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Abstract

This work covers the complete study of the properties of high quality nm-
thick sputtered Yttrium iron garnet (Y 3Fe;015) films, with the discovery of
interfacial diffusion and its effect on the magnetisation suppression. Here
we report the structural and magnetic properties of YIG nano films de-
posited on Gadolinium gallium garnet (GGG) substrate by RF magnetron
sputtering. The structural characterisation and morphology of the films
were analysed using X-ray reflectivity (XRR), X-ray diffraction (XRD)
and atomic force microscopy (AFM). The magnetic properties were in-
vestigated using VSM and SQUID magnetometer. The films in the 10 -
60 nm thickness range have surface roughness of 1-3 A, and (111) crys-
talline orientation. The saturation magnetisation, coercive field and the
Curie temperature observed in our YIG films are 144 + 6 emu/cc, 0.30
£ 0.05 Oe and 559 K, respectively. The thickness dependence of the sat-
uration magnetic moment shows the existence of a 6 nm dead layer. The
temperature dependence of the magnetization M(T) in YIG reveals a re-
duction in magnetization at low temperature, below ~ 100 K. Through an
extensive analysis using STEM, we discovered an interdiffusion zone of
4 - 6 nm at the YIG/GGG interface where Gd from the GGG and Y from
the YIG diffuse. Analysis of XRR data also confirms the presence of Gd-
rich diffused layer of 5 - 6 nm thick at the interface. This Gd-rich YIG
layer having compensation temperature at 100 K corresponds to 40% Gd-
diffusion, that aligns antiparallel to the net moment of YIG, resulting in
the magnetisation suppression in YIG at low temperature. Our polarised
neutron reflectivity results also revealed the magnetization downturn in 80
nm YIG film. FMR results showed narrow FMR linewidth and a small
Gilbert damping, for e.g. (2.6 & 0.3) x 10~ in 38 nm thick YIG. The
temperature dependence of the Gilbert damping factor in YIG and YIG/Pt
showed a linewidth broadening and increased damping below 50 K. Our

current induced FMR results demonstrate the dominating role of Oersted



field torque in driving the magnetization dynamics in YIG/Pt bilayer films.
Our investigation on the effect of Cgy molecules on the damping of YIG in
YIG/Cg hybrid structures shows an increase in damping in thin YIG films,
but it decreases between 80 - 160 nm. Our findings widen the applications
of sputtered nm-thick epitaxial YIG films and YIG-based multilayers in

magnonics, spin caloritronics and insulator-based spintronics devices.
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CHAPTER 1

Introduction



Spintronics, or spin-electronics, aims for the generation and manipulation of spin cur-
rents for spintronics applications. The main goal of spintronics is to study the in-
teraction between electron spin and solid state environments, and to incorporate this
knowledge for developing next generation memory devices. It has led to incredible ad-
vances in data storage, non-volatility, low power dissipation, increased data processing
rate and high performance. This experimental research work will contribute to the
contemporary research interest in the field of spintronics.

In a pioneering work, Mott provided a foundation for the understanding of spin po-
larised transport and sought an explanation of the unusual behaviour of the electrical
resistance in ferromagnetic metals, which forms the basis of magnetoresistive effects
[1, 2]. A new physical phenomenon called giant magnetoresistance (GMR) was dis-
covered in the late 1980s, by Albert Fert [3] and Peter Grunberg [4] in epitaxial Fe|Cr
multilayers, and later this effect was realised in other multilayer structures, that can
be used for non-volatile memory applications [5, 6]. In 1994, the first magnetic sensor
using GMR was released [7] and later IBM produced the first GMR read heads in mag-
netic hard disks [8]. In 21st century, GMR was replaced by tunnel magnetoresistance
(TMR) [9, 10] and then, Magnetic tunnel junctions (MTJ) formed the base element of
many magnetic random-access memory (MRAM) devices. To get high TMR (200%),
epitaxial MTJs consist of crystalline MgO tunnel barrier. In 1996, Slonczewski and
Berger independently proposed an effect called spin transfer torque, in which a spin-
polarized current can transfer angular momentum to a ferromagnet and manipulate
its magnetization direction, without any applied magnetic field [11, 12]. Develop-
ment of non-volatile MRAM for magnetic hard risks made a revolution in spintronics
[13, 14]. Other promising developments for further scaling of MRAM are the spin
transfer torque based magnetization switching [11, 12, 15] and the magnetic domain
wall racetrack memory [16]. In 1990, Datta and Das [17] proposed an electron spin
based field effect transistor (spin-FET) where the electric field at the gate electrode
controls the precession of spins. In this Datta-Das SFET, the source and drain are the

ferromagnets which act as the injector and detector of electron spins. The spin-FET



has been realized experimentally [18, 19]; but its operation at ambient conditions has
yet to be demonstrated. This field offers promising advantages such as, it can be used
for fast programmable logic devices and can eliminate the time delay for the data pro-
cessing. It has the potential to replace electron charge based conventional electronics
devices in future.

Despite the numerous advantages with conventional spintronics, it relies on the
transfer of electrons for the information transfer and processing. The recent emerging
field of magnon spintronics provides us another route, as it is based on the information
transfer and processing by spin waves [20-24]. Magnons are the quanta of spin waves,
defined as the collective excitations of magnetic moments in magnetically ordered ma-
terials. Magnons can propagate over centimeters distances [21]. As spin current carries
information in the form of spin angular momentum, this results in information trans-
port without the flow of charge current, and thus free from Joule heating dissipation.
The classical method of magnon excitation is microwave technique which has still
retained its importance for controlling the frequency, wavelength and phase of the in-
jected magnons. Other methods of excitation are: femtosecond laser techniques where
an ultra-short laser pulse can excite the magnetic system [25]; parametric amplifica-
tion of spin waves from thermal fluctuations [26] and spin-transfer-torque (STT)-based
magnon injection [27-29]. The use of magnons gives us the scope to develop unique
wave-based computing technologies. Further, magnon properties can be engineered on
a wide scale by proper selection of magnetic material and the geometry of magnetic
structures. It allows us to utilize magnetic insulator for making low energy consump-
tion devices. For the realization of insulator-based devices, it is necessary to create
efficient converters which can transform pure spin currents into charge currents and
vice versa. In ferromagnetic insulator/metal bilayers, the spin current transfer can be
realized due to exchange interaction between insulator electrons and conduction elec-
trons spins at the interface. The spin pumping effect describes the generation and
transfer of spin-polarized current from the ferromagnetic layer to the attached normal

metal layer [30, 31]. This spin current can be converted into a charge current in the



normal metal by the inverse spin Hall effect (ISHE) [32, 33]. In these heterostructures,
a direct current in the paramagnetic layer can be converted into spin current by the
spin Hall effect (SHE) [32, 34], which in turn can excite the magnetization dynamics
in the ferromagnetic layer by the spin transfer torque (STT) and hence generates spin
waves. In 2010, Kajiwara et al. first demonstrated this full cycle of conversion pro-
cess, 1.e, from a charge current in the normal metal into a pure spin current and back
to a charge current, in the magnetic insulator/normal metal (YIG/Pt) bilayer structure
[35]. In 2010, Slonczewski proposed an idea of generating spin transfer torque by
thermal transport of magnons [36]. Since then, there was a rapidly increasing interests
in the investigation of various aspects of magnetization dynamics in YIG/Pt bilayer
structures by spin pumping and spin transfer torque.

In recent years, the discovery of the spin Seebeck effect (SSE) establishes another
field of research known as Spin caloritronics, which focus on the investigation of the
interplay between heat and spin currents. In 2008, the SSE was first discovered by
Uchida et al. in a ferromagnetic metal Nig;Fe 9 film [37] by means of the spin-
detection technique inverse spin Hall Effect (ISHE) in a Pt film. The spin Seebeck
effect is the generation of spin voltage due to the movement of electron spins as a res-
ult of temperature gradient in magnetic materials. This lead to the first interpretation
that the SSE is caused by the movement of conduction electrons based on the chemical
potential of differently orientated spins. Later in 2010, the same group observed SSE
in magnetic insulators such as Y3Fe;0;2 and LaY,Fe;015 (La: YIG) [38]. This field
is of great interest for its applications in thermoelectric generation which can lead to
energy saving technologies in future.

Recent research in spintronics has focused on ferrimagnetic insulators Yttrium iron
garnet (YIG) to develop efficient insulator-based magnetic devices using pure spin
currents. The attractive properties of YIG are ultra low damping (o ~ 3 x 107°) [39],
high Curie temperature, high chemical stability [40], electrically insulating behaviour
[41] (band gap = 2.85 eV) and easy synthesis of single crystalline material. As YIG is

an insulator, it is free from parasitic heating effects due to conduction electrons. In the



past for several decades, YIG is one of the most thoroughly studied magnetic materials
due to its wide applications in microwave devices such as microwave filters, delay
lines and magneto-optical devices such as optical insulators, displays and deflectors. In
recent years, YIG has played a central role in the emerging fields of spin pumping, spin
transfer torque, spin hall magnetoresistance and thermally driven spin caloritronics
[42—49]. In reference [50], the operation of a spin torque transistor consisting of two
lateral thin-film spin valves coupled by a magnetic insulator (YIG) via the spin transfer
torque have been studied theoretically.

The recent development of magnonics and oxide spintronics creates a demand for
nanometre thick YIG films with high crystalline quality that continue to exhibit ex-
tremely low Gilbert damping. Traditionally, YIG has been grown by several techniques
with Liquid Phase Epitaxy (LPE) [51-53] being the most successful at obtaining the
highest quality, but in rather thick films (~ microns). There are several reports on the
deposition of nm-thick YIG films by pulsed laser deposition (PLD) [54-59] and its ad-
vanced version of laser molecular beam epitaxy [60, 61]. However, the best results for
PLD samples seems to be from Hauser et al. where the damping as low as 7 x 1075 for
a 20 nm film has been reported [62]. RF sputtering followed by either in situ annealing
[49, 63] or post-growth annealing [64—66] has attracted considerable interest. On the
other hand, off-axis sputtering [47, 65] has been reported to produce highly crystalline
material with reasonable magnetic properties measured at room temperature.

Within the framework of this thesis work, we carried out the detailed investigation
of the structural, magnetic and FMR properties of nanometer thick RF sputtered YIG
films for a better understanding of its characteristics and future optimisation. We par-
ticularly discovered the effect of interfacial diffusion on the magnetization suppression
in ultra low damping YIG films.

In Chapter 2 we present the relevant theoretical background to understand the ex-
perimental work and the results presented. At first we describe the crystal structure of
the YIG with the arrangement of atoms in the unit cell and its ferrimagnetic order. The

fundamental equation of the magnetization dynamics and the derivation of Landau-



Lifshitz-Gilbert equation are discussed. Subsequently, we present the basic principles
of the spin pumping phenomenon and current induced torque in ferromagnetic/non-
magnetic heterostructures. Finally, the mechanism of the spin Hall effect and the in-
verse spin Hall effect is discussed.

Chapter 3 is devoted to the experimental techniques and the experimental set up
used within the framework of this work, which includes sample deposition, struc-
tural and magnetic characterisation and the ferromagnetic resonance techniques. In
the first part of this chapter, the deposition of YIG samples by RF magnetron sputter-
ing is discussed, followed by annealing conditions to obtain a (111) single crystal YIG
with surface roughness of 1-3 A. The process of deposition of Pt by DC sputtering
and thermal sublimation of Cg, are presented. X-ray reflectivity and x-ray diffrac-
tion are used to investigate the structural properties and crystallinity of YIG samples.
Morphology of the films are analysed using atomic force microsopy (AFM). We per-
formed atomic scale investigation of YIG/GGG interface using scanning transmission
electron microscopy (STEM). We used Rutherford backscattering (RBS) technique to
study the compositional analysis of YIG films. The magnetic properties are studied us-
ing vibrating sample magnetometer (VSM) and superconducting quantum interference
device (SQUID) VSM. Synchrotron radiation techniques, polarised neutron reflectiv-
ity (PNR) contributed significantly to extract the magnetic information at the sample
substrate interface. At the end, we discussed the FMR technique through which we
investigated the ferromagnetic resonance properties of YIG and its bilayer structures.

In the result sections, we present a systematic study of high quality nm-thick YIG
films grown by on-axis sputtering using structural and magnetic characterisation. We
investigated the interfacial origin of magnetisation reduction in YIG films. These res-
ults are outlined in two chapters: chapter 4 presents the structural properties of YIG,
which reveals an interdiffusion at the YIG/GGG interface, and chapter 5 is focused on
the magnetic properties, that includes deep insight of magnetic information at the in-
terface which has been lacking despite of its extensive use. An unexpected decrease in

magnetization in thin YIG films below ~ 100 K was first discovered from our SQUID



magnetometry results.

The potential of our RF sputtered YIG films for spin pumping and STT has been
investigated using FMR technique and is presented in chapter 6. Our nm-thick YIG
films exhibit a very low Gilbert damping. The damping parameter « reveals thickness
dependence (a x 1/Thickness). The temperature dependence of Gilbert damping para-
meter has been detected in YIG and YIG/Pt bilayer structures. Current induced FMR
measurement in collaboration with University of Cambridge, confirms the dominating
role of Oersted field torque in driving the magnetization dynamics in YIG/Pt bilayers.
Finally, we investigated the influence of Cgy molecules on the magnetization dynam-
ics of YIG/Cgp hybrid structures. This work shows promising research area for future
investigation.

In Chapter 7 the experimental results of this research work are summarized and a

perspective on future investigations and applications is given.
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Theoretical background



2.1 Introduction

2.1 Introduction

This chapter is devoted to the theoretical background of the magnetization dynam-
ics and interface effects that are the foundation of this thesis. In the first part of
this chapter, the crystal structure and magnetic properties of Yittrium iron garnet are
described. Then the fundamental principles of the magnetization dynamics and the
Landau-Lifshitz-Gilbert equation governing the precessional motion of the magnetiz-
ation in the presence of a magnetic field are introduced. The basic principles of the
ferromagnetic resonance, spin-pumping effect and current induced spin transfer torque
is discussed in the following section. Last section of this chapter is dedicated to the

detection technique of spin currents, spin Hall effect and inverse spin Hall effects.

2.2 Crystal structure and magnetic properties of YIG

Yttrium iron garnet YIG (Y3Fe;0;5) is a ferrimagnetic insulator, discovered by Bertaut
and Forrat in 1956 [67, 68] and was referred to as the fruitfly of magnetism by Kittel
about 50 years ago [69]. Yttrium iron garnet has a complex crystal structure with
nearly cubic symmetry and definite composition. The density of YIG is 5.17 g/cm3
[70]. It has an extremely small magnetization damping, o ~ 3 x 107° [71]. It has a
large band gap of 2.85 eV [70] and high Curie temperature of about 560 K.

The unit cell of YIG has a lattice constant of 12.376 4 0.004 A. The most probable
space group for yttrium iron garnet is O '°-Ia3d [68]. The unit cell of YIG has cubic
structure containing eight chemical formula units of Y3Fe;015 with 160 ions in total
(Figure 2.1). In each formula unit of YIG, there are three dodecahedral (c site), two
octahedral (a site) and three tetrahedral sites (d site) containing 24 Y3+, 40 Fe3* ions
and 96 O?~ ions. The Y** ions occupy the dodecahedral sites (c sites), each site being
surrounded by eight O?~ ions that form an eight-cornered twelve-sided polyhedron.
24 Fe3* occupy tetrahedral sites (d sites) and are surrounded by four O%~ ions form-

ing tetrahedral symmetry. The 16 Fe3" occupy the octahedral sites (a sites) and are



2.2 Crystal structure and magnetic properties of YIG

surrounded by six O%~ ions forming octahedral symmetry. The O%~ ions sit on / sites,
each being at a point where the corners of one octahedron, one tetrahedron, and two
polyhedrons meet. Thus, each O~ ion is surrounded by one d site Fe>* ion, one a site

Fe3 ion and two c¢ site Y37 ions.

Figure 2.1: Crystal structure of Yttrium iron garnet (YsFe5012) [72]. The unit cell of YIG
has cubic structure containing eight chemical formula units of Y3Fe5012 with 160 ions in total.
The Y3% ions occupy dodecahedral sites (c sites), Fe** occupy tetrahedral sites (d sites) and
16 Fe*t occupy the octahedral sites (a sites). The magnetisation in YIG originates from the

super-exchange interactions between 16 Fe*t ions on a sites and 24 Fe*% ions on d sites.

The Y3 ions have a closed shell electronic configuration ( [Kr]4d°5s® ) and hence
are diamagnetic. The magnetisation in YIG originates from the super-exchange inter-
actions between 16 Fe3* ions on a sites and 24 Fe3* ions on d sites. The distances
from the octahedral and tetrahedral sites to the common oxygen ion are 2 A and 1.88
A respectively, and the a - O%~- d angle is 126.6°. Due to this ionic arrangement the
super-exchange interactions is large. This interaction results in antiparallel alignment
between the magnetic moments of the a site Fe**ions and those of the d site Fe3* ions.

The spontaneous magnetization of YIG arises only from Fe3*ions having moment of

10



2.2 Crystal structure and magnetic properties of YIG

five Bohr magneton (5u5) each. Since there are three Fe3T ions on d sites for every
two Fe3" ions on a sites, the magnetic moment expected at T = 0 K per formula unit
is 5 x 3 (d site)—S5 x 2 (a site) = Sup per formula unit. This is an excellent agreement
with the value of 4.96 up found experimentally [73]. Yttrium iron garnet has cubic
magneto-crystalline anisotropy with an easy axis along (111) direction. The first and
second-order cubic anisotropy constants at room temperature are ;= —6000 erg/cc
and K,= —260 erg/cc, respectively [70]. The room-temperature saturation magnetiza-
tion M= 140 emu/cc (298 K) and the value of M, at T =0 K is 196 emu/cc [70]. A
(111) YIG film has an out-of-plane effective anisotropy field (2K/M,) of about 85 Oe
and a threefold in-plane effective anisotropy field of less than 85 Oe. These fields are
smaller in magnitude than the external magnetic fields used in typical experiments.

In YIG, the only magnetic ions are the ferric ions, and these are in an L. = O state
with spherical charge distribution. So their interaction with lattice deformation and
phonons is weak. Due to this, YIG is characterised by very narrow linewidths in ferro-
magnetic resonance (FMR) experiments. The FMR linewidth originated from intrinsic
damping in YIG crystals is about 0.2 Oe at 10 GHz [71]. This linewidth corresponds
to an intrinsic Gilbert damping constant « of about 3x107°, which is about two or-
ders of magnitude smaller than that in ferromagnetic metals [74]. It has the narrowest
known FMR linewidth which results in larger magnon lifetime of a few hundred of
nanoseconds as compared to the magnon lifetime in permalloy which is of the order
of nanoseconds. Due to low damping in YIG, spin currents can propogate over centi-
metre distances [21]. This makes YIG the material of choice for studies of spin waves
as well as magnetic insulator-based spintronics.

Yttrium iron garnet thin films are usually grown on (111) gadolinium gallium gar-
net (GGG) substrates. GGG has a cubic crystalline structure with 8 formula units per
unit cell with lattice constant of 12.383 A. Also their thermal expansion coefficient is
very similar 1.04 x 10~5/°C. This allows the epitaxial growth of nm-thick YIG films on
GGG substrate.

11



2.3 Magnetization dynamics

2.3 Magnetization dynamics

2.3.1 Landau-Lifshitz-Gilbert (LLG) equation

The fundamental principle of magnetization dynamics is the precessional motion of
magnetic moments under the influence of an effective magnetic field. This precessional
motion is described phenomenologically by a torque equation called Landau-Lifshitz
equation (LL equation) which was first proposed in 1935 by Lev Landau and Evgeny
Lifshitz [75]. This equation was formulated by introducing a dissipation term to take
into account the damping in the system. Later on Gilbert modified it by introducing a
magnetic damping term [76].

The magnetic moment g is associated with total angular momentum J as

where v = gup/h is the gyromagnetic ratio, g is the g-factor of the electron which
is roughly equal to 2.002319, pp is the Bohr magneton and A = h/(27) is the Planck
constant.

A magnetic moment placed in an effective magnetic field B. sy experiences a torque:

T =M X Beff (22)
As T = % , so the equation of motion for J can be written as

dJ

— =uxB, 2.3

i i (2.3)

where B.;r = poHcss. Here, the effective magnetic field H.;; is the sum of external
and internal magnetic fields as shown in equation 2.4. It includes the externally applied
static field Hy, the dynamic component of externally applied magnetic field Hj,(t), the
field generated due to the exchange interactions H,,, the demagnetizing field H,; and

the fields due to the shape and crystalline anisotropies Hy,,;.

Hepp =Ho + Hy(t) + Heo + Hy + Hopi + ... (2.4)

12



2.3 Magnetization dynamics

Now the atomic magnetic moment can be replaced by the macroscopic magnetiza-
tion M in the continuum limit. The effective field exerts a torque on the magnetisation,
corresponding to rate change of angular momentum due to which the magnetization
starts to precess at Larmor frequency, w = 7o H. ;. This precession of magnetization
is described by the equation of motion called Landau-Lifshitz equation (LL equation):

dM

E = —’WLOM X Heff (25)

According to equation 2.5, the system is non-dissipative and the magnetization would
precess around the static field indefinitely without reaching the equilibrium position
with lower energy configuration with M parallel to H, and this contradicts reality.
So, in 1935 Landau and Lifshitz formulated the equation of motion by introducing

damping term [75]:

dM A
—— = —yuM x Hopp —
dt YoM X Heyy M,

M x (M x poHepy)] (2.6)

where ) is the damping constant. A = 1/7 corresponds to the inverse relaxation time 7.
But this approach causes fast precession in case of large damping. In 1955, Gil-
bert [76] phenomenologically introduced a viscous damping term to circumvent this

problem leading to the formulation of Landau-Lifshitz-Gilbert (LLG) equation:

dM Q@ dM
— = —yuoM x H, M x — 2.7
di YoM X Hegr + M. ( X 7 ) (2.7)

damping term

precessional term

where « is the dimensionless Gilbert damping parameter. This Gilbert damping para-
meter is viscous in nature, so with increase in the rotation of magnetisation %, the
damping of the system increases. Equation (2.7) consists of two terms: precessional
and damping term. The magnetisation precesses along the applied field due to the
torque proportional to (M x H.s;) and the damping term is responsible for the relax-
ation of magnetisation towards the equilibrium state. Due to this damping term, the

magnetisation follows a helical trajectory as shown in figure 2.2. It shows a realistic

and damped precessional motion of the magnetisation around the effective magnetic
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2.3 Magnetization dynamics

field. So we can say that the damping torque provides a dissipative mechanism through
which energy and the spin angular momentum (magnon system) is transferred to the

phonons in the lattice via spin-orbit interaction [77].

Figure 2.2: Schematic illustration of the Landau-Lifshitz-Gilbert equation. The magnetisa-
tion M precesses along the applied field due to the torque (M x B.yr). The Gilbert damping is
responsible for the relaxation of magnetisation towards the equilibrium state, due to which the

magnetisation follows a helical trajectory around By [78].

The origin of damping in magnetic materials is still not completely understood. In
general, the damping can be understood through relaxation mechanisms which are di-
vided into intrinsic and extrinsic categories. Direct coupling of magnons to the phon-
ons in the lattice via spin orbit interaction are intrinsic contributions to the damping
whereas scattering processes from electrons leading to magnon-magnon scattering are

extrinsic processes.

2.3.2 Ferromagnetic resonance

Microwave absorption by ferromagnetic films at a resonance frequency different from
the Larmor frequency of the electron spin was first observed by Griffiths in 1946 [79].
Later on, this phenomenon was theoretically explained as ferromagnetic resonance

in magnetic material by Kittel [80, 81]. At ferromagnetic resonance, the magnetic
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2.3 Magnetization dynamics

moments precess coherently with the same frequency and phase. The magnetisation
dynamics of uniform precessional motion is described by the Landau-Lifshitz-Gilbert
equation. The frequency of this uniform precession motion is called ferromagnetic res-
onance (FMR) frequency. The FMR mode describes the spin waves of infinite length.
So, all the magnetic moments are parallel to each other and precess in phase in res-
onance condition. In this approach, the LLG equation is solved for small dynamic
magnetic fields so as to calculate the resonance frequency. Now we will discuss the
magnetic response of a ferrimagnet to small time-varying magnetic fields and obtain a
small-signal susceptibility associated with magnetic resonance. This part is discussed

based on the reference [70].

