best fit straight lines are shown by the continuous lines. In this context it is worth noting that 

the line-width corresponding to spin pumping 
SPH∆  follows the same 1/t dependence[6,21] 

as shown in equation 6.2 

 / 4
eff B eff S FM

g g M tα µ π
↑↓

=  (6.2), 

where f is the frequency and effg
↑↓

 is the effective spin mixing conductance. The slope is larger 

for Pt (0.1 nm) as compared to Ta (0.035 nm) although the ferromagnetic layer is the same. 

This is possible in presence of spin relaxation to the NM which is stronger in case of Pt. The 

observation suggests the presence of spin pumping effect in our sample. The frequency varia-

tion of line-width can also reveal important information about the nature of damping. In fig-

ure 6.3(b) we see that H∆ increases linearly with f for both CoFeB/Ta and CoFeB/Pt but with 

a larger slope in case of Pt. Such a linear variation can be observed in case of single ferro-

magnetic film. However, ferromagnetic layer is identical for both the samples. Hence, there 

must be some other origin which is responsible for the difference in slope. From earlier litera-

ture[6] it is known that line-width corresponding to spin pumping  is also proportional to f. 

Therefore, the difference in slope can be attributed to different spin pumping efficiency of Pt 

and Ta. From these arguments we can confirm that in case of our sample spin pumping plays 

a crucial role and the effect is stronger for Pt. 
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Figure 6.3. (a) Inverse of ferromagnetic layer thickness dependence of damping for 

CoFeB/NM systems (NM = Pt, Ta) and (b) variation of line-width with frequency for the 

same samples. 
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gether. Hence apart from spin pumping there must be some other effects governing the varia-

tion of damping which has been overlooked so far. 

When a NM layer is deposited on top of a ferromagnetic layer having different lattice param-

eter, the lattices try to accommodate themselves to form a continuous crystalline structure 

across the interface for energy minimization. As a result strain is developed in the interface 

with the formation of a hybridized lattice below a critical thickness of the nonmagnetic cap-

ping known as coherent region. However, the coherency breaks above the critical thickness 

when the interface starts to accommodate lattice misfit by breaking the hybridization result-

ing in a reduction of damping and strain in the interface. In this region the strain effectively 

develops magnetoelastic interface anisotropy which is inversely proportional to the capping 

layer thickness[22]. As the damping constant is known to have a liner relation with the inter-

face anisotropy[23], we would expect a 1/d dependence of the intrinsic damping constant. 

Thus equation 6.1 can be modified into equation 6.3 as follows: 

 0 / [1 sech( / )]eff SP SFd d dα α α= + −  (6.3). 

Here, the first term accounts for the change in the intrinsic damping constant associated with 

the strain induced interface anisotropy, while the second term is related to the spin accumula-

tion. With increasing d the first term causes a decrease in damping while the second term re-

sults in an increase and hence, the competition between the two determines the variation in 

the damping constant. In figure 6.4(a) all the experimental data are fitted with the modified 

equation. A good agreement between the experimental data and theoretical fit has been ob-

served, which suggests the validity of our model.  

With the help of this model expressed by equation 6.3, figure 6.4(a) can be understood as 

follows. We already discussed that Pt capping causes an overall increase in damping as op-

posed to Ta capping due to larger spin pumping effect. Here we compare the damping con-

stant of two compositionally similar FM alloy CoFeB and CoFe having same NM capping 

layer as Pt to understand the role of B in this problem. In figure 6.4(a) we observe the overall 

damping constant is larger in case of CoFeB/Pt than in CoFe/Pt which is essentially the larg-

est among the all four combinations of FM and NM. The CoFeB is amorphous[24-25] in na-

ture due to the presence of boron which creates a diffused interface region with Pt. The role 

of boron diffusion[26-27] in the interface can be important in this case. On the contrary CoFe 
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is crystalline in nature[28] having a sharper interface with more prominent contact and resis-

tivity mismatch. Hence, the larger value of damping in case of CoFeB/Pt may stem from 

larger spin conduction through the diffused interface. Further, we replace Pt by Ta and ob-

serve very similar value of damping in case of CoFeB and CoFe samples because spin pump-

ing effect is weakly observed in case of Ta. 

The nonmagnetic thickness dependence of damping of figure 4(a) can be categorized in 

two classes. First, is CoFeB/NM where the second term of equation 6.3 dominates describing 

reduction of damping constant with decreasing d due to spin accumulation. The other is 

CoFe/NM where the first term related to strain anisotropy is significant. For CoFe/Ta only 

the first term is important causing a slow decrease in α  with d while for CoFe/Pt both the 

competing effects are equally present resulting in an invariance of α . Hence, from the dis-

cussion we understand that reduction of intrinsic damping due to strain at the interface is 

more relevant in case of CoFe samples due to its crystalline structure and sharp interface 

while interlayer spin transport processes are more favoured in CoFeB samples due to its dif-

fused interface. The spin mixing conductance of the CoFeB(7.5 nm)/NM interface has been 

estimated using equation 6.2 which is found to be larger for NM = Pt(6) (34 nm
-2

) as com-

pared to Ta(6) obtained as 5 nm
-2

. The values can be compared with earlier literature[19,29]. 

In figure 6.4(b) we compare damping constant as a function of 1/t for all the four samples. In 

all cases a linear variation is observed with different slopes. The slopes of the straight line fit 

reflect the spin pumping efficiency of the individual samples. The values are similar for 

Ta/CoFe and Ta/CoFeB samples whereas they are different for Pt/CoFe and Pt/CoFeB. The 

spin pumping effect itself is weak for Ta samples. As a result the difference in slopes be-

tween Ta/CoFe and Ta/CoFeB cannot be resolved. However, slope for Pt/CoFeB is larger 

than Pt/CoFe because CoFeB interface is more spin transparent. The result agrees with our 

earlier observation in figure 6.4(a). 
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Figure 6.4. (a) NM layer thickness dependence of damping for the combination of FM (6 

nm)/NM bi-layers, with FM = CoFe and CoFeB, NM = Pt, Ta. (b) Comparison of damping 

with inverse of FM layer thickness for those samples. 

6.4. Summary 

In summary, we perform spin torque ferromagnetic resonance experiment to study the varia-

tion of effective damping as a function of layer thicknesses in ferromagnet/nonmagnet bi-

layers. The damping is essentially increased in presence of spin pumping however, at lower 

nonmagnetic layer thicknesses the effect is limited by interfacial spin accumulation leading to 

a continuous variation of damping with thickness. On the other hand, strain induced interface 

anisotropy causes a variation of damping with nonmagnetic layer thickness. A combined ef-

fect is described to explain the observed variation in different systems. We discuss the role of 

interface in governing the interlayer spin transport processes. It is found that CoFeB forms a 

more transparent interface than CoFe helping in spin pumping between the layers. Our study 

aims towards low cost optimization of magnetic devices. 
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Chapter 7 

Thickness Dependence of Spin-torque Fer-

romagnetic Resonance in Co75Fe25/ 

Pt Bi-layer Films and Estimation of Spin 

Hall Angle of Pt 

The spin Hall angle of Pt in Co75Fe25/Pt bi-layer films was experimentally investigated by 

means of the spin-torque ferromagnetic resonance and the modulation of damping measure-

ments. By comparing the present results with the Ni80Fe20/Pt system, we found that the ferro-

magnetic layer underneath the Pt one greatly affects the estimation of the spin Hall angle. We 

also discuss the spin diffusion length of Pt and the ferromagnetic thickness dependence of the 

Gilbert damping coefficient. 

7.1. Introduction 

Existing technology of electronic data storage or data transfer devices driven by charge cur-

rent may be replaced by a technology that solely deals with the spin degree of freedom of an 

electron, known as spintronics[1]. For a pure spin current[2] there are many advantages like 

no net flow of charge and hence no stray Oerstead field, minimum power dissipation, tunable 

magnetic damping[3-6], by which one can achieve loss-less propagation of electromagnetic 

waves in magnetic media[3], or reduction of noise due to thermal fluctuation[5] in nanomag-

netic devices. Hence, a great deal of research is going on to increase the conversion effi-

ciency between charge current and spin current known as spin Hall angle[6-8]

 

( )SHθ  for ap-

plications in spintronic devices. Spin current can be generated by different techniques includ-

ing nonlocal electrical injection from ferromagnetic contacts in multi-terminal structures, op-

tical injection using circularly polarized light, spin pumping from a precessing ferromagnet 

and also by spin Hall effect[3,6-7,9-12] (SHE). The SHE does not require any ferromagnet 
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(FM) or external bias field to generate the spin current. However, injected spin current can 

affect the magnetization dynamics of an adjacent FM layer, from which one can quantify 
SHθ

. Hence, in case of FM and nonmagnetic metal (NM) bi-layer structures, the magnetic proper-

ties of the FM layer, thickness of the FM and NM layers, and interface properties can play 

crucial roles in determining SHθ . As a matter of fact, there is a large inconsistency in the es-

timated SHθ [6,8,13-14] of a standard SHE material Pt. The values reported by several groups 

differ even by an order of magnitude. Thus, it is very important to investigate the origin of 

this inconsistency, for which a systematic study of ��� for different materials and thicknesses 

are required. In this work, we have studied the SHE of Co75Fe25/Pt bi-layer films using the 

spin-torque induced ferromagnetic resonance (ST-FMR)[6-7] and modulation of damping 

(MOD) measurements.[6] The latter is done by applying a dc current in the bi-layer system. 

This dc current produces an additional torque in FM layer either parallel or anti parallel to the 

Gilbert damping thereby modifying the effective damping. Here, Co75Fe25 is chosen as the 

FM layer as it has a smaller anisotropic magnetoresistance (AMR) effect than Ni80Fe20. Con-

sequently, for this sample, contributions from other effects to SHθ  are expected to become 

more prominent compared to the AMR effect. 

7.2. Experimental Details 

Thin films of Co75Fe25(t=0–17 nm)/Pt(d=0–20 nm)/ Al2O3(2 nm) are grown on a non-doped 

Si substrate by dc/rf magnetron sputtering in a wedge shape using a linear motion at the base 

pressure of 4 × 10
�	Pa and Ar gass pressure of 0.13 Pa. Al2O3 is used as an insulating cap-

ping layer. The resistivities of Pt and Co75Fe25 are measured to be 28.0 and 15.2 μῼ.cm while 

the measured AMR is about 1.0% for the 10 nm thick CoFe film, which is smaller than that 

of Ni80Fe20 (about 1.6%). The bi-layer films are patterned into rectangular shaped elements 

(20 × 60 µm
2
) using optical lithography and Ar-ion etching technique. A co-planar Ti(5 

nm)/Au(150 nm) waveguide is deposited on top of each sample element so that the sample 

can act as a part of the waveguide. The schematic of a sample and the circuit diagram of the 

experimental setup are shown in figure 7.1(a). A constant rf (8–12 GHz) signal with an out-

put power of 10 dBm is applied along the length of the sample using a microwave analog 

signal generator [model No. MXG N5183A]. An external bias magnetic field (Hext = 0-

1.8kOe) is also applied at an angle of 45°within the plane of the sample. In this power range 
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the output signal amplitude is linear with power, and hence, the spin precession in the ferro-

magnetic layer is in the small angle regime. All the experiments are performed at room tem-

perature. 

