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Abstract

Magnonics is a developing branch in the field of condensed matter physics with
the potential to fulfill the future demand for miniaturized, fast, and energy-efficient
spintronics devices. This thesis explores both a novel magnetodynamic system—
the interface states in oxide system, as well as the tunability of dynamic properties
due to nanostructuring in one-dimensional magnonic crystals (1D MCs). It also
introduces a novel approach to propagating spin-wave spectroscopy that allows
for higher sensitivity in characterization of low-damped materials.

The magnetodynamic properties of an induced magnetic state at complex
oxide—ILag 7Sro 3MnO3/SrTiO3;(LSMO/STO)(111)—heterostructure interface is in-
vestigated employing Ferromagnetic Resonance (FMR) spectroscopy. This study
details the important characteristics of interface mode at LSMO/STO (111) in-
terface. The study also discuss the complex structural or electronic and orbital
reconstructions which could give rise to such interface magnetic state.

The investigation done on the magnetodynamic properties of dipole coupled
1D MCs explore the possibility to use dipolar coupling to tailor the static and
magnetodynamic properties of MCs. The magnetodynamic properties have been
investigated by two complementary FMR spectroscopies in combination with mi-
cromagnetic simulations and analytical calculations.The impact of dipolar coup-
ling on the magnetodynamic damping is also presented.

An extension of the propagating spin-wave spectroscopy to a more sensitive
field-sweep protocol is detailed. To this end the spin-wave propagation parameters
investigated in Permalloy (NiFe) by two different excitation source—voltage pulse
and continuous microwave have been investigated and compared. It is found that
the continuous wave excitation allows for higher sensitivity measurements of a
spin-wave mode in thinner films. This method has been used to investigate spin-
wave propagation properties in half-metallic—Co,FeAl Heusler alloy thin films.
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Chapter 1

Introduction

Ever since the discovery of magnetism in naturally occurring mineral called /ode-
stone, it has been an interesting topic of research for the science community. In
the beginning called a magic stone, at present a most interesting branch of phys-
ics with a potential to change the whole world, the understanding of magnetism
has evolved considerably. The development done in the last couple of hundreds
of years in this research field has made an important impact on science as we
know today. The incorporation of technologies developed based on the magnetic
phenomenon has completely revolutionized our society and has huge scope in the
future for potential miniaturized high-speed devices based on magnetism.

In conventional electronics where one uses the electron's charge degree of
freedom as the carrier of information, the idea that electron's spin degree of free-
dom can also be used to serve the same purpose gives birth the field called spin-
tronics [1]. The concept of electron spin was known for long, but its practical
application in device came after the discovery of Giant magnetoresistance (GMR)
in 1988, which awarded a Nobel prize to two physicists—Albert Fert and Peter
Grunberg in 2007, in the form of GMR read head for hard disc drives [2-4]. The
tunneling magnetoresistance (TMR) observed between two ferromagnets separ-
ated by an insulator is utilized in magnetic tunnel junctions (TMJs) [5-8]. At the
same time the spin transfer torque (STT) phenomenon was discovered as tool to
manipulate the magnetization orientation of magnetic layer by the charge current.
The charge current become spin polarized after traversing through the ferromagnet
and exert a torque on the magnetization with tendency to align the magnetization
direction along the polarization direction of spin current [9, 10]. The magnetiza-
tion manipulation by the spin current is main driving force for the realization of
magnetic random-access memory (MRAM) [11, 12], spin transfer torque nano-
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oscillators [13-15], magnetic domain-wall racetrack memory [16], and magnonic
devices [17, 18].

Spin waves, a collective excitation of spins in the magnetic materials, have
attracted significant attention of science community for their potential application
in spintronic and magnonic devices [19, 20]. Magnons, the quanta of spin waves
are building block of an emerging field called magnon spintronics or magnonics
[21]. A concept that the spin waves can be used for information transport and
data processing have motivated scientific community to investigate and develop
proper understanding to control and manipulate spin waves for future technology
applications.