2.3.2.1 Susceptibility without damping

In this approach, let us assume that a small time dependent perturbation is added to
a static equilibrium configuration. The equation of motion described by LL equation
(2.5) can be linearised for small perturbations and the damping can be neglected. The

fields can be divided into static and time-varying part as:

M =M, + m(t) (2.8)
H = H, + h(¢) (2.9)

Here, we have assumed the magnetic field and magnetization have a harmonic time-
dependence and the amplitudes of the dynamic components are small compared to the
static components:

m(t) = me” ™", |m| < [M] (2.10)
h(¢) = he™™", |h| < [Hy| 2.11)

Again let us assume that both the static magnetic field and magnetization lie along
the Z direction which corresponds to saturated single-domain configuration without

anisotropy.
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2.3 Magnetization dynamics

H, = Hoz 2.12)
M, = M,i 2.13)

For small deviations from equilibrium, the Z component of the magnetization remains
unchanged, M, ~ M,. Substituting equations (2.10) and (2.11) in equation (2.5) gives
the equation of motion as:

d
d—T:fyuo[MO><H0+M0><h+m><H0+m><h] (2.14)

Since My, is parallel to Hy, the first term on RHS of equation (2.14) is zero. Also m
and h are assumed to be small in magnitude, so the last term can be neglected. Finally,
h and m have components only in the x- and y-directions. So using equations (2.10)

and (2.11), the linearised equation of motion can be written as

—jwm = Z X (—th + wom) (215)
where wj,; and wy are defined as
wy = — YoM,  wo = —vuoHy (2.16)

Re-writing the linearised equation (2.15) in matrix form for h

h, wy w 0 My
1 .

hy | = E —iw wy O my

0 0 0 0 0

Transforming this equation into the form
m =x.h (2.17)

where X is defined as the Polder susceptibility tensor given by

x —tk 0
X=1|::m,w x 0 (2.18)
0 0 O
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2.3 Magnetization dynamics

with
WoWnr
X = wi — w?
W pr
v W — w?

(2.19)

(2.20)

Here, wy is referred to as the ferromagnetic resonance frequency. It is observed that

as w — wp, the elements y and x of x¥ become infinite. This is the case of an ideal-

ised lossless system. To avoid this singularity, the damping term is introduced and

susceptibility with damping at resonance is derived [70].

2.3.2.2 Susceptibility with damping

The effect of damping can be introduced into the susceptibility equation by substituting

wo — (wo — iaw)

(2.21)

in the Polder susceptibility tensor. Then the linearised equation (2.15) can be written

as

iwm = Z X [wyh — (wg — iaw)m]

And the resonant susceptibility with loss is given by

1 ’ Lo
= e —q T

where Z and the dimensionless frequency (2 are defined as

From equation (2.23) X/Jr and X/J/r are given by [70]:

7 -
Z —0)?+Q%a?

Xl-i- = Re(X-i—) = (

Qo

/

Xy = Im(xy) = (Z — Q)2 + Q2a2
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2.4 Spin pumping

So, the magnetic response consists of a Lorentzian profile (Xi) and a first derivative
of Lorentzian (X;). The imaginary part Xi is responsible for damping. The maximum
value of X/J/r is 1/(Q«) and it occurs when Z-) = 0. The full width at half maximum

AZ can be derived as follows:

Qo 1
— 2.27
(AZ]2)? + 22~ 2Qa (2.27)
This gives
AZ = 2Qa (2.28)
2
AB = 222 (2.29)
ol
or
2
AH = 22 (2.30)
Yo

AZ, AB and AH correspond to the full resonance linewidth at half maximum. Equa-

tion 2.30 is used to find the damping of the magnetic materials.

2.4 Spin pumping

In a ferromagnet when a magnetisation motion is excited, a spin current can be pumped
out from the ferromagnet into the paramagnet. This transfer of spin angular momentum
from the ferromagnet to the conduction-electron spins in a paramagnet is called the
spin pumping effect. The fundamental principle of the magnetisation dynamics in a
ferromagnet can be described by the Landau-Lifshitz-Gilbert (LLG) equation (2.7). It
was observed in 1999 that the Gilbert damping parameter of Cobalt was found to be in-
creased when a non-magnetic metal is attached [15, 82]. Tserkovnyak et al. developed
the spin pumping theory which explains the injection of a spin current from the ferro-
magnet into the non-magnetic metal due to the scattering at the time-dependent spin

potential at the interface [30] .
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2.4 Spin pumping

L.y EMm

Figure 2.3: Schematic illustration of the spin pumping process. The magnetization precession
in a ferromagnetic (FM) leads to the injection of a spin polarized current I into the attached

non-magnetic metal (NM).

The basic principle can be explained in the following way. In equilibrium, in a fer-
romagnetic material the magnetization is aligned along the bias magnetic field. Now
when we apply an alternating microwave magnetic field perpendicular to the external
field a torque is exerted on the magnetisation due to which it starts to precess. In
the FMR condition, the steady magnetization precession is maintained by balancing
the absorption of the applied microwave and the dissipation of the spin angular mo-
mentum, i.e., the transfer of angular momentum from the local spins to conduction
electrons. Under the FMR condition, the injection of a spin current will take place
from the ferromagnet to the normal metal perpendicularly to the interface. Figure 2.3
shows the schematic illustration of the spin pumping process. The direction of emitted

spin angular momentum is define by the spin current I, which is given by [30]

h dm dm

Here m is the unit vector of magnetization, A, and A; are the interface scattering

parameters which combine to give

A, +iA; = Z wm — T ( Zt =G -1 (2.32)

where r! , and zfi are the reflection and transmission matrix elements of

mn? mn’

spin-up and spin—down electrons at the interface respectively. Here, m and n denote

19



2.4 Spin pumping

the transverse modes at the Fermi energy before and after the scattering process [30,
83]. We can also see the angular momentum pumped into the attached non-magnetic
metal per revolution is proportional to A, (equation 2.31). It decays with time along
the direction of applied magnetic field [30]. Here, G™ is the interface spin mixing
conductance and T™ is the transmission coefficient. G™ describes the transport of
spins at the interface non-collinear to the magnetization [83]. For ferromagnetic films
which are thicker than the coherence length \; = 7/(k'- k), where k' and k' are the
wave vectors of spin-up and spin-down electrons scattered or transmitted from one N-F
interface incoherently at the other interface, 7™ goes to zero [30]. Also, A; = Im(G™)
vanishes for diffusive and ballistic contacts [30]. Therefore, G™ denotes the real part
of the spin mixing conductance and hence equation 2.31 becomes
h dm

I,=-—Ggh — 2.33
47TG m x dt ( )

During spin pumping, the magnetization precession loses its spin angular momentum
due to the injection of spin current form the magnetic material into the non-magnetic
metal, so this gives rise to the additional damping. Therefore, we can substitute o by
the effective damping parameter v ¢r which is the sum of the original damping « and

the spin pumping contribution A«
Qepf = 0 + Aar (2.34)

We can derive A« from the conservation of the total angular momentum [84]. The
temporal decay of the total spin S in the ferromagnetic layer equals the spin current I:

ds
— =1 2.35
7 (2.35)
We know that the total spin S is related to magnetization as

~ M Mm(t)
g Y

S(t) (2.36)

where v = gup/h, pp is the Bohr magneton and g is the g-factor.
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2.5 Current induced FMR

Thus it follows
dm  gupdS

—_— = 2.37
dt hM dt ( )
Equations (2.33) and (2.37) gives
dm dm
A - 2.
i « <m X i ) (2.38)
with .
G
Aa = 2E8 (2.39)

A7 M
Let us introduce g™ = G™/ A, where A is the interface area, then A« can be expressed

® N
Ao 0 0"
dr M, d

where d is the thickness of magnetic layer and M, is the saturation magnetisation per

(2.40)

unit volume. Hence, the effective Gilbert damping parameter is inversely proportional
to the thickness of the magnetic layer. In reference [85], dependence of spin pumping
effect on the thickness of YIG in YIG/Pt system has been reported. Also it has been
shown that with decrease in film thickness the linewidth and the effective damping

increases due to the magnetization relaxation through spin pumping in Pt.

2.5 Current induced FMR

Current induced FMR (CI-FMR) is a useful method to drive the magnetization dynam-
ics by the current induced spin transfer torque. It allows us to quantify the contribution
from the Oersted field and spin transfer torque in driving the magnetization dynam-
ics in YIG/Pt bilayer structure. An oscillating charge current at microwave frequency
flowing in a metal is accompanied by a transverse spin current J; due to the spin or-
bit interaction. This spin current also oscillates at the same frequency and can exert a
spin transfer torque (STT) on the magnetization M. This resonantly oscillating STT
can drive the magnetization precession at ferromagnetic resonance condition. The cur-

rent in the metal layer generates the Oersted field, can also drive the magnetization
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2.5 Current induced FMR

precession. So, both the Oersted field and the spin current excites the magnetization
dynamics inside the magnetic layer and thus it is difficult to distinguish. The magnet-
ization dynamics are described by the Landau-Lifshitz-Gilbert equation, including the

spin transfer and Oersted field torques:

dt M, dt | ' 2eM.dp

where H, is the effective magnetic field and « is the Gilbert damping parameter. M

M dM h
O M x Hpf + (M x ) + Ly, 2.41)

and dp are the saturation magnetization per unit volume and thickness of the YIG film.

The magnetization dynamics can be detected electrically as a DC voltage generated
via spin pumping and the rectification mechanism of the spin Hall magnetoresistance
(SMR). From the lineshape and symmetry of the DC voltage we can understand the
nature of the torque acting on the system. Spin pumping is described as the symmetric
contribution to the Lorentzian lineshape whereas spin rectification consists of both
symmetric and anti-symmetric components in a Lorentzian curve. At the resonance
condition, the oscillating magnetization results in a time-dependent SMR in the metal
layer at the same frequency: R =R, + A Rcos?0(t), which rectifies the AC current and
generates a DC voltage along the bar. The spin rectification DC voltage is given by
[86]:

A H? LV AH(He;Bt - Hres)
Hext - HT68)2 +AH? @y Sk (Hext - Hres)Q + AH?

Ve = Veym—sr ( (2.42)

where symmetric Vj,,,,—sr and anti-symmetric Vg, gsr are Lorentzian components:

IOAR \/Hres(Hres + Meff)

B sin 26 2.43
> AH(2H,o + My o700 (2.43)

‘/sym—SR =

IDAR  (Hyes + M.yy)
2 AH2H,es + Mcsy)
where AH, H.,; and H,., are the linewidth, external applied magnetic field and the

hoe sin 26 cos 0 (2.44)

VasnyR =

resonant field, respectively; @ is the angle between the applied field and the microwave
current e/t and M, ¢ 1s the effective magnetization. Thus, Oersted field /o, induces

anti-symmetric components V,,_sr and the Vyy,,,_sg is induced by the out-of-plane
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2.6 Spin current and Spin diffusion

field hsr which is responsible for an anti-damping like spin transfer torque. Figure
2.4 shows the schematic of CI-FMR in YIG/Pt bilayer sample with its measurement

circuit.

Figure 2.4: Schematic of a YIG/Pt bilayer thin film illustrating the spin transfer torque Ts
and the Oersted field torque T o, driving the magnetization precession about the external field
H i It is also showing the circuit for CI-FMR measurement where a bias-Tee is used for
the transmission of a microwave signal and dc voltage detection simultaneously, via lock-in

technique across the Pt bar [86].

Schreier et al. reported the experiment on in-plane CI-FMR in YIG/Pt, in which
they found the magnetization dynamics in thinnest YIG sample (4 nm) is driven by
the spin transfer torque [87]. Researchers also reported the direct imaging of electric-
ally driven spin-torque FMR (ST-FMR) in YIG by spatially-resolved Brillouin light
scattering (BLS) spectroscopy [88]. In our work, we used CI-FMR to drive the mag-
netization dynamics in YIG/Pt layer with YIG of varying thickness and to investigate

the contribution from the Oersted field and spin-transfer torque.

2.6 Spin current and Spin diffusion

An electron has an internal angular momentum. This angular momentum is due to the
spin of the electron. The flow of spin is called a spin current. This plays the similar role

as the flow of charge in an electrical current. A charge current is defined in terms of the
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2.6 Spin current and Spin diffusion

charge conservation law. The continuity equation of charge, which is a representation

of the charge conservation law, defines a charge current density j. [89]:

p=-V-j (2.45)

However, spin is not conserved completely due to the spin relaxation and it obeys the
continuity equation [90]:
dM

— = —-V-.j,+T 2.46
7 Js + (2.406)

The term T represents the nonconservation of spin angular momentum due to the relax-
ation and generation of spin angular momentum. Here M denotes the magnetisation
and j, is the spin current density. The basic phenomenological model for the spin

relaxation can be defined as [90]:
T=-M-M,)/7 (2.47)

wher 7 is a decay time constant and (M — M) is the nonequilibrium magnetization
measured from equilibrium value M.

In a ferromagnet/normal metal bilayer structure, a spin current can be injected from
a ferromagnet (FM) into a normal metal (NM). Figure 2.5 shows a spin current in a
FM/NM junction with a charge current passing through the interface. For a diffusion or
drift spin current the driving force is a gradient of the difference in the spin dependent
electrochemical potential for spin up (y4) and spin down (u)). With this the charge

current density j. and spin current density js can be written as [90]:

. . . 1
Je=Jr 1= Vi + o) (2.48)

. 4 . 1
Js =gt =g = Vo — oy (2.49)
where o4 and o represents the spin up and spin down conductivity respectively.

The continuity equations for charge and spin in the steady state are

V.(Gr +i,) =0 (2.50)
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2.6 Spin current and Spin diffusion

V.G —j) = —e— +e—* 2.51)

where dn4(}) is the deviation from equilibrium carrier density for spin up (spin down),
and 74 is the scattering time of an electron from spin state 1 to | or vice-versa. Using
the continuity equations and balance principle % = %, which means that in equilib-
rium there is no net spin scattering, we obtain the basic equations that describe the

charge and spin transport as [90]:

V(o + o) =0 (2.52)
1
Vi — ) = )\Td(MT — 1) (2.53)

Equation 2.53 is known as the spin diffusion equation. Here, \yy = v/ D7, ¢ 1s the spin
diffusion length, D is the spin-averaged diffusion constant and 7, is the spin relaxation

time.

'_*_:'-‘-;,‘_-; b l,l* qJ‘ 1
: N

0 X

-

Figure 2.5: Spatial variation of the spin dependent electrochemical potentials across a cur-
rent carrying interface at an ferromagnet/normal metal (FM/NM) junction. The decay of spin
accumulation away from the interface is characterised by the spin diffusion lengths Lsr and

Lsn in the FM and NM regions, respectively [91].

In a FM/NM junctions, when a spin polarised current passes into the normal metal
the chemical potentials for the spin up and spin down diverge over a short range, over
which spin accumulation occurs in the NM. In nonmagnetic metals, the electrical con-

ductivity is spin-independent, and the charge current has no spin polarisation. So the
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2.7 Spin Hall effect and inverse spin Hall effect

non-conservation of spin current takes place over a spatial axis defined by the spin dif-
fusion length. As the conduction electrons move into the NM the chemical potentials
have to be continuous but due to the interface contact resistance there can be a small
difference. The gap between the dashed lines Ay is called the spin accumulation. The
spin accumulation (x4 - ;) decay away from the interface into the FM and NM re-
gions. In the NM, this spin accumulation decays over a spin diffusion length L. In
the FM near the interface there is a back flow of spin polarised electrons over a distance

L, induced by the accumulation in the NM.

2.7 Spin Hall effect and inverse spin Hall effect

The spin Hall effect (SHE) is the generation of transverse spin current by an electric
charge current with spins oriented perpendicular to the two currents [92]. Electrons
with spin up will be scattered in one direction perpendicular to the flow of the electric
charge current and electrons with spin down in the opposite direction (figure 2.6a).
It does not require any magnetic field. This effect was first predicted theoretically in
1971 by D’yakonov and Perel [93, 94]. But this theoretical work received the attention
of the spintronics community when it was rediscovered by Hirsch [32] and Zhang [34]
in 1999. The reverse effect is the inverse spin Hall effect (ISHE) which describes the
generation of a transverse electric charge current in a normal metal by the injection of
a spin polarised current (figure 2.6b). Experimentalists have been able to measure and
quantitatively study the spin Hall effect and its inverse in a variety of systems, such as
in semiconductors like ZnSe [95] and GaAs [96-98], and metals, for example, Al [99]
and Pt [100, 101].

SHE is a consequence of spin orbit interactions [102]. The expression for the spin-
orbit interaction in vacuum is [103]:

2

A
Hgo = —ﬁ%[p x VV(r).o (2.54)

where Ay = i/mc ~ 3.9 x 1073A is the Compton wavelength of the electron divided
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2.7 Spin Hall effect and inverse spin Hall effect

by 27, p is the momentum, V' (r) is the potential acting on the electron and o is the
vector of the Pauli matrices. Traditionally this form is explained as the relativistic
transformation of the electric field V'V to the rest frame of the electron [103]. In solids,
the impurity potential gives rise to an additional electric field due to which an electron
passing through this field feels an effective magnetic field. This leads to spin-orbit
coupling

Hso(k) = —;J.B(k) (2.55)
where B(k) is an effective k-dependent magnetic field for the electron band considered.

This results in a spin dependent perturbation on the conduction electron momentum.

a) b)

' ElSHE
\/ Js S A 4 + —>

Ao 4

Figure 2.6: (a) The spin Hall effect (SHE) describes the generation of a spin polarised current
(js) in a normal metal perpendicular to the charge current (j.). (b) The inverse spin Hall effect
(ISHE) refers to the generation of a charge current (j.) in a normal metal perpendicular to a

spin polarised current (j).

The spin Hall effect can be classified between extrinsic SHEs and intrinsic SHEs
depending on the mechanisms. The instrinsic mechanim is related to the spin-dependent

band structure of the material [105]. Basically, this mechanism lies in the precession
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2.7 Spin Hall effect and inverse spin Hall effect

(a) (b)

e, O R LN
X X
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Figure 2.7: Average motion of an electron after scattering by a central potential in the pres-
ence of spin-orbit interaction. (a) Illustration of skew scattering, where the trajectory is de-
flected by an angle  after the collision with the impurity. (b) Schematic of the side jump
mechanism showing a side jump of Ay from the original trajectory. The spin of the electrons S

is directed normal to the plane. Based on [104].

of spins about the effective magnetic field B(k) that characterises the band structure.
Intrinsic effects can be neglected in metals as the dominating contributions arise due to
the extrinsic effects. In our research, Pt was used in spin pumping and current induced
FMR experiments, so we focus here on the details of extrinsic effects. The extrinsic
mechanism is governed by the spin-orbit interaction with impurities in the crystal, the
two forms of this mechanism are: skew scattering and the side-jump mechanisms.
Skew scattering is the result of asymmetric scattering of spin up and spin down elec-
trons by a central potential in the presence of spin-orbit interaction [106, 107]. The
schematic is shown in figure 2.7a. After having a collision with an impurity, the tra-
jectory of the electrons is deflected at an angle §. This effect is used to create a spin
polarization from an unpolarized beam of electrons. The expression for the skew-
scattering contribution to the spin Hall conductivity [103]:

o8 = 5, py0. (2.56)

SS

where o, is the Drude conductivity, o is the spin conductivity and resistivity pss =
m*/ne*r,,. Here, n is the electron density, m* is the effective mass of the conduction

band and 1/7,; is the skew scattering rate.
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2.7 Spin Hall effect and inverse spin Hall effect

The side-jump mechanism originates from the anomalous form of the velocity op-
erator in spin-orbit coupled systems [104, 108]. It is regarded as a discontinuous finite
displacement of an electron (represented by a wave packet) transverse to the original
direction. This effect arises due to random collisions of electrons with impurities. The
jump is not necessarily transverse to the incident wave direction as it can happen in all
possible directions. Since the displacement is the same for spin up and spin down elec-
trons but in opposite directions, a spin current perpendicular to the initially unpolarised
charge current is generated. The side-jump contribution to the spin Hall conductivity
is given by [103]: )
5= —2=n (2.57)

where ). is the coupling constant of the conduction band and 7 is the electron density.

g

Thus, the spin Hall conductivity is expressed as the sum of two contributions: ¢ =

oS+ ol
The spin Hall resistivity py has a linear and a quadratic term in the electric res-
istivity p [109]:
PH = Gskewp + Dsidep” (2.58)

where age,, and by;q. are temperature dependent parameters which describes the skew
scattering and side jump contribution, respectively.
The spin current density j; and charge current density j. are coupled by the follow-

ing equations [109]:

) ) 2e .
je =132+ Ostp—(js x 0) (2.59)
) ) 2e .
Js = Jg + HSHEE(]C X o) (2.60)

where ;¢ and ;¥ are the original current densities, O is the spin Hall angle and o is
the spin polarization vector. The spin Hall angle 65y 5 is a material parameter and it is
the sum of the contribution from skew scattering and side jump scattering mechanisms.
The measure of spin Hall effect is given by the spin Hall angle 65y g, which is defined

as the ratio of the spin conductivity and the electrical conductivity. From equation 2.59
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2.7 Spin Hall effect and inverse spin Hall effect

and 2.60, it appears that a spin current induces a transverse charge current, while a
charge current generates a transverse spin current.
The spin current injected into the non-magnetic metal layer decays along the y-axis
(fig.2.3) due to spin relaxation as [110]:
. dy—y
smhi{f

a0 2.61
sinhf\l—i\"i Is ( )

.]s(y) =
where dy is the normal metal thickness, Ay is the spin-diffusion length and jg 18
the spin-current density at the interface. The spin pumping induced spin current is
transformed into charge current by ISHE. Here 5° is zero, so eq. 2.59 becomes

. 2e .
Je = HSHEg(]s X 0) (2.62)

Substituting j, using equation 2.61 in eq. 2.62 and averaging over the Pt thickness

yields the average current density which is given by [110]:

_ 1 rde 2¢ Aoy dy )
= — c d = 9 e 5 t h P 0 2.63
Je= a0 /0 Je(y)dy = Osup By, <2Asd>35 (2.63)

where dp, is the thickness of the Pt and A, is the spin diffusion length. With A as the
cross-sectional area of the Pt layer, the ISHE charge current is given by I;syr = A j..
Hence, the ISHE voltage is E;syr = I[1speR, where R is the electrical resistance of

the Pt layer.
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Experimental Methods
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3.1 Introduction

3.1 Introduction

This chapter starts with the introduction of deposition technique of nanometre thick
Yttrium iron garnet films and various experimental techniques employed for the char-
acterisation of thin films of YIG. The first section will address the deposition of YIG
by RF magnetron sputtering and the process of growing YIG/Pt and YIG/Cg, bilayer
structures. The structural characterisation of thin YIG films involves x-ray reflectivity
(XRR) and x-ray diffraction (XRD) in order to determine the thickness, crystallin-
ity and the film quality. The surface roughness of the films was determined using
atomic force microscopy (AFM). The magnetic properties of the films are analysed
using vibrating sample magnetometer (VSM) and superconducting quantum interfer-
ence devices (SQUID) VSM. For detailed investigation of the magnetization behaviour
at low temperature, we further carried out a temperature dependent polarised neutron
reflectometry (PNR) experiment. We also used Ferromagnetic resonance (FMR) tech-
niques to investigate the magnetization dynamics of our films and hence to estimate

the value of damping parameter in our nm-thick sputtered YIG films.

3.2 Deposition: DC and RF sputtering

Sputtering is a physical vapour deposition of thin films on the substrates. This tech-
nique belongs to the category of plasma deposition. In this process, sputtered gas is
ionized electrically to form a plasma, followed by removal of the target material by
ion bombardment and ejection of material from the target to the substrate. The main
advantages of sputtering are: (a) High deposition rate for DC sputtering. (b) Film
uniformity over large areas. (c) Surface smoothness and thickness control. (d) It is a
versatile process as it is based on the momentum transfer and not on thermal or chem-
ical reaction, so any kind of material can be sputtered.