7.3. Underlying Theory 

The current applied in the bi-layer film is divided in two parts flowing into the two adjacent 

layers depending on their resistances. The stray Oerstead field generated due to the current in 

the Pt layer induces a FMR, which is antisymmetric with respect to the resonant magnetic 

field. On the other hand, due to the spin orbit interaction and impurity scattering[2]
 
charge 

carriers with opposite spin polarities are scattered in opposite directions in the Pt layer. Con-

sequently, spin current is generated perpendicular to the charge current due to the SHE and is 

injected[2] into the adjacent CoFe layer. As a result of the injected spin current, another FMR 

is induced in the CoFe layer, which is symmetric in nature. The AMR of the precessing mag-

netization gives rise to an electrical resistance oscillating at the same frequency as the applied 

rf current. The oscillating resistance and current together produce a measurable dc voltage 

due to the spin-torque diode effect[7] as given by equation 7.1 
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 (7.1), 

where FMI  is the current in FM layer, 0( ) ( ) ext
A ext S ext

H H
F H F H

−
=

∆
is a Lorenzian derivative, 

which is anti-symmetric at resonant field, 
2

2 2

0

( )
( )

S ext

ext

F H
H H

∆
=

∆ + −
 is the Lorenzian func-

tion, which is symmetric at resonant field, ∆

 

is the half width at half maximum, 0H  is the 

resonant field, S and A are the weight factors for the symmetric and anti-symmetric FMR, θ  

is the angle between current and magnetization, R is the resistance, f is the frequency, and γ is 

the gyromagnetic ratio. 
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Figure 7.1. (a) Schematic illustration of the experimental setup and the sample along with the 

directions of the applied rf current and bias magnetic field; (b) FMR spectra measured at dif-

ferent excitation frequencies (f); and (c) variation of resonance frequency (f) with the bias 

magnetic field for CoFe (6.5 nm)/Pt (5.8 nm) sample and the extraction of saturation mag-

netization from the Kittel fit. 
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The effective damping coefficient eff
α [6-7]

 
of the sample is related to the line-width by 

2
eff

fπ α

γ
∆ = while S and A are proportional to the spin current density JS  and charge current 

density JC, respectively[4,7], in the Pt layer as given by equation 7.2 
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(7.2), 

where e is the charge of electron, 
0µ   is the free space permeability, 

SM  is the saturation 

magnetization, rf
H  is the field due to rf current and eff

M  is the effective magnetization in-

cluding magnetic anisotropy. Since the magnetic anisotropy is small for ferromagnetic thin 

films, we can approximate eff
M  as SM . Hence, the ratio between spin current and charge 

current densities ( / )S CJ J can be summarized from equation 7.2 as given in equation 7.3[3,6]. 

 
0 1 ( )

effs s

c eff

MJ e MS
td

J A H

µ
= +

ℏ
 (7.3) 

We have processed the measured FMR spectra to isolate the symmetric and asymmetric con-

tributions and thereby estimated the ( / )S CJ J value, which we termed as the ST-FMR results 

in this paper. 

On the other hand, if a dc charge current is applied to the sample in addition to the rf charge 

current, a dc spin current is generated in the NM layer perpendicular to the charge current. 

This produces a spin transfer torque[6,14-15] (STT) in the FM layer, acting along the 

ˆ ˆ ˆ( )m mσ× ×  direction, where m̂  is the magnetization vector and σ̂  is the injected spin mo-

ment. The STT is collinear with the damping torque and either increases or decreases the ef-

fective value of damping depending on the polarity of σ̂ . The STT is incorporated as the last 

term in the Landau–Lifshitz– Gilbert equation as given by equation 7.4 below 
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 (7.4), 

where eff
H  is the effective magnetic field and α  is the Gilbert damping. Hence, by tuning 

the applied dc charge current we can externally control the effective damping of the FM ma-

terial (MOD) as estimated from the FMR line-width. According to the theory of spin torque, 

this modulation is related to the injected spin current density and relative orientation of mag-

netic moment with current as given by equation 7.5 

 0

0

sin
( ) ,

( ) 2

s

ext eff s

J

H M M t e

θ
α α α

µ
∆ = − =

+

ℏ
 (7.5), 

where 0α  is the Gilbert damping with zero dc current and α∆  is the MOD. Hence, by calcu-

lating the rate of MOD, / CJα∆  we can evaluate /S CJ J  from equation 7.5. This, in turn, 

gives another estimate of 
SHθ . This measurement technique is referred to as MOD measure-

ment in this paper. 

7.4. Results and Discussion 

Figure 7.1(b) shows the typical ST-FMR spectra for a CoFe(6.5 nm)/Pt(5.8 nm) bi-layer film 

excited at different rf frequencies (f) from 8 to 12 GHz. The obtained f vs. resonant field 

curve is well fitted with Kittel formula[7] for in-plane magnetized samples given by equation 

7.6, as shown in figure 7.1(c) 

 ( 4 ).
2

ext ext s
f H H M

γ
π

π
= +  (7.6). 

From the fit, we obtained γ =1.76×10
11

 rad/(s.T) and 4 SMπ = 2.3 T, which is more than two 

times larger compared to commonly used Permalloy (Ni80Fe20, hereafter Py) (~1 T). 
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Figure 7.2. (a) Variation of /
S C

J J  as a function of Pt thickness in CoFe/Pt bi-layers with 

different CoFe thickness. Inset shows the variation of spin diffusion length (
S

l ) of Pt with 

CoFe thickness. (b) MOD as a function of current density in the Pt layer for two different ori-

entations of the bias magnetic field in CoFe(3.4 nm)/Pt(5.8 nm) bi-layer. (c) Comparison of 

��� as a function of CoFe thickness obtained from ST-FMR and MOD measurements. 

 

In figure 7.2(a) we plot /
S C

J J  values obtained from the ST-FMR measurement as a function 

of Pt thickness. /
S C

J J  is found to be constant for thick Pt films, while it decreases as we 

lower the thickness and approaches towards zero at zero thickness limit. This behavior can be 

well explained by equation 7.7 

 [1 sec ( )]s

SH

c s

J d
h

J l
θ= −  (7.7), 

where 
SH

θ  is the characteristic spin Hall angle and 
S

l  is the spin diffusion length[7]
 
of the 

nonmagnetic layer, which is Pt in our case. From the fitted curve 
S

l  is found to be 2 ± 0.2 

nm, which is almost independent of CoFe thickness as shown in the inset of figure 7.2(a). We 

should note here that the spin diffusion length estimated using equation 7.7 is a characteristic 

length for bi-layer films, which is essentially different from the one obtained from nonlocal 

spin valve measurements[16] or from weak anti-localization measurements[17] where Pt is 

not directly in contact to FM. More details about the spin diffusion length will be discussed 

elsewhere. 

On the other hand, in the MOD measurement, the effective value of damping shows a linear 

variation with the dc charge current density in the Pt layer as shown in figure 7.2(b). When 

(a) (b) (c)
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the bias field angle is reversed from 45°  to 135− °  the slope of the curve only changes sign 

while keeping its magnitude unaffected. This clearly shows that MOD must have a magnetic 

origin. Moreover, the slope of the graph in figure 7.2(b) is also an important measurable 

quantity, from which we can calculate / CJα∆  and hence /S CJ J  using equation 7.5, which 

gives an estimate of SHθ . 

 In figure 7.2(c) we compare the values of SHθ  as a function of CoFe thicknesses obtained 

from ST-FMR as well as the MOD measurement. We should note that the SHθ  values from 

ST-FMR measurement shown in figure 7.2(c) are the characteristic value of SHθ  obtained 

from the fitted curves of figure 7.2(a). It monotonically increases with the CoFe thickness and 

the data points are well fitted by a straight line. At zero thickness limit 
SHθ  comes out to be 

2.2% ± 0.8%. In contrary from the MOD measurement we obtain a SHθ  value of 8.5% ±

0.9%, which is almost independent of CoFe thickness. To investigate this behavior we com-

pare the results of ST-FMR and MOD measurements of CoFe/Pt with those from 

Ni80Fe20(Py)/Pt system as shown in figures 7.3(a) and 7.3(b), respectively. In case of ST-

FMR measurement, as shown in figure 7.3(a), we again observe a linear increase of 
SHθ  with 

Py layer thickness but with a smaller slope. What is interesting to note is that at zero thick-

ness limit both of the curves converge to the same value (2.2% ± 0.4% in case of Py/Pt[7]). 

These results indicate that for finite values of t, SHθ  has a clear dependence of ferromagnetic 

material whereas at t→0 it no longer depends on the type of ferromagnet. Hence, the t→0 

limit closes with the actual measure of SHθ  of the NM layer, which is an intrinsic property of 

that material. 

We have analyzed the reason for the dependence of SHθ on the FM material and its thickness 

as follows. (i) First, we apply an rf current in a single CoFe layer[18] and found an ST-FMR 

like spectrum at the same resonance frequency as observed for the bi-layer system as shown 

in figure 7.3(c). This behaviour is unexpected as the current density inside the CoFe layer 

should be uniform as the thickness of the CoFe layer is smaller than the microwave skin 

depth. However, there is a possibility that nucleation and propagation of non uniform spin 

waves[18] around the FM wire edges may give rise to a dc voltage inside the FM layer. 
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Figure 7.3. FM layer thickness dependency of SHθ  in CoFe/Pt and Py/Pt systems obtained 

from (a) ST-FMR measurement and (b) MOD measurement (d = 5.8 nm). (c) ST-FMR spec-

trum of CoFe(4.7 nm)/Pt(7 nm) bi-layer film is shown by black circle. Green and blue solid 

lines are the symmetric and asymmetric components, respectively. Red circles in the main 

graph as well as in inset show ST-FMR like spectrum in single CoFe(4.7 nm) layer. (d) CoFe 

thickness dependency of effective damping coefficient eff
α . For the Py/Pt system, the ST-

FMR data in figure 7.3(a) and the MOD data in figure 7.3(b) are taken from references 7 and 

19, respectively. 
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In case of a FM/NM bi-layer samples similar voltage can also be generated in the FM layer, 

which further modifies the spectrum shape and thereby the value of 
SHθ . This effect is ex-

pected to increase with the FM layer thickness as the demagnetization region increases with 

thickness, which may give rise to a monotonic increase in SHθ  as shown in figure 7.3(a). 

However, the contribution of nonuniform spin wave is very small in the CoFe/Pt bi-layer 

film. This is because the output voltage of ST-FMR like spectrum in single CoFe layer is 

much smaller than the FMR spectrum in CoFe/Pt bi-layer film as shown in figure 7.3(c). (ii) 

The other possibility is the generation of inverse spin Hall effect[8,16] (ISHE) in the bi-layer 

sample due to the spin pumping effect. The corresponding voltage is determined by the cone 

angle[8] of spin precession, which is inversely proportional to the spectrum line-width or the 

effective value of damping at the point of resonance. Figure 7.3(d) shows that eff
α  sharply 

decreases with the CoFe thickness, indicating greater ISHE at higher FM layer thickness. 

This effect eventually modifies the original ST-FMR spectrum such that 
SHθ   also increases 

with the FM layer thickness. Again, the ISHE voltage is related to the spin mixing conduc-

tance ( eff
g

↑↓
)[8] which is directly proportional to SM . As the SM  value of CoFe (2.3 T) is 

larger than that of Py (1.0 T), the former shows a faster modification of spectrum with thick-

ness and also a greater slope in figure 7.3(a). Additionally, the ratio of ISHE voltage to ST-

FMR voltage in the CoFe/Pt system is larger than that of the Py/Pt system, because of a 

smaller AMR effect in CoFe than Py, which is also responsible for the difference in the 

slopes. 