Magnonics offers fast and energy-efficient spin-wave based computing tech-
nologies free from drawbacks inherent to modern electronics. However, there are
fundamental and technological challenges. One of the main bottleneck is the ma-
teriel's Gilbert damping parameter. The spin-wave attenuates as it propagates in the
material. The distance over which the spin-wave or information can travel is lim-
ited by the material's Gilbert damping parameter. Therefore, materials with low
gilbert damping are crucial for the magnonic devices to be operational. Various
metallic, half-metallic and insulating ferromagnets such as NiFe, CoFe, CoFeAl,
YIG has been studied widely because of its low Gilbert damping and potential
technological applications. For the fundamental and application point of view each
material has their own advantages and disadvantages. For example, NiFe which is
the top pick among the metallic ferromagnets, suffers from high damping because
of magnon scattering by conduction electrons [22]. Consequently, attention moved
towards the insulating ferromagnets. Yttrium iron garnet (YIG) is well known for
its ultralow Gilbert damping (ov ~ 10~°) which supports spin-wave propagation
over millimeter distance [23, 24]. However, it has been widely deposited on Gad-
olinium Gallium Garnet (GGG) which is not compatible with CMOS technology.
YIG, thus can be served as a model system whose technological application is lim-
ited [25]. Accordingly, it is important to study materials with low Gilbert damping
as well as compitable with CMOS technology. Half-metallic ferromagnets in this
regard are promising because of their interesting static and magneto-dynamic prop-
erties. The high degree of spin polarization selectively reduce some channels in
the magnetization relaxation process [26] and thus reduces the magnetic damping.
These interesting properties make the half-metallic ferromagnets a potential can-
didate for both spintronics and magnonics. Investigating magnetodynamic as well
as understanding fundamental physics in such materials is thus crucial for their
successful application in devices.

An active control and effective manipulation of spin waves is also a key is-
sue for the magnonic devices to be operational. Magnonic crystals (MCs) which



are basically periodic modulated ferromagnets, offers a efficient way to control
and manipulate the spin-wave properties. MCs have attracted considerable in-
terest of scientist community for their potential applications in microwave filters
[27], resonators [28], logic gates [29] and memory devices [30]. Particularly for
memory applications, it has been demonstrated that each single element (lattice)
of a densely packed 2D MCs can be used to save a bit and can boost the storage ca-
pacity [31]. However, this requires a very advance lithography techniques to make
such small patterns. Thanks to electron beam lithography which makes it pos-
sible to fabricate MCs down to sub-nanometer scale. Increasing memory density
by scaling down the bit size is however not straight forward because at nanoscale
inter-lattice dipolar coupling dominates which make the physics much more com-
plicated and challenging. Thus, the fundamental understanding the dipolar coup-
ling is crucial both for underlying physics as well as for practical applications. Our
study done on the magnetodynamic properties of dipole coupled 1D MCs focuses
on dipolar coupling. The effect of inter-lattice spacing and lattice width on dipolar
coupling have been investigated.

Outline of the thesis

This thesis is organized as follows: In chapter 2, the theoretical background which
forms the basis of the thesis is presented. This chapter describes the various pos-
sible magnetic interactions, the basics of magnetization dynamics, magnetization
relaxations, current-induced spin transfer torque, and micromagnetic simulations.
Chapter 3 gives a brief introduction and state of art of the model material systems
used in this thesis. In chapter 4, all the experimental tools used in sample fabric-
ation as well as the techniques utilized in sample characterizations are introduced.
Chapter 5 is devoted to a home built experimental setup propagating spin-wave
spectroscopy (PSWS) to study the propagation characteristics of spin-wave in fer-
romagnetic thin films. This chapter covers the operating principle of PSWS, the
fabrication process for the spin-wave device, the experimental design of setup and
signal processing. At last, the paper and manuscripts which were published/written
during my Ph.D. work are appended.
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Chapter 2

Fundamentals of magnetization
dynamics

This chapter describes the fundamentals of magnetization dynamics in ferromag-
nets. It will provide a theoretical background for the work performed in this thesis.
Prior to discussing magnetization dynamics, the basics of magnetism and various
possible magnetic interactions will be introduced. The Landau Lifshits Gilbert
(LLG) equation describing magnetization dynamics will be introduced to under-
stand the ferromagnetic resonance and spin-waves in ferromagnets. An overview
of magnetization relaxation processes and current-induced spin-transfer torque
will be discussed at the end of this chapter.