The sputtering deposition chamber consists of two electrodes in a vacuum with an

external high voltage power supply. The material to be deposited, is called the target
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3.2 Deposition: DC and RF sputtering

and acts as the cathode, the substrates are placed on the sample wheel which is earthed.
A schematic diagram of a sputtering system is shown in 3.1. The sputtering gas is
introduced into the vacuum chamber. To sputter an atom from the target, momentum
transfer from the ion-induced collision must overcome the surface barrier, given by the
surface binding energy. When a voltage is applied between the cathode and anode,
an electric discharge is produced. This leads to the partial ionization of the gas and
these ions when strike the target with sufficient energy cause ejection of surface atoms
from the target and deposition onto the substrate. During this the ionized gas and the
free electrons are accelerated by the voltage and continue to collide, causing further
ionization of the gas. Finally, a breakdown condition is reached and the plasma is
stabilized. The principal source of electrons to sustain the plasma is the secondary
electron emission. Sputter Yield gives a measure of ejected surface atoms, and is
defined as the ratio between the mean number of ejected atoms from the surface and
the number of incident ions bombarding the target. The sputter yield is influenced by
the following factors [111]: (a) energy of incident particles (b) the atomic weights of
the ion and the target atom (c) incident angles of particles (d) crystal structure of the
target surface. The sputter yield shows maximum value in a high-energy region of 10
to 100 keV. The high yield is observed at incident angles between 60° - 80° [111].
Sputtering methods can be classified as DC and RF sputtering depending on the
material to be deposited. DC sputtering is used for the metal deposition whereas RF
sputtering for the deposition of thin films of insulator. In DC sputtering, a DC voltage
(~ 400 V) is applied to create plasma between the electrodes. In RF sputtering, a
voltage oscillating at radio frequency (RF), typically around 13.56 MHz, is applied
to bias the electrode and to sustain the glow discharge. As the current is alternating,
this will prevent build up of a surface charge of positive ions on the front side of
the insulator. On the positive cycle, electrons are attracted to the cathode, creating a
negative bias and on the negative cycle, ion bombardment of the target to be sputtered
continues. The sputtered atoms are ejected, which are then deposited on the substrate.

For magnetron sputtering, permanent magnets are placed beneath the target so as to
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Figure 3.1: A schematic diagram of an on-axis sputtering system. A RF voltage is applied
between cathode (target) and anode (the target can), after introducing sputtering gas to the
evacuated chamber. The argon atoms are ionised due to the accelerated electrons between the
electrodes resulting in a plasma. Due to the bombardment of the ionised ions on the target,

materials are ejected from the surface of the target and get deposited on the substrate.

confine the plasma by the Lorentz force. The ejected electrons show cycloidal motion
and the centre of the orbit drifts in the direction of E x B , where E and B denote the
electric field in the discharge and the transverse magnetic field, respectively (fig.3.2a
). The magnetic field is oriented such that these drift paths for electrons form a closed
loop around the target that can act as electron trap, shown in figure 3.2b. This electron
trapping effect increases the probability of ionization of the sputtering gas and hence
the plasma density, which effectively increases the deposition rate.

Our on-axis sputtering system consists of seven sputtering guns, two for magnetic,
one for insulator, four guns for metal deposition and one evaporation source for the
deposition of Cgy by thermal sublimation. The sample wheel has 16 different slots

for the substrate. There is a shutter system which allow us to grow multilayers of dif-
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Figure 3.2: (a) The motion of an electron in presence of an electric and magnetic fields forms
a closed loop. (b) The electron drift in the direction of E x B with drift velocity of E/B, executing
a cycloidal path.

ferent materials. We control the sample wheel and the shutter position remotely by
using software. The target-to-substrate distance is about 7 cm. Sputtering is carried
out under high vacuum conditions with a base pressure of about 10~8 Torr. At first, the
chamber is evacuated to a pressure of 10~ by using a roughing pump and a cryopump.
The pressure is further decreased to a base of 2 x 10~8 Torr using a liquid nitrogen trap
called Meissner trap, to condense the residual water vapour from the atmosphere. Our
thin films of YIG were grown on (111) GGG substrates by RF magnetron sputtering.
The deposition rate is greatly influenced by the RF power, pressure, temperature and
the flow of sputtering gas. During the deposition of YIG films, the system had a base
pressure of 2x 1078 Torr in the main chamber, argon and oxygen flow rate was 22.4
SCCM (standard cubic centimetres per minute) and 1.2 SCCM respectively to main-
tain the proportion of Oy /Ar = 5 % and the RF power was maintained at 50 W at
13.56 MHz. There is an impedence-matching network between the power supply and
discharge chamber, which is tuned to get zero reflected power back to the source. The
target and inductance in the matching network are always water-cooled. The electrical
resistivity of the cooling water should be high enough to provide electrical insulation.
The as-deposited YIG film is amorphous, so the deposited YIG is believed to be de-
posited as a mixture of its constituent elements. The different elements of YIG have

different masses, so the sputter rate for each element will be different and also they
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3.3 Annealing

will have different mean free path. By adding oxygen to the argon atmosphere, we
slow down the growth rate and allow the yttrium and iron to be deposited as the correct
stoichiometry for YIG. The deposition rate used was 0.29 A/s (Old Target: Target-A).
The rate was determined from the thickness of each sample obtained after fitting the
x-ray reflectivity curve. Under this deposition condition thin films of YIG of vary-
ing thicknesses were deposited on GGG. Later, with the change to a new YIG target
(Target-B), the rate was around 0.16 A/s under the same deposition conditions.

For YIG/Cgq bilayer structures, Cgy molecules were deposited on annealed YIG by
thermal sublimation. The Cg, molecules are placed in a crucible in powder form and
the crucible is connected to a tungsten filament. When a high current about 20.8 A
is applied to the copper rods attached to the tungsten filament, the temperature of the
crucible rises and due to this high temperature the molecules are thermally sublimated
and deposited on the YIG surface. A water cooling system is arranged with the evap-
oration source to avoid excessive radiative heating. During the growth of Cg, a quartz
crystal monitor is used to determine the thickness of the Cg layer. After each growth,
thickness is measured and the tooling factor of the monitor is calibrated accordingly
so as to get the accurate thickness of Cg, layer.

Our YIG/Pt bilayer samples are made by deposition of Pt by DC magnetron sput-
tering on annealed YIG samples. Before deposition of Pt the samples are cleaned in
ultrasonic bath using acetone and isopropanol. The deposition rate of Pt was 1.65 A/s

at 25 mA with power of 9 W.

3.3 Annealing

The as-deposited YIG films are amorphous and non-magnetic, so it is required to an-
neal them to get crystalline YIG along the GGG crystalline plane. For annealing, the
samples are first cleaned using acetone and isopropanol. Then the samples are imme-
diately placed in a tube furnace to anneal them at 850 °C for two hours under open air

conditions. Care was taken to keep the samples within a 15 cm region in the centre
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of the furnace where the temperature was approximately uniform. The heating and
cooling cycles are run at a rate of 7°C per minute to avoid strain on the films. For the
deposition of Pt and Cgy on YIG, the samples need to be reloaded into the sputtering

chamber after annealing.

3.4 Structural Characterisation

3.4.1 X-ray reflectivity (XRR)

X-ray reflectivity is a useful and non-destructive technique for the structural charac-
terisation of thin films. This technique is used to determine the thin film parameters:
thickness, density and surface or interface roughness. When x-rays are incident on the

sample, the refractive index of the material n is slightly less than one, given by

n=1-6 (3.1)

2mpro

where 0 = =75

. Here, p, 7o and k are the electron density, Bohr radius and wave
vector of the radiation, respectively. § is the order of 1075, When x-rays are incident
on a sample at a grazing angle lower than the critical angle of incidence 6., they un-
dergo total reflection and do not enter the sample. When the angle of incidence 6>6. ,
refraction occurs and x-rays penetrate in the material.

Snell’s law of refraction gives the relationship between the angle of incidence 6

and angle of refraction # which is given by
cosf = ncos b 3.2)

The critical angle can be derived from the Snell’s law by putting § = 6, and expanding
the cosine in Snell’s law to give the expression for critical angle. The critical angle of

incidence 0, is given by the formula:

4
.= V2 = \| =5~ (33)
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3.4 Structural Characterisation

Thus, the critical angle provides the information about electron density of the reflecting
material [112, 113].

The reflectivity is measured at grazing incidence including the straight-through
beam such that the region below ~ 0.4 ° is due to the instrument function i.e. the
beam optics. This is immediately followed by a sharp decrease in the intensity at the
critical angle: the point where the beam just penetrates the top surface. The reflected
profile shows oscillations caused by the interference of x-rays reflected from the sur-
face of the film and the interface between the film and the substrate. These oscillations
are known as Kiessig fringes [114]. By analysing the reflectivity intensity curves we
can determine the thickness, density, surface and interface roughness of the thin films.
The quality of the fit gives us confidence that the top layer is stoichiometrically correct
(section 4.2.1). The amplitude of oscillations depends on the difference in the densities
of the film and the substrate. The higher the amplitude of oscillations larger the differ-
ence. So the amplitude of oscillations and the critical angle provide information about
the density of film. From the decay rate of reflectivity, we can determine the roughness
of the film. For a larger surface roughness reflectivity decreases rapidly, so larger the
surface roughness, the faster the decay of oscillations. The angular positions of oscil-
lation give information about the thickness of the film. The thickness of the film, ¢,
can be determined by analysing the angular distributions of the resulting interference

pattern using the Kiessig equation:

\ = 2t\/sin2 0, — sin? 0, (3.4)
where n is an integer, ) is the wavelength and 6,, is the angular position of constructive

peaks [113, 115].

3.4.2 X-ray diffraction (XRD)

X-ray diffraction is a technique used for the determination of the crystal structure of

the material. This technique is based on the coherent interference of scattered waves
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3.4 Structural Characterisation

from electron dense regions. When electromagnetic radiation, x-rays with wavelength
comparable to the atomic spacing of the crystal are incident on the atomic planes and
are scattered by the atoms in the crystal, then diffraction occurs. In order to interfere
constructively from the successive crystallographic planes, scattered rays must satisfy

the condition given by Bragg’s law:

n\ = 2dhkzl sin 6 (35)

where 7 is an integer determined by the order of the diffraction peak, A is the wavelength
and dj,y,; is the lattice spacing. This law is the basis of XRD that produces Bragg’s peak
in high angle scan. This equation was first derived in 1913 by Sir W.H. Bragg and his
son Sir W.L. Bragg to explain why cleavage faces of crystals reflect x-ray beam at a
certain angles of incidence. In our system, Cu-K, x-rays are produced from a copper
target with a characteristic wavelength of A\ =1.54 A. To generate x-rays, a tungsten
filament is heated up and surface electrons are emitted via thermionic emission. A
high voltage is applied to accelerate these electrons towards a copper target. These
high energy electrons hit the target, lose their kinetic energy, and can cause electrons
from the K shell in the metal atoms to be knocked out. This hole is then filled up by
the electrons dropping from the L and M shells, which results in the emission of x-ray
photons with an energy corresponding to the difference between the energy levels with
characteristic wavelength of Cu K,, and Cu Kj3. These x-ray photons pass through a
series of slits and filters to produce collimated monochromatic beam and filter out the
Cu Kj.

Figure 3.3a shows an incident x-ray beam interacting with the atoms arranged in a
periodic manner in a lattice plane. The atoms are represented as spheres forming dif-
ferent set of lattice planes in the crystals, designated by Miller indices. Here, Bragg’s
Law illustrates that a set of parallel planes with index ikl and lattice spacing dyx; gen-
erates a diffracted beam when x-rays of wavelength ) incident on the atoms at an angle
f and are reflected at the same angle. Figure 3.3b shows the basic components of an

XRD set up, consisting of an x-ray source, sample stage and the detector. X-rays are
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Figure 3.3: (a) Bragg conditions for X-ray diffraction from atomic planes in the crystal. The
incident waves are reflected by the crystal planes. The diffracted waves will be in phase when
the Bragg’s Law, nA = 2d sin 0 is satisfied. (b) Schematic of x-ray diffraction (XRD) set up. Its

basic components are x-ray source, a sample stage and a detector.

incident on the sample at an angle 6 and reflected x-rays are detected by a movable
detector at angle 20. To measure at specular condition, the detector moves double the
angle the sample moves. Measurements were carried out by varying the angle of in-
cidence and the corresponding intensities of the diffracted peaks produce a diffraction

pattern.

3.5 Magnetometry

3.5.1 Vibrating sample magnetometer

A vibrating sample magnetometer (VSM) is a device used to measure the magnetic
moment of magnetic thin films. It operates on Faraday’s Law of Induction, which tells
us that a change in magnetic flux will produce an induced electromotive force (EMF)
in a coil and this electric field gives the information about the changing magnetic mo-

ment. The sample to be studied is kept in a magnetic field. If the sample is magnetic,
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3.5 Magnetometry

this magnetic field will magnetize the sample by aligning the magnetic domains, or
the individual spins, with the field. The magnetic dipole moment of the sample will
then create a magnetic field around the sample, called the magnetic stray field. As
the sample is vibrated at a known frequency, this magnetic stray field changes as a
function of time. This alternating magnetic field will then produce an electric current
in the pick-up coils according to Faraday’s Law of Induction. This current will be

proportional to the moment of the sample.

Figure 3.4: Schematic of a vibrating sample magnetometer. Samples are vibrated in presence
of an applied magnetic field. Induced voltage in the two coils is measured which are wound in

opposite directions to reduce any background interference [116].

Our Oxford Instruments Maglab VSM provides temperature control over a range of
1.5 K to 305 K. Figure 3.4 shows the schematic of a vibrating sample magnetometer.
The sample is mounted on a Polyether etherketone (PEEK) paddle. This paddle is
then attached to a carbon-fibre rod and inserted into a helium flow cryostat where the
sample is held between two pick-up coils. This rod is placed in a variable temperature
insert (VTI) surrounded by a liquid helium bath. The liquid helium is surrounded

by a nitrogen reservoir and separated by a vacuum jacket. Temperature control is
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3.5 Magnetometry

maintained by the flow of liquid helium, fed into the VTI by a small helium inlet
(needle valve) and a DC resistance heater located at the base of the VTI. The pressure
inside the VTI is constantly maintained by a roughing pump. The sample is then
vibrated in presence of an applied magnetic field which will magnetise the sample.
Through the superconducting magnet surrounding the sample chamber we can apply a
magnetic field up to 9 T parallel to the rod. The sample vibrates at 55 Hz as determined
by the lock-in connected to a vibrator at the top of the VTI. As the sample vibrates,
this results in a change in magnetic flux through the coils that induces an EMF. Current
generated in the pick-up coils due to the change in flux at the driving frequency was
amplified and interpreted by the lock-in amplifier.

Care must be taken for any background signal from substrates and the probe that
can interfere with the small useful signal from thin magnetic films. We should pre-
pare our samples in a clean environment to avoid surface contamination by magnetic

impurities.

3.5.2 Superconducting quantum interference device

The superconducting quantum interference device (SQUID) is the most attractive mag-
netic sensor to measure very small magnetic moments with high sensitivity. It is based
on quantum effects in superconducting loops. A Josephson junction is the heart of
squid technology in which current flows between two superconductors separated by
a thin insulator through quantum tunnelling. A Josephson junction is a small gap
between two superconductors through which Cooper pairs can tunnel. A squid con-
sists of a single (rf squid) or double (dc squid) Josephson junctions in a superconduct-
ing loop. Figure 3.5 shows the schematic of a Josephson junction.

In the Josephson equation, the supercurrent / passing through the junction is re-
lated to the relative phase difference ¢ across the junction and the critical current of the

junction, [ as

Is = IO sin 6, 0= 91 — 82 (36)
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Figure 3.5: Schematic of a Josephson junction. It consists of two superconductors separated
by a thin insulator through which cooper pairs can tunnel and leads to the flow of supercurrent.
U is the wavefunction of the superconducting state in the left and right superconductors, and

01 and 05 are the phases.

where 0 is the difference between the phases 6; and 65 of the two superconductors.

In this research, Quantum Design SQUID-VSM MPMS3 detection system (figure
3.6) has been used to investigate the magnetic properties of the samples. This system
has a sensitivity of about 10~® emu and can operate over wide temperature range 1.8 K
to 1000 K with magnetic fields up to 7 T. It consists of a set of superconducting detec-
tion coils inductively coupled to the DC SQUID. The sample is mounted on the quartz
sample holder which is then fixed to sample rods made of tapered carbon fibre tubes,
with adapters on either end. The sample is vibrated at frequency w by the measurement
system about the centre of the detection coils, where the signal peaks as a function of
sample position. The default vibration frequency is 14 Hz and the default vibration
amplitude is 2 mm. As the magnetized sample vibrates through the coils, a change in
flux is produced in the detection coils. A change in magnetic field at the detection coil
induces a change in field at the input coil. This input coil is magnetically coupled to
the primary coil of the DC SQUID and it detects a change in magnetic flux.

DC squid consists of two Josephson junctions in parallel in a superconducting loop.
In the absence of any external magnetic field, the input current I is split equally through
the two junctions. When a small external magnetic filed is applied, a screening current

I, starts circulating in the superconducting loop and generates a magnetic field which

43



3.5 Magnetometry

Signal

Sample Position

Magnetic Field ;
o

EANE G =)

SQUID

Detection Coils

Figure 3.6: Schematic of SQUID VSM MPMS3 detection system [117]. In this system, super-
conducting detection coil is coupled to an input coil of an inductor which in turn is inductively

coupled to the DC SQUID.

is equal but opposite to the applied field, that cancels the applied net flux. Now the
current [ is in the same direction as I in one of the branches of the superconducting
loop, and is opposite to I in the other branch; the total current becomes I/2 + I in
one branch and in the other I/2 - I,. As soon as the current in either branch exceeds
the critical current of the junction, a voltage appears across the junction. Now as we
increase the magnetic flux ¢, the screening current increases and when the magnetic
flux reaches half a quantum ¢, (¢ = h/2e is the flux quantum), the junctions become
momentarily resistive with total current through the SQUID being zero (theoretically).
At half of flux quantum, the screening current changes sign and at one flux quantum,
it becomes zero and the total current is increased back to its maximum value. The
screening current is periodic with a period equal to ¢g. The expression for the total
current is given by
T

Lot = 21 | 003(%) | (3.7

This variation of the current in the detection coils corresponds to the change in mag-

netic flux and produces an output voltage V across the junction which is thus a function
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of the applied magnetic flux and the period equal to ¢q. SQUID feedback circuit can-
cels the current in the detection coils except the induced current due to a change in
flux in them [118, 119]. The SQUID voltage is then amplified and digitized by the
instrument electronics. To obtain high sensitivity it is necessary to have high magnetic

coupling efficiency between the input coil and the primary coil of the SQUID.

3.6 Atomic force microscopy

Atomic force microscopy (AFM) gives the scientific community the ability to image
with lateral resolution of the order of tens of nanometre and vertical resolution up to
0.1 nm. AFM was invented by Gerd Binnig and the first experimental investigation
was made in 1986 [120]. The key part of atomic force microscopy is the measurement
of interaction (force) between the end of tip of an AFM cantilever and the sample
surface. During oscillation, the forces are of two main types: van der Waals and short
range repulsive (contact) forces [121-123]. In some cases, there are other forces such
as adhesion and capillary forces. In our case, AFM was operated in tapping mode, so
it prevents the surface damage of the sample. In tapping mode, the cantilever tip is
forced to oscillate at or near its resonance frequency wy by a driving force of amplitude
Fy as the tip scans the surface of the sample. This is done by placing the cantilever
in contact with a piezoelectric crystal to which an oscillating voltage is applied. The
motion of the cantilever tip can be described by the non-linear second order differential

equation given by

me— + kz + —”—t = F,, + Fycos (wt) (3.8)

0, w and k are the quality factor, angular frequency of the driving force and force con-
stant of the free cantilever, respectively. Here, z represents the transverse displacement
of the cantilever. F}, represents the tip-surface interaction forces. In absence of these
forces, this equation (3.8) describes the motion of a forced harmonic oscillator with

damping. The solution of this equation consists of a transient term and a steady solu-
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tion. Intially, both motions are dominant but after a certain time (2()/w), the transient
term will reduce by a factor of 1/e and from then the motion is dominated only by
the steady solution. The steady state solution of this equation is a sinusoidal function

given by

2(2e, t) = 20(2e) + A(2o) cos (wt — P(z.)) 3.9

where 2z, A and ¢ are the mean deflection, amplitude and phase shift of the oscillation,
and z. is the distance between the tip and sample surface [121, 122].

As the tip scans the sample surface, the vibration amplitude as well as the phase
difference between the cantilever response and the excitation changes. The oscillating
signal is measured by the photodetector. In general, in order to optimise the sensitivity
of the amplitude measurement, we choose to work at a slightly lower frequency than
the resonance. In order to produce an image of the sample surface, the tip must be
scanned over the area of interest, and, point by point, the interaction of the tip with
the surface is measured. For this, three piezoelectric crystals are used to move the tip
in a controlled manner above the surface; two control the (x, y) movement of the tip
over the sample and the third (z) precisely controls the tip-sample distance. Tapping
mode tips have high spring constants (~50 N/m), short cantilevers (125 pm) and high
resonance frequencies (~300 kHz).

During tapping mode operation, a feedback loop is necessary to maintain a con-
stant cantilever oscillation amplitude. Figure 3.7a shows the schematic of atomic force
microscopy set up with AFM electronics. A laser beam is reflected by the backside of
the cantilever and the reflected intensity is measured by a four quadrant photodetector
(figure 3.7b). As the tip approaches or retracts from the surface, the signal changes
because the interaction between tip and surface changes the resonance frequency of
the tip of the cantilever. In the tapping mode, the high frequency voltage applied to
the excitation piezo is also the reference signal for the lock-in amplifier which is used
to obtain the amplitude signal from the photodetector data. The measured signal is

then compared via the feedback loop with the Setpoint value (a voltage) chosen by the
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Figure 3.7: (a) Schematical set up of an Atomic force microscopy (AFM). It operates in
tapping mode in air. A cantilever tip scans over the surface of a sample. A feedback loop
controls the distance between tip and sample, which is evaluated by a computer and results
in a topographical image of the sample (b) A laser beam is reflected by the backside of the

cantilever and the reflected intensity is measured by a four quadrant photodetector.

operator. In tapping mode, the Setpoint is the percentage of the free amplitude. If the
measured and Setpoint values are equal, the feedback loop does nothing. If, however,
the measured and Setpoint values differ, the feedback loop sends a signal V.. to the
z piezo so that the tip either approaches or is retracted as necessary so that the meas-
ured amplitude then equals the Setpoint value. It is this signal V., calibrated in nm,
which gives us quantitative information which is used to extract the root mean square
(RMS) roughness as a measure of the surface roughness in the resulting image of the
sample surface on the computer screen. The proportional and integral gains need to be
optimized so that the feedback loop responds quickly without adding too much noise
to the data. The raw AFM image was analysed by Nanoscope analysis software. In our

work, roughness of the YIG samples were analysed using AFM.
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3.7 Polarised neutron reflectivity

Polarised neutron reflectivity (PNR) is a layer selective technique based on the mag-
netic interactions between the neutron magnetic moment and the magnetisation of the
medium. This gives us the magnetisation profile of the film and structural information
such as film thickness and interface roughness. It is a unique technique which gives
quantitative information about the magnetic moment of the sample in the monolayer
range. In a polarised neutron reflectivity experiment, the magnetisation of the film is
saturated along the direction of the neutron spin and we measure the reflectivity for
the two neutron spin states. The neutron reflection amplitude is sensitive to the surface
roughness, from this we can estimate the interface roughness of the film, within the
range 0-50 A [124]. Also, from the fringe spectra obtained due to the multiple inter-
ference of the neutron beam within the sample layers, we can obtain the thickness of
each layer of the film.

A neutron can be represented as a plane wave of wave vector k in three dimensions

as

Yk, r) = e*r (3.10)

where r is the position vector of neutron in space.

In matter the neutron interacts through a neutron potential and a magnetic potential
which affect the magnitude of k. The strength of these potentials are characterised by
scalar coherent scattering lengths. The propagation of single neutron plane wave can

be represented by a time-independent Schrodinger equation:
—h2 )
——V V()| =EY (3.11)
2m

where V' (r) accounts for the potential energy of the neutron, m is the neutron mass and
E represents the total energy of the neutron.

Now, in a continuous medium with density /N, consisting of a single isotope of a
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given element, the potential energy is given by [125]

2 2
v 27h Np — 2mh
m m

P (3.12)

where b is the coherent scattering length and p = N0 is the scattering length density
(SLD).