On the other hand, figure 7.3(b) shows that in the MOD measurement there is no variation of 

SHθ  with respect to the FM thickness both for CoFe/Pt and Py/Pt bi-layers. For the CoFe/Pt 

system, SHθ  is found to be 8.5% ± 0.9% which is larger than that for the Py/Pt system 5.6%

± 0.4%
 
[19]. These values are not in good agreement with those found from the ST-FMR 

measurement, which is ~2.2% for both systems. In the MOD measurement, ISHE does not 

affect the value of SHθ  because the rate of change of spectrum line-width with dc charge cur-

rent density ( / CJα∆ ) is important rather than the exact spectrum shape. ISHE directly affect 

the amplitude ratio of S and A but not the line-width of the original spectrum. This explains 

why 
SHθ  obtained from MOD measurement is almost independent of FM layer thickness. 
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However, the exact reason behind the inconsistency between the values of SHθ  obtained from 

the ST-FMR and MOD measurements is not very clear. We believe, in MOD measurements, 

thermally generated spin waves in the FM layer may cause line broadening, due to which SHθ  

comes out to be larger compared to that from the ST-FMR measurement. On the other hand, 

the difference in SHθ  between the CoFe/Pt and Py/Pt systems obtained from MOD measure-

ment may be caused by the difference in eff
g

↑↓
 between CoFe/Pt and Py/Pt. The eff

g
↑↓

 of CoFe 

is 4.0×10
19

 m
-2

 which is larger than that of Py (2.6×10
19

 m
-2

).
  
 

Finally, the observed variation in eff
α  with the CoFe layer thickness (t) shown in figure 

7.3(d) may be interpreted as follows. Due to the Co 3d-Pt 5d hybridization[20] at the inter-

face atoms of the bi-layer sample, d-band width for Co reduces, resulting in an increase in the 

spin-orbit coupling and thereby the damping coefficient eff
α . However, the nonlinear varia-

tion of eff
α  with t implies that in addition to the interface hybridization effect, the spin pump-

ing effect may also have an influence in determining the eff
α  vs. t variation.

 

7.5. Summary 

In summary, we presented the thickness dependence of SHθ  in Co75Fe25/Pt bi-layer using the 

ST-FMR and MOD measurement and compared the results with those from the Py/Pt bi-

layers. From the ST-FMR measurements, we found that the intrinsic value of SHθ  for Pt does 

not depend on the material and thickness of the adjacent FM layer. However, due to the large 

influence of some extrinsic effects such as ISHE, the measured SHθ value strongly depends on 

the FM material and its layer thickness. The MOD measurement gives higher value of SHθ , 

which is independent of the FM layer thickness but depends on the FM material and the rea-

son of this inconsistency is not very clear. We also found that the effective value of Gilbert 

damping sharply increases with the decreasing CoFe thickness probably due to a combination 

of the Co 3d-Pt 5d hybridization at the interface and the spin pumping effect. 
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Chapter 8 

Time-domain Detection of Current Con-

trolled Magnetization Damping in 

Pt/Ni81Fe19 Bi-layer and Determination of 

Pt Spin Hall Angle 

The effect of spin torque from the spin Hall effect in Pt/Ni81Fe19 rectangular bi-layer film was 

investigated using time-resolved magneto-optical Kerr microscopy. Current flow through the 

stack resulted in a linear variation of effective damping up to ±7%, attributed to spin current 

injection from the Pt into the Ni81Fe19. The spin Hall angle of Pt was estimated as 0.11±0.03. 

The modulation of the damping depended on the angle between the current and the bias 

magnetic field. These results demonstrate the importance of optical detection of precessional 

magnetization dynamics for studying spin transfer torque due to spin Hall effect. 

8.1. Introduction 

Utilizing spin current[1] for manipulating magnetization in non-magnetic 

(NM)/ferromagnetic (FM) bi-layer films is of considerable interest for low power consump-

tion in spintronic devices. Spin current generated via the spin Hall effect[1-3](SHE) in large 

spin-orbit coupling NM materials has drawn significant attention due to its technological po-

tential and fundamental interest. To understand the effect of spin current due to SHE, it is im-

portant to estimate the conversion efficiency between charge current and spin current which 

is referred as spin Hall angle (SHA)[4-8]. The accuracy of the SHA determined for various 

materials is still debated due to the large variation in the values reported by different groups 

for the same material. For example, the estimated value of the SHA for Pt[5,7,9-11]
 
varies 

over a wide range (0.0037 to 0.16) as mentioned in other reports.[4-5,8,11-12]. 
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 In general, the spin-torque-induced ferromagnetic resonance technique[4,6] (ST-FMR) has 

been used to estimate the value of SHA. With the ST-FMR technique, a NM/FM bi-layer film 

is excited using rf current and a response is detected in the form of a dc voltage from the 

magnetic layer using the spin torque diode effect[13-14]. However, it is known that the ST-

FMR spectrum shape can be modified[7] by inverse spin Hall effect[15-17] (ISHE) and line-

width broadening can also result from thermal spin waves. These effects may contribute to a 

significant error in the estimation of the SHA. As an alternative to the ST-FMR technique, 

optical excitation and detection method for determining SHA looks very promising, which 

has not been explored so far. Here, time-resolved magneto-optical Kerr effect (TR-MOKE) 

microscopy[18] was used to investigate the magnetic damping and its modulation due to spin 

Hall spin torque in Pt/Ni81Fe19 bi-layer stack. The advantage of implementing TRMOKE was 

that the damping was measured directly in time domain within the highly localized probe area 

(~1 µm
2
) due to focused laser spot.[19] It excluded any inhomogeneities or variation due to 

larger area averaging and provided better estimates of damping[19]. A further advantage is 

that the modal composition of the magnetization oscillations can be observed in the time do-

main and the damping for each mode can be assessed. Another benefit of using TR-MOKE 

was it did not require any additional fabrication of waveguide on the sample and only dc cur-

rent was passed through the sample. Estimates of the value of the spin Hall angle for the Pt 

layer were obtained from the experiment which are comparable with those found in some of 

the existing literature.[4-5,7-8]. 

8.2. Experimental Details 

Thin film stacks of Pt(6.8 nm)/Ni81Fe19(12.7 nm)/MgO(2.4 nm) were grown on a thermally 

oxidized Si [100] substrate by dc/rf magnetron sputtering. The base pressure of the chamber 

was ~1×10
-7

 Torr, and the deposition used Ar gas at 1.14×10
-3

 Torr. The MgO layer was an 

insulating protective capping layer. The sample dimensions of 5×1.5mm
2 

were obtained by 

deposition through a rectangular shadow mask. Pt contact pads (15nm thick) were deposited 

at the two ends along the length of the sample for electrical connections. The resistivities of 

the Pt and Ni81Fe19 were measured to be 15.0 and 36.0 μῼ cm, respectively. A dc charge cur-

rent ( dcI ) was applied along the length of the sample using a variable dc current source. An 

in-plane bias magnetic field H was applied at an angle θ with respect to the long axis of the 
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The polarization of spin current, ��, is determined by ˆ ˆ
C

J n× , where ˆ
C

J  is the applied charge 

current density and n̂  is the normal vector to the interface plane. The interaction between 

spin current and magnetization has been described by the modified Landau Lifshitz Gilbert 

equation[7] (LLG equation) 

 
0

ˆ ˆ
ˆ ˆ ˆ ˆ ˆ( ) ( ) ( )

2
eff s

s

dm dm
m H m J m m

dt dt e M t
γ α σ

µ
= − × + × + × ×

ℏ
 (8.1), 

where the last term incorporates the STT[20-22]. The direction of STT is determined by 

ˆ ˆ ˆ( )m mσ× ×  and acts collinearly with the effective damping, α  and can increase or decrease 

the effective value of α  depending on the polarity of σ̂ .This modulation of the damping can 

be related to the injected spin current density and the relative orientation of magnetic moment 

with respect to current by the following equation:[5] 

 0

sin
( )

2 2

S

S

J

eM t f

γ θ
α α α

π
∆ = − =

ℏ
 (8.2), 

where 0α  is the original damping with zero dc current, α∆ is the change in the damping 

(MOD), and 
SJ  is the spin current density. The spin Hall angle, �	
, is given by /S CJ J , de-

fined as 

 
4

sin

S S

C S

J f etM

J J

π α

γ θ

∆
=
ℏ

 (8.3). 

Hence, by estimating the rate of MOD ( / )CJα∆  experimentally, we can evaluate /S CJ J  

using equation 8.3. 

8.4. Results and Discussion 

Figure 8.2(a) shows the time-resolved Kerr rotation data obtained from Pt/Ni81Fe19 bi-layer 

film at H~1.4 kOe, 0θ = °  and dcI = 0. The data can be divided into three different temporal 

regions. Region I (t < 0) shows negative time delay where the sample is probed before excita-

tion and the sample shows steady magnetization due to external bias magnetic field. Region 

II (up to few tens of ps) shows a sharp demagnetization (500 fs) and a subsequent fast relaxa-

tion due to spin lattice relaxation. This is followed by a slower relaxation in region III and 

precession of magnetization around its new equilibrium. 
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Figure 8.2. (a) Time-resolved Kerr rotation data for Pt/Ni81Fe19 bi-layer film at H~1.4 kOe, 

Idc= 0 and at θ=0°.(b) Precessional part of the time-resolved data. (c) Fast Fourier transform 

(FFT) spectrum of figure 8.2(b). (d) Time-resolved Kerr rotation data from a single Ni81Fe19 

layer of equal dimensions as that in the bi-layer film. 

 

In Region III, heat is diffused to the substrate and to the surrounding and the precession was 

slowly damped. The analysis here mainly concentrates on region III, which is the region of 

interest for estimatingα . The solid line in figure 8.2(a) is the bi-exponential background of 

the damped oscillation shown in region III from which relaxation times of 1.4 ps and 1.43 ns 

were obtained. Figure 8.2(b) shows the precessional data with the background subtracted. A 

single mode oscillation decaying with time was typically observed. The time-resolved data 

were fitted with a damped harmonic function from which α  was estimated as 1/ (2 )fα π τ=

where f  is the frequency of oscillation and τ  is the relaxation time corresponding to oscilla-

tion of magnetization. Figure 8.2(c) shows the fast Fourier transform (FFT) spectrum of the 

data in figure 8.2(b) from which f  was determined to be about 12.0 GHz. From figure 

8.2(b), α was found to be about 0.021. Figure 8.2(d) shows the time evolution of magnetiza-

tion dynamics of Ni81Fe19 film of same dimensions. From this, we found α  to be about 

0.016. The enhanced value of α  for Pt/Ni81Fe19 bi-layer stack in comparison to a single 
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Ni81Fe19 layer may be explained by considering additional loss due to spin pumping into the 

Pt layer, as well as due to the d-d hybridization[23]
 
at the Pt/Ni81Fe19interface. 

The effect of the magnetic field on the magnetization dynamics of the Pt/Ni81Fe19 bi-layer is 

shown in figure 8.3. Figure 8.3(a) shows the TR-MOKE data at various H values, and figure 

8.3(b) shows the corresponding FFT power spectra. The precessional frequency f values ob-

tained from figure 8.3(a) are plotted as function of H in figure 8.3(c). The experimental data 

points can be fitted using the Kittel formula 

 
( 4 )

2

sH H M
f

γ π

π

+
=  (8.4). 

A value for SM  of 770 emu/cc was obtained from fitting and a value for the gyromagnetic 

ratio γ ~0.0185×10
11

Hz/T. Figure 8.3(d) shows a plot of α  as a function of frequency f . It 

is observed that α  remains almost constant over a range of frequency between 8.5 to 15 

GHz, from which it is inferred that in this sample, extrinsic phenomena[24],
 
such as two 

magnon scattering, do not contribute to the effective damping. 

 

Figure 8.3. (a) Time-resolved Kerr rotation for Pt/Ni81Fe19 bi-layer film at different bias field 

values (H) at dcI = 0 and 0θ = ° . (b) The corresponding FFT spectra. (c) Variation of experi-

mental precession frequency ( f ) with H (symbol) and fit to the Kittel formula (solid line). 