2.1 Magnetism in solids

The magnetic moment of an electron caused by its intrinsic properties of spin
and charge is the origin of magnetism in solids. A strong interaction present in
ferromagnetic material aligns the spins in a particular crystallographic direction
which results in net magnetic moments in the material. The net magnetic moment
per unit volume is called magnetization. In the preceding sections, the dynamic of
the magnetization will be discussed.

The magnetic interaction energies in the confined structures of the ferromag-
nets play an important role and govern the magnetization dynamics at the nano-
scale. A brief introduction of various magnetic interactions will be given prior to
discussing the magnetization dynamics.
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2.2 Energy Formulation

The magnetic ground state in ferromagnets results from the interplay of various
magnetic interaction energies present in the system. The magnetic ground state can
be obtained by minimizing the total magnetic energy present in the ferromagnet.
The sum of relevant energies is given by the following equation:

€tot = €zee T €dem + €k + €ex (21)

where, €., 1S the Zeeman energy, €4.,, the demagnetization energy, €;, the aniso-
tropy energy, and €., the exchange energy. The effective magnetic field inside the
magnet is given by:

Oetot
oM

Hepp=— (2.2)

2.2.1 Zeeman Energy

The Zeeman energy is the interaction energy between the magnetization M, and
the applied magnetic field Hey and given by the expression:

€rzee = —#0% Heyr - MdV (2.3)
14

The energy is minimized when the magnetization get aligned along the applied
field direction. Thus, the Zeeman energy makes it possible to manipulate the mag-
netic ground state by the applied magnetic field.

2.2.2 Demagnetization Energy

The demagnetization field is the magnetic dipolar field generated by the magnet-
ization in the ferromagnet. It is also called stray field or dipolar field. Its origin
can be explained by the Maxwell's equation. From the Gauss'law of magnetic flux
conservation.

V-B=0 2.4)
The magnetic flux density inside a ferromagnetic, B = (H + M)

V-B=V-(H+M)=0 2.5)
V-H=-V-M (2.6)

As we know the magnetization M of a magnetized body reduced to zero at the
surface, and therefore at surface V - M#0. Hence, the field H which originates
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from the term V - M #0 can be explained as field lines generated by magnetic poles
on the surface of the magnet and is referred as demagnetization field. The energy
associated with demagnetization field is called demagnetization energy:

€gom = —20 ]{ Hp - MdV 2.7)
2 Jv

The demagnetization field depends on the sample geometry as well as on the mag-
netic state of the ferromagnets. Its complex dependence on position makes it hard
to calculate the demagnetization field in an arbitrarily shaped ferromagnet. The
demagnetization field is linearly related to magnetization by a geometry depend-
ent constant called demagnetization tensor, NV in a uniformly magnetized ellipsoid
and is given by the following relation [32]:

Hp=-N-M (2.8)

When the coordinate axes are chosen along the principle axes of the ellipsoid, the
demagnetization tensor is given by a diagonal matrix:

N, 0 0
N, 0 2.9)
0 N

where, N, , . are demagnetization constant along x, y and z directions such that
N; + Ny + N, = 1. The demagnetization tensor N can be analytically calculated
for the different sample geometries. For example, for thin films: N, = 0, N, =
0,andN, = 1. For infinitely extended one-dimensional magnetic stripes with
thickness (¢) < width(w): Ny = 0,N, = 2t/mw,and N, = 1 — 2.