In specular condition of reflection, the neutron incident on the surface of the sample
at an angle # and the reflected at an angle 6. The scattering geometry of reflectometry
experiment is shown in figure 3.8. The interfaces of the sample are perpendicular to

the scattering vector q, where q is given by

4
q) = ks — ki| = ;sme (3.13)

where A is the neutron wavelength, k; and ky are the incoming and outgoing neutron

wave vectors.

Figure 3.8: Scarttering geometry of the neutron reflectometry experiment with the neutron
scattering angle 0, scattering vector q, external magnetic field H.,; and the magnetic moment

for spin-up neutrons (") and spin-down neutrons (=) [126].

The neutron spins oriented either parallel or antiparallel to the external field which
is in the plane of the magnetic film. The magnetic moment of the neutron, y is associ-
ated with the intrinsic spin angular momentum and corresponds to two discrete energy

states in a given magnetic field B. The energies corresponding to these states are

E:I:,magnetic = :F,U|B| (314)
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where the plus (minus) sign denotes the direction of spin parallel (anti-parallel) to
the magnetic induction. For a grazing incidence the interaction with the film can be
described with an effective potential given by the sum of a nuclear and a magnetic
component, Zeeman interaction. This potential is given by

27 h? B 21 h?

Nb™ — i B
m m

V:

(pn £ pm) (3.15)

where N and 0™““ denote the atomic density and coherent nuclear scattering length.
The quantity, p,, = Nb™"“ is the nuclear scattering length density whereas the magnetic
contribution to the potential is expressed in terms of magnetic SLD, p,,, = Nb™*. The
first term represents the interaction of the neutron with the nucleus and the second term
signifies the interaction of neutron with the magnetic field. So, the potential V* and

V'~ for spin up and spin down neutrons can be expressed as follows [126]:

B 2w h?
m

V:t

(Nb™e £ Npmas) (3.16)

As the nuclear and magnetic SLD are of same order of magnitude, PNR is very sens-
itive to magnetic structures. The reflectivity of the sample can be derived by solving
the Schrodinger equation (3.11) using the potential mentioned above. The spin-up and

spin-down reflectivities R* and R~ can be expressed as

£ _ q— \/q2 - 167T(pn + pm)
q+ \/q2 — 167 (pp = pim)

The reflectivity R = 1 upto a critical edge q. =1/167(p,, £ pmm), which is of the order of

R

(3.17)

0.01 A= for most of the materials. Beyond this point, the reflectivity decays rapidly
with a mean asymptotic ¢;* dependence [127].
For polarised neutron reflectivity, we define spin asymmetry S A as

(RT - R7)

A= Ry

(3.18)

where R* and R~ are the spin up and spin down reflectivities. SA gives a measure of

the difference in the reflectivity due to the spin dependent magnetic interaction.

50



3.7 Polarised neutron reflectivity
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Figure 3.9: Schematics of the polarised neutron reflectometry experiment polREF at ISIS
neutron source at Rutherford Appleton Laboratory (RAL), Oxford [128].

Now, we will discuss the experimental setup of PNR measurements polREF at ISIS
neutron source at Rutherford Appleton Laboratory (RAL), Oxford. The polREF is a
polarised neutron reflectometer, uses polarised neutrons to study inter and intra-layer
magnetic ordering in thin films and surfaces. An outline of polREF is shown in figure
3.9. A variable aperture disc chopper is used to obtain a wavelength band of 1-14 A
for polREF. The polREF beamline uses the neutrons which are produced via spallation
of a target by high energy proton beam and have wide range of energies. The highest
and lowest energy neutrons are removed using a nimonic chopper, which is basically
a spinning disc with holes cut into it that rotates in phase with the proton beam pulse
so as to pass only those neutrons that are travelling with a definite range of velocities.
This range of neutron velocities is called a frame. After the chopper, the passage of
neutrons is monitored by a beam monitor. Additional frame overlap suppression is
done by the frame overlap mirror, which further removes the long wavelength neut-
rons. A polarising supermirror is used to get high polarisation, high reflectivity and
high transmission neutron beam. This set of polarising mirror followed by a spin flip-

per and a static guide field provide a particular polarisation of neutrons at the sample
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3.8 Ferromagnetic resonance technique

position. The flipping elements are characterised by high flipping efficiency over the
entire wavelength range and the beam size. The detected neutron beam is then norm-
alised by a second monitor placed before the sample. The beam is collimated by a slit
and directed towards the sample, that sits between the coils of an electromagnet. The
sample is mounted in a high precision sample stage. The reflected neutrons are passed
through a second set of slits and finally detected by a 3He single detector. Require-
ments for magnetic field are achieved through bipolar electromagnet (for small fields
upto 1.5 T) and superconducting magnet (for high fields upto 10 T). Temperature down
to 2 K is achieved with the use of continuous flow cryostat. The average size of the
sample used is roughly 20 x 20 mm? to get a decent count rate within reasonable q

range.

3.8 Ferromagnetic resonance technique

The magnetization dynamics of YIG thin films are investigated by the microwave tech-
nique, called ferromagnetic resonance (FMR). The FMR technique has been widely
used for the high frequency characterisation of magnetic thin films. We can use the
FMR to study the magneto static properties, for example, anisotropies [129, 130], ex-
change coupling [131-133], and also the spin dynamics; damping constant [ 134, 135],
g factor [135, 136], etc. The precession frequency of a ferromagnet lies at the mi-
crowave region, ranged from 0.1 to 100 GHz. Main principle of the FMR technique
is to apply a torque on the magnetic moment by applying a rf transverse magnetic
field pulse A,y which results in the precessional motion of magnetisation M about the
direction of an external magnetic field. The magnetisation follows a helical trajectory
due to energy dissipation and this behaviour can be described by the LLG equation
2.7, in section 2.3.1 . In VNA-FMR technique, using a Vector network analyser an
electromagnetic wave can be sent to the sample. The incident wave will be reflec-
ted and/or transmitted after interacting with the sample (Fig.3.10a). By analysing the

reflectance/transmittance,which is the ratio of reflected, transmitted power to that of
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3.8 Ferromagnetic resonance technique

incident, we can find the scattering parameters (Si1, S22, S12, So1), from which we

can extract the properties of the sample. Figure 3.10b shows a two-port device under

a QVAVAY Sy HVAVAY by
Incident?: DUT ::DTransmitted Portt Sy uT S Port2
by O———t—] ———0 @
Reflected ) VUL S VUV
Microwave
(a) (b)

Figure 3.10: (a) The incident wave will be reflected and/or transmitted after entering the

device under test (DUT) (b) Two-port device S-parameters model [137].

test (DUT) along with the corresponding four S-parameters. For a two port device the

S-parameters equations can be written as
by = Sniar + Si2as 3.19)

bg = Sglal + 522612 (320)

where S1; and Sy are the reflection coefficients at the port 1 and port 2 respectively,
whereas S15 and So; represent the transmission coefficients. So, a microwave leaving
the device under test (DUT) (b; or by) is a linear combination of the waves incident on
the DUT (a; or ay). Terminating the DUT with the characteristic impedance Z; = 50 2
allows the extraction of the individual S-parameters. At port 2, if a 50 €2 termination is
present, a; becomes zero, resulting in S1; and So;. We can apply the same principle in
the reverse direction to get S, and S;5 by setting a; to zero, as shown in equation 3.21

and 3.22.

b b

Sn=— Sip = — (3.21)
ax a2=0 a2 a1=0
b b

Sy == Spy = = (3.22)
ax a2=0 a2 a1=0

For the FMR measurements, we can sweep the microwave excitation frequency at

a fixed bias field or at fixed excitation frequency the static external field can be swept
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3.8 Ferromagnetic resonance technique

to achieve the resonance condition. The experimental setup is shown in figure 3.11,
where vector network analyser serves as the source and detector of the signal which is
guided by the probes. It compares the incoming to the outgoing signals with respect to
their amplitude and phase so as to measure the absorption of the sample as a function
of frequency. The magnetic sample is mounted on the top of the signal lines of a
coplanar waveguide (CPW) and the microwave is conducted into coplanar waveguide.
The sample is swept through the resonance condition by means of an external field.
The measured FMR signal is proportional to the field derivative of the imaginary part

of the ac susceptibility.

E‘lEC‘tI‘DI’I]HgHE‘TS

waveguide

VNA

Sample

Figure 3.11: Schematic of FMR technique using Vector network analyser. A 50 S impedance
matched waveguide is placed at the centre of DC magnetic field He,; and a microwave field
hyy is applied transverse to the DC field. The sample is placed with film-side down on top of

the waveguide.

We can also use a lock-in amplifier detection technique for our FMR measure-
ments. Figure 3.12 shows the block diagram of experimental set up of FMR using
lock-in amplifier. Here the thin sample is mounted with film-side down onto the top
of the CPW, placed in the centre of the electromagnet that provides the dc bias field.
The electromagnet has a gap of about 5 cm and a maximum field of 300 mT at 10 A
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3.8 Ferromagnetic resonance technique

current can be applied, controlled by KEPCO power supply. The rf microwave source
is a broadband microwave generator with maximum power 25 dBm. Large power ex-
citation will drive the magnetization precession in non-linear region. Also the signal
will be reduced and broadened. So, in order to determine the lineshapes and width pre-
cisely, it is better to use low power to avoid the non-linear region. The signal intensity
is proportional to the squre root of power, V, o< v/P [138]. In our measurements, the
microwave frequency is kept constant and the static external magnetic field is swept to
obtain the resonance field. The coplanar waveguide system operates in pulse modula-
tion mode. For this, reference pulse signal port of the microwave generator is connec-
ted to the low frequency output port of the lock in amplifier so as to keep the reference
signal frequency at 73 Hz. At this frequency, we obtained a good signal to noise ratio.
The signal generator sends the microwave current to the sample mounted on a wave-
guide and the transmitted rf FMR signals from the magnetic sample are detected by
means of a schottky diode, the output of which is sent to the lock in amplifier. The
schottky diode acts as a microwave transducer, i.e. a microwave power is transduced
into the voltage. The lock in amplifier then multiplies the diode voltage with the ref-
erence signal pulse modulated at 73 Hz and integrates the result over a certain time to
give the output voltage. This lock-in technique is useful to enhance the signal to noise

ratio.
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3.8 Ferromagnetic resonance technique

Schottky
diode

power suppl

Figure 3.12: Schematic of lock-in amplifier detection technique for FMR measurements.

oW

Lock-in-Amplifier
REF INO

The sample is mounted on the CPW which is placed at the centre of the electromagnet. The
microwave generator sends the microwave current to the magnetic sample and the transmitted
signals from the sample are detected using a schottky diode and the output is finally sent to the

lock-in amplifier.
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CHAPTER 4

Structural and morphological properties

of nm-thick YIG films
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4.1 Introduction

4.1 Introduction

Yttrium Iron Garnet (YIG) films were a subject of intensive research since the past
ten years. Previously in 1970s, bulk YIG crystals and micrometer thick films grown
by liquid phase epitaxy (LPE) have been widely used for the implementation of mi-
crowave devices [139]. In recent years, YIG proved to be an excellent material in
the emerging field of magnonics [21, 140—-142] and spin caloritronics [[37, 38, 143].
However, integration of YIG based spintronic devices requires thin films with high
structural quality to ensure good magnetic and dynamic properties, and in particular to
develop efficient YIG-based magnetic heterostructures for information transfer. All of
the growth techniques for YIG involve the use of high temperatures (>700° C) either
during the growth, in-sifu annealing or in post-growth annealing which can cause sig-
nificant changes in the structural characteristics. To our knowledge, up to now no de-
tailed studies have been carried out on the effect of high temperature annealing on the
YIG/GGG interface despite the fact that YIG-GGG combination has been used widely
in the spintronics community [38, 144—147]. In this chapter, we are interested in the
structural properties of YIG where small changes at the interface can have significant
effects on the fundamental properties of YIG. Our nm-thick single crystal YIG films
were deposited on (111) oriented 0.5 mm thick GGG substrates by RF magnetron sput-
tering followed by high temperature annealing at 850°C in air. Annealed YIG samples
are transparent with a pale yellow colour. The as-deposited films on the substrates are
amorphous and non magnetic. The crystallinity of the film and the smooth surface are
achieved after their annealing.

The structural quality, lattice parameter, thickness, and surface roughness of the
YIG films were analyzed using x-ray diffraction (XRD), x-ray reflectivity (XRR) and
atomic force microscopy (AFM). For this study, a series of thin YIG films with differ-
ent thicknesses ranging from 8 nm to 250 nm were deposited under the same deposition
condition on the GGG substrate. The film-substrate interface is strongly influenced by
the annealing conditions which can affect the structural and compositional behaviour

of the films. To understand the influence of annealing at the film-substrate interface we
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4.2 Structural properties

carried out an atomic-scale investigation of the YIG/GGG interface using aberration-

corrected scanning transmission electron microscopy (STEM).

4.2 Structural properties

4.2.1 X-ray reflectivity

In this section, the structural properties of thin YIG films were studied by x-ray re-
flectivity. This allows us to find the thickness of the film, growth rate of the material,

surface and interface roughness and the density.
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9 0.001, o)
£ £0.001,
1E-44
1E-44
1E-54
T T T T T 1E'5 T T T T 1
0.0 0.5 1.0 15 2.0 25 0.0 05 1.0 15 20 25
26(degree) 26(degree)

Figure 4.1:  X-ray reflectivity (Cu Ko, \ = 1.54 A radiation) of a typical YIG film before
annealing (a) and after annealing (b). The points are the measured data and the line is a best
fit whose parameters are cited in the Table 4.1. A very good fit is obtained for the unnealed
sample with a single layer of YIG. However, for the annealed sample a good fit could only be

obtained by incorporating an interface region instead of a sharp GGG/YIG interface.

Figure 4.1 (a) shows the low angle x-ray reflectivity (Cu K, A = 1.54 A radiation)
of an unnealed 42 nm YIG film, whose thickness was determined from the angular
positions of the Kiessig fringes (inset of figure 4.1a) by using equation 3.4 (section
3.4.1). The reflectivity is measured at grazing incidence including the straight-through

beam such that the region below ~ 0.4° is due to the beam footprint. This is followed
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4.2 Structural properties

by a sharp decrease in the intensity at the critical angle. We measured the thickness of
the films before (42 nm) and after annealing (40 nm). After annealing the thickness
of the films decreases by a very small amount. The slow exponential decay of the
reflectivity curve indicates a smooth surface of the annealed film.

The reflectivity curves are fitted using the software Bede to get further information
about the chemical nature of the YIG/GGG interface and also the density. An example
of the X-ray reflectivity (XRR) curve with its fitting is shown in figure 4.1 (a) and (b)
for a typical YIG sample before (42 nm) and after annealing (40 nm), respectively. The
points are the measured data and the red solid line is a best fit to the reflectivity curve.
The parameters obtained from the fitting in each case are cited in the table 4.1. For the
unnealed sample, the densities of the YIG and substrate are about 96 % of the bulk.
For the annealed sample, the total thickness of the film is reduced but the interesting
point is that in order to obtain the best fit for the x-ray data, we have to include an
additional layer at the interface (figure 5.14). This gives us an indication that there
may be diffusion at the interface. Although, we obtained a good fit using only a YIG
layer with the goodness of fit (GOF = 0.05), but the density obtained from the fit for
the GGG was only 91% that of bulk GGG. A much better fit is obtained by using a
trilayer system of GGG/~ 50-60 A of Gd-rich layer/YIG where the interface layer has
a density that is reduced by about 13%.

With the help of additional structural information from the TEM results (section
4.5.1), we model this interfacial region as a mixed layer of YIG and Gd (YIG1 and
Gd in Table 4.1). This shows that we are not relying on a specific crystal structure
of the compound GdIG to explain the results. Because this diffused layer will not
be stoichiometrically perfect. So, the interface layer is modelled by allowing its total
thickness to reach that of the dead layer (6 nm) and by incorporating significant rough-
ness and grading in the layer. In this fit, the roughness is modelled as a Gaussian
with the full width at half maximum representing the standard deviation of an effect-
ive roughness. Here, the grading is representing the interdiffusion and the roughness

is produced by terraces or steps, for example. However, it is difficult to distinguish
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4.2 Structural properties

Unnealed
Layer | Thickness (A) Density (%) Roughness(z&) Grading(z&)
YIG 422 96.4 4.6 -
GGG 00 96.9 6.0 -
Annealed
YIG 347 99.3 4.3 0.0
YIGI 29 93.2 14 2.3
Gd 18 89.1 7 19
GGG 00 99.9 8.8 0.0

Table 4.1:  Parameters used in fitting the x-ray reflectivity data for unnealed (42 nm) and
annealed YIG (40 nm) films, shown in figure 4.1. The densities are expressed as a per cent of

the bulk layer.

between a chemically graded interface and physical roughness [113] since we are only
in the specular regime. Nevertheless, the parameters we obtained from the fit for this
layer are as expected - roughness and grading that is nearly equal to the thickness of
the layer and have much reduced densities. In this way, we can represent a disordered
interface layer. The roughness of the YIG surface are reasonable. We know that in
XRR measurement the x-rays illuminate the entire sample, so the YIG surface rough-
ness 4 A obtained from the fit agrees quite well with the RMS roughness (1-3 A) of
the atomic force microscopy results. The total thickness of the interface region (YIGI
and Gd) varies from 5 - 6 nm between samples. The GOF of the fit for the annealed
sample is 0.04 and importantly, the densities for the YIG and GGG are within 1% of

the bulk values which indicates that the top layer is stoichiometrically correct.

4.2.2 Crystallinity : X-ray diffraction

For a deeper insight into the structural quality of the film, we performed XRD meas-

urements. We determined the crystalline orientation and the lattice parameter of YIG.
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4.2 Structural properties

We first started with the results of 26-w scan of a (111) - oriented GGG substrate
with and without the monochromator, as shown in figure 4.2 (a) and (b) respectively.
Without the monochromator we can see two peaks of GGG corresponding to Cu K,
and Cu K, radiation. With the use of monochromator, a single crystalline (444) peak

is observed at 26 = 51.03° which corresponds to the lattice constant of 12.383 A.
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Figure 4.2: (a) X-ray diffraction for a GGG substrate without the monochromator showing
two peaks of GGG. (b) XRD spectra with monochromator showing a single crystalline (444)
peak of the substrate with a lattice constant of 12.383 A.

Figure 4.3 shows the XRD scan of a YIG sample without the monochromator,
where the YIG (444) peak has two clearly resolved K,; and K,» lines. The use of
monochromator allows easier identification of peaks with Cu K,; wavelength only. A
monochromator was installed to filter out the Cu k> and to only observe the Cu k.
For all our XRD measurements, the monochromator was used for better investigation
of the YIG peaks. For the unnealed YIG sample, only the substrate peak is visible
because the as-deposited YIG samples are amorphous.

Figure 4.4 presents the X-ray diffraction (XRD) spectra for four samples of YIG
with thicknesses 30, 50, 78 and 250 nm. For all these samples, the YIG (444) peak
are observed at lower angle than the substrate peak. These data show the evolution of

a peak with the sample thickness. With increase in sample thickness the intensity of
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Figure 4.3: X-ray diffraction for a 250 nm thick YIG film without the monochromator which
shows the YIG (444) peaks corresponding to both Cu K1 and Cu K5 radiation.

YIG (444) peak increases. This is because as the thickness increases we are adding
more atomic planes and we will have more constructive interference. The XRD peak
with the highest intensity is observed at 26 = 50.57° for the thicker film of 250 nm.
Figure 4.5 shows the XRD rocking curve of 250 nm YIG film which exhibit a FWHM
of 0.0072 £ 0.0001 degrees confirming the high crystalline quality. For thinner films
below 30 nm, it was difficult to distinguish between the YIG peak and substrate peak.
The lattice constant is calculated from the Gaussian fit of the YIG peak for each sample.
The lattice constant as a function of thickness is plotted in figure 4.6. Inset shows the
gaussian fit of YIG peak for 250 nm thick film, giving lattice constant of 12.491 +
0.002 A. The lattice parameter of bulk YIG is 12.376 A. This slight increase in lattice
parameter might be due to the rhombohedral distortion in the YIG crystalline lattice
[148]. This variation of the XRD spectra with respect to the film thickness tends to
give an indication towards a critical thickness for strain relaxation. The variation of
lattice constant with thickness is also reported in ref. [149] where the lattice constant
of sputtered YIG varies from 12.427 A to 12.390 A for the thickness range 16 nm to

164 nm, respectively.
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Figure 4.4: The YIG has a (111) crystalline orientation and films develop a diffraction peak.
Intensity of the peak varies as a function of thickness that corresponds to a lattice constant of
12.4905 + 0.002 A for 250 nm film compared to 12.376 A for bulk YIG. For the thinnest films,
the YIG peak is masked by the substrate peak. The peak at 51.03° corresponds to the GGG

substrate with the out of plane lattice constant of 12.383 A.
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Figure 4.5: XRD rocking curve of a 250 nm YIG film exhibiting FWHM of 0.0072 + 0.0001

degrees showing the excellent crystalline quality of our YIG films.
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Figure 4.6: The lattice constant (ag) as a function of thickness of the YIG sample. Inset of the

graph shows the fitting of the YIG (444) peak with the gaussian function.

During the last year of my research work, we used a new target of YIG (Target-B)
for the growth because with time we found that the samples grown from the old target
have a high deposition rate and were showing poor quality with high magnetization
(higher than bulk value). This is most possibly due to the use of the old target (Target-
A) over a long period of time and most of the material was almost sputtered. We
used the same deposition conditions to grow YIG from the Target-B, and the films
were annealed immediately under the same conditions. But this time with the same
growth parameters, we found the deposition rate of the material is about 0.16 A/s.
Figure 4.7 shows the high angle (20-w) scans of three samples grown from Target-
B: 125 nm, 66 nm and 42 nm, all of which exhibit distinct Laue oscillations in the
vicinity of the GGG peak. These Laue oscillations observed in the high angle scan to
the left and right of the substrate peak indicating the films are highly crystalline with
(111)-oriented growth on the lattice matched GGG substrate, ordered and uniform.
For these samples, the YIG peaks are at higher angle than the GGG substrate, which
is in contrast to the one observed with Target-A samples. Inset of figure 4.8 shows
the YIG peak which is fitted with gaussian function to obtain the peak position and

hence to calculate the lattice constant using the Bragg’s equation. The lattice spacing
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Figure 4.7: High angle XRD scans of YIG films of thickness 125, 66 and 42 nm grown on the
GGG substrate showing single crystalline YIG (444) peak, from which the lattice spacing of the
YIG (444) planes is determined. All of the samples exhibit distinct Laue oscillations on either

side of the substrate peak indicating the films are highly crystalline, ordered and uniform.
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between the adjacent YIG (444) planes is 7.132 A, 7.133 A, and 7.137 A corresponds
to YIG cubic lattice constants of 12.353 A, 12.355 A and 12.3617 A for the 125, 66
and 42 nm films, respectively. In ref. [65], the YIG peaks have also appeared on the
right side of the GGG peak. For our 42 nm thick YIG, the intenisty of YIG peak is
very low and hence it was hard to distinguish from those of the substrate. Figure 4.8
shows the variation of lattice constant as a function of thickness. With decrease in film
thickness, the lattice constant shows a slight increase. This thickness dependence of
lattice constant was also observed for off-axis sputtered YIG films with thicknesses 10,
20, 50 and 80 nm [65]. From the comparison of our XRD spectra, we found that films
grown at much slower rate from the Target-B shows Laue oscillation. Also, the lattice
constant is more close to the bulk value of YIG which indicates minimal distortion or

strain as compared to the films grown from the Target-A.
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Figure 4.8: The lattice constant (ag) as a function of thickness of the YIG sample. Inset
of the graph shows the fitting of the YIG (444) peak with the gaussian function used for the

determination of the lattice constant of YIG.

Altogether, we believe that we have found a set of growth parameters that allow
the growth of high quality single crystalline YIG films on the GGG substrate from a
polycrystalline target.
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4.3 Morphology

The surface morphology of YIG film was measured by atomic force microscopy, op-
erated in tapping mode in air. AFM was done on the annealed YIG films to track the
surface roughness. The surface roughnesses were measured over a different scan size
of the films over a wide range of thicknesses. Before annealing, we analysed the sur-
face of as-deposited YIG film which shows a rough surface with roughness of about
30 A, shown in figure 4.9. .