(d) Variation of α  as a function of f . 
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In order to investigate the effect of spin torque on damping, a dc current was passed through 

the stack. Figure 8.4(a) shows the time-resolved magnetization precession at different current 

densities ( CJ ) varying from −1.1×10
10

A/m
2 

to +1.11×10
10

A/m
2
 with a magnetic field, H

~1.2 kOe applied at an angle of θ =90°  to the current flow. A variation in α  of up to ±7% as 

compared to its intrinsic value was observed for positive and negative values of CJ  up to 

1.1×10
10

A/m
2
. Significantly, for positive 

CJ , the damping α  decreases whereas for negative

CJ , α  increases. The observed sensitivity of MOD on the sign of CJ  suggests that the origin 

is related to the injected spin current due to SHE from the Pt layer, which depends on the cur-

rent polarity. 

 

Figure 8.4. (a) Time-resolved magnetization precession at different dc charge current densi-

ties, CJ , for θ = 90°obtained from the TR-MOKE experiment. Symbols represent the ex-

perimental data points, and solid lines are the theoretical fits. (b) The variation of α  with CJ
 

for magnetic fields oriented at angle θ =0°, 45° and 90° with respect to the current direction. 

(c) Variation of the precessional frequency f with CJ  for θ =45°, and 90°. 
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Joule heating produced by the application of a dc current would only induce an increase in α  

with respect to its zero current value and show no polarity dependence. Thus, the results sug-

gest that Joule heating has a negligible influence on the magnetization dynamics in the 

Pt/Ni81Fe19 bi-layer. In figure 8.4(b), the variation of effective value of α  with 
CJ  is shown 

for H~1.2 kOe where the field is orientated at 0 , 45θ = ° ° and 90°  with respect to the current 

axis. At 0θ = ° , α  remains almost constant for all 
CJ , indicating that there is no net torque 

on the magnetization. More interestingly, for 45θ = °  and 90° , a clear linear MOD is ob-

served. The slopes of the linear fit to the current density dependence of MOD determined for 

90θ = °  and 45°are 1.24×10
-13

 m
2
/A and 8.14×10

-14 
m

2
/A, indicate that the MOD depends 

not only on the polarity of 
CJ  but also on magnetization orientation with respect to the cur-

rent. The above observations further support the notion of spin torque acting on the Ni81Fe19 

layer due to SHE from Pt layer leads to MOD. By extracting the values of / CJα∆  obtained 

from figure 8.4(b) for 45  and 90θ = ° ° , and using in equation 8.3, we estimate spin Hall an-

gle, SHθ , to be 0.11±0.02 and 0.11±0.03 respectively. From these values, an average value 

for SHθ  0.11±0.03 is calculated which is within the upper bound (< 0.16) of the values re-

ported in the literature.[4-5,7-8]
 
Here, the observed value of �	
 is on the higher side which 

may be related to some aspect specific to the sample (transparency of the Pt/NiFe interface, 

Pt microstructure, substrate, etc.) as well as the different methodology (TR-MOKE) used to 

estimate the same. Figure 8.4(c) shows the variation of frequency as a function of CJ . A de-

crease (red shift) in the precessional frequency, f, with increasing magnitude of CJ  was ob-

served and was more or less symmetric with respect to zero current. Previously, a red shift in 

frequency with CJ  was explained by considering the reduction in effective magnetization of 

the material because of magnetic fluctuation[25]
 
 due to Joule heating. However, the change 

in f with current should not affect α  as is shown in figure 8.3(c) or the estimation of SHθ . 

8.5. Summary 

In summary, using an all-optical excitation and detection technique, the magnetization dy-

namics in a Pt/Ni81Fe19bi-layer was studied. A spin transfer torque was indicated in Ni81Fe19 

via a current dependent modulation of the effective damping which is attributed to the spin 
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Hall effect from the Pt underlayer. A linear modulation of the damping up to ±7% was ob-

served as a function of current density, to an experimental limit of 1.11×10
10 

A/m
2
. An aver-

age spin Hall angle for Pt was estimated from analysis of the data to be about 0.11±0.03. A 

larger modulation of damping may be observed by increasing the current density, allowing 

the determination of SHθ  with greater precision. These results will help in understanding the 

role of spin Hall effect in affecting magnetization dynamics. 
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Chapter 9  

Role of Interface in Current Induced 

Modulation of Damping in Ion Irradiated 

Ni81Fe19/Pt Bi-layers 

The damping of a ferromagnetic layer can be modulated by injecting spin current from an 

adjacent nonmagnetic heavy metal layer. Hence, in many experiments related to spin Hall 

effect, modulation of damping is used as a standard technique to measure the transverse spin 

current converted from applied charge current in heavy metals. However, the modulation of 

damping is highly dependent on the spin transparency of the interface. In this work we con-

trollably modify the interface by intermixing atoms using low dose gallium ion irradiation 

and study the effect of modified interface transparency on the spin current induced modula-

tion of damping. Our aim is to investigate the role of interface in determining the efficiency of 

spin injection. We found that the modulation is linear with the applied charge current for as 

deposited film interface and the rate of modulation decreases with the increased irradiation 

dose. At a higher irradiation dose greater than 2 pC/µm
2
, a nonlinear modulation of damping 

replaces the linear modulation. Our experimental results are interpreted by considering pos-

sible factors associated with the structural changes developed in the sample by irradiation. 

9.1. Introduction 

Spintronics[1] shows a lot of promises as an upcoming technology for the replacement of our 

present semiconductor based electronics due to its high stability, energy efficiency and signal 

quality. The driving force for spintronic devices is pure spin current. This is basically a 

charge less flow of spin angular momentum which can exert torque on magnetization. Spin 

current can be generated from conventional charge current in non-magnetic heavy metals 

having strong spin orbit coupling. This is called spin Hall effect[2-3]. The conversion ratio is 

constant for a particular material which is known as spin Hall angle[2]. Recently a lot of re-
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search efforts have been dedicated to the estimation of spin Hall angle[4-13] because it quan-

tifies spin current in a known reference frame of charge current. Spin current cannot be 

measured directly by electrical meters like charge current, but the effect of spin current can 

be realized by the modification of magnetization dynamics of an adjacent ferromagnetic 

layer. Hence, many of such experiments involve ferromagnetic/nonmagnetic thin film bi-

layers[4-5,11]. However, the main concern of this research lies in a different point. Although 

many groups have observed similar effects of spin current (generated by spin Hall effect) on 

magnetization, the values of spin Hall angle for a particular system reported by different 

groups are largely different from each other. For example, in case of Pt the value varies sig-

nificantly[4,6-7,9,11,14-15]. The anomaly might have some fundamental origin underlying in 

the spin transport between the layers which is often overlooked by considering a fully trans-

parent interface. Hence, it is important to investigate the role of interface in spin injection 

process to resolve the ambiguity related to the amplitude of spin current.  

Recent report by W. Zang et al.[9] shows that spin torque induced ferromagnetic resonance is 

sensitive to the interface. When a thin buffer layer is inserted between ferromagnetic and 

nonmagnetic layer, the value of spin Hall angle changes. It varies as a function of buffer layer 

thickness and the nature of variation depends on the buffer material.  

In our study the interface of Ni81Fe19/Pt bi-layer stack is modified by low dose Ga
+
 ion irra-

diation using focussed ion beam. The irradiation causes intermixing of atoms near the inter-

face leading to the formation of a compositionally graded alloy and broadening of the inter-

face[16-17]. Magnetization dynamics is studied by an all-optical time resolved magneto-

optical Kerr effect microscope. The rate of modulation of damping is used as a measure of 

spin injection efficiency. Here, damping is investigated as a function of the applied charge 

current for various irradiation dose. Finally, we discuss a unique technique for local spin in-

jection with controlled amplitude ratio which can modulate local magnetization dynamics, 

spin waves and have useful applications in spintronic devices. 

9.2. Sample Preparation 

To study the effect of interface first we require a bi-layer sample with high quality interface. 

For that thin film bi-layer of Ni81Fe19(7 nm)/Pt(10 nm) is grown on a thermally oxidised non 

doped Si[100] substrate by dc/rf  magnetron sputtering using a ultrahigh vacuum deposition 

system (Mantis). The deposition conditions are carefully optimized to obtain good quality 
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interface for as deposited film. The deposition is performed at a base pressure of ~ 7×10
-8 

Torr and Ar pressure of 1.1×10
-3

 Torr. The Ar flow rate is maintained at 18 sccm and the 

deposition rates for Ni81Fe19 and Pt are 0.01 nm/s and 0.021 nm/s, respectively. The bi-layer 

is deposited in a rectangular shape between two electrodes using a shadow mask during depo-

sition. The electrode pads of Pt (3nm)/Au (30 nm) are deposited for applying dc charge cur-

rent along the length of the sample. The purpose of the Pt under layer in the electrode is a 

good adhesion of Au with the substrate. The sample is locally irradiated in 15 µm × 15 µm 

square areas having edge to edge separation of 20 µm between the square patterns. The irra-

diation dose (d) varies from 0-5 pC/µm
2
. Figure 9.1 shows the schematic diagram of the sam-

ple and figure 9.2 shows the microscopic image of irradiation spot. It is interesting to note 

that the contrasts are different for different irradiation dose (see figure 9.2). In our sample a 

highly irradiated rectangular spot is used as a marker for its good contrast. 

 Earlier in chapters 5 and 8 we have discussed the reason for preferring Ni81Fe19 and Pt as two 

materials forming a bi-layer in our spin transport studies. The first one is a soft ferromagnetic 

material with its negligible anisotropies. Hence we can avoid unnecessary complication relat-

ed to anisotropy while studying the magnetization dynamics of the system. The second one is 

a popular nonmagnetic heavy metal known for its strong spin Hall effect, proximity induced 

magnetic moment and spin pumping effect [10]. Usually, the as-deposited Ni81Fe19/Pt inter-

face is shown to have a typical width of less than 1 nm, resulting from a combination of topo-

logical roughness and chemical intermixing as observed earlier by x-ray reflectivity[10,16]. It 

has been observed in a previous detailed structural study of Ni81Fe19/Au that with higher ion 

dose the interface rapidly becomes broader due to intermixing of atoms, the individual layers 

becomes thinner and the layer develops into a compositionally-graded alloy due to the inter-

mixing of atoms of the heavy metal layer into the ferromagnetic layer[10,16-17]. In our case 

Pt also acts as a protective capping layer for the sample. 

 

Electrode Electrode

Sample (Ni81Fe19/Pt)

Ion irradiation
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Figure 9.1. Schematic diagram of the ion irradiated Ni81Fe19/Pt bi-layer sample. 

 

Figure 9.2 Microscopic image of ion irradiated spots on the sample. 

9.3. Experimental Technique 

The experiment is performed using an all-optical time-resolved Kerr microscopy which is 

based on local excitation and detection technique. A 400 nm laser beam with 40 mJ/cm
2
 of 

fluence and ~100 fs pulse-width is used to excite the magnetization dynamics in the sample 

while a 800 nm laser with 2.5 mJ/cm
2
 of fluence and ~80 fs pulse-width probe the dynamics 

at different time delays with respect to the excitation. Both the beams are focussed onto the 

sample through a microscope objective with spot sizes of of ~1 µm for the pump and ~800 

nm for the probe beam. The details of the experimental setup are discussed in chapter 2. A dc 

charge current (I) is applied along the length of the sample using a variable dc current source. 

To connect the dc current source with the sample we used thin stainless steel wires, one end 

of which is connected to the sample electrode by silver paste and the other end is soldered on 

a small copper strip fixed with the sample holder. The copper strip is directly connected to 

the source meter. In such arrangement strain does not develop in the wires which are loosely 

connected to the electrodes keeping the electrical connection steady during the movement of 

the sample holder (see figure 9.3). An in-plane bias magnetic field H is applied perpendicular 

to the long axis of the sample. Due to negligibly small magnetocrystalline anisotropy of 

Ni81Fe19 thin film, the magnetization M is uniformly aligned along the direction of the bias 

magnetic field. Now the time-resolved magnetization data is taken by focussing the pump and 

probe spots on a particular dose region and the experiment is performed at different applied 

dc charge current ranging from -0.24 A to +0.24 A. The charge current magnitude is limited 

Irradiated region

Irradiation marker
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by the Joule heating of the sample, which may cause a number of spurious effects ranging 

from a movement and consequent defocusing of the pump and probe spots on the sample to 

an unwanted variation in frequency and damping. Subsequently, the laser spot is moved to 

different dose regions by moving the sample holder using a piezoelectric scanning stage to 

perform the similar current dependent magnetization dynamics measurement. A photograph 

of the experimental arrangement is shown in figure 9.4. All the experiments are performed at 

room temperature.  