2.2.3 Anisotropy Energy

The crystalline ferromagnets are generally not isotropic. The magnetic proper-
ties vary in the direction in which they are measured. The magnetization prefers to
align along a certain crystallographic direction called the easy axis of the ferromag-
net. The energy associated with the rotation of the magnetization away from the
easy axis is called magnetocrystalline energy. The magnetocrystalline energy ori-
ginates from spin-orbit coupling and depends on the orientation of electron spins
relative to crystallographic directions. In addition to magnetocrystalline aniso-
tropy, there are other factors that also have a profound impact on the spin-orbit
coupling. The epitaxial strain due to the lattice mismatch in thin films induces an
anisotropy called stress anisotropy [33].
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FM: J=0 FM:J<0

T T
- il

Figure 2.1: Schematic illustrating the ferromagnetic (left) and antiferromagnetic (right)
ordering of spins for the positive and negative value of exchange interaction.

The simplest example of the anisotropy in ferromagnet is uniaxial magnetic aniso-
tropy described by the expression:

e = —K,sin’0 (2.10)

where, K, is the uniaxial anisotropy constant, and € the angle between easy axis
and magnetization vector.

2.2.4 Exchange Energy

Exchange interaction is the quantum mechanical effect responsible for spontan-
eous magnetization in ferromagnets. It originates from the combined effect of the
Pauli exclusion principle and electrostatic Coulomb interaction. If we consider
two adjacent electrons having spin angular momentum S; and S}, the total energy
of the system according to the Heisenberg exchange model is given by [34]:

1
Cor =5 ) JijSi 5 2.11)

i<j

where, J;; is the exchange integral. The sign and strength of exchange integral
determines the configuration of neighboring spins.

A positive value of the exchange interaction J;; > 0 favors parallel alignment of
the neighboring spins resulting in ferromagnetic (FM) order, whereas its negative
value favors antiparallel alignment of spin resulting in antiferromagnetic ordering.
Fig.2.1 illustrates the ferromagnetic and the antiferromagnetic ordering of the spins
in a magnetic system.

On microscopic level where magnetization is regarded as continuous vector field,
the expression for exchange energy through phenomenological continuum model
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can be written as [35]:

Ae:}: 2
€er =~ 713 7{V(V.M) dv (2.12)

where, A., represent the exchange stiffness.

2.3 Magnetization Dynamics

The aim of this section is to introduce the fundamentals of magnetization dynamics
in the ferromagnets which form the basis of this thesis. The spins start precessing
when perturbed by an external source. They precess with a particular phase and
with a frequency in the gigahertz regime. Depending on the phase shift between
neighboring spins, and on the propagation direction of resulting wave-like dis-
turbance, many types of eigenmodes can be excited. To understand the various
possible eigenmodes of such excitations, we will first start discussing the dynam-
ics of a single electron spin in the static magnetic field. The collective behavior
of all the spins together which is generally termed as magnetization dynamics in
ferromagnets will be discussed.

2.3.1 Larmor precession

The energy of an electron having magnetic moment x5, in presence of a magnetic
field is given by Zeeman energy:

Eg=—ps-H (2.13)

This results in spin alignment along the direction of magnetic field according to
energy minimization concept. The magnetic moment of the electron is related to
its spin angular momentum, S:

where, 7s = gg5,— is the gyromagnetic ratio. Here, e the electron charge, gs

the electron spin g-factor and m,. the electron mass. The toque acting on magnetic
moment as a result of applied magnetic given by [34]:

7=ps x H (2.15)

Since the rate change of the angular momentum is equal to torque (Newton’s
second law), the above two equations can be combined to:
dps

—_ = — H 2.16
gt YSHS X (2.16)
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dus
dt

Figure 2.2: Schematic illustrating precession of electron's magnetic moment j1g around
the applied magnetic field (H)

This gives the equation of motion of electron's magnetic moment in presence of
the magnetic field. It is obvious that the electron first starts precessing around the
applied field before getting aligned along the field. Fig.2.2 illustrates the preces-
sion of electron’s magnetic moment in presence of applied magnetic field. Solving
the Eq.(2.16), one can find electron’s precession frequency also called Larmor fre-
quency given by:

wr, =vsH 2.17)

2.3.2 The Landau-Lifshits-Gilbert equation

The equation of motion for the collection of spins in ferromagnet can be written
with the help of Eq.(2.16), where the total moment is taken as a sum of individual
electron magnetic moment in the classical approach [36].