10.0 nm

Figure 4.9: AFM image showing the topography of an as-deposited 60 nm YIG film. The film
appears very rough with surface roughness of 30 A.

Now we are going to show our AFM results of annealed YIG films. For a 60 nm
thick film, the roughness of the film is 1.25 A over a scan size of 5 um? and 40 nm
thick YIG showed smooth surface with Rgy 5 = 0.9 A over a scan size of 4.5 pum?,
shown in figure 4.10. RMS roughness reported in ref. [59] are between 2 A and 3 A
over 1 um? ranges for all films (4-20 nm) deposited by pulse laser deposition (PLD).
Figure 4.11a shows the surface morphology over a large scan size of about 13 pum?
with its top view image (figure 4.11b) with RMS roughness value 1.8 A. So our films
have uniform roughness over a large area also. Our YIG films appears smooth over
a large area for a wide range of thickness. The surface roughness of a series of YIG

films in the 6-70 nm thickness range have surface roughness of 1-3 A, shown in figure
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900.0 pm

Figure 4.10: 5 wm X 5 wm AFM surface topography of a 60 nm (a) and 40 nm of scan size
4.5 um X 4.5 um (b) YIG films on GGG (111). Films are smooth with RMS roughness of about
1.25 A and 0.9 A respectively.
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Figure 4.11: Surface topography of a 40 nm thick film over a large scan size of about 13 um?
with its cross-sectional (a) and top view image (b) showing RMS roughness value 1.8 A. Films

appear smooth over a large area.

4.12. This flat smooth surface is very important to make a good YIG/metal bilayer

structures.
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Figure 4.12: Average surface roughness of annealed YIG films was measured by atomic force
microscopy (AFM) over an area of 5 x 5 microns. The films surface morphology was plotted
over a wide range of thickness where it can be seen that the surfaces are smooth with an RMS

roughness of about 1-3 A.

4.4 Effect of Piranha etching

We did the surface treatment of YIG films by piranha etching [51, 150]. Piranha etch
solution is a mixture of sulphuric acid (H,SO,) and hydrogen peroxide (H2O-) in the
ratio of 3:1. It is strongly oxidising and removes metals and organic contamination. As
our films are annealed in open air conditions, this could have lead to the contamination
of the top surface. To get rid of the contamination from the YIG surface we treated our
samples in piranha solution.

Before the actual surface treatment by piranha, all samples went through a con-
ventional pre-cleaning step consisting of basic cleaning by acetone and isopropanol in
an ultrasonic bath. Due to the self-decomposition nature of hydrogen peroxide, each
time piranha solution was freshly-prepared. After mixing the solution, an exothermic

reaction takes place at 120°C. The equation for this reaction is:
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HQSO4 + H202 — HQSO5 + HQO (41)

The etching rate depends on the temperature and volume of the etching solution. Also,
immersing a sample into the solution should be done slowly to prevent thermal shock
that may crack the material.

Piranha etching removes the contamination from the top surface, and in addition
it removes magnetic material from the top (section 5.2.3). The XRR is necessary to
know the final thickness of the sample after etching, and hence the etching rate. In
general, the hotter the acid the higher the etch rate. The rate of cooling after the
sample inserted cannot be controlled with the available facilities. Also, it is known that
the wet etching process is difficult to carry out in a very controlled manner. From the
XRR measurements of etched samples (figure 4.13), we found a considerable decrease
in the thickness of the sample, which confirms it is removing active layer from the
top surface. From figure 4.13, we can see that the thickness gets reduced by about
5 nm after etching. This in turn will reduce the magnetisation of the etched sample.
XRD measurements are not substantially affected by piranha etching of the YIG as no
difference was observed except an anticipated reduction in the peak intensity that is
proportional to the removed YIG thickness from the top.

Figure 4.14 (a) and (b) shows the surface topography over 5 x 5 um? for 19 nm and
39 nm annealed YIG sample after etching. It gives the surface roughness of about 2 A
for each film. Thus, from our AFM analysis of etched film we observed that there is

no degradation of surface roughness of YIG films after the etching.
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Figure 4.13:  X-ray reflectivity curves of 19 nm (a) and 39 nm (b) thick YIG films, which
shows a considerable reduction in the thickness after piranha etching, giving 14 nm and 33 nm

respectively.

a
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Figure 4.14: AFM images of the YIG thin films of two different thicknesses: 19 nm (a) and 39
nm (b) after etching. Topography of the films over 5 x 5 um? showed smooth surface with an
RMS roughness of about 2 A.
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4.5 Compositional analysis

4.5.1 Atomic scale investigation using scanning transmission elec-

tron microscopy (STEM)

We carried out an atomic-scale investigation of the YIG/GGG interface using aberration-
corrected scanning transmission electron microscopy (STEM) in order to get direct
confirmation of interdiffusion at the YIG/GGG interface. This work was done in col-
laboration with Q. Ramasse of SuperSTEM Laboratory in Daresbury. Scanning trans-
mission electron microscopy (STEM) and electron energy loss spectroscopy (EELS)
were carried out on a Nion UltraSTEM 100 instrument operated at 100 kV acceleration
voltage. From the EELS maps, we estimated the composition profiles (and averaged
across the interface). These are known to be inaccurate for most of the edges in these
compounds. Therefore, the compositions should only be seen as indicative of trends
and the uncertainty on these numbers is of the order of 10 %.

From the High-angle annular-dark-field (HAADF) images of the interface along
the [110] zone axis, we observed a gradual transition of the intensity from the GGG
substrate to the YIG film: this is shown in figure 4.15a, with identical observations
along the entire interface. Given the sensitivity of this imaging mode to the average
atomic number, Z, of the material (the HAADF contrast is approximately proportional
to Z'7) [151], this indicates a chemically-diffuse region at the interface, rather than
a sharp interface. This is in good agreement with our XRR fitting results. Electron
energy loss spectroscopy (EELS) provides further evidence of the interdiffusion of the
various cations across the interface. The chemical maps of Ga, Gd, O, Y and Fe were
recorded across the interface region, defined by the white rectangle in figure 4.15a.
We obtained the averaged composition profiles by integrating these maps across the
interface, which indicate a 6.5 nm wide region of mixed chemical composition. The
compositions on either side of this region correspond to the expected bulk values for
YIG and GGG, as shown in figure 4.15b.

This interdiffusion region is marked by dotted lines, for a guide to the eye in fig-
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Figure 4.15: Analytical STEM characterisation of the YIG/GGG interface. (a) HAADF survey
image of the interface (YIG: left, GGG:right). A white box indicates the region over which
the EELS spectrum imaging was carried out, yielding compositional profiles (obtained using
tabulated Hartree-Slater cross-sections) averaged across the interface (YIG:right, GGG:left)
(c). The HAADF intensity recorded simultaneously with the EELS maps is shown in (b) with
white dotted lines indicating as a guide to the eye a ~ 6 nm wide region over which some
interdiffusion of Gd, Y, Ga and Fe is observed (corresponding to the region marked with dotted
lines on the profiles in (c)). Panel (d) shows a higher magnification EELS analysis of the
interface (rotated 90 degrees to (a)) in the region indicated by a white box on the HAADF
survey image. Maps for Ga, Gd, O Y and Fe are presented, along with the simultaneously
acquired HAADF intensity, over which a ball model of YIG in [110] orientation is overlaid
(green balls represent Fe, blue balls represent Y, and oxygen is not represented for clarity).

Image courtesy: Q. Ramasse.
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ure 4.15b and the HAADF image was acquired simultaneously with the EELS (figure
4.15c). The shape of the EELS element intensity profiles are consistent with diffusion
of Gd and Ga from the substrate into the YIG layer. The intensity profile for Y and Fe
is inverted, this is most possibly indicating diffusion of vacancies from within the YIG
layer to the original YIG/GGG interface (which probably acting as a vacancy sink)
and hence Y and Fe are diffusing away from the interface. As a result, we can make
a point that we have a 4-6 nm wide Gd- and Ga-doped YIG layer near the interface.
Images and chemical maps obtained at higher spatial sampling provide an atomic-scale
picture of the interface. But due to tight packing arrangements of the atoms in this ori-
entation, it is difficult to confirm the exact lattice position of the interdiffused cations
(figure 4.15d). In figure 4.16, we presented a ball model of YIG in [110] orientation,
where green balls represent Fe, blue balls represent Y, and oxygen is not represented
for clarity. Nevertheless, from these results we are now in a position to have a clear
confirmation about the extent and chemical nature of the interdifusion at the YIG/GGG
interface. This is in remarkable agreement with the conclusions obtained about the in-
terfacial diffusion from the other techniques. In the YIG/GGG system, it is known that
Gd and Y diffuse in pairs with similar diffusion coefficients through the c sites, reported
in reference [152]. An interdiffusion region of width 6 nm corresponds to a diffusion
lengthscale of ~3 nm either side of the original interface boundary. We estimated a
diffusion coefficient of ~1.25 x 107'" cm? s~! from our annealing conditions (850°C
for 2 hours). This value compares favourably with a extrapolated diffusion coefficient
for Y in YIG at 850°C of between 10717 and 1078 cm? s~ (from Fig 8 in ref [153]).

From the work reported by the Gallagher et al.[149], one can see that a STEM/EDX
profile across a similar YIG/GGG interface exhibits an interfacial transition regions
of about 5 nm (for Ga and Fe). They interpreted this to delocalisation of the X-ray
emission due to probe broadening and inelastic delocalisation rather than elemental in-
terdiffusion; however, this delocalisation appeared to vary between different elements.
We believe our STEM/EELS results, which were measured on a large number of dif-

ferent regions along the interface, do not suffer such problems with delocalisation and
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Figure 4.16: A ball model of YIG in [110] orientation is overlaid (green balls represent Fe,

blue balls represent Y, and oxygen is not represented for clarity).

hence can be attributed to chemical intermixing. This gives a good matching with our

results obtained from the XRR data fitting and room temperature magnetometry.

4.5.2 Rutherford back scattering (RBS) study

Rutherford back scattering (RBS) determines the elemental composition of a material
based on the energies of scattered alpha particles. Rutherford backscattering (RBS)
measurements were done at the CTN/IST Van de Graaff accelerator in the universal
chamber where one detector is installed at 160° scattering angle. Spectra were collec-
ted for 2 MeV *He™. The angle of incidence was from 5° (near normal incidence) to
80 ° (grazing angle). This measurement is performed at Campus Tecnoldgico e Nuc-
lear, Instituto Superior Técnico in Portugal. The RBS data were analysed with the IBA
DataFurnace NDF v9.6h [154] by N.P. Barradas.

For each sample, always more than one spectrum was acquired at different angles
of incidence 6. It was not possible to analyse all the spectra from one sample with the
same model (i.e. depth profile), which is an indication that the films are not homogen-

eous. A further indication of film inhomogeneity was that, the determined YIG film
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thickness showed variation for different angles of incidence, for the same sample. This
means that the beam is normally probing areas with different film thickness. Quanti-
fication of diffusion becomes difficult to analyse, because diffusion is observed in the
data as signal broadening, and a distribution of film thickness is also seen as signal
broadening.

As the angle of incidence grows towards grazing incidence, the beam spot size on
the sample becomes larger with 1/cos(f). This means that a larger part of the sample
is analyzed. Therefore, if there is indeed an inhomogeneous film thickness, we could
expect that at a more grazing angle the signal broadening would increase. This would
lead to a larger “diffusion” to be determined. This is actually the case: for a given
sample, the larger (more grazing) the angle of incidence, the more diffusion is needed
in the model to explain the data. However, while precise values for diffusion cannot be
determined from the data, it is possible to determine average thickness values, as well
as elemental concentrations.

5000

Counts

T T T
80 Channel 550

Figure 4.17: RBS spectrum of 80 nm annealed YIG sample with 2 MeV 4Het beams at a
scattering angle of 75°. The solid line (blue) is a fit to the experimental data (red dotted curves).
The RBS spectra shows four sharp discontinuities corresponding to *He™ ions backscattered

from O, Fe, Y and Gd atoms.

Figure 4.17 shows the RBS spectrum of 80 nm thick YIG sample with blue curve
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is a fitting to the experimental data (red dotted curve). The fitting of the RBS spectra
shows four sharp discontinuities corresponding to 4He™ ions backscattered from O,
Fe, Y and Gd atoms. Gd is apparently diffusing from GGG substrate at the YIG/GGG
interface. It is possible to estimate the elemental depth concentration profiles for each
to obtain the stoichiometric value. Figure 4.18 shows the elemental depth concentra-
tion profile used to make the fit. This shows that the top layer of the annealed YIG film
contains Y, Fe and O with the corrrect stoichiometric value of the film Y3Fe;0¢5. But
near the interface (~6 nm) we observed the depression in the Y and Fe concentration.
From the model, it indicates that at the interface region there are other elements Gd, Ga
in addition to Y, Fe and O. This tends to indicate diffusion in the open lattice structure
of YIG due to high annealing temperature. We can estimate the stoichiometry near the
interface to be Y 4Gd; gFe;015. It seems that Y and Gd diffusion occurs in pairs and

this agrees well with the YIG/GGG system as reported in [152].
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Figure 4.18: Elemental depth concentration profiles of Y, Fe, O, Gd, and Ga near Y3Fe5012
surface and YIG/GGG interface estimated by RBS. The top layer of the film contains Y, Fe and
O with the correct stoichiometric of the film YsFe5012. The interface region as shown between
the dotted boundary lines indicates the presence of other elements Gd, Ga in addition to Y, Fe
and O.
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4.6 Conclusion

In this chapter, we performed a comprehensive study of the crystallinity and morpho-
logy of the RF sputtered YIG films and also the chemical nature of the YIG/GGG
interface after annealing. The influence of the deposition and annealing conditions on
the structural quality of the samples was studied by x-ray reflectivity and x-ray dif-
fraction analysis. The single crystalline (111)-oriented YIG films are grown from the
polycrystalline YIG target. From XRR results of annealed YIG sample, we identified
an interdiffusion region of about 6 nm thick at the YIG/GGG interface.

The low deposition rate and optimum target-substrate distance enabled the growth
of smooth YIG films. Our AFM results for a series of YIG films of varying thickness
confirmed that our films are smooth with roughness about 1-3 A. From x-ray reflectiv-
ity measurements we found that piranha etching removes the active layer of YIG from
the top surface while removing the contamination. The surface of the YIG films remain
smooth after etching.

The results obtained using atomic resolution STEM emphasize the impact of high
temperature annealing at the interface of YIG and GGG. This also confirms the dif-
fusion of Gd and Ga at the interface forming Gd and Ga-mixed YIG region, which
can affect the stoichiometry of YIG near the interface. Our YIG/GGG system can be
approximately represented by a two-layer model: YIG and another layer of YIG doped
with Gd. The Gd-rich YIG layer with a highly disordered structure is located near the
interface and the upper layer can be estimated as an almost perfectly formed YIG. In
addition to STEM results, RBS measurements tend to indicate that Y and Gd diffusion
in pairs. The formation of diffusion region due to high annealing temperature can lead
to structural modifications and anamolous magnetic properties of YIG as compared to
bulk YIG.

The most important result is the 4-6 nm Gd-rich diffused layer at the YIG/GGG
interface. So, there is a further scope to optimise the growth methods and annealing
conditions to minimize the diffusion. We could possibly use low temperature annealing

to avoid this interlayer mixing. We can also try to introduce a buffer layer between the
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YIG and substrate interface. In summary, we suceeded to grow good quality ultrathin
YIG films by sputtering which are useful in the investigation of the origin of novel

magnetic phenomena in insulator metal hybrid structures.
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CHAPTER 5

Magnetic properties of nm-thick YIG
films
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5.1 Introduction

In this chapter, we report the magnetic properties of nanometre thick RF sputtered
YIG films. For the growth of high quality thin films the lattice mismatch between
the film and the substrate is an important parameter. The lattice constant of cubic
GGG is 12.383 A which leads to negligible lattice misfit (0.03%) and makes GGG an
excellent choice as substrate. The nm-thick single crystal YIG films were deposited
on (111) oriented 0.5 mm thick GGG substrates. YIG exhibits a ferrimagnetic order
with the transition temperature of 560 K. Below the Curie temperature, the Fe> spins
of the a sites align antiparallel to those present at the d sites due to the superexchange
interaction and along the magnetic easy axes (111) directions (section 2.2).

Fabrication of spintronic and magnonic devices requires thin films of YIG with
high magnetic quality, even though a detail characterisation of the magnetization is
lacking. Here, we investigated the magnetic properties of single crystal YIG films by
using VSM and SQUID-VSM. The thickness dependence measurement is performed
to find the saturation magnetisation, coercivity and the thickness of the dead-layer re-
gion. Results from SQUID-VSM magnetometry have made a major contribution to
this work by measuring the magnetic moment of the samples with very high sensit-
ivity in the wide temperature range 1.8 K to 300 K. The temperature dependence of
the magnetisation M(T) shows an unexpected downturn in magnetisation in the low
temperature region which has not been reported before. These M(T) measurements
were done for different thicknesses of YIG ranging from 10 nm to 250 nm. The Curie
temperature (T¢) of bulk YIG is 560 K, so we measured at high temperature to find
the value of T for nm-thick YIG films. We carried out the surface treatment of YIG
by piranha etching to study its effect on the magnetisation of YIG. We also measured
the temperature dependence of magnetisation of YIG deposited on YAG (Y3Al5015)
substrates and compared the M(T) results with that obtained from the YIG on GGG
substrate.

Polarised neutron reflectivity (PNR) is an excellent tool to provide magnetic in-

formation of the sample. To our knowledge so far we are the first to perform the PNR
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experiments in YIG samples to extract the magnetic information, particularly at the
YIG/GGG interface. Then, we compared our magnetometry and PNR results to get
an idea about the orientation of the magnetic moment of Gd-diffused region at the
YIG/GGG interface. Finally, we used a simple two-layer model (YIG and Gd-diffused
YIG layer) for our film to fit the M(T) curves for each YIG thickness. The correlation
between the results obtained from the magnetometry, polarised neutron reflectivity and

our fitting is very high.

5.2 Magnetometry

5.2.1 Thickness dependent magnetic properties

We have studied the thickness dependent magnetic properties of YIG on (111) GGG
substrate by using Vibrating sample magnetometer (VSM). In the following, we com-
pared our results with the values obtained for bulk YIG. At first, we measured the hys-
teresis loops as a function of applied field at 295 K to find the net magnetic moment
m and the coercivity H.. For this, a magnetic field of 5 mT was applied in plane along
the easy axis of the sample. We set the direction of easy axis of our samples during
the growth with the help of an array of magnets attached to the shutter wheel. During
the deposition, the substrate sits at the centre of these magnets. Measurements were
carried out at constant temperature for each sample. Figure 5.1 shows a typical depend-
ence of the magnetic moment versus in plane magnetic field (m-H) of a 40 nm thick
YIG film at 295 K (blue curve). We observed that in magnetometry measurements the
signal from the thin film of YIG is dominated by the paramagnetism induced by the
Gd3* ions in the GGG substrate generating a large background signal (black curve).
To substantiate the paramagnetism in GGG, we measured a m(T) curve at 10 mT on
cooling the GGG substrate from 300 K to 3 K as shown in figure 5.2. The temperature
dependence of the magnetization curve in GGG obeys the Curie law (o< 1/T). The

paramagnetic background signal increases with decreasing temperature. Inset shows
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Figure 5.1: The net magnetic moment of a 40 nm thick YIG film on GGG substrate versus in
plane magnetic field at 295 K (black curve). The blue curve shows the magnetic moment as a

function of applied magnetic field after the subtraction of the paramagnetic contribution from

the GGG substrate.
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Figure 5.2: m(T) curves at 10 mT for a (111) GGG substrate on cooling the substrate from 300
K to 3 K. This shows the large paramagnetic signal coming from the localized Gd>t* moments

of the GGG substrate. Inset: 1/x vs. T which gives Curie constant C = 12.5 (emu/cc)K.
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of Curie constant C. The volume of a film, for example, 50 nm YIG film, Vi, =
0.4 cm x 0.4 cm x 50 nm = 8 x 1077 cm? is about 4 orders of magnitude smaller
than the volume of GGG substrate, Voo = 0.4 cm x 0.4 cm x 0.5 mm = 8 x 1073
cm?®. So, the total measured magnetic moment of substrate and film is dominated by
the paramagnetic moment of the substrate. Hence, the data needs to be corrected by

subtracting the paramagnetic background signal coming from the GGG substrate.
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Figure 5.3: (a) Magnetic moment as a function of applied field at room temperature for a
range of YIG thicknesses, obtained after subtraction of the paramagnetic contribution from the
GGG substrate. The data shows that the coercivity of our films is very low, 0.30 = 0.05 Oe. (b)
The linear extrapolation of the saturation magnetic moment over area as a function of thickness
indicates that there is a dead layer of about 6 nm thick. The saturation magnetisation obtained

Jfrom the slope is Ms = 144 £ 6 emu/cc.

Figure 5.3a shows the hysteresis loops at 295 K for different thickness of YIG
ranging from 9.8 - 44.4 nm, obtained after the subtraction of the paramagnetic contri-
bution from the GGG substrate. The data shows that the coercivity is similar across
these range of samples with a value of 0.30 £ 0.05 Oe. The coercivity of our film is
very low which also indicates the high epitaxial crystal structure and high magnetic
uniformity of our sputtered YIG films. Our coercive field value is comparable to the

value of 0.35 Oe for off-axis sputtered, 16 nm - 164 nm thick YIG films [149, 155].
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Our H,. value is about 10 times smaller than reported in ref. [156] for PLD-grown YIG
film (2 Oe) and about 100 times smaller than reported in ref.[157], which is 15-30 Oe
for different YIG thicknesses. The saturation magnetic moment m, depends linearly
on the thickness of the film (figure 5.3b). The magnetization can be obtained from the
measured magnetic moment by determining the thickness of each sample and using
the volume of the material. The linear extrapolation of the magnetic moment over area
versus thickness indicates the presence of a magnetically-inactive layer, sometimes
called a dead layer, of ~ 6 nm. In magnetic thin films, it is common that the dead lay-
ers are usually found at the sample/substrate interface and in this YIG/GGG system,
the dead layer thickness corresponds remarkably well to the diffusion region indicated
by the x-ray reflectivity (section 4.2.1) and the STEM analysis (section 4.5.1). The
interpretation thus far is that Gd and Y have interdiffused at the interface region during
annealing, but at room temperature this interface is paramagnetic because 295 K is
well above the ordering temperature of Gd**(which is between 65 K - 85 K) in Gd-
doped YIG [158]. The slope of this curve indicates a saturation magnetisation value
of 144 4+ 6 emu/cc, which agrees well with the bulk magnetisation value M, = 140
emu/cc at 295 K [159]. This also indicates that at room temperature the magnetization
is independent of thickness.

The Curie temperature of a ferrimagnet is given by

Te = 1/ CaCp (5.1

where C'4 and Cp are the Curie constants of Fe>* ions on the a and d sites respectively,
and p is the mean field constant [160].

Figure 5.4 shows the Curie temperature of a 72 nm thick YIG film. The experi-
mental data is fitted using Bloch’s T%/? law, which describes the temperature depend-
ence of magnetisation of magnetic materials [160]. The magnetisation as a function of

temperature is given by
M(T) = My[1 = (T/Te)*?)” (5.2)

where M is the spontaneous magnetisation at absolute zero, 7 is the Curie temper-
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Figure 5.4: Susceptibility versus temperature for 72 nm thick YIG film. The solid line is a fit
using the Bloch T%/? law and this gives the value of Curie temprature 559 + 4 K which is close
to the bulk value 560 K. Here 5 = 0.47.

ature and [ is a critical exponent. This equation is an empirically modified version
of Bloch’s law to take into account the anisotropy and behaviour close to 7. The
fitting to the Bloch law illustrating that the value of 7= = 559 £ 4 K, is close to the
bulk value of YIG which is 560 K [160]. This value is comparable to 551 K as re-
ported by K. P. Belov ef al [161]. The observed Curie temperature in YIG is due to
the superexchange interaction between ferric ions in a and d sites mediated by the O*~
ions. Superexchange interaction is defined as an indirect exchange interaction between
two non-neighbouring magnetic ions mediated by a non-magnetic ion which is located

between the magnetic ions.