 

Figure 9.3. Photographic image of the sample with electrical connection arranged on a sam-

ple holder. 
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Figure 9.4. Photograph of the excitation and detection part of the TR-MOKE setup illustrat-

ing the experimental arrangement for this experiment.  

9.4. Results 

First we measure the time-resolved magnetization dynamics from unirradiated sample as a 

reference. As usual the time-resolved Kerr rotation data shows a negative delay, zero delay 

followed by ultrafast demagnetization, two step relaxation and a precession of magnetization 

superposed on the slower relaxation part of the dynamics. Figure 9.5(a)-(e) shows back-

ground subtracted time-resolved Kerr rotation data for different applied current measured at a 

bias magnetic field of ~1.4 kOe. We have observed single mode oscillations for all applied 

currents. The black circles denote the experimental data points which are fitted by damped 

sinusoid as shown by solid red curves. Damping values have been extracted as a fitting pa-

rameter. In our study we can consider figure 9.5(c) as the simplest case where we measured 

magnetization dynamics of a thin film bi-layer without applied current and irradiation. That 

means we neither have any effect from spin current nor have a modified interface affecting 

DC source meter
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Monitor

Microscope 
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spin transport processes. In such case the damping value is obtained as 0.02. The value in-

creases with the application of positive current and decreases for negative current.  

 

Figure 9.5. (a-e) Time-resolved Kerr rotation data for unirradiated Ni81Fe19/Pt bi-layer at dif-

ferent applied current. The black circles denote experimental data points and the red lines are 

the fitted data. 

 

The extracted damping constant is plotted as a function of current in figure 9.6, which shows 

a clear linear variation. Form the slope of the variation in figure 9.6 we have obtained an 

overall 35% modulation as the current changes from -0.12 A to +0.12 A, with a rate of 0.03 

A
-1

.  
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Figure 9.6. Damping is plotted as a function of applied current for un-irradiated Ni81Fe19/Pt 

bi-layer sample. 

 

We next focus on the irradiated samples. The time-resolved Kerr rotation data for the sample 

with dose d = 0.08 pC/µm
2
 at different values of applied current are shown in figure 9.7 (a)-

(e) and the extracted damping values are plotted as a function of current in figure 9.8. A simi-

lar variation of damping with applied current is observed as obtained in case of un-irradiated 

part of the sample. However, the rate of modulation is reduced by a factor of two as opposed 

to the unirradiated sample. In this case a maximum modulation of about 32% is observed as 

the applied current is varied from -0.24 A to +0.24 A. The modulation rate obtained by fitting 

the data points of figure 9.8 with a straight line is 0.016 A
-1

. 
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Figure 9.7 (a-e) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer at an irradiation 

dose d = 0.8 pC/µm
2
 for different applied current. The black circles denote experimental data 

points and the red lines are the fitted data. 

 

Figure 9.8. Damping is plotted as a function of applied current for the sample with irradia-

tion dose d = 0.8 pC/µm
2
. 

 

 However, as the irradiation dose increases to a higher value of d = 2 pC/µm
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found to be almost invariant with current. Figures 9.9(a)-(e) show time-resolved Kerr rotation 

data for various values of applied current and figure 9.9(f) shows the variation of damping 

with current for d = 2 pC/µm
2
. No detectable variation between the damping values are ob-

served beyond the error bars in figure 9.9(f). 

 

 

Figure 9.9. (a-e) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for an irradiation 

dose of d = 2 pC/µm
2
 for different applied current. The black circles denote experimental 

data points and the red lines are the fitted data. (f) Variation of damping as a function of ap-

plied current corresponding to figure 9.9 (a-e). 

 

0.0 0.5 1.0 1.5 2.0
-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 

K
e
rr

 r
o

ta
ti

o
n

 (
m

V
)

Time(ns) 0.0 0.5 1.0 1.5 2.0
-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 

K
e

rr
 r

o
ta

ti
o

n
 (

m
V

)

Time(ns)

0.0 0.5 1.0 1.5 2.0

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 

K
e

rr
 r

o
ta

ti
o

n
 (

m
V

)

Time(ns)

0.0 0.5 1.0 1.5 2.0

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 

K
e

rr
 r

o
ta

ti
o

n
 (

m
V

)

Time(ns)

0.0 0.5 1.0 1.5 2.0
-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

 

 

K
e

rr
 r

o
ta

ti
o

n
 (

m
V

)

Time(ns)

I = -0.12A

α =0.026
I = -0.08 A

α =0.024

I = -0 A

α =0.025

I = +0.08 A

α =0.026
I = +0.24A

α =0.026

d=2.0 pC/µm2

(a) (b) (c)

(e) (d)

-0.16 -0.08 0.00 0.08 0.16
0.010

0.015

0.020

0.025

0.030

0.035

0.040
d=2 pC/µm2

 

αα αα

I (A)

(f)



Chapter 9 

 

168 

 

We further repeated the experiment for even higher irradiation doses. Figure 9.10 and 9.11 

shows time-resolved Kerr rotation data and corresponding modulation of damping with cur-

rent measured at irradiation dose of d = 3.6 pC/µm
2
 and 5 pC/µm

2
, respectively. Here, we 

observe a significant change in the nature of variation of damping with applied current. Fig-

ures 9.10(g) and 9.11(g) show damping increases for both positive and negative applied cur-

rents which mean the variation is independent of the polarity of the charge current as opposed 

to the case of spin torque induced modulation of damping. In addition, this non-linear varia-

tion is larger for d = 5 pC/µm
2
 than that for d = 3.6 pC/µm

2
. In figure 9.11 (e) it is observed 

that the variation of damping with applied current is not linear but nearly parabolic associated 

with a small asymmetric component with respect to zero current. 
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Figure 9.10. (a-f) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for irradiation dose 

d = 3.6 pC/µm
2
 for different applied current. The black circles denote experimental data 

points and the red lines are the fitted data. (g) Variation of damping as a function of applied 

current corresponding to figure 9.10 (a-f). 

 

 

Figure 9.11. (a-f) Time-resolved Kerr rotation data of Ni81Fe19/Pt bi-layer for irradiation dose 

d = 5 pC/µm
2
 for different applied current. The black circles denote experimental data points 

and the red lines are the fitted data. (g) Variation of damping as a function of applied current 

corresponding to figure 9.11 (a-f). 
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9.5. Discussion 

From our earlier work and recent literature[14,19] we understand that in case of un-irradiated 

Ni81Fe19/Pt bi-layer sample the modulation of damping in the NiFe layer is originated from 

transfer of angular momentum due to spin current injection from the Pt layer as a result of 

spin Hall effect. This exerts a spin transfer torque (STT) on the precessing magnetization in 

the NiFe layer. In that case the magnetization dynamics can be described by incorporating a 

STT term into the Landau–Lifshitz–Gilbert equation as discussed earlier in chapter 2 section 

2.19 (equation 2.76). The STT acts collinearly with the damping torque. Depending on the 

polarity of spin current it can be either parallel or anti-parallel to the damping torque. In the 

former situation it enhances the damping while in the latter it compensates and reduce the 

damping. Hence, the asymmetric nature of variation of damping for positive and negative ap-

plied current as observed in figure 9.6 suggests that the STT due to injected spin current in 

the NiFe layer dominates the variation of damping at d = 0 pC/µm
2
. However, we have ob-

served that this modulation of damping is very much dependent on ion irradiation dose. With 

the increase in irradiation dose the rate of STT induced modulation of damping decreases. 

The modulation rate is highest (0.03 A
-1

) in the un-irradiated sample, reduces drastically to 

0.016 A
-1

 for d = 0.8 pC/µm
2
 and further reduces to about zero for d = 2 pC/µm

2
 (i.e., there is 

no significant variation of damping with current). Low dose ion irradiation causes intermix-

ing of atoms localized in the interface region. This essentially reduces the spin injection effi-

ciency from Pt to the Ni81Fe19 layer and thereby the spin torque induced rate of modulation of 

damping. When the irradiation dose increases further a different type of modulation starts to 

occur where damping increases for both positive and negative current (figure 9.10 (g)and 

9.11 (g)). This modulation increases with dose and the variation is nonlinear with current. 

The nonlinear behavior is more prominently observed for d = 5 pC/µm
2
 as compared to d = 

3.6 pC/µm
2
 due to its larger variation of damping. This type of modulation can be originated 

from the Joule heating[20]. Ion irradiation with higher dose introduces defects and disorders 

in the sample resulting in an increase of resistance and consequent Joule heating while apply-

ing current. When the temperature of the sample increases thermal fluctuation of magnetiza-

tion is enhanced resulting in an increase of damping in the system. The variation is nonlinear 

and does not depend on the polarity of current because Joule heating is proportional to the 

square of the applied current. In figure 9.11(g) we can see the variation of damping with cur-

rent for the highest dose is not fully symmetric with respect to zero current but has a small 
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asymmetric component associated with it. A clear quantitative understanding about the 

source of this small asymmetry requires a detailed structural characterization which is out of 

the scope of this thesis. However, it can be qualitatively explained by STT induced modula-

tion of damping. Now the immediate question comes is why the STT induced modulation of 

damping reappears in this case (d = 5 pC/µm
2
) after disappearing at d = 2 pC/µm

2
? The an-

swer may lie in the structural deformation developed in the sample by a high dose irradiation. 

Earlier in chapter 7 equation 7.5 we have seen that the STT induced modulation of damping 

is inversely proportional to the ferromagnetic layer thickness. At higher dose values, the in-

termixed region at the interface gets broadened resulting in a significant reduction of the pure 

ferromagnetic layer thickness and this may result in an enhanced rate of modulation for d = 5 

pC/µm
2
. Moreover, as the resistivity of Ni81Fe19 and Pt are comparable the current density is 

more or less uniform along the thickness. Irradiation with higher dose (e.g., d = 5 pC/µm
2
) 

may significantly increase sputtering of atoms from the top surface. It may cause an effective 

reduction of the sample thickness in the irradiated region and a consequent increase of local 

current density for a constant applied current resulting in a detectable amount of STT induced 

asymmetric modulation of damping for d = 5 pC/µm
2
. 

9.6. Summary and Future Prospective 

In summary, in this chapter we deal with two different effects at the interface of a 

ferromagnet/heavy metal bi-layer. The first one is the spin current injection from the heavy 

metal layer to the ferromagnetic layer due to spin Hall effect and the second one is interface 

intermixing due to ion irradiation. A dc charge current produces a transverse spin current in 

Pt which gets injected into the adjacent Ni81Fe19 layer and influences its magnetization dy-

namics by exerting STT. It causes a linear modulation of damping which can be positive or 

negative depending on the polarity of the charge current. On the other hand, ion irradiation 

causes intermixing of atoms around interface and the intermixed region gets broadened with 

irradiation dose by the formation of a compositionally graded alloy between the layers. It 

may also cause sputtering of atoms from the top surface at a very high dose. The influence of 

these two effects on the magnetization dynamics reveals interesting results. For un-irradiated 

sample the rate of STT induced modulation is the highest which decreases with increased ir-

radiation dose and then disappears due to the reduced spin transparency of the interface. Fur-

ther increase in irradiation dose increases the disordered region thickness around the interface 
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resulting in Joule heating induced nonlinear and symmetric modulation of damping. At very 

high dose the symmetric variation may contain a small asymmetric part for which responsible 

factors are significant reduction of pure Ni81Fe19 layer thickness due to intermixing and in-

creased current density due to the reduction of sample thickness by sputtering.  