% = —’yMXHeff (2.18)
where, v is the gyromagnetic ratio, M the magnetization of the ferromagnet. This
equation describes the uniform precession of the magnetization around the effect-
ive field and known as Landau Lifshits (LL) equation. Since the spins precess in
magnetic media, their motion are damped by dissipative forces present in the sys-
tem as illustrated in Fig.2.3. To take the dissipative forces into account, Gilbert
added a phenomenologic damping term in LL equation to describe the dynamics

of spins in ferromagnets known as Landau Lifshits Gilbert (LLG) equation [37].

dM «

— = —yM x H 2.19
yM % eff+Ms ( )

dt

dM
M
z o



2.3. Magnetization Dynamics 11

~,
U

Figure 2.3: Schematic illustrating precession of magnetization (M) around the applied
magnetic field (H). The magnetic damping acts against the precessional motion and relaxes
the magnetization along the effective magnetic field.

where, « is a phenomenologic dimensionless damping parameter also known as
Gilbert damping parameter. The Gilbert damping in an important parameter cru-
cial for the realization of spin-based devices. Thus, understanding the various
possible mechanisms responsible for the damping is important. These processes
have been categorized into two groups - extrinsic and intrinsic. The details of the
damping processes will be discussed later in the section.

2.3.3 Ferromagnetic Resonance

In this section, we will discuss an interesting phenomenon observed in ferromag-
netic material called ferromagnetic resonance. As introduced in the previous sec-
tion, the applied field exerts a torque which causes the magnetization to precess.
However, the magnetization precession frequency cannot be described simply by
Larmor frequency since it is affected by the various parameters such as mag-
netic anisotropies, strength and direction of the applied magnetic field, dipolar
interaction in case of magnonic crystals, and the macroscopic magnetization of
the samples. Applying a time-varying magnetic field having frequency similar to
magnetization frequency will excite uniform precession of magnetization. The ap-
plied microwave signal is absorbed when the magnetization precession frequency
matches with the microwave frequency. This phenomenon is called ferromagnetic
resonance [38].

Consider, a ferromagnetic thin film magnetized in x-direction as shown in
Fig.2.4(b). A time-varying magnetic field h(t) = hy,y + h.Z applied causes the
magnetization to precess in yz-plane. The dynamic response of the ferromagnet
can be studied solving the LLG equation introduced in the previous section. For
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(a) (b) :

s Ho

F Y

Figure 2.4: (a) Schematic illustrating uniform precession of spins under the influence
of time varying magnetic field. (b) Schematic depicting the Cartesian coordinates and
direction of applied magnetic field on a sheet representing ferromagnetic thin film.

simplicity, we have neglected the presence of any magnetic anisotropies in the
ferromagnet and also have considered ellipsoid geometry of the film to avoid the
complex dependence of the demagnetization field on the sample geometry. Con-
sidering, h < Hy and m < Mg, the total magnetic field and the magnetization
can be written as:

H(t) = Hod + h(t) = | h, (2.20)

M(t) = Mgz +m(t) = | m, (2.21)

Further, to simplify the problem, we have considered harmonic time variation of
magnetization me*! and microwave field he'“!, where w = 27 f is the angular
frequency. The derivative of m and h is can be given by:

dh dm

i iwh & g = fwm (2.22)

The effective field inside the ferromagnet is given by the equation:

H.p = Ho— N - M(t) (2.23)
Using the value of N from Eq.(2.9)
Hy — N, Mg
Hepp = | hy — Nymy (2.24)
h, — N,m,