5.2.2 Temperature dependence of magnetisation

Magnetic characterisation was performed in the temperature range of 1.8 K to 350 K
in a vibrating sample superconducting quantum interference device (SQUID) magne-

tometer: MPMS3 by Quantum Design. The magnetic field was applied in plane to our
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Figure 5.5: (a) Hysteresis loops as a function of applied field at different temperatures for
40 nm thick YIG film. This shows that with decrease in temperature paramagnetic background
signal from the substrate increases. (b) Hysteresis loops obtained after the subtraction of
paramagnetic background shows that due to the role of Gd>* ions, magnetic moment starts to

decrease at low temperature.

samples. Hysteresis loops were obtained at various temperatures in an applied mag-
netic field (H) of -300 Oe to 300 Oe to ensure that the sample was saturated (figure
5.5a). From these hysteresis loops, one can easily observe an increase in the paramag-
netic contribution with decrease in temperature, that is in accordance with the m(T)
behaviour of GGG as shown in section 5.2.1. The magnetic moment at each temper-
ature was calculated from the hysteresis loops by correcting the linear paramagnetic
slope, shown in figure 5.5b. These measurements were done for different thickness of
YIG films to obtain the magnetisation curve for each sample.

The saturation magnetisation as a function of temperature M(T) for a series of YIG
thicknesses is plotted in figure 5.6, which shows an unexpected decrease in magnet-
isation with decrease in temperature in the low temperature region. The most probable
explanation on the reduction of magnetisation (AM) at low temperature is as follows.
Diffusion of Gd from the GGG substrate as a result of annealing at high temperature

will substitutes Gd for Y to form either Gd-doped YIG or highly disordered Gd-rich
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Figure 5.6: The temperature dependence of the saturation magnetisation for different YIG
thickness where we observed an unexpected decrease of M(T) in the low temperature region.

Each data point presented in the M(T) curve is extracted from the hysteresis loops measured at

different temperatures.
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Figure 5.7: Magnetisation reduction AM as a function of thickness. It shows that with the
increase in film thickness the amount of reduction in the magnetisation decreases and almost

disappears for 250 nm thick film.
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5.2 Magnetometry

YIG layer at the interface between GGG and YIG. Our fit to the x-ray reflectivity
curve gives an estimate of Gd diffusion region thickness of about 6 nm at the inter-
face. Also from the magnetometry data at room temperature, we obtained the value of
dead layer thickness, which is 6 nm (fig.5.3b, section 5.2.1). The magnetic behaviour
of Gd sub-lattice has a strong temperature dependence. It is well known that Gd in
GdIG orders antiparallel at low temperature and dominates the magnetic behaviour.
The ordering temperature of Gd spins is 65-85 K in GdIG, due to which as the temper-
ature is reduced, the magnetization of the Gd sub-lattice strongly increases and aligns
antiparallel to the net magnetic moment of YIG.

So, our interpretation for the magnetisation suppression in YIG at lower temper-
ature is that the Gd-spins in the Gd-diffused region aligning antiparallel and plays
the dominating role to lower the net magnetization value in YIG near the interface.
As indicated in figure 5.7, one can also see that with the increase in film thickness,
the amount of reduction in the magnetisation (AM) decreases. This is because the
thickness of Gd-diffused region forming at the bottom remains nearly the same but
the thickness of the YIG layer increases. So for the thicker film, the magnetization
of YIG starts dominating and the net cancellation by Gd spins gets reduced at lower
temperature. This reduction in magnetisation almost disappears for 250 nm thick YIG
film.

Next we deposited a very thin sample of 10 nm YIG on GGG, with the assump-
tion that we could measure mainly the effect of Gd-spins diffused into the YIG from
GGG after annealing. Figure 5.8a shows the temperature dependence magnetisation
data for a 10 nm thick YIG film. This is a very important result which highlights the
role of Gd spins at the YIG/GGG interface. This M(T) curve clearly shows a com-
pensation point around 100 K. This region is near to the ordering temperature of Gd
spins, indicating that the Gd magnetic sublattice dominates at lower temperatures. In
GdIG (GdsFe50,5), there are three magnetic sublattices: Gd3* (c sites ), Fe** (a sites),
and Fe®" (d sites) [163] (figure 5.8b). Above the compensation temperature Teomp (T

> Teomp), the magnetic behaviour is mainly due to the two Fe sub-lattices which are

90



5.2 Magnetometry

(@) 180 1@ (@ 10 nm YIG|
160 -
140 -
120] @
S100] @
2 80
5§51 o
= 60
% ]
40- Q a Q
204 @ a9 ® °
%0
D T T T T T T T
0 50 100 150 200 250 300 2350 400
T(K) T T T T T T 20
(b) (c) ¥1,Gd,j3Fes0p
3 H = 10.0 kOe
115
Té c l‘ -
Gd* '@ G x=1.0 =
H‘ M " [} B x=0.8 "
'f 4 LO* . MAH Vool 110 £
' ® : d AP ) =04 -
e Fe* Fe:!,o Fe» i Is
T<Teomp T>Toomp -
0

i
o 200 400

600

T/IK

Figure 5.8: (a) Temperature dependence of magnetisation of 10 nm thick YIG. (b) Schematic

of three magnetic sublattices in GdIG. It shows the alignment of each sublattice below and

above the compensation temperature Toomy [162]. Due to strong temperature dependence of

the Gd sub-lattice, it dominates the magnetic behaviour for T <Tcomp, whereas for T >Tcomp

the magnetic behaviour is mainly caused by the antiferromagnetic coupling between Fe sub-

lattices at a and d sites. (c) The temperature dependence magnetisation curve for varying Gd

concentration, which shows 40% Gd doping corresponds to 100 K compensation temperature

[158].

strongly coupled via antiferromagnetic superexchange with a Néel temperature 1 =

550 K. As the temperature decreases, the magnetization of the Gd sub-lattice strongly
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5.2 Magnetometry

increases, and together with the Fe magnetization at a sites overcomes the Fe magnet-
ization at d sites. But since the Gd is weakly exchange coupled to the Fe at a sites, it
leads to an ordering temperature of Gd spins around 65 K-85 K. At high temperature,
Gd** ions lose their magnetization rapidly with increasing temperature and Fe ions at
d sites dominate the magnetization of GdIG. So at the magnetic compensation temper-
ature T .oy, (GAIG) ~ 288K (bulk value) [164, 165] the magnetization of the a site of Fe
and the c site of Gd is equal in magnitude but aligns antiparallel to the magnetization
of the d site of Fe, resulting in zero remanent magnetization of GdIG. According to
the study reported in figure 5.8c of reference [158], the compensation temperature de-
creases with decreasing the concentration of Gd in Gd-doped YIG. In our 10 nm YIG
film, a 100 K compensation temperature corresponds to 40 % Gd diffusion in the lattice
structure of YIG. Since our magnetometry measurements are done in a 10 nm YIG film
with 40 % Gd in the interdiffusion region at the YIG/GGG interface, the net magnet-
ization does not vanish completely but reaches a minimum at the compensation point
due to the response of the Gd sublattice. And at higher temperature the magnetisation
increases again when the Fe3* moments start to dominate. After a short increase in M,
it attains a local maximum and after that the exchange interaction between ferric ions
in a and d sites increases which finally leads to the zero magnetization of YIG at the
Curie temperature, which is 560 K (bulk value).

From our magnetometry data, we observed a temperature evolution of the coercive
field in the temperature range of 5 K to 385 K (figure 5.9). The coercive field de-
creases with increasing temperature. In successive temperature regions, we observed
different slopes with breaking points, one at 50 K and another one around 325 K. In
1990s, G.Vertesy et al. reported the temperature dependence of coercive field in large
family of epitaxial magnetic rare earth garnet films from 10 K to 485 K (Néel tem-
perature) [166]. All the films considered for their study were grown on (111) oriented
GGG substrates. They found the temperature dependence to be piecewise exponential
with breaking points in subsequent regions. In figure 5.9, we also observed the sim-

ilar behaviour, the semilogarithmic plots of H.(7") shows the decrease to be piecewise
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Figure 5.9: The temperature dependence of the coercive field H.(T) of 100 nm annealed
YIG sample shows a piecewise exponential dependence at successive temperature regions with
different slopes and having breaking point around 50 K and 325 K. The semilogarithmic plot of
H(T) is fitted with the exponential function, H.(T)=H,exp(-T/T;) in each of its linear parts.

exponential having different slopes at two successive temperature regions. The semi-
logarithmic H.(T") was fitted to the exponential function (eq. 5.3) in each of its linear
parts.

H.(T) = H;exp(—T/T}) (5.3)

where H; and 7; are the characteristic values for the ¢-th temperature range. For each
exponential segment, the fitting gives the values of H; and 7;. In the temperature range
5 - 50K, H; =3.58 Oe and 7; = 56.5 K and for 50 - 325 K, H; = 1.98 Oe and 7;
= 206 K. This behaviour can be explained as the existence of two different types of
wall-pinning traps (material defects) in the sample, each of them dominating in one of
the two different temperature regions [166]. The breaking points on the plot marks the
interaction of the wall-pinning traps, where the limits of activity of one type of wall-
pinning trap and taking over of the next type. The temperature range and the position
of breaking points can be considered as the characteristic of the sample. The change of

slope of the H.(T") curve indicates the temperature at which a set of defects takes over
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the dominant role in the domain wall coercivity from the previous set of defects. The
decrease of H.(T) is less rapid at higher temperatures, which is most probably due to
the existence of different sets of mutually nonequivalent wall-pinning defects in the
sample. A large number of rare-earth garnet films demonstrated similar behaviour of
piecewise exponential dependence of coercive field with temperature, resulting from

the mutual interaction of wall-pinning traps [166, 167].

5.2.2.1 YIG/Pt hybrid structures

For our spin pumping and current induced FMR experiments, we used YIG/Pt bilayer
structures, so it is crucial to check the magnetometry results after deposition of Pt on
YIG by DC sputtering. For YIG/Pt hybrid structures, the obtained SQUID magneto-
metry results for the YIG layer remain unchanged qualitatively and quantitatively, as

shown in figure 5.10.
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Figure 5.10: (a) Hysteresis loops before (red curve) and after deposition of 10 nm Pt (blue
curve) on 40 nm YIG films. (b) Temperature dependence of magnetisation for the same YIG
(40 nm) and YIG(40 nm)/Pt(10 nm) hybrid structures which shows the same magnetisation

reduction at low temperature.
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5.2.3 Effect of Piranha etching on magnetization

In this section our aim is to get confirmation about the location of magnetically dead
layer near the YIG/GGG interface. For this we analysed our samples before and after
etching. YIG samples were treated with Piranha solution (section 4.4) under same
conditions and the etching time was kept constant.

To study the effect of etching, the magnetisation of the samples was measured
at room temperature using a magnetometer. We observed that etching leads to the
removal of a magnetically active layer from the top surface in addition to the contam-
ination, leading to a decrease in the magnetic moment in each sample after etching, as
shown in figure 5.11a and b. For the 40 nm sample, before etching the moment, m =
3.3 x 10~* emu and after etching, thickness of YIG is 34 nm and the moment, m; =
2.7 x 10~* emu. Hence, 6 nm reduction in thickness corresponds to 18% decrease in
magnetic moment after etching. For an unetched 20 nm sample, m = 1.2 x 10~% emu
and after etching m; = 8.71 x 107 emu. So, a 27% decrease in the magnetic moment
corresponds about 8 nm reduction in thickness. These values are an approximate as
we should note that there is an effect of Gd at the interface in each film which we
discovered later at the end of our study.

After etching, one of the samples was measured in the temperature range of 1.8 K
to 385 K to get the temperature dependence of the magnetisation. If we compare the
M(T) results before etching (42 nm YIG) and after etching (35 nm YIG ), one can still
observe the same downturn of magnetisation at lower temperature (figure 5.12). This
is a good indication of the presence of diffused dead layer at the YIG/GGG interface.
Also we found that the etching removes magnetically active layer from the top, and
hence the magnetisation gets reduced, so we did not continue this piranha etching

process anymore.

95



5.2 Magnetometry

3 (3) viG_40nm W 16} vig_20nm e
—— Before etching -~ S S 1.0+ —— Before etching ‘?I i
‘g 2 —— After etching r . _— After etching Y !?Wm
() 4
< 14 %0'5 {
T
o o
E 0 : 0.0
E —
-1 E_
24
_3-"
075 050 -025 000 025 050 075 -050 025 000 025 0.50
p,H(mT) uH(mMT)

Figure 5.11: Moment versus applied field curve before (blue curves) and after etching (red

curve) of 40 nm (a) and 20 nm (b) thick YIG films. This shows degradation of magnetic moment

after etching and hence removing an active layer from the top surface of YIG. For the 40 nm

sample, the moment decreased by 18% after etching whereas for 20 nm thick YIG it shows 27%

decrease.
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Figure 5.12: Temperature dependence of the saturation magnetisation of 42 nm thick YIG be-

fore (blue dotted curves) and after Piranha etching (red dotted curves) where below 100K there

is a reduction in M(T). The downturn behaviour is same in both cases but it is quantitatively

different.
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5.3 Polarised neutron reflectivity measurements

5.3 Polarised neutron reflectivity measurements

To get more information of the magnetic behaviour and further confirmation about the
magnetization downturn in this complex material YIG, a depth-resolved technique is
required. Polarised Neutron Reflectivity (PNR) technique, is ideally suited for these
measurements. The specular reflectivity of spin polarized neutrons depends on the
depth profile of the sample magnetization parallel to the applied field as well as the
depth profile of the nuclear composition. The YIG samples were taken to the Polar-
ised Neutron Reflectometer, POLREF, at the ISIS neutron spallation source, Ruther-
ford Appleton Laboratory for the temperature dependent polarised neutron reflectivity
(PNR) measurements. By using a GMW electromagnet, the samples were magnetised
in a field of 300 mT, far in excess of the required field to saturate the sample. For
neutron reflectivity data, a neutron spin flipper was used to record both the spin up
and spin down neutrons. The samples were then field-cooled to 250 K in a standard
Oxford instruments He flow cryostat at the saturating field, where we performed our
initial PNR measurement. Measurements were then carried on in the following order
at 5 K, 50 K, 80 K and 150 K without changing the applied field at any point, in order
to make the best use of the available counting time. The dimension of the samples
was 20 mm x 20 mm on a 0.5 mm thick GGG substrate. The 80 nm and 10 nm thick
YIG samples are used for these measurements. It would seem that the room temper-
ature magnetic properties of YIG do not reveal any influence of the Gd-diffused layer
but, with decrease in temperature, the magnetic ordering of the Gd-diffused layer takes
place which is immediately evident in the magnetisation.

Figure 5.13 shows the spin-polarised neutron refectivity data (left hand column)
and spin assymetry curves (right hand column) along with their fits as a function of
scattering vector ¢, for a 80 nm thick YIG film at 5 K, 50 K, 80 K, 150 K and 250 K.
From the reflectivity data we derived the spin asymmetry (SA) using the equation:

_ L=
L+ 1,

SA (5.4)

where I} and I refer to the neutron spin reflectivities with orientation parallel or anti-
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Figure 5.13: Spin-polarised neutron reflectivity data (left hand column) for a 80 nm-thick YIG
film and extracted spin asymmetry data (right hand column) along with their fits as a function
of scattering vector q, at 5 K, 50 K, 80 K, 150 K and 250 K. The solid lines are results from
the simulations showing a good fit to the experimental data.
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Figure 5.14: Schematic of a two layer model approach used for fitting the PNR data of 80 nm
YIG sample in Gen-X. It consists of Gd-doped YIG region of about 6 nm thick at the YIG/GGG

interface.

parallel to the applied magnetic field, respectively. As spin asymmetry is sensitive to
the magnetic component, it represents the reflectivity difference caused by the spin de-
pendent magnetic interaction. The fittings for the reflectivity data and SA are obtained
from simulations done by using Gen-X [168]. For the simulations, we approached
a two layer model for YIG and Gd-doped YIG near the YIG/GGG interface (figure
5.14). In this model, the roughness of the substrate is about 1.2 nm and then a 6-7
nm thick layer of interdiffusion region (Gd-rich YIG) at the YIG/GGG interface. We
note that Gd has a significant neutron absorption cross-section which makes us more
sensitive to it. So, we included this absorption to our model to fit the data accurately.
From the PNR model we obtained the scattering length densities and we plotted
it as a function of distance for different temperatures in figure 5.15a. The z-axis rep-
resents the distance along the vertical direction of the sample, where z = O represents
the YIG/GGG interface. The areas under the SLD curves were integrated (8szp) to
get the integrated SLD as a function of temperature (figure 5.15b). Since the scatter-
ing length densities with magnetic components (p;,,4) 18 directly proportional to the

magnetisation of the sample:

pmag<z> = CZN’L(Z>/'LZ (55)

where the summation is over each type of atom in the system, NV is the in-plane aver-

age of the number density, . is the magnetic moment in Bohr magnetons and C' is a
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constant. So, the integrated SLD can be converted to a magnetisation (emu/cc) using
the relation: m = fs.p/nC where m is the magnetisation, n is the atomic number
density, and C' = 2.853 x 10~ cm?®/emu [169]. From figure 5.15a, one can see that at
250 K, the SLD near z = 0 indicates a region which is paramagnetic but this region be-
comes magnetic and orders anti-parallel to the rest of the YIG as we cooled the sample
down to 5 K: this is indicated by a negative SLD. The total thickness is given by the
Kiessig fringes and the model gives a value of ~ 6 nm for the Gd-diffusion region
which again agrees well with our x-ray reflectivity data, the superSTEM and the room
temperature magnetic data. Then, we measured the temperature dependence of the
magnetisation M(T) on the sample, from 350 K down to 1.8 K using a SQUID-VSM
in an applied field of 50 mT, and have analysed these in combination with the PNR
data as a function of temperature. The integrated SLD is then plotted together with the
independently measured M(T), as shown in figure 5.16. Both these data show a very
good agreement. We know that the moment in YIG is a result of the antiferromagnetic
superexchange mediated by the O?~ between the Fe3* ions on the octahedral (a sites)
and tetrahedral (d sites) sites. This is the strongest of the interactions, so the Gd-doping
does not change the Curie temperature of YIG. Gd substitution for Y on the c sites and
its antiparallel alignment to the net moment of the a + d sites, leads to magnetization
reduction only at low temperature region. This explains the observed PNR results.

In Gd-doped alloys, it has been reported that when Gd concentration exceeds 24%,
there is a compensation temperature where the total moment passes through zero, and
interestingly, the Gd-YIG system rotates coherently as the compensation temperature
is passed [158]. We note that a clear compensation temperature was observed in our
YIG/GGG system, for 10 nm YIG sample (figure 5.8a), and the 100 K compensation
temperature agrees well with that found for a 40% Gd doped YIG film as shown in
ref. [158]. For this 10 nm sample, PNR measurements were done in the same way as
for the 80 nm film. But using the same two-layer model approach, it was difficult to
fit the PNR data in Gen-X. This is most likely due to the wide Gd-rich diffused region

and continuous composition gradient within the sample. Figure 5.17a shows the spin
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Figure 5.15: We show (a) the scattering length density (SLD) as a function of distance through
the 80 nm sample (z = 0 is the GGG/YIG interface) and temperature. Clearly visible (between
0 and 50 A) is the increase in the Gd moment ordering antiparallel to the YIG moment as the

temperature is reduced from 250 K to 5 K. (b) Integrated SLD as a function of temperature.
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Figure 5.16: The temperature dependence of the magnetisation for the same 80 nm YIG

sample measured by SQUID magnetometry. The points overlaid are the integrated SLD which

shows a convincing correlation between the two measurements.

asymmetry curve for different temperatures for 10 nm YIG.

For each temperature, the amplitude of spin asymmetry (Agy4) at ¢, =~ 0.047 A~!

101



5.3 Polarised neutron reflectivity measurements

10 nm YIG

0.4

| e . omvie]
3 1 P P S R ..... N L ..... L L. ..... L

e
08

044 ... ..... S S Y PN A PRI SURPY:

0 25 50 75 100125150175 200 225250 275
T(K)

Figure 5.17: (a) Spin asymmetry plotted as a function of q, for different temperatures for 10
nm thick YIG film. (b) Amplitude Aga (at 0.047 At ) is plotted as a function of temperature
for 10 nm YIG. This shows a transition around 100 K which is consistent with its magnetometry

result.

is extracted and this value Ag,4 is plotted as a function of temperature (figure 5.17b).
It shows a transition near 100 K, where Ag4 changes from negative to positive value.
This gives a quantitative information about the magnetic behaviour and the compens-
ation point of 40% Gd-rich YIG sample. Also, it agrees very well with the independ-
ently measured M(T) result for 10 nm YIG. This indicates that below 100 K, inter-
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action of neutron magnetic moment with the magnetisation of the sample is different
from that above 100 K.

With the information obtained from the PNR results of 80 nm YIG, we developed
a mean field model for the magnetisation as function of temperature M(T) for the

YIG/GGG system based on two layers: YIG and Gd-rich YIG layer, where:
M(T) = MyB(Jy, z,) + MyB(Jy, 24) (5.6)

where B is the Brillouin function, M, and M, are the saturation magnetisations of the

YIG and Gd-rich YIG layers respectively. z, and z, are defined as

gupHyJ, (t - tg>
= M, (T .
y knT ¢ m(T) .7)
and
gupHgJ, <t9>
=== (=) M, (T 5.8
9T T\t (T) (5-8)

where ¢ is the thickness of the total layer, ¢, is the thickness of the Gd-doped region,
which we considered to be 6 nm for all samples, H, and H, are the Weiss fields for
YIG and Gd-doped YIG, and are fitting parameters. .J, and .J, are the spin quantum
numbers for the two layers taken to be: J, = 5/2 and J;, = 7/2. M,,(T) is the
measured value of the magnetisation.

Figure 5.18 shows the temperature dependence of the saturation magnetisation with
their fits for different thickness of the YIG. In the left hand column are the M(T)
measurements for various thicknesses and the solid line represents the fit using the
two-layer mean field model. The right hand column shows the magnetisations for
the two individual layers (YIG in red and Gd-doped YIG in green) where a negative
sign indicates an antiparallel moment. One can see that the simple two-layer model
fits all the data consistently for all samples with a common Gd region of 6 nm. The
saturation magnetisation of YIG obtained from the fit are close to the accepted value.
We have considered a fixed thickness of 6 nm for Gd-layer, but the behaviour of the
Gd-layer varies slightly among the samples, this difference is due to the Weiss field

fitting parameter. We have taken a constant thickness of the Gd-layer to maintain
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Figure 5.18: Temperature dependence of magnetisation for a series of YIG film thickness.
The left hand column shows the M(T) data where the line is a fitting to the data using a mean
field approach. The model uses two magnetic layers: YIG and Gd-doped YIG. The right hand
column shows the magnetisation for the individual layers: YIG in red and Gd-doped YIG in
green. The negative values for the Gd-doped YIG indicates it is antiparallel to the YIG. M(T)
data fitting is done by B.J.Hickey.
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a consistency with the value obtained from the other techniques. We note that for the
thickest sample, it is difficult for the fitting model to find an acceptable thickness of Gd-
layer as it shows no reduction in M(T) - without this, a single layer fit will satisfy. We
were not able to determine the accurate concentration of the elements in the diffusion
region. From the diffusion profile of the elements (fig. 4.16c of section 4.5.1), we have
assumed that vacancies might be implicated. It is possible that the concentration of
vacancies forming after the annealing depends on the thickness of the YIG such that
the thinner samples have a higher concentration. Altogether, we can conclude that the
correlation between the XRR, STEM, PNR(T) and the magnetometry results is very
high indeed.

5.4 Temperature dependence of magnetisation for YIG

on YAG

For further verification, we deposited YIG sample of 40 nm-thick on (111) oriented
YAG (Y3Al50;5) substrate and studied the temperature evolution of saturation mag-
netisation of YIG film. This film was grown on YAG using the same deposition and
annealing conditions as for YIG on GGG. The lattice constant of YAG is 12 A [170]
which leads to a lattice mismatch of about 3% and this might result in deteriorating
magnetic properties of the YIG films on YAG. YAG is diamagnetic as it does not con-
tain magnetic ions and it can provide nearly temperature independent signal. This will
allow easy subtraction of the substrate signal from the measured magnetic moment
of the YIG as compared to the paramagnetic, strongly temperature dependent mag-
netic signal of GGG substrate. This makes YIG film attractive on YAG. We can easily
evaluate the low temperature magnetisation data of YIG on YAG as there is no Gd**
ions.