The study suggests a unique technique for amplitude controlled local spin injection. If we 

pattern a ferromagnet/heavy metal bi-layer thin film with different irradiation dose the ampli-

tude of the transverse spin current will depend on the local irradiation. This will enable spin 

current excitation and STT induced magnetization reversal and modulation of magnetization 

precession in selected regions of an adjacent ferromagnet with a determined amplitude ratio. 

For example, local damping of un-irradiated part of the sample can be selectively made larger 

or smaller with respect to the irradiated part just by changing the polarity of the bias dc. The 

knowledge can be applied to guide spin waves or domain walls along preferred directions de-

pending on the polarity of current and irradiation. The research shows a new direction to-

wards the construction of on-chip spintronic, logic and data transfer devices. 
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Chapter 10 

Evolution of Damping in Ferromagnetic/ 

Nonmagnetic Thin Film Bi-layers As a 

Function of Nonmagnetic Layer Thickness 

The evolution of damping in Co/Pt, Co/Au, and Ni81Fe19/Pt bi-layers was studied with 

increasing nonmagnetic(NM) heavy-metal layer thicknesses in the range 0.2 nm ≤ tNM ≤10 

nm, where tNM is the NM layer thickness. Magnetization precession was measured in the time 

domain using time-resolved magneto-optical Kerr effect magnetometry. Fitting of the data 

with a damped sinusoidal function was undertaken in order to extract the phenomenological 

Gilbert damping coefficient α. For Pt-capped Co and Ni81Fe19 layers a large and complex 

dependence of α on the Pt layer thickness was observed, while for Au capping no significant 

dependence was observed. It is suggested that this difference is related to the different 

localized spin-orbit interaction related to intermixing and to d-d hybridization of Pt and Au 

at the interface with Co or Ni81Fe19. Also, it was shown that damping is affected by the 

crystal structure differences in FM thin films and at the interface, which can modify the spin-

diffusion length and the effective spin-mixing conductance. In addition to the intrinsic 

damping an extrinsic contribution plays an important role in the enhancement of damping 

when the Pt capping layer is discontinuous. The dependence of damping on the nonmagnetic 

layer thickness is complex but shows qualitative agreement with recent theoretical 

predictions. 

10.1. Introduction 

Precessional magnetization dynamics are fundamental to magnetic field and current-driven 

magnetization processes and underpin switching behaviour in applications such as magnetic 

data storage, where data writing depends on the magnetic damping. Precessional damping 

plays an important role in a number of emerging technologies, including magnonics and spin 
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transfer torque magnetoresistive random access memory (STT-MRAM) devices. 

Understanding and controlling damping in thin film systems therefore continues to drive 

research in this field. It has been demonstrated that damping can be enhanced in both bulk 

ferromagnetic (FM)[1-4] and multilayered systems[5-8] and many studies have addressed the 

fundamental origin of damping both experimentally and theoretically[1,3,9-15]. Both Co and 

Ni81Fe19 have attracted a lot of attention due to their common application in magnetic 

devices. More recently, the influence of heavy-metal (NM) over layers on the damping in 

adjacent ferromagnetic (FM) layers has attracted a lot of research interest. In such bi-layer 

systems there are several mechanisms that may lead to the enhancement of damping. Spin-

orbit coupling (SOC) and interfacial d-d hybridization enhance the intrinsic damping, while 

extrinsic enhancement of the damping can arise from two-magnon scattering processes, 

linked to roughness and defects at the interface region[1,3,11-21]. The total precessional 

damping is a sum of the intrinsic and extrinsic contributions. 

In the case of bi-layer and multilayer thin films, the strong SOC of the heavy metal layer 

leads to enhanced damping because of enhanced coupling of the electron spin with the lattice 

at the interface. This will facilitate the propagation and dissipation of transverse spin current 

generated by precession in the ferromagnetic layer. NM layers can therefore act as an 

absorber or sink for spin current pumped across the interface[3,14]. The spin-current pumped 

into the adjacent NM layer may either dissipate in the NM layer or diffuse back into the FM 

layer. This depends on the spin diffusion length ( sdλ ) and the effective spin-mixing 

conductance ( eff
g

↑↓
) across the interface[8]. The d-d electron hybridization of the FM/NM 

layer occurs at the interface and is therefore influenced by topological roughness and 

intermixing. These factors may also increase the local density of states at the Fermi energy or 

decrease the bandwidth in the interface region[3,11,13,17,21]. The specific electronic 

behavior depends on the materials involved and the damping has been studied in variety of 

systems, including Au, MgO, Cu, and Ta (NM) overlayers on FM layers of Co, CoFeB, and 

Ni81Fe19[3,8,16,22]. 

Moving on to extrinsic damping contributions, two-magnon scattering refers to the scattering 

of uniform magnetization precession into pairs of magnons with nonzero wave 

vectors[3,16,22]. This can occur when the symmetry of the system is disturbed by structural 

defects like film roughness and intermixing[1,3,21] and will enhance the effective damping 
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of the magnetization precession. Increased intermixing will also enhance the effective spin-

mixing conductance[8,21-22], and modifying the interface will affect all of the mechanisms 

mentioned above[4,23] . It is therefore of great interest to study the evolution of precessional 

magnetic damping in FM/NM bi-layers as the interface develops as a function of the NM 

thickness. 

A recent theoretical study of FM/NM bi-layers by Barati et al.[3] reported the dependence of 

damping with increasing thickness of the NM layer, assuming an ideal flat interface. This 

predicted that for NM layers the damping depends on the specific material and the layer 

thickness. In particular, for the case of Co/Pt bi-layers the magnetic damping was found to 

increase by more than two times with the addition of a few monolayers of Pt. This theoretical 

analysis motivates the experimental study of precessional damping as a function of NM 

capping layer thickness in this work. The experimental study requires well-controlled thin 

film deposition and also structural analysis in order to establish precise layer thicknesses, 

interface width, and FM crystal structure. 

10.2. Formalism for Analysis of Damping 

The measured effective magnetic damping 
eff

α  can be written as the sum of the bulk, 

intrinsic and extrinsic contributions, 

 exteff ααα +=
int

0  
(10.1), 

Where int

0α  and extα  are the total intrinsic and extrinsic damping coefficients of the system, 

respectively. Furthermore, int

0α  can be expressed such that 

 ext

FM

s

s

eff
tM

G
α

α

γ
α ++=

0

 

(10.2), 

where G0 is the bulk Gilbert damping parameter, γ  is the gyromagnetic ratio, SM  is the 

saturation magnetization, FMt  is the ferromagnetic layer thickness, and Sα  is the interface 

contribution to the effective damping[3,12,24].  
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The thickness dependence of the damping enhancement may be explained by a mixture of 

spin-pumping, d-d hybridization, and two-magnon scattering effects. In this study 
effα  was 

measured as a function of the NM layer thickness. 

10.3. Experimental Details 

The common and widely utilized ferromagnetic materials Co and Ni81Fe19 were studied with 

NM capping layers of Pt and Au. Bi-layer thin films were deposited by UHV magnetron 

sputtering from a base pressure ∼1×10
−8

 torr on to thermally oxidized silicon substrate with 

a 100 nm SiO2 layer. The complete structure was Si/SiO2/FM/NM and the FM layer was 

deposited directly on the SiO2. The selected Co layer thicknesses were either 4 or 10 nm and 

for the Ni81Fe19  films the thickness was 7 nm. The thicknesses were chosen to maximize the 

interaction between the films and the incident optical probe. The thinnest capping layers may 

permit partial oxidation of the FM surface, but adding a further capping layer would make the 

physical system more complex, which could confuse the results. The study aimed to examine 

the sub nanometer thickness effect of specific NM materials on the damping. Capping layer 

thicknesses were varied from 0.2 to 10 nm. Dynamic magnetization behaviour was studied ex 

situ using time-resolved magneto-optical Kerr effect (TR-MOKE) magnetometry using an 

all-optical pump-probe technique. More details about the TR-MOKE system can be found 

elsewhere[25-27]. Structural analysis was carried out using a Bede-D1 diffractometer with a 

CuKα source for grazing incidence x-ray reflectivity (XRR) to study layer thicknesses and 

interfacial structure and for x-ray diffraction (XRD) to analyze crystal structure; more 

information can be found elsewhere[28-29]. True specular XRR data were obtained by 

subtraction of the measured forward diffuse scatter and was modeled with simulations 

generated using the GenX code, which uses a differential evolution algorithm with the Parrat 

recursive mechanism to simulate the XRR data[30]. XRD results were analyzed to determine 

the out-of-plane lattice parameter. 
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Figure 10.1. (a) Examples of x-ray reflectivity data and the best-fitting simulations for Co 

(10 nm)/Pt (tPt). (b) Background subtracted time-resolved magneto-optic Kerr rotation data 

for Co/Pt with two different Pt layer thicknesses and the best-fitting damped sinusoids. 

10.4. Results 

Figure 10.1(a) shows examples of the XRR data obtained from selected samples and the 

corresponding best-fitting simulations. From the numerical analysis structural parameters 

were derived, including the layer thicknesses and interface roughness. Table 10.1 shows the 

thickness and roughness of selected FM/NM bi-layers. These data were selected because they 

indicate the width of the FM/NM interfacial region when the NM metal forms a complete 

layer over the FM layer. The interface width includes topological roughness and intermixing. 

The interface width is important as it provides an indication of the thickness at which the NM 

capping layer changes from island-like coverage to continuous coverage of the FM layer. The 

structural analysis shows that both Pt and Au form a continuous layer on Co at a thickness 

greater than ∼0.7 nm, while for Ni81Fe19 the NM capping layer becomes continuous at a 

thicknesses above ∼0.9 nm. This difference in roughness between the two FM materials may 

stem from the crystal structure, which XRD shows is fcc for the Ni81Fe19 and hcp for the 

Co[3,15,22]. The Au and the Pt are both fcc. For Au and Pt capping of Co, the interfacial 
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roughness is very similar; however, details of the local atomic arrangement are likely to 

differ, Co and Pt are miscible while Co and Au are immiscible[31]. The growth of Au or Pt 

capping layers onto a FM thin film layer begins with the formation of localized islands of the 

NM material; these expand and develop into a continuous capping layer as the NM thickness 

increases. 

 

Table 10.1. Structural properties for selected Co/Au, Co/Pt, and NiFe/Pt bi-layers samples 

extracted from XRR measurements: FM layer thickness, tFM; NM layer thickness, tNM; and 

interface width at FM/NM interface. 

Sample structure tFM(nm) tNM(nm) Interface width(nm) 

Co(10nm)/Au(4nm) 9.44±0.05 3.5±0.04 0.61±0.11 

Co(10nm)/Pt(2nm) 9.56±0.09 2.8±0.05 0.66±0.07 

Ni81Fe19(7nm)/Pt(1nm) 7.24±0.11 0.94±0.08 0.92±0.05 

 

 

Figure 10.1(b) shows typical TR-MOKE data for selected samples following removal of the 

ultrafast demagnetization and subtraction of a background signal by fitting with a bi-

exponential function. The background signal represents the initial recovery of magnetization 

following an optically induced demagnetization and is characterized by two relaxation times 

of the order of 1 and 20 ps. The shorter time scale is related to electronic thermal bath 

dissipation to the lattice. The longer time scale is associated with dissipation of energy 

between the lattice and surroundings, which decreases with the addition of the capping layer. 

Returning to the figure, the TR-MOKE data illustrates the magnetic precession, which show 

that FM-NM bi-layers with certain NM capping thickness are damped faster. The figure also 

shows the best-fitting curves, which indicate a single-mode damped precession behaviour 

representing the Landau-Lifshitz-Gilbert relation from which the damping coefficient was 

obtained. 