The magnetic response to small-amplitude oscillation is given by Polder suscept-
ibility tensor y. The element of susceptibility tensor x can be determined solving
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the LLG equation after inserting the values of H(t) and M(t). Since m and h are
small, we can neglect the higher-order terms. The solution can be written after
introducing news terms wy = yHy, and wy; = vMg, in the form:

h=x"'m (2.25)

hy\ _ (wm +wn(Ny — Np) — iow —iw My
w“M h,) iw wy + war (N, — Np) —iaw ) \my

(2.26)

The susceptibility tensor x can be calculated by inverting the matrix in Eq.(2.26)
and can be expressed in the form m = yh where Y is given by:

(= v D 227
X (_iny Xzz) 2.27)

where, the matrix elements are given by:

WL [wH + (Nz/y — No)wny — iaw]
(w2 —w?(1 4 a?) —iwa 2wh + (Ny + N, — 2N, )wa]

Xyy/zz = (2.28)

B wwyy
Xyz/zy = (w2 —w?(1+4 a?) —iwa 2wh + (Ny + N, — 2N, )wa]

.

(2.29)

where, w, is resonance frequency, and can be calculated solving the det(y) = 0,
which gives:

wr = /lwm + (Ny = NoJwn] [wr + (Nz = NoJwn] (2.30)

This equation was first derived by Kittel, hence known as Kittel equation. It is
evident that the resonance frequency depends on the shape of the ferromagnet
through the demagnetization factors. For thin film (N, = N, = 0, & N, = 1),
one can derive the following resonance frequency:

wr = Vwi(wg +war) (2.31)

The component ., which is the largest component of susceptibility will have
a dominant contribution to FMR measurements. All the other components .,
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Figure 2.5: (a) The imaginary component of the susceptibility tensor given by Eq.(2.35).
(b) The real component of the susceptibility tensor given by Eq.(2.34).

Xyz> and X, are small and can be neglected. As evident from Eq.(2.28), sus-
ceptibility is a complex function and thus can be separated into real and imagin-
ary components, Xy, = ny + ny For material with very low Gilbert damping
(a? ~ 0), the real and imaginary components are given by the following equations:

o wywh (W2 — w?)
(w2 — w?)?2 + 2w (wyr + wp )2

(2.32)

v awwp (W + w?)
Xov = (02— w02)2 1 a2w?(was + wn )2

(2.33)

Since the applied field is considered small compared to the saturation magnetiz-

ation, wys > wy, the above two equation can be further simplified in terms of
observables in FMR experiment:

- (Hy — H,)/AH
Xw_ﬂm—3ﬁ+mmm2

(2.34)

1" 1
X = AT, B, + (AH/P &

where, A is an amplitude prefactor and AH = 2aw/~ the linewidth of measured
susceptibilities. The imaginary and the real parts are known as symmetric and
anti-symmetric Lorentzian lineshape functions shown in Fig.2.5 (a) and Fig.2.5(b)
respectively.
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Figure 2.6: Schematic illustrating spin-wave in 1D chain of spins. The precessing spins
constitute a wave like disturbance that propagate in the chain, called spin-wave. The
wavelength of the spin-wave is given by A\ = 27 /k

2.3.4 Spin wave

In the preceding section, we have discussed the uniform precession of magnetiza-
tion where all the spins precess coherently with the same frequency and the same
phase. The excitation can be described as spin-wave with infinite wavelength (i.e.
limy o |k| = 27“ = 0), see Fig.2.4(a). However, when the spins precess with
the same frequency but with a finite phase difference between the neighboring
spins, the excitation is called non-uniform excitation, see Fig.2.6. Such excitation
propagate in ferromagnets and are called spin-wave [32].