At first, we measured hysteresis loops at different temperatures. We plotted the
m(H) curve at T = 20 K, 100 K and 200 K (figure 5.19a,b,c) for YIG/GGG and

YIG/YAG on the same graph for each temperature to compare their loops and also
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Figure 5.19: Hysteresis loops as a function of applied field for 40 nm thick YIG film deposited
on YAG (green curve) and GGG (black curve) at 20 K (a), 100 K (b) and 200 K (c) respectively.
This tells us that YIG films deposited on YAG have higher coercivity compared to those on
GGG. (d) Ratio of H._y1c/y ac’H.—v1G/caG as a function of temperature showing that it
increases with temperature, with 70 times higher coercivity at 200 K for YIG on YAG. Inset
shows the H.(T) for YIG/GGG and YIG/YAG.

extracted the coercive field in each case. For YIG on YAG, the coercive field is quite
high: at 200 K it is about 70 times higher and at 20 K it is 14 times higher than the one
obtained for YIG on GGG substrate. The loops are square for YIG on GGG. In figure
5.19d we plotted the ratio of H._y;6/va¢ and He_yrc/cea as a function of temper-
ature which increases almost linearly with temperature. The saturation magnetisation

obtained for YIG on YAG is low, 98 emu/cc at 200 K, whereas for YIG on GGG, it
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Figure 5.20: (a) Hysteresis loops as a function of applied field at different temperatures for
40 nm thick YIG film. This shows no background signal from YAG substrate in the net magnetic
moment of YIG, because YAG is diamagnetic. (b) Temperature dependence of magnetisation of

YIG on YAG showing no downturn of magnetisation at lower temperature.

was about 125 emu/cc at the same temperature. The polycrystalline nature of YIG on
YAG is the most probable reason for the high coercivity and low magnetisation value.
We can also attribute high coercive field to the lattice mismatch between YIG and YAG
and surface defects in the films. So, in future to grow good quality YIG on YAG, we
need to do systematic study for the optimisation of growth conditions and annealing
conditions. We measured the temperature dependent magnetisation M(T) for the same
40 nm thick YIG deposited on YAG. The net magnetic moment of YIG has no con-
tribution from the substrate as can be seen in the loops in the wide temperature range
(figure 5.20a). Figure 5.20b shows the saturation magnetisation as function of temper-
ature and one can see that there is no reduction of magnetisation at lower temperature.

This is obvious as the influence of Gd®* ions are absent in YIG/YAG system.
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5.5 Conclusion

In this chapter, we performed a systematic study of the magnetic properties of nm-thick
YIG films on the GGG substrate over the wide temperature range. We have adopted
a multi-technique approach to investigate the dead layer thickness and low temper-
ature magnetisation suppression. The magnetic properties of YIG on (111) oriented
GGG substrate was measured extensively using magnetometry and polarised neutron
reflectivity. Measuring the magnetic moment of YIG at low temperatures is quite chal-
lenging due to the paramagnetism induced by the Gd** ions from the GGG substrate,
that can easily swamp the magnetic signal from thin YIG films. Our interesting results
of YIG on GGG, emphasizing the low-temperature magnetic data highlight the essen-
tial role of Gd-diffused interlayer in the temperature dependence of the magnetization
of YIG. The results obtained from the room temperature magnetometry show that our
YIG films are of high quality with very low coercivity and a saturation magnetisation
close to the bulk value (140 emu/cc). We identified a 6 nm thick magnetically dead
layer at the YIG/GGG interface. We did the surface cleaning of YIG by Piranha etch-
ing to remove organic contamination from the top surface. This contamination is most
likely coming from the ex-situ annealing and air exposure. We found that the piranha
etching removes the active layer of YIG from the top surface along with the contam-
ination, resulting in a decreased saturation magnetisation of YIG films after etching.
Temperature dependence of the magnetisation in an etched YIG sample also confirms
the existence of dead layer at the interface. We have also shown that deposition of Pt
on YIG in YIG/Pt bilayer films does not alter the magnetisation value of YIG.

The temperature dependence of magnetisation in YIG/GGG system revealed an
reduction in magnetisation at low temperature. To complement this result, we per-
formed temperature dependent polarised neutron reflectivity experiment. This gives
a very high correlation between the magnetometry (SQUID-VSM) and PNR results.
We proposed a simple two-layer model which fits all the M(T) data consistently for
different thickness of YIG samples with a common Gd region of 6 nm. Finally, our

M(T) results on YIG on YAG substrate which shows no reduction of magnetisation
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at low temperature, further confirms the role of Gd** ions in the YIG/GGG system.
The magnetic quality of YIG on YAG deteriorates: low saturation magnetisation and
high coercivity. So. it is necessary to optimise the growth and annealing conditions for
getting high quality YIG on YAG.

Our most important finding is ~ 6 nm Gd-interdiffusion region at the YIG/GGG
interface, which is paramagnetic at room temperature and orders antiparallel to YIG
at low temperatures. This interfacial origin of the magnetization suppression affect
the properties of YIG and should be taken into account for studies of fundamental
magnetic phenomena such as magnetization dynamics, spin pumping effect and STT
effect which demands thin films in the region of 10 - 20 nm for YIG-based spintronics

devices.
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CHAPTER 6

Ferromagnetic resonance properties of

nm-thick YIG films
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6.1 Introduction

6.1 Introduction

In the magnonics community, researchers are aiming to make pure spin currents as
a unique information carrier. For this, YIG is an excellent magnetic material which
has been widely used for studying high frequency magnetization dynamics due to its
extremely small magnetization damping, 5 x 107°, high Curie temperature and high
chemical stability [35, 40, 171]. Because of its unique properties, in the mid-twentieth
century bulk YIG crystal was the standard material for ferromagnetic resonance stud-
ies. The emergence of YIG-based spintronic devices requires high quality ultrathin
YIG films and understanding of the magneto-dynamic properties in nm-thick YIG
films for experiments concerning spin wave propagation. In recent years, YIG/Pt
heterostructures have attracted considerable interest. Since YIG is an insulator, dir-
ect injection of a spin current from the YIG into the Pt layer is not possible. Spin
current injection in the adjacent Pt layer can be possible only by the spin pumping
phenomenon, realized through exchange interaction between localized electrons in the
YIG film and conduction electrons in the Pt layer. Platinum is the most favourable
material due to its high spin-orbit coupling which is necessary for the conversion of
spin currents into electrical currents by the ISHE. Spin pumping is an interfacial ef-
fect, so good interface quality is necessary to achieve high spin pumping efficiency. It
also depends on the spin mixing conductance which can be determined from the Gil-
bert damping. Spin pumping in a bilayer structure is revealed by the increased Gilbert
damping factor, which depends on the temperature and the defects present in a sample
[172].

In this work, we investigated the FMR properties and particularly the damping
behaviour of RF sputtered nm-thick YIG films using ferromagnetic resonance (FMR)
technique. At first we report the thickness dependence of FMR properties for YIG
films. We performed temperature dependent FMR measurements in YIG and YIG/Pt
samples to extract the behaviour of the Gilbert damping. For the implementation of
spin transfer torque (STT) devices using YIG, it is important to understand the nature of

the torque acting on the YIG induced by the charge current in metal layers in YIG/metal
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6.2 Thickness dependent FMR properties

system. So, we performed current-induced FMR (CI-FMR) experiment in YIG/metal
bilayer structures to characterise and quantify the current induced torque. In this work,
we used Cgy molecules, due to its structural simplicity and robustness to make YIG/Cyg,
heterostructures. It has been found that Cgy has higher spin-orbit interaction due to the
curvature of the molecule compared to other carbon allotropes [173]. We investigated
the dynamic properties of YIG/Cg, structures to find the effect of Cgy molecules on
the damping of YIG. With Cgy on top of YIG, we expect to realise spin pumping
from YIG into the molecules. We also performed PNR-FMR experiments in which
we combined the FMR technique with polarised neutron reflectivity, to detect spin

pumping in YIG/Pt manifested as spin asymmetry.

6.2 Thickness dependent FMR properties

We performed in-plane FMR measurements for different thicknesses of YIG nano
films. The samples used for the FMR measurements are about 4 x 4 mm?. The mag-
netization dynamics are excited by applying an alternating microwave field oriented
perpendicular to the external in-plane bias field. At ferromagnetic resonance condi-
tion, the dependence of ferromagnetic resonance frequency on the field follows the

Kittel formula [160] :

f = (N07/27T> \/Hres(Hres + Meff) (61)

where H,. is the magnetic field at the resonance condition for a given fixed frequency
and i is the vacuum permeability. By fitting the field dependence of the resonance
frequency with the Kittel formula we can obtain the value of gyromagnetic ratio y
and the effective magnetization M., for our nm thick YIG films. The effective mag-
netization is the sum of saturation magnetization M, and the anisotropy field H ;.
Therefore, the effective magnetization takes the out-of-plane anisotropy into account.

We can calculate the anisotropy constant /,,; by using the relation [86]:
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Figure 6.1: (a) Ferromagnetic resonance spectra of the absorption for 80 nm YIG film at fre-
quencies of 5, 6, 7 and 8 GHz measured at room temperature using lock-in detection technique.
(b) A typical FMR data at 5 GHz showing the Lorentzian absorption line with its fit which gives
resonance field Hy.s = 136.5 mT and linewidth of I mT.

The Gilbert damping parameter « can be estimated from the frequency dependence
of FMR linewidth dH by using the relation:

_drnaf
THo

dH (6.3)

Figure 6.1a shows the typical FMR spectra measured at different frequency (5-8
GHz) using lock-in detection (section 3.8), showing the Lorentzian absorption line and
a typical FMR data at 5 GHz is shown with its Lorentzian fit (figure 6.1b). Data were
measured at room temperature. Dependence of the FMR frequency on the resonance
field for a 80 nm-thick sample is shown in figure 6.2a and the solid line is a Kittel fit
to the experimental data. From this we extracted the value of gyromagnetic ratio and
the effective magnetization. Figure 6.2b shows the evolution of the FMR linewidth
(dH) as a function of frequency. From the linear fit of the frequency dependence of

the FMR linewidth we can extract the value of Gilbert damping parameter of the film.

113



6.2 Thickness dependent FMR properties

2.0
9—_a 18] b 80 nm YIG
& 16
7 1.4]
6] ]
— —~1.21
T 54 E 104
Q T
=7 T 0.8
34 064
2 0.4-
1—_ 0.2
0 T T T T T 00 T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 1 2 3 4 5 6 7 8 9
resonance field (mT) f(GHz)

Figure 6.2: (a) Dependence of the ferromagnetic resonance frequency on the resonance field
for a 80 nm-thick sample, the solid line (red curve) is a Kittel fit to the experimental data. This
gives a standard value of gyromagnetic ratio 27.2 GHz/T and jioMcyy = 110 £ 2 emu/cc. (b)
FMR linewidth as a function of frequency measured at room temperature. The solid lines are

linear fits to the data. Damping extracted from the slope of the linear fit is 1.61 x 1073,

The Gilbert damping should be proportional to the linewidth while the zero-frequency
offset dH, along the y-axis is related to the extrinsic contributions to damping, such as
film inhomogeneities and two-magnon scattering.

The results of FMR measurements for different YIG thicknesses are summarised
in Table 6.1. These samples were grown from the new target (Target-B). Here dH,, the
zero-frequency intercept of the FMR linewidth is extracted from the linear fits to the
data (fig. 6.2b), and the damping « is extracted from the slope of the linear fits. The
inhomogenous linewidth broadening dH,, of our films varies between 4 to 6 Oe, which
is comparable to the value of 3 to 6 Oe for 19 nm to 49 nm thick YIG films as reported
in the reference [174]. The linewidth obtained for a set of RF sputtered YIG samples
of 83 nm and 96 nm thick is in the range of 4 to 6 Oe, reported in ref. [64]. The values
obtained for M,.ys is lower than the saturation magnetization for the bulk YIG (140
emu/cc).

We plotted the thickness dependence of Gilbert damping parameter of our nm-
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6.2 Thickness dependent FMR properties

Thickness | v (GHz/T) | dHy (mT) | poMeg « Ky (kJ/m?)

(nm) (emu/cc)

16 276+0.2|06+£003| 95+£3 | 2.804+0.4x 1073 4.3

24 275+0.2 064001 | 1024+3 | 240403 x 1073 3.7

28 276402 1(05+£0.02 | 1094£3 | 2.0840.5 x 1073 3.1

38 272403 ]05+£006| 11144 | 1.924+0.1 x 1073 2.8

80 272+0.1 | 05+£0.02| 110£2 | 1.61£0.05 x 1073 2.9
125 27.7+£0.3 | 05+£0.03 | 1154+3 | 1.48+£0.07 x 1073 2.5

Table 6.1: Magnetic parameters of the YIG obtained from FMR

thick YIG films which is shown in figure 6.3. The largest damping 2.8 x 1073 is
observed in a 16 nm thick YIG film. With increasing film thickness the damping
decreases, down to 1.48 x 1073 for 125 nm thick YIG. This behavior has been attributed
to two-magnon scattering at the film surfaces and interfaces that becomes increasingly
dominant with decrease in film thickness [175, 176]. It has been reported that films
with thickness above 1 um (bulk YIG) can reach values as low as 6.7 x 107° [177].
Recent studies have also shown that recrystallization of amorphous YIG by annealing
in oxygen atmosphere leads to ultra low damping YIG which gives o = 7.35 x 10 =5
for 20 nm PLD grown YIG films [62]. Our « value for 16 nm YIG agrees well with
the value reported in [85], where a PLD-grown 20 nm YIG sample has a damping
of (2.169 £ 0.069) x 10~3. From the comparison of our FMR results, we found that
the samples deposited from the Target-A showed lower damping (section 6.3, [174])
as compared to the samples grown from the Target-B. This higher damping is possibly
due to the contributions from nanoscale inhomogeneities in the samples deposited from

the Target-B.
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Figure 6.3: Gilbert damping parameter of nanometre thick YIG films as a function of film
thickness. This shows that damping decreases with increase in film thickness. The largest
damping is observed for 16 nm thick film, which is about 2.8 x 1073, Inset shows that « is

proportional to 1/Thickness.

6.3 Temperature dependence of Gilbert damping in YIG
and YIG/Pt

In this study, ferromagnetic resonance properties were measured using coplanar wave-
guide with frequency band (1-20 GHz) by applying in-plane external magnetic field.
The measurements were carried out in the cryogenics system in the temperature range
20 K to 300 K. We used 40 nm YIG and YIG (40 nm)/Pt (10 nm) bilayer samples for
our measurements. This 40 nm thick film showed a RMS surface roughness of about
2 A with (111) crystalline orientation. Before doing the FMR in these films, we meas-
ured the saturation magnetization My at room temperature and also its temperature
dependence using SQUID magnetometry (figure 5.10b chapter 5).

The inset of figure 6.4 shows the FMR profile of the 40 nm thick YIG sample
obtained at 9 GHz at 300 K and the solid curve shows the fit to the derivative of

Lorentzian function. In the FMR profile, sometimes we also observed more than a
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Figure 6.4: Dependence of the ferromagnetic resonance frequency on the resonance field for a
40 nm thick YIG sample. The fitted line (red curve) is obtained by using the Kittel formula. The
inset shows a typical FMR lineshape at 9 GHz thus showing the derivative of the Lorentzian

absorption line.

single absorption peak which can be attributed to the standing spin wave modes of the
ultra low damping YIG layers [62]. In order to fit such a FMR profile, one needs to
take the superposition of a few closely separated Lorentzian lines. Fitting of the field
dependence of the FMR resonance frequencies (figure 6.4) using the Kittel equation
6.1, gives the gyromagnetic ratio, v = 28 GHz/T. From the slope of the linear fit to
the linewidth versus resonance frequencies (figure 6.5), we can extract the damping
parameters (using equation 6.3) for each temperature. For a 40 nm YIG film at 300 K,
the FMR linewidth is about 6 Oe at 9 GHz with a damping constant of (5.4 4+ 0.2) x
10~%. At 100 K, the damping is increased by a factor of 3.8. We have observed the
same effect in YIG/Pt samples, when the temperature drops from 300 K to 100 K, the
damping parameter increased by 2.5 times: at 300 K, o = (6.08 4+ 0.1) x 1073 and at
100 K, v = (15.2 £ 0.2) x 10~3. Damping in our films is significantly smaller than that

of metallic films of similar thickness. Our FMR linewidth is comparable to the value
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Figure 6.5: Frequency dependence of FMR absorption linewidth for 40 nm YIG (a) and YIG
(40 nm)/Pt (10 nm) (b) samples measured at 300 K and 100 K. The solid straight lines are
linear fits to the data from which damping constant « is obtained. At 300 K, for bare YIG
sample a9 = (5.4 + 0.2) x 10~* and for YIG/Pt sample ap; = (6.08 + 0.1) x 1073. This
illustrates spin pumping effect in YIG/Pt.

reported in reference [65] for two 20 nm thick films deposited by off-axis sputtering,
which is about 7.4 Oe and 11.7 Oe. It has been reported that 10 nm thick film has a
FMR linewidth of about 6.6 Oe at 10 GHz and a damping constant of 10.3 x 10~* [63].
Magnetization dynamics in thin films is no longer a highly coherent process because
it depends on the surface and interface roughness, so it was necessary to check the
surface roughness of our films. For our smooth films, a linear dependence of the FMR
linewidths with frequency (figure 6.5a,b) at temperatures 100 K and 300 K indicates the
absence of two-magnon scattering [175, 176, 178]. Two-magnon scattering is caused
by defects, contributes to the extrinsic damping and the increase linewidth in thin films.
From figure 6.5, we found that the linewidth has a linear frequency dependency with
an extrapolation for zero-frequency, which gives a very small non-zero linewidth dH,
(nearly 3 Oe). This small value of dHj is related to the long range inhomogeneties
present in YIG films as mentioned earlier. The magnitude of dH, also determines the

film quality and for the best samples it approaches to zero.
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Figure 6.6: Effective magnetization as a function of temperature for YIG (40 nm) (black
dots) and YIG(40 nm)/Pt(10 nm) (red squares) samples. The value of effective magnetization
is extracted from the Kittel fit of FMR data at each temperature. This also shows a downturn

in effective magnetization at lower temperatures.

We noticed that the effective magnetization in YIG shows a decrease with decrease
in temperature, it started reducing after 100 K (figure 6.6), which agrees with the res-
ults of temperature dependence saturation magnetization M(T) SQUID data (figure
5.10b). These behaviour can be attributed to the anti-parallel alignment of the mag-
netic moment in the Gd-doped YIG layer near the YIG/GGG interface, as explained in
chapter 5. For YIG/Pt, M.;(T) also showed a reduction in magnetization but below
60 K. The value of M. in YIG/Pt is lower than that of YIG sample between 60 K to
300 K, which is in contrast to the M(T) data. This difference is not clearly understood,
so it requires further investigation. It might be possible that there is a spin transfer by
an induced eddy current which is affecting the magnetization dynamics in YIG. We
should repeat the measurements on YIG/Pt samples by varying the YIG thicknesses.
The temperature dependent FMR measurements is done in collaboration with Univer-
sity of Regensburg.

In figure 6.7, we plotted the temperature dependence of the Gilbert damping factor
a for YIG (40 nm) and YIG(40 nm)/Pt(10 nm) samples. From this we observed that the
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Figure 6.7: Temperature dependence of Gilbert damping parameter in YIG (green curve) and
YIG/Pt (red curve) thin films in the temperature range 20 K - 300 K. It shows an exponential

decay with temperature with decaying constant of about 24 for YIG and YIG/Pt samples.

damping shows a steep rise at low temperature and decays exponentially with increase
in temperature. The «(7") data is fitted with an exponential decaying function given

by:

a(T) = Aexp(—T/ty) (6.4)

where t; is the decaying constant and A is the value of o at T = 0 K. For YIG and
YIG/Pt, the value of ¢, is about 24. From the fitting we obtained A = 0.09 and 0.28 for
YIG and YIG/Pt sample, respectively. This shows that the value of a(T = 0) in YIG/Pt
is about 3 times greater than that of YIG, indicating the spin pumping in the Pt layer.
The damping in YIG is increased by a factor of 75 as the temperature is decreased
from 300 K to 20 K whereas it increased by a factor of 22 in YIG/Pt sample. This
increase in Gilbert damping at low-temperature can be attributed to the slow relaxation
mechanisms by the rare-earth impurities which may be introduced in the samples from
the target during the growth. The Gd ions which have been diffused during the high

temperature annealing may also affect the magnetization dynamics of bare YIG at low
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temperature. There is another possibility of the presence of Fe?>* as impurities which
might have been incorporated during the YIG growth. In 1960s, researchers reported
an increase in linewidth in bulk YIG samples at low temperature due to the impurity
relaxation mechanisms [71, 179-184]. Recently, the increase in linewidth at low tem-
perature has also been observed in 15 nm YIG film deposited by off-axis sputtering
[185]. But it is not universal as Haidar ef al. have observed an increase in damping
coefficient in PLD-grown YIG films (30-170 nm) that increases by approximately a
factor of 2 as the temperature increases from 8 K to room temperature [58]. Accord-
ing to them, this temperature dependence is due to the films itself which may consist
of rare-earth ions due to the target impurities. From the results in our nm-thick YIG
samples, we can conclude that low temperature experiments in thin YIG films require
very high purity material and so there is always a scope for the optimization of the
growth and annealing conditions.

For the YIG/Pt thin film, the effective damping parameter is greater than the damp-
ing of bare YIG film. This is due to the spin pumping from the magnetisation dynamics
in the YIG to the normal metal Pt. At 300 K, for the bare YIG sample, damping factor
ap = (5.4 £ 0.2) x 10~* whereas for Pt (10 nm) covered YIG sample, ap, = (6.08 &
0.1) x 1073, The spin mixing conductance g'* is related to the change of the Gilbert

damping, Aa = ap; - ag as

g = drMdAo
9giB

Taking d = 40 nm as thickness of YIG, we obtained spin mixing conductance, g™ =

(6.5)

(1.6 &= 0.3) x 10! m~2 for this particular sample. Our spin-mixing conductance is
three orders of magnitude greater than the one reported for YIG(1.3 um)/Pt(10 nm)
(g™ =3 x 10 m~2) system in ref.[35], in which YIG was deposited by liquid phase
epitaxy. It has been found that the spin mixing conductance lies in the range of 5 x
10 m~2 to 15 x 10'® m~2 for a series of 20 nm YIG/Pt bilayer samples with varying
Pt thicknesses [186]. Lustikova et al. has reported a value of (2.0 & 0.2) x 108
m~2 for RF sputtered YIG(96 nm)/Pt(14 nm) sample [64], so our value is greater by
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one order of magnitude. Our g™ value is smaller compared to 3.43 x 10" m~2 for
YIG(2.1 pm)/Pt(10 nm) system where the YIG surface was treated with a combination
of piranha etching and O"/Ar™ plasma [51]. This surface treatment removes the water
as well as dirt, and also the organic contamination from the sample surface. In this
work they have shown a strong dependence of the spin pumping efficiency on the
interface condition of YIG/Pt bilayer films. The maximum value is reported in ref.[53]
for YIG (8 um)/Pt(8 nm) sample where g+ = 4.8 x 10** m~2. In future, we should
consider the surface processing of YIG before Pt deposition to get better interface

quality for the realization of efficient spin pumping devices.

6.4 Current induced FMR in YIG/Pt bilayer

In this section, our aim is to investigate and quantify the current induced torque in
YIG/Pt bilayer structures by using current induced FMR (CI-FMR). Due to the spin
Hall effect (section 2.6), an oscillating charge current applied to the metal layer can be
converted to a transverse spin current, which can manipulate the magnetization dynam-
ics in the magnetic insulator by an oscillating spin transfer torque (STT). The charge
current in the metal layer generates the Oersted field which also contributes in driving
the magnetization precession. We applied a microwave current in the metal attached
to our YIG layer and an in plane external magnetic field. At resonance, an output
DC voltage is generated simultaneously due to the spin rectification and spin pumping
mechanisms. From the lineshape and symmetry of the DC voltage we understood the
kind of the torque acting on the YIG. The lineshape and the symmetry of the resonance
in the DC voltage depend on the driving mechanisms of magnetization precession and
how the DC voltage is generated, which we discussed in section 2.5.