Chapter 10 

 

 

180 

 

Figures 10.2(a) and 10.2(c) show the variation of 
effα  with Pt and Au layer thickness. It 

shows that 
effα  increases significantly for both Co/Pt and Ni81Fe19/Pt layers as the Pt capping 

layer thickness increases and peaks around 0.7–0.8 nm for Co/Pt and 0.6 nm for Ni81Fe19/Pt. 

However, in the case of Co/Au, 
effα  is nearly constant across the entire Au thickness range. 

Also, it should be noted that the bulk damping coefficient for hcp Co is 0.011; however, here 

the uncapped or the partially capped Co and Ni81Fe19 are likely to be partially oxidized and 

this may enhance αeff from the bulk value. The interfacial width shown in Table 10.1 for 

Ni81Fe19/Pt may explain the increase in αeff up to a capping layer thickness of 0.6 nm, but the 

available damping data is limited to thicknesses up to 1 nm. 

The thickness dependence of the capping layer on 
effα  for Co/Pt and Ni81Fe19/Pt may be 

divided into three different regions. With initial increasing Pt thickness the damping first 

increases rapidly (region I) and then peaks (region II) before falling back to a lower constant 

level (region III). These different regions are discussed in more detail later. Figure 10.2(b) 

shows the precessional frequency, f, and the saturation magnetization, MS, as a function of 

NM layer thickness for the Co/Pt bi-layer. A noticeable similarity of the Pt thickness 

dependence between MS and f is observed. In particular, both MS and f increase rapidly with Pt 

thickness between 0.6 and 0.8 nm.  
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Figure 10.2. [(a) and (c)] effα  as a function of NMt  for Co/Pt and Ni81Fe19/Pt, respectively. 

(b) Frequency and saturation magnetization as a function of NMt  and ∼1.4 kOe of magnetic 

field strength; it shows a similar trend in their variations. The shaded bar indicates the Pt 

thickness where the Pt became continuous. 

 

In order to understand the damping mechanisms further a series of TR-MOKE measurements 

were undertaken at different bias fields in order to look for a dependence on the precessional 

frequency, which can inform on the nature of the damping. Figure 10.3 shows examples of 

plots of 
effα  as a function of f for a discontinuous (0.6 nm) and continuous (2 nm) Pt capping 

layer on Co. In the case of the discontinuous Pt layer the damping falls linearly with the 

increase in precessional frequency, while the damping remains almost constant with 

frequency for the continuous Pt-capped Co bi-layer. For a continuous Pt capping layer on 

Ni81Fe19 the damping is also constant as a function of precessional frequency. 
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Figure 10.3. Damping coefficient effα  as a function of precessional frequency for 10 nm Co 

films capped with 0.6 nm and 2 nm Pt. The extrinsic damping decreases with the increasing 

Pt thickness until reaches to negligible extrinsic effect at NMt = 2 nm. 

10.5. Discussion 

The complex dependence of effα  with NM layer thickness described in Figures 10.2(a) and 

10.2(c) with three characteristic regions can be understood by considering several intrinsic 

and extrinsic effects occurring at the interface of the FM and NM layers. It is known that d-d 

hybridization, spin-pumping, and two-magnon scattering are the effective factors for damping 

enhancement in FM/NM thin films[3-4,11,13,17,21,23]. The experimental results are in 

agreement with a recent theoretical study[3] where damping increases with increasing Pt 

capping layer thickness up to a broad peak followed by a decrease to constant value with 

further increases in thickness. In the experimental work the Co structure is hcp, but fcc in the 

theoretical; however, a key point is that Pt and Au have fcc structure, which allows direct 

comparison[32]. 

The possible intrinsic contributions to the enhancement of the damping in region I can be 

attributed to d-d hybridization and spin-pumping in the case of the Pt capping layer. 

Hybridization causes changes in the electronic structure in the interface, whereas spin-

pumping allows absorption of angular momentum from the precessing magnetization, giving 

rise to an enhancement of damping. Both effects are intrinsic in nature. 

However, the effect of spin pumping should be very limited over the studied thickness range 

of Pt, as it is comparable or below the spin-diffusion length, sdλ [12,33-35]. Hence, d-d 
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hybridization mainly contributes to the intrinsic enhancement of the damping. The 

availability of 5d electrons in the NM layer and the opportunity for hybridization with the 3d 

electrons in the FM at the interface is a key mechanism which enhances the damping. This 

agrees with previous studies of FM-NM interfaces including the recent theoretical work of 

Barati et al.[1-3,11-21]. Extrinsic contributions to the damping can be attributed to two-

magnon scattering, which is related to local variations linked to topological roughness, 

defects, and impurities at the interface. For discontinuous Pt it is suggested that variations in 

local electronic properties of the Pt capped and uncapped regions leads to local variation of 

intrinsic damping, which gives rise to extrinsic damping via two-magnon scattering. The 

precessional frequency dependence of the damping data (see figure 10.3) shows a linear 

increase in damping with the decreasing frequency for the discontinuous Pt layer, which 

clearly indicates that extrinsic effects are present in the system when the capping layer is 

discontinuous. 

Following the initial rapid increase in region I, the damping reaches a broad peak in region II. 

From the structural analysis it is observed that the second region falls into the thickness range 

where a continuous Pt capping layer is just forming. Beyond this thickness a complete Pt 

layer is established. 

In region III damping falls from its maximum and slowly stabilizes to an intermediate value 

with increasing Pt thickness. The independence of the damping on applied field indicates the 

mechanism here is predominantly intrinsic when the Pt is continuous. The decrease in the 

damping from the peak primarily represents a reduction in the extrinsic contribution that 

largely vanishes for higher thicknesses of Pt. Further details of this mechanism in terms of the 

local arrangement of atoms at the interface are discussed later. It is interesting to observe that 

the final value of  
effα .is larger than the uncapped (tNM = 0) value for both Co and Ni81Fe19. 

The reason for this is that although at higher thicknesses of Pt the extrinsic contribution is 

negligible, intrinsic effects from the interface are the dominant contribution to the damping. 

Theoretical analysis[3] shows some reduction in the intrinsic damping from the peak, along 

with periodic oscillations due to the formation of quantum well states. Oscillations are not 

observed in the experiment as the tNM range is too small, but also any oscillations would be 

lost due to interfacial roughness. 
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Regarding the mechanism for extrinsic damping, it is suggested that two-magnon scattering is 

a result of local variation of d-d hybridization of the Co and Pt when the capping layer is 

discontinuous, leading to localized variations of the intrinsic damping. The miscibility of the 

NM material changes the local structure. In the case of Pt this can produce Co-Pt clusters or 

islands at the surface[22],  while for Au this leads to the formation of Au islands on Co in the 

low-thickness regime[31]. For thin Pt, where the capping layer is incomplete, the formation 

of clusters or islands at the surface acts to break the translational symmetry leading to regions 

with higher and lower intrinsic damping due to the distribution of Co-Pt. This is also 

supported by a study which showed that SOC for Pt is stronger when it is 2D rather than 3D, 

which increases the local damping of the Co-Pt islands[36] This inhomogeneous magnetic 

surface can, therefore, give rise to an extrinsic contribution to the enhancement of the 

damping. When the Pt capping layer completely covers the Co the interface region is more 

uniform and the extrinsic contribution vanishes[2-3,12,18]. 

It is worth noting that the experimental data [Figure 10.2(b)] for the precessional frequency 

and the saturation magnetization, MS, of the Co/Pt system shows an increase in the net 

magnetic moment as the Pt capping increases. This may be attributed to a proximity induced 

magnetization (PIM) in Pt[12]. The role of PIM in damping remains a matter of debate[19]. 

Also, it can be seen that MS for the uncapped Co is lower than expected for bulk Co, which 

may be related to oxidation of the uncapped Co surface. This is supported by the significant 

increase in MS when tPt reaches 0.6 nm where the Pt cap would restrict the oxidation of the Co 

surface. However, PIM cannot explain the large additional MS when tPt reaches to 2 nm except 

the case when Co/Pt thin film have hcp crystal structure, which agrees with XRD in of this 

study and also with the recent published research[15]. 

Comparing the Pt and the Au layers, greater miscibility of Pt is an additional factor affecting 

the damping and is supported by the XRR structural analysis[31]. As a result, two-magnon 

scattering is also lower in case of Co/Au. Furthermore, Au has a lower density of electrons in 

d band states at the Fermi level compared to Pt[37], which therefore contributes very weakly 

to the intrinsic damping. For Ni81Fe19/Pt, the capping layer thickness dependence of the 

damping shows similar behaviour to Co/Pt. However, it can be seen from figures 10.2(a) and 

10.2(c) that effα  for Ni81Fe19/Pt is higher at lower Pt thickness. This may be related to a 

slightly larger topological roughness and different FM crystal structure, as shown by the 

structural analysis. The larger enhancement of the damping for the Ni81Fe19, as compared to 



 

 

 

Co, may be explained by a higher spin

than hcp FM interfacial structure[15,

showing hcp Co and fcc Ni81

Bringing together the structural analysis and the discussion of the damping mechanisms the 

interpretation of the NM capping layer thickness dependence of the ferromag

summarized in figure 10.4, where the structural changes associated with the thickness 

dependence of the damping are illustrat

Figure 10.4 also shows a comparison between the experimental damping data and the 

theoretical analysis of Co/Pt and Co

increasing damping to a peak followed by a small reduction and then leveling out of the 

damping with increasing film thickness are broadly similar between the theory and 

experiment results. Figure 10.4(b) shows some reduction in the intrinsi

peak. In figure 10.4(a) oscillations are not observed as the 

there is good agreement between the Barati 
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Co, may be explained by a higher spin-mixing conductance across the interface for fcc rather 

than hcp FM interfacial structure[15,38]. This is supported by the experimental XRD re

81Fe19 in the FM/NM bi-layers. 

Bringing together the structural analysis and the discussion of the damping mechanisms the 

interpretation of the NM capping layer thickness dependence of the ferromag

10.4, where the structural changes associated with the thickness 

dependence of the damping are illustrated for regions, I, II, and III. 

Figure 10.4 also shows a comparison between the experimental damping data and the 

Pt and Co/Au by Barati et al.[3]. The general trends of rapidly 

increasing damping to a peak followed by a small reduction and then leveling out of the 

damping with increasing film thickness are broadly similar between the theory and 

gure 10.4(b) shows some reduction in the intrinsic damping from the 

10.4(a) oscillations are not observed as the NMt  range is too small, but overall 

there is good agreement between the Barati et al. study and this work. 
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Bringing together the structural analysis and the discussion of the damping mechanisms the 

interpretation of the NM capping layer thickness dependence of the ferromagnetic damping is 

10.4, where the structural changes associated with the thickness 

Figure 10.4 also shows a comparison between the experimental damping data and the 

The general trends of rapidly 

increasing damping to a peak followed by a small reduction and then leveling out of the 

damping with increasing film thickness are broadly similar between the theory and 

c damping from the 

range is too small, but overall 
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Figure 10.4. Schematic illustration of the growth of discontinuous to continuous NM capping 

layer. (a) Experimental damping data for Co/Pt and Co/Au as a function of NMt . The circular 

point is a literature value for pure cobalt. (b) Theoretical variation in damping data for Co/Pt 

and Co/Au adapted from reference 3. as a function of NMt . 