Spin waves are low energy excitations in ferromagnets first introduced by
Bloch in 1930 in order to explain the temperature dependence of the magnetiza-
tion [21]. The propagation characteristics of spin-waves are characterized by its
frequency-wavevector dispersion. The precession frequency of spin waves differ
from that of uniform precession due to the presence of both exchange and di-
polar interaction between neighboring spins. Based on these two interactions, spin
waves can be categorized into two types. If the tilt angle ( the angle at which
spins are precessing around their own axis) between the neighboring spins are
very small, long-wavelength spin-waves are excited. The contribution of exchange
energy to the spin-wave can be neglected. The energy of spin-wave is thus determ-
ined by the long-range dipolar interaction, hence regarded as dipolar dominated
spin-waves. On the other hand, if the tilt angle is large the exchange interaction
cannot be neglected for the resulting short-wavelength spin waves. The spin-wave
energy here is mostly governed by exchange interaction and hence referred to as
exchange dominated spin waves.
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In the following sections, we will provide a general formalism for the spin-
waves in ferromagnets. As we have introduced in the previous section, the spins
precess with a finite phase difference between the neighboring spin in case of spin-
waves (k#0), the exchange energy cannot be neglected. In addition, the dynamic
component of magnetization acquires a spatial variation. For small angle preces-
sion, the dynamic part of magnetization is given by the sum:

m(r,t) =Y mype™” (2.36)
k

where, k is spin-wave wavevector and the summation is taken over all the wavevector
in reciprocal space.

The exchange energy in this case can be calculated using the Eq.(2.12)
€er = —Aex VM = — Agpk®m(r,t) (2.37)

Introducing the exchange energy in the LLG equation, one can obtained the spec-
trum of dipole-exchange spin-waves. The frequency dispersion of such spin-waves
is given by Herring-Kittel formula [39]:

w = y\/(H + DI?)(H + D + 47 Mg sin? 6} (2.38)
where, D = 2]\‘2—6; is the exchange stiffness, and 6, the angle between magnetiza-

tion and wavevector.

The spin-wave dispersion described by Herring-Kittel formula is only applic-
able for isotropic and infinite ferromagnetic media. However, a strong anisotropic
behavior is observed experimentally in spin-waves with small wavevector. The
discrepancy arises because of the fact that the dynamic magnetization generates
stray field through Maxwell'magnetostatic equations which were not considered in
the solution. Taking this into account, R. W. Damon and J. R. Eshbach [40] gave
solution for two types of spin-waves in in-plane magnetized thin films - magneto-
static surface waves and magnetostatic volume waves

The dispersion relation for spin-waves taking the additional stray and dipolar field
into account is given by Kalinikos and Slavin [41]:

w =/ (H + DE2)(H + Dk? + 4 MsFyy (k) (2.39)

where, F,,(kp) is the matrix element of the dipole-dipole interaction given by:

Ms

Fpp(kp) =1+ Pp(k)[1 - Ppp(k)]m

sin? O, — P,y (k) cos® 0 (2.40)
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where, the wavevector k = /krg + k:/% , k¢ and k,, (where,k, = 2. p = 0,1,2)
are in-plane and out-of-plane component of the wavevector. The in-plane wavevector
further has two components - k| and &, parallel and perpendicular to the magnetic
field respectively. The function Py, (k) is given by:

(1—e™*)
kd

Now we will consider the dispersion Eq.(2.39) for the spin-waves in special geo-
metry. For the case of magnetostatic spin-waves, the exchange energy term can
be neglected. The dispersion curve for spin-wave propagating perpendicular to
magnetization (k L M) is given by:

Py(k)=1— (2.41)

\/ (1— e—2kid

wpp = Y| H(H + 4Mg) + (47 Mg)? <T) (2.42)
This spin-wave is called magnetostatic surface wave (MSSW) also known as Da-
mon Eshbach (DE) wave named after the scientists who discovered it. Fig.2.7
illustrates the MSSW spin-wave. The amplitude of dynamic component of mag-
netization for such spin-wave reaches maximum at the surface and decay exponen-
tially within the film. This spin-wave possesses positive group velocity since the
frequency of the wave increases with increasing wave vector, see Fig.2.10(a).

Figure 2.7: Sketch illustrating the propagation of magnetostatic surface spin-wave. The
black arrows show the precession of dynamic component of the magnetization as the wave
propagates [42].

The dispersion relation for the spin-wave propagating along the same direction as
the applied field is given by:

1—ehid
wymspvw =Y | H | H+ 47 Mg W (2.43)




18 Fundamentals of magnetization dynamics

Figure 2.8: Sketch illustrating the propagation of magnetostatic backward volume wave.
The black arrows show the precession of dynamic component of the magnetization as the
wave propagates [42].

Heft
“x

T

Figure 2.9: Sketch illustrating the propagation of magnetostatic forward volume wave.
The black arrows show the precession of dynamic component of the magnetization as the
wave propagates [42].

The spin-wave is called magnetostatic backward volume wave (MSBVW). Fig.2.8
illustrates the precession of the dynamical component of magnetization. The fre-
quency of the mode decreases with increasing wave vector and thus this mode
owns negative group velocity, see Fig.2.10(b).

For the case of magnetic field applied perpendicular to the film plane, the disper-
sion relation of the spin-wave is given by:

1— e ked
wrsFvw = Y4 H <H + 4 Mg (1 — T)) (2.44)
¢

Such excitation is called magnetostatic forward volume wave (MSFVW), illus-
trated in Fig.2.9. The dispersion curve of the spin-wave does not depend on the
direction of in-plane wave vector (k), see Fig.2.10(c).
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For the case of exchange dominated wave or thickness or perpendicular standing
spin-waves (PSSW), the term for dipole-dipole interaction can be neglected and
the dispersion curve is given by:

2 2
wpssw = 7\/<H +Dk>+D (%9) ) (H + Dkt + D (T2) 4 47rM5>

d
(2.45)

(a) (b) (c)
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Figure 2.10: Schematics depicting the film/field configuration, magnetization precession
(on the top) and frequency-wavevector dispersion (on the bottom) for the MSFVW, MS-
BVW, and MSSW in a long and narrow magnetic thin-film strip in (a), (b), and (c) re-
spectively [43].

2.3.5 Magnetization relaxation

As we have introduced before, the external applied field exerts a torque on the
magnetization which causes the magnetization to precess around the effective field.
The magnetization precession damped over time and finally get relaxed along the
effective field. The magnetization relaxation is caused by dissipation of energy
from the spin to the lattice. The phenomenological Gilbert damping parameter («)
was introduced in LLG Eq.(2.19) in order to take the dissipation into account. The
energy dissipation can occur directly or indirectly through many interaction chan-
nels such as electron-magnon interaction, spin-spin interaction and due to scatter-
ing from the surface or impurities in the material [44]. These damping processes
are generally categorized into two - intrinsic and extrinsic [45].

The damping parameter « is experimentally measured from the full linewidth
at half maximum (FWHM) of the imaginary part of the Polder susceptibility tensor.
Fig.2.11 shows the FMR linewidth measured as a function of frequency for the
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Figure 2.11: An example of the FMR linewidth plotted against microwave frequency. The
experimental data is fitted to the Eq.(2.46). The slope and intercept of the fitted line give
Gilbert damping parameter,« and inhomogeneous linewidth, A H

Permalloy magnonic crystals. In conventional field sweep FMR, the linewidth is
generally measured in terms of field which consists of a frequency-dependent term
and a term independent of frequency given by the relation [46]:

AH = AHy+ 2o f (2.46)
Y

The slope of the Eq.(2.46) gives the Gilbert damping parameter («) and the in-
tercept gives the frequency independent damping also called inhomogeneous line
broadening. The intrinsic Gilbert damping is caused by spin-orbit coupling since
this process does not conserve spin [47]. However, there are several other mechan-
isms such as two magnon scattering, spin transfer torque (STT), and inhomogen-
eous line broadening which also contribute the FMR linewidth in addition to the
intrinsic Gilbert damping [32].

In following section, we will discuss the various intrinsic and extrinsic pro-
cesses contributing to