For CI-FMR experiment we used YIG/Pt(4.2 nm) bilayer structures with different
YIG thickness. By using optical lithography and argon ion milling, we patterned our
samples into 5 x 50 um? bars. To make the contact electrodes a layer of 5 nm Cr/50

nm Au was evaporated. For the measurements, each bar was placed on a low-loss
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Figure 6.8: (a) FMR spectra of CI-FMR at 4 - 8 GHz is Lorentzian consisting of symmetric
and antisymmetric components. (b) Resonance frequency f as a function of the resonant field
poHyes, fitted with in-plane Kittel’s formula (dashed line) from which we obtained M.y = 69
£ 3 kA/m and .5y = 30.0 £ 0.1 GHZ/T. Inset shows the frequency dependence of the FMR
linewidth and from the slope we calculated opy = (1.41 = 0.02) x 1 073 [86].

dielectric circuit board and connected to a microstrip transmission line. An in-plane
external magnetic field H.,; was swept at an angle 6 with respect to the bar. We used a
bias-tee to measure the output DC voltage across the bar at the same time as the input
microwave power.

Figure 6.8a shows the spectra of current induced FMR signal for YIG (14.8 nm)/Pt
(4.2 nm) sample measured at § = 45°. The resonance signals have a Lorentzian
lineshape with symmetric and anti-symmetric components. Figure 6.8b shows the fre-
quency dependence of resonance field, which when fitted by the Kittel formula gives
M,¢f and yef¢/2m of 69 £ 3 kA/m and 30.0 £ 0.1 GHz/T, respectively. The inset of
figure 6.8b shows the linear dependence of the linewidth as a function of resonance
frequency. From the slope of the curve, we have calculated a.rr = (1.41 4= 0.02) x
10~3 for this particular sample.

Next we analysed the angle dependence of the symmetric V,,,, and the antisym-

metric V,,, components of the resonance signal in order to characterize the current-
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Figure 6.9: Angular dependence of the symmetric part Vgy,y, (blue) and anti-symmetric part
Vasy (red) from YIG(14.8 nm )/Pt(4.2 nm) at 8 GHz. Dashed lines represents fitting results,
where Vg, is fitted by sin20cos0, while Vg, is fitted by a sint) term (green) in addition to
the sin20cos0 term (orange). (b) Oersted field jipho. (black dot) calculated from Vs, and
Ampere’s law (red dashed line) for each YIG/Pt sample, normalized to j.=10"" A/m? [86].

induced torque, shown in figure 6.9a. The Vg, curve is fitted by a function which is
the sum of a sin2fcosf term (orange dash) and a sind (green dash) term, represented
as Viym—sin26coso and Viym_sing, respectively. The fitting of V,,, curve is done using
a —sin 26 cos 6 function (red dash) which agrees with a resonance condition driven by
the Oersted field and detected by spin-rectification. We have extracted the value of
effective field by analysing V,,, (using Eq. 2.44), responsible for generating the torque
in each sample. We then compared this value of the effective field with the Oersted
field determined from the Ampere’s law using the relation: pohoe = pojetpi/2 ~ 26
uT, where j. = 10'° A/m? is the current density and ¢ p; is the thickness of the Pt layer.
We found a good agreement between the two values which allows us to confirm that
the field-like torque is mainly due to the Oersted field (figure 6.9b) [86].

To find out the main driving mechanism, we compared the value of V., —gin 20 coso
and V,,, and plotted the ratio V., —sin 26 cos 6/ Vasy for each P/YIG sample as a func-

tion of 1/c.s¢ (figure 6.10) which shows a linear dependence. From the summary of

124



6.4 Current induced FMR in YIG/Pt bilayer

0.0

-0.4 4

-0.8 {

-1.2 4

Sym-smzﬂcnsﬂNasy (a.u.)

> 1.6

-2.0 4

T
0.6 0.7 0.8 0.9 1.0 11 1.2
Ve, (x10%)

Figure 6.10: Plot of the ratio Viym—sin 26 cos 6/Vasy as a function of 1/og ¢, measured from

the YIG/Pt samples at 8 GHz. The dashed line represents the linear fitting [86].

resonance DC signal components (Table II of reference [86]), one can see that only
|Voe—sp/Voe—sr| is proportional to 1/a. ;. From this, we can say that V., _sin 26 cose
can be mainly attributed to the spin pumping effect driven by the Oersted field. Also
this result shows that V,,,, and V,,, are of opposite sign which is different from the
Co/Pt [187] and Py/Pt [ 188, 189] CI-FMR results where STT plays the dominating role
to produce the rectification signal, and V,,,, and V, are comparable with the same
sign. So in our case this is an indication that V., gin 26 coss 18 mainly dominated by
the spin pumping mechanism driven by the Oersted field.

Further we carried out the angular dependence CI-FMR in YIG(80 nm)/Ta(5 nm)
sample. We found that V,,,, changes its sign compared with the YIG/Pt sample
whereas the sign of V,,, remains unchanged. This change in the V,,, sign is related
with the opposite sign of the spin-pumping, resulting from the opposite value of the
spin-Hall angle of Ta compared with Pt [190, 191]. The sign of V,, does not depend
on the sign of the spin-Hall angle of the attached metal layer, which gives further con-
firmation that the Oersted field plays the dominating role in driving the magnetization
dynamics in our YIG/Pt samples. We presented this work in detail in reference [86].

Our results confirmed that the Oersted field dominates over field-like STT in driving
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the magnetization dynamics. This work is done in collaboration with the microelec-

tronics group, University of Cambridge.

6.5 PNR-FMR experiment in YIG/Pt

We performed PNR-FMR experiment in polREF at ISIS in Rutherford Appleton labor-
atory in Oxford. Using polarised neutron reflectivity along with FMR measurements,
we attempt to detect spin pumping in YIG/Pt bilayer structure, manifested as spin
asymmetry in the reflectivity. Here we measured neutron reflectivity at on and off-
resonance ferromagnetic conditions to identify whether the spin pumping in YIG/Pt
has any effect on the neutron reflectivity measurement. For that we measured reflectiv-
ity spectrum of YIG(80 nm)/Pt(4 nm), first at on resonance condition which we found
around 1 GHz with an in-plane applied field of 10 mT (-0.5 A). Then we set the fre-

quency to 3 GHz to measure the reflectivity spectrum at off-resonance condition. We

0.6

—=—YIG 80 nm difference of SA ON-Reso

—— OFF-Reso

— . . . . . —
0.01 0.02 0.03 0.04 0.05 0.0610.07 0.08 0.09 0.10
dz(A™)

Figure 6.11: Spin asymmetry (SA) of YIG (80 nm)/Pt (4 nm) at on-resonance (red curve) and
off-resonance (black) condition. It shows a very small change in spin asymmetry between on

and off-resonance condition, the difference ASA(%) is plotted in the Inset.
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Figure 6.12: Simulation of spin asymmetry in YIG (80 nm)/Pt (4nm) bilayer system using
Gen-X. This shows that to detect any change of statistical significance in the spin asymmetry,
moment induced in the Pt should be greater than 0.05 pp/atom. The minimum SA resolution

for the instrument is 0.01 pp/atom.

focussed on small wave vector range q.(A~"). The experimental data were modelled
and analysed by using Gen-X software.

Figure 6.11 shows the spin asymmetry data obtained at on-resonance (red curve)
and off-resonance (black curve) condition. Oscillations are observed within small q,
range, 0.04 A~L. The difference in spin asymmetry, ASA(%), is shown in the inset of
figure 6.11. We found no significant change in the spin asymmetry. Next, we carried
out the simulation using Gen-X (figure 6.12) for this bilayer structure to estimate the
amount of spin pumping required to get a noticeable change in spin asymmetry. This
establishes an upper boundary for the change in magnetisation of 0.05 pp/atom, as
seen in our simulation of the SA. The moment induced in the Pt layer is less than 0.05
(p/atom, so it was very hard to detect any change of statistical significance in the spin

asymmetry between on and off-resonance condition.
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6.6 Effect of Cy) on Gilbert damping in YIG/Cg, bilayer

In this section, our aim is to investigate the FMR properties of YIG/Cgy hybrid struc-
tures. For this we deposited 20 nm thick Cgy, molecules by thermal sublimation on
different thicknesses of YIG. We performed FMR measurements in each YIG sample
before and after deposition of the Cg, in order to study its effect on the linewidth and
hence on the Gilbert damping parameter. Figure 6.13 shows an example of the absorp-
tion spectra with an in-plane magnetic field for 125 nm thick YIG film at f = 5-8 GHz
with (a) and without Cg (c), the red solid lines are fittings to the data. It shows a single

FMR peak in each case. The derivative of the Lorentzian absorption lines with their
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Figure 6.13: Ferromagnetic resonance spectra with an in-plane magnetic field for 125 nm
thick YIG film at f = 5-8 GHz with (a) and without Cgqg (c), the red solid lines are fits to the
data. (b) and (d) shows the the derivative of the Lorentzian absorption lines with their fits (red

solid lines) at f = 5-8 GHz with and without Cgg, respectively.
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Figure 6.14: FMR linewidth as a function of frequency for 125 nm thick YIG with (a) and
without Cgg (c), the blue solid lines are fit to the data. From the slope we extracted the damping
parameter in each case, which shows that the damping decreases with Cgg. (e) FMR linewidth
as a function of frequency for the same sample measured after removing the Cgg by using the
acetone, and the damping parameter goes back to the previous value of bare YIG. In (b,d.f) we
plotted the frequency dependence of resonance field with its Kittel fit (red line) which gives the

gyromagnetic ratio 27.7 GHz/T. The effective magnetization does not change with Cgy.
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6.6 Effect of Cg, on Gilbert damping in YIG/Cg, bilayer

fits (red solid lines) at f = 5-8 GHz with and without Cg are plotted in figure 6.13b and
d, respectively. Figure 6.14 illustrates FMR measurements on 125 nm thick YIG with
(a) and without Cgq (b). From this one can observe that there is an appreciable amount
of decrease in damping with Cgy covered YIG: o (YIG) = (1.47 & 0.07) x 1073 and
a (YIG/Cgp) = (8.7 £ 0.8) x 10~%. In order to double check the change in damping
we repeated the measurement on the same sample after removing Cg using acetone,
and we found that there is no change in « for bare YIG film, which is an evidence that
the Cgo growth process does not affect the YIG film (figure 6.14e). Also, the effective
magnetization of YIG remains the same with and without Cgg: pioM.s¢ = 115 emu/cc,
shown in figure 6.14b and d.
To summarise our FMR results we plotted the percentage change in damping (do/av;g)

in YIG/Cg as a function of YIG thickness as shown in figure 6.15. For the lower

thicknesses of YIG (below 80 nm), we found an increase in linewidth and damping in
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Figure 6.15: Percentage change in damping as a function of YIG thickness in YIG/Cgo(20
nm) bilayer structures. We observed an unexpected decrease in damping in the thickness range

between 80 nm to 160 nm.
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YIG/Cgy which gives an indication of spin pumping from YIG into Cgy molecules. For
very thick films, above 180 nm, we hardly observed any change in damping. This is
because for very thick films the interface become quite rough, so probability of spin
injection into the Cgy almost disappears. But we found the result is interesting in the
thickness range between 80 nm to 160 nm, where we noticed an unexpected decrease
in damping, more pronounced in the case of a 125 nm thick film. This is something
which may signify a phenomenon which is reverse of spin pumping effect.

In figure 6.16 we plotted separately the thickness dependence of Gilbert damping
of bare YIG samples which were used for this YIG/Cg, experiment. We observed that
damping is not following a definite trend with thickness. This might be due to the
presence of multiple peaks which we cannot distinguish in our Lorentzian absorption
profile. In reference [62], more than one peak has also been reported for a 20 nm thick
film as shown in figure 6.17a. Here they mentioned the additional peaks correspond
to standing spin wave modes which are visible due to the extremely low damping in

the layers. Also, all our samples were not grown in the same growth run, this may be

0.010 -
0.009 -
0.008 4
0.007
& 0.006 =
(=]
. 0.005 -
] -
3 0.004 |
- a
0.003 -
[ ] ]
0.002 - - -
n ] ]
0.001 -
0.000 T T T T T T
) 50 100 150 200 250

Thickness(nm)

Figure 6.16: Gilbert damping as a function of YIG thickness. We observed that damping is
not following any definite trend with thickness. This might be due to the presence of mulitple
peaks which we can not distinguish in our Lorentzian spectra. Also all these samples were not

grown in the same growth run.
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Figure 6.17: (a) FMR data obtained at 9.6 GHz for a 20 nm thick YIG after annealing
[62]. This work also shows the presence of double peak in the absorption spectra. The main
resonance lines have a peak-to-peak linewidth of 4.02 &= 0.10 Oe. (b) Damping parameter of
YIG films as a function of film thickness [156], from which one can see that there is a sudden

increase in damping in very thick YIG films.

another reason for the random variations of damping parameter. Figure 6.17b shows

some similar behaviour for thicker films and it also reported higher damping suddenly

around 190 nm thick YIG [156].

We are not able to draw conclusion about our results on the unexpected decrease
in damping in YIG/Cg, as we are lacking proper explanation. So we need more detail
investigations of the dynamic properties of YIG/Cgy hybrid structures to find out the

physics behind the magnetization dynamics or the interfacial effect that leads to the

reduction of damping parameter.

6.7 Conclusion

In this chapter, we performed a comprehensive study on the dynamic properties of
YIG films on their own and with Pt overlayer. For our nm-thick YIG films, Gilbert

damping has a thickness dependence. The value of the gyromagnetic ratio remains
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nearly constant and is close to the theoretical value. The FMR profile has a narrow
linewidth of several Oersteds. FMR measurements on our smooth films shows linear
increase of linewidth with frequency, indicating the absence of two-magnon scattering.
Samples made from the Target-A ( 2.6 & 0.3 x 10~* for 38 nm [174]) showed lower
damping compared to the samples deposited from the Target-B ( 1.92 £ 0.1 x 1073
for 38 nm). This indicates a possibility of having inhomogeneties which may result in
non-uniformity in magnetization over a long range or may be due to some deficit in
the right stoichiometry. This work also demonstrates the temperature dependence of
Gilbert damping factor in nm-thick YIG film in the temperature range 20 K to 300 K
which decays exponentially with increase in temperature. We observed a downturn in
effective magnetization at low temperatures. A large value of spin mixing conductance,
(1.6 & 0.3) x 10! m~2 for YIG/Pt sample is an indication of a good interface which is
necessary for efficient spin transfer. In continuation of this work, we should investigate
the temperature dependence of damping in YIG on YAG substrate for future studies.
From PNR-FMR results, we get an idea on the amount of moment required to de-
tect significant spin pumping in terms of spin asymmetry in YIG/Pt bilayer structure.
We carried out CI-FMR measurements in a series of YIG/HM samples with different
YIG thickness between 14.8 nm and 80 nm to quantify the current-induce torque. Our
conclusion is, the Oersted field dominates over STT in driving the magnetisation pre-
cession and should therefore be taken into account for CI-FMR studies in YIG/HM
systems. In future, we need to figure out the ways to improve the YIG/metal interface
so that we can realize spin-transfer torque in this system and hence STT devices using
YIG. At last, we investigated the effect of Cgy on the damping parameter in YIG/Cyg
hybrid structures which has not been studied before. For thin samples, we observed
that the damping increases with Cgp, which is an encouraging result. For certain range
of thicknesses (thicker films), we noticed an unexpected decrease in the damping for
Cgo covered YIG samples. This is quite interesting but we are not yet able to predict
the actual physics to explain the magnetization dynamics in this structure. For this we

need further investigations which is currently in progress in our group.
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7.1 Summary

This research demonstrates the growth of high quality nanometre thick YIG films by
on-axis RF magnetron sputtering, which are reproducible and consistently exhibit the
required properties of YIG. The results of structural, magnetic and FMR measure-
ments demonstrated a good matching with the ones grown by pulse laser deposition
(PLD), on and off-axis sputtering. These nanometre thick YIG films can be used for
a wider range of research which includes spin pumping, spin transfer torque, spin hall
magnetoresistance (SHMR) and the magnonics community.

A comprehensive study of the crystallinity and morphology of the YIG films shows
a (111) crystalline orientation with RMS surface roughness of about 1-3 A. The lattice
constant of the YIG is close to the bulk value (12.376 A). In collaboration with the Su-
perSTEM Laboratory in Daresbury, we analysed the chemical nature of the YIG/GGG
interface using atomic resolution STEM, indicating an interdiffusion at the YIG/GGG
interface, with 4 - 6 nm Gd-doped region in which Y and Gd diffuse in pairs. A good
fitting (GOF = 0.04) of x-ray reflectivity curve of annealed YIG sample is obtained by
introducing a Gd-mixed YIG layer at the interface. The XRR data fitting returns the
densities for the YIG and GGG which are within 1% of the bulk values. The formation
of interdiffusion layer takes place during the high temperature annealing (850°C). The
good agreement between the x-ray data fitting and STEM results allowed us to propose
a two layer model to represent the YIG sample: a Gd-rich YIG layer with a highly dis-
ordered structure near the interface and the upper layer is almost a perfect YIG. This
Gd-mixed YIG interlayer influences the magnetic properties and may also contribute
to the FMR linewidth broadening in YIG, particularly at low temperatures.

The magnetic properties of YIG on (111) oriented GGG substrate are studied ex-
tensively using magnetometry and polarised neutron reflectivity. Due to the paramag-
netism induced by the Gd** ions from the GGG and increased saturation field at room
temperature, measurement of the magnetic moment of YIG at low temperatures is
challenging. The YIG films have very low coercivity 0.30 £ 0.05 Oe and a saturation

magnetisation 144 emu/cc at 295 K. Our result on the thickness dependence of the
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saturation magnetic moment confirms the existence of 6 nm dead layer at the interface.
The temperature dependent magnetisation data M(T) reveals the magnetisation sup-
pression at low temperature, below ~100 K. The temperature dependent PNR results
of 80 nm and 10 nm thick YIG shows an excellent agreement with their M(T) results,
obtained by magnetometry. For 10 nm YIG, the compensation temperature is 100 K
(corresponds to 40% Gd-diffusion) where the magnetization reaches minimum. At low
temperature, Gd spins dominate the magnetic behaviour with its ordering temperature
around 65-85 K and will align antiparallel to the net magnetic moment of YIG. Hence,
the role of Gd-diffused layer in the reduction of magnetisation in YIG films is clearly
understood. The proposed two-layer model fits all the M(T) data consistently for dif-
ferent thicknesses of YIG with a 6 nm thick Gd-diffused YIG layer at the interface.
In phenomena that requires thin YIG films, the magnetic behaviour of the Gd-layer,
which will be paramagnetic at room temperature and gradually align antiparallel as the
sample is cooled, will have to be considered. The M(T) data of YIG on YAG shows
no downturn of magnetisation at low temperatures. This again supports the influence
of Gd-diffusion from GGG on the magnetisation of YIG. The magnetic properties of
YIG on YAG showed low saturation magnetisation (98 emu/cc for 40 nm YIG) and
high coercivity (70 Oe). This is possibly due to the large lattice mismatch between
YIG and YAG.

For our nm-thick YIG films, the FMR profile has a narrow linewidth with extremely
small damping (eg. (2.6 4= 0.3) x 10~* for 38 nm YIG). The value of the gyromagnetic
ratio, 27.7 GHz/T is close to the theoretical value. The Gilbert damping parameter
shows a thickness dependence, such that it is inversely proportional to the thickness of
YIG. This work demonstrates the temperature dependence of Gilbert damping factor
in YIG nano films in the temperature range 20 K to 300 K, decaying exponentially
with increase in temperature. It could be possible that the Gd-layer and slow relaxa-
tion mechanisms of rare-earth impurities affecting the magnetization dynamics of pure
YIG, which results in low temperature increase in the FMR linewidth. A large value

of the spin mixing conductance 1.6 x 10! m~2 is found in YIG/Pt sample, indicating
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a good interface necessary for efficient spin injection in YIG-based heterostructures.
With PNR-FMR experiments, we get an idea of the amount of moment required to de-
tect significant spin pumping in terms of spin asymmetry in the YIG/Pt bilayer struc-
tures. The FMR results of YIG/Cg hybrid structures shows spin pumping but with rich
underlying physics in the dissipation and uniformity of the FMR signal, which is an
encouraging result for future study. Our collaborative work on the spin wave propaga-
tion in nm-thick YIG films [174] with the University of Regensburg made an important
contribution to the YIG community. We are able to observe spin wave (SW) excitations
at distances up to 150 wm away from the exciting CPW. The spin wave decay length is
about 2.7 pm and 3.6 pm for the 38 nm and 49 nm thick YIG films, respectively. The
CI-FMR measurements in collaboration with the University of Cambridge, shows that
the Oersted field dominates over the spin transfer torque in driving the magnetization
dynamics in YIG/metal bilayer structures [86]. Our research on YIG using the FMR
technique covered a broad area which is important to study the spin pumping and STT
effect in YIG/Pt and other YIG based multilayer structures.

In conclusion, this work demonstrates the growth and complete study of the proper-
ties of epitaxial nm-thick sputtered YIG. We have revealed the nature of this promising
material to the spintronics community. This work discovered the interfacial diffusion
and its effect on the magnetisation of thin YIG. The demand for thin YIG films is
set to increase as the field of magnonics and insulator-based spintronics develops. In
particular, the prospect of being able to use high-quality sputtered YIG, which is the in-
dustrial method for deposition makes YIG films an excellent choice for the spintronics

community.

7.2 Future work

The research work covered in this thesis paves the way for the growth optimization
and more advanced experiments with RF sputtered YIG films and YIG-based bilayer

structures. This section is devoted to the possible future experiments using these films.
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For future studies, it would be good to examine the stoichiometry of the annealed
YIG of different thicknesses. This could be done by X-ray photoelectron spectroscopy
(XPS). For chemical analysis of the top surface of YIG, we can use AFM [192]. The
in-situ annealing can be done to improve the sample quality. The deposition can also be
done with a high substrate temperature that may produce as-deposited epitaxial films.
Piranha etching is the uncontrolled part of YIG surface processing. Alternative clean-
ing steps such as plasma oxidation and ion milling should be consider to get better
interface quality. We identified a 4-6 nm interdiffusion region at the YIG/GGG inter-
face. It can be possible to limit the diffusion by lowering the annealing temperature
and increasing the annealing time to crystallise the structure. There is the possibility
of further improving the quality of the films by optimising the annealing temperat-
ure or using annealed GGG for the growth or introducing a diffusion barrier between
YIG and GGG. We must consider the deposition of YIG films by off-axis sputtering in
varying substrates (GGG and YAG) in the future. We performed intensive research on
the magnetic properties of YIG using magnetometry. In the future, microanalysis of
magnetic structure using magnetic force microscopy (MFM) should be done to get de-
tail information about the inhomogeneous distribution of magnetization of the sample,
which may be related to the multiple peaks observed in FMR results.

Within the scope of this thesis, the first step towards the utilization of sputtered
nm-thick YIG films in spin pumping and current induced FMR have been made. Fol-
lowing our results on the temperature dependence of the Gilbert damping, we should
measure the temperature dependent FMR properties for YIG deposited on YAG. We
are currently undertaking this work in collaboration with the University of Regensburg.
A comparison of a(T) for YIG on GGG and YAG substrate will give us a better un-
derstanding of the physics and the parameters that are dominating at low temperatures.
From this we can also develop an idea about the behaviour of the spin mixing con-
ductance and the propagation/injection of spin currents as a function of temperature.
We should consider surface cleaning of YIG by plasma etching before Pt deposition to

improve the YIG-Pt interface. This will increase the spin pumping efficiency and pos-
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sibility of realising the spin transfer torque in nanoscale YIG. The results obtained from
YIG/Cg structures open a new area to work with molecules on YIG, which can lead to
an exciting research area in the field of molecular spintronics. For better understand-
ing of the effect of Cgy on the damping parameter of YIG, we must perform the FMR
measurements of YIG/Cg bilayers films by varying the thickness of the Cg, layer. It
will be also interesting to investigate the spin pumping effect in YIG/Cg,/Pt trilayer
structures by varying the thickness of Cgo. This work is in progress in our group. Par-
allely, our YIG samples for spin injection experiments in YIG/PBTTT bilayers has also
showed promising results, which give a further opportunity to try different materials
on YIG for spin injection experiments. This work is now in progress in collaboration
with the Optoelectronics group in University of Cambridge. Another aspect of future
work could be the optical spin pumping in YIG/molecular structure. We should also
think about the microfabrication of YIG as it already proved to be a potential material

for insulator based spintronics devices.
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