 

Finally, the spin-mixing conductance has been estimated for both Co/Pt and Ni81Fe19/Pt from 

the damping data obtained for samples with the thickest Pt layer, where the Pt has formed a 

complete capping layer and measurements indicate that the mechanism for the enhanced 

damping is intrinsic. The spin-mixing conductance is related to the change in damping 

according to: 

 0
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FM eff

g
g
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µ
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π
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∆ = − =

 

(10.3), 

where g is the Land´e ‘g’ factor, Bµ

 

is the Bohr magneton, 
effM   is the effective saturation 

magnetization, and effg
↑↓

 is the effective spin-mixing conductance. Taking literature values for 

the damping in bulk hcp Co as 0.011[21] and fcc Ni81Fe19 as 0.010[30] and saturation 

magnetization as obtained experimentally, the effective spin-mixing conductance was 

estimated from the observed saturation enhancement to the damping. For Co/Pt a value of 38 

nm
−2

 was obtained for the spin-mixing conductance, which is comparable with the value 

recently observed experimentally[19]. In the case of Ni81Fe19/Pt a value of 125 nm
−2 

was 

obtained. This is notably higher than the value obtained for Co/Pt and it is suggested that this 

may be related to the different crystallographic structures at the interface with the Pt. This is 

supported by recent work on Co/Ir where the Co structure at the interface was either hcp or 

fcc[15]. 

10.6. Conclusion 

In conclusion, precessional magnetization damping has been studied in different FM/NM bi-

layer thin films with a gradually increasing capping layer thickness starting from the sub-

monolayer regime. For Pt capping of Co and Ni81Fe19 the Pt thickness-dependent damping 

shows an increase followed by a peak and a modest fall to constant value that is higher than 
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the bulk values for Co and Ni81Fe19. Structural analysis using x-ray reflectivity and x-ray 

diffraction were used to characterize the interface and the crystallographic structure and aid 

the interpretation. Both intrinsic and extrinsic mechanisms are invoked to explain the 

observed magnetic precessional damping behavior. Extrinsic effect occurs when the Pt 

capping layer is incomplete as it leads to variation in d-d hybridization leading to 

inhomogeneities in damping which can act to create two-magnon scattering. This extrinsic 

damping is lost when the Pt layer became continuous over the FM. Finally the effective spin-

mixing conductance was estimated for Ni81Fe19/Pt and Co/Pt. The analysis indicates that the 

effective spin-mixing conductance is higher in Ni81Fe19/Pt than Co/Pt and it is suggested that 

this may be linked to the crystal structure type and the interface properties. The results 

provide further insight into the mechanism of damping variation in FM/NM bi-layer when the 

interfacial region is gradually formed. 
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Chapter 11 

Summary and Future Prospective 

11.1. Summary 

In this thesis, we made a detailed investigation on controlled magnetization dynamics in fer-

romagnetic/nonmagnetic bi-layer systems using various techniques. The purpose of choosing 

such a bi-layer system is simple. We tried to control the dynamical magnetization properties 

which are useful for device applications. Hence, we must have a ferromagnetic layer in our 

system on which magnetization dynamics has to be investigated. On the other hand a non-

magnetic metal usually does not possess any magnetization, except small proximity induced 

magnetization, to contribute in the dynamical processes as a ferromagnet does. However, ear-

lier study reveals that a lot of spintronic physics is associated with nonmagnetic metals which 

can be used for the transfer of spin angular momentum under certain experimental conditions. 

Interestingly, the structure for the famous giant magnetoresistance effect also consists of al-

ternative ferromagnetic and nonmagnetic layers. In our study we take that advantage of the 

interlayer spin angular momentum transport between the nonmagnetic and ferromagnetic lay-

ers for tuning the magnetization dynamics of our bi-layer system. In addition to that we at-

tempted to locally control the precession frequency and damping behavior of a ferromagnet 

by focused ion irradiation. In doing so we used a nonmagnetic capping layer, which may con-

tribute to the variation of damping by a variety of ways ranging from interface roughness, 

hybridization, proximity induced magnetization and spin pumping effect. The local low dose 

ion irradiation has been used to control the interface properties in pursuit of obtaining a varia-

tion of the precession frequency and damping. 

The experiments are performed using time resolved magneto-optical Kerr effect (TR-MOKE) 

and spin-torque ferromagnetic resonance (ST-FMR) technique. The dc and rf magnetron 

sputtering, e-beam evaporation, optical lithography, reactive ion etching and focused ion 

beam are used for sample preparation. Scanning electron microscope, atomic force micro-
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scope, X-ray reflectivity, vibrating sample magnetometer, static magneto-optical Kerr effect 

and electrical meters are used for basic characterization of the samples. 

In this thesis, injection of spin current using spin Hall effect, intermixing of atoms by low 

dose ion irradiation, selection of suitable combination of materials and variation of individual 

layer thicknesses in nanometer and sub-nanometer length scale are used as key techniques for 

the modulation of damping and frequency of our system. In some cases spin pumping effect 

is found to have a significant role in the enhancement of damping, specifically when the 

nonmagnetic material is a heavy metal like Pt. It is also observed that interface plays a crucial 

role in this study. In a nutshell, the physical phenomena or factors like spin pumping, spin 

Hall effect, inverse spin Hall effect, spin diffusion, extrinsic two-magnon scattering, spin 

transparency of the interface, formation of alloy, strain, hybridization at the interface and 

translation symmetry breaking induced scattering have been discussed in this thesis for ex-

plaining our experimental observation. 

Chapter 1 gives the introduction. It is all about the history of magnetism and the evolution of 

spintronics, its present aspects and future possibilities which forms the background of this 

thesis. In chapter 2 relevant theories of spintronics and magnetism have been discussed. The 

third chapter is dedicated to the experimental techniques used in this thesis which includes 

sample preparation, characterization and detection techniques. 

In chapters 4 and 5 ferromagnetic/non-magnetic bi-layers with engineered interface have 

been studied. The interface is controllably modified by energetic gallium ions using focused 

ion beam. The magnetization dynamics is studied using TR-MOKE. Precessional frequency, 

damping and picoseconds magnetization relaxation processes have been investigated as a 

function of irradiation dose. The chapters reveal exciting information about interface engi-

neering which can be used for controlling magnetic systems. 

Chapter 6 describes investigation of damping obtained from the line-width of the ST-FMR 

spectra. Here the individual layer thickness of the bi-layer is varied systematically to study its 

effect on damping. Two different nonmagnetic metal (Pt and Ta) are used for studying the 

effect of spin pumping. CoFe and CoFeB are used as ferromagnet to investigate the role of 

boron in determining the spin transparency of the interface. 
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Chapters 7 and 8 are dedicated to study the spin current induced changes on magnetization 

and determination of Pt spin Hall angle which is debated over a long time. Chapter 7 de-

scribes an all-electrical global measurement while chapter 8 is devoted to all-optical TR-

MOKE microscopy which is a local measurement technique. In chapter 7 we also determine 

spin diffusion length of Pt. We also compare spin Hall angle obtained from modulation of 

damping and spectrum shape analysis. Finally, we conclude that modulation of damping as a 

more elegant method for the determination of spin Hall angle. Hence, in chapter 8 we follow 

the modulation of damping technique by using an all-optical technique, which is a better 

method for extraction of damping and hence we claim that the spin Hall angle of Pt deter-

mined by this technique is more reliable. 

Chapter 9 is interesting because the problem that defines the chapter is basically a superposi-

tion of chapter 5 and 8. Here, we see a combined effect of spin injection and interface modi-

fication in NiFe/Pt bi-layer. Here spin current is created by spin Hall effect and injected into 

the ferromagnet through an ion irradiated interface. Spin-torque induced modulation of damp-

ing is studied as a function of irradiation dose using TR-MOKE technique. 

Finally, Chapter 10 studies about nonmagnetic layer thickness dependence of damping, fre-

quency and structural properties at the interface using TR-MOKE and XRR technique. The 

specialty of the problem is the capping layer thickness which varies between sub-nanometer 

to nanometer length scale. The most interesting point of this investigation is the magnetiza-

tion and structural changes developed when clusters of nonmagnetic atoms start forming a 

continuous capping layer on top of a ferromagnetic thin film. 

11.2. Future Prospective 

Today we are living in a digital era. Starting from industry, research, medical system to agri-

culture every aspect of life now relies on computers, or instruments that perform logical op-

erations and store data. People all around the world are now using personal gadgets with in-

dividual online accounts forming network with other people but hardly caring to think about 

how much memory and energy we consume to maintain the whole system. With the increas-

ing popularity of this digital lifestyle there is an exploding growth of demand for memory and 

logical devices. However, our resource is slowly reaching its limit. So, we must look for 

smarter alternative technologies to circumvent the inevitable crisis. 
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From the recent trend of research it has been observed that people are trying to establish spin 

current as a driving force for future computers due to certain advantages like energy effi-

ciency, high performance and stability. In that case all the data storage, logic and data transfer 

components of our electronic gadgets needs to be replaced by spintronic ones. So in the first 

step conversion of spin current from charge current and a proper estimation of the conversion 

factor is important. But that is not the sole requirement to fulfil our dream for constructing 

those devices. We have to go a long way for that. The devices usually use the magnetic prop-

erties of ferromagnetic metals for their operation. So the obvious question comes whether we 

can control the magnetic devices using spin current or not. If yes, then how can that be done 

in the most energy- and cost-efficient ways? The thesis is devoted to find an answer to some 

of these questions. Here, we describe a number of techniques involving spin current, struc-

tural changes of a ferromagnetic system or the combination of the two for tuning magnetic 

properties. The knowledge can be helpful for the construction and optimization of magnetic 

memory and logic devices. 

The technique described in this thesis shows its usefulness in manipulating magnetization dy-

namics. More precisely it can modulate precessional frequency, damping and ultrafast relaxa-

tion processes of a magnetic system. The technique can be used for local modification of 

magnetic properties which opens a new hope for constructing nanoscale printed spintronic 

circuit where data storage, data transfer and logical operation can be performed simultane-

ously on a single thin film structure. Similarly, spin Hall effect induced spin injection, struc-

tural modification at the interface of a ferromagnetic bi-layer or multilayer wire, Rashba ef-

fect in inversion asymmetric structure or a combination of the above can be used for external 

bias field free control of domain wall motion, vortex and skyrmion dynamics which can add a 

new dimension to this research field. Our study is also useful for spin current induced mag-

netization reversal and microwave assisted magnetic recording.  

In this thesis, the study of spin current injection is mostly confined in systems with negligible 

or in-plane anisotropic structures for simplicity of understanding. Now the study can be ex-

tended further in case of samples with out-of-plane or tilted anisotropy. This can be helpful to 

develop a new scheme for perpendicular or even simultaneous in-plane and out-of-plane re-

cording for high storage density. The research can lead us closer to the construction of spin 

Hall effect based STT-MRAM and logic devices which can be a smarter alternative to our 
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present volatile random access memory and semiconductor based logic system. In addition to 

spin transfer torque described in this thesis, current induced spin orbit torque can be used ma-

nipulate magnetization in ferromagnetic metals lacking inversion symmetry which can give a 

new direction to research. 

Antiferromagnets are considered as a potential candidate for high density data storage. They 

are magnetic microscopically with their alternate moments. However, if we consider macro-

scopically, they have zero net moment. Hence, the information stored in the moments remain 

safe from unwanted fields in the environment and the neighbouring moments do not magneti-

cally interact even when they are very close to each other. Hence, the effect of spin current in 

antiferromagnet can be an interesting topic for investigation. 

Apart from that the effect of spin current and interface engineering in Dzyaloshinskii-Moriya 

interaction, spin Hall effect with non uniform distribution of current density, spin injection in 

patterned magnetic media, complete compensation of magnetization damping by spin Hall 

effect, interface modelling in multi-layers are few of many follow-up problems related to this 

thesis which can be carried out in future. 

In short, the thesis made a detailed investigation on controlled magnetization properties of 

ferromagnetic/non-magnetic bi-layers using electrical and optical technique. The study aims 

towards an energy efficient technology for the construction of high performance spintronic 

and magnonic devices and opens a lot of new scope for future research. 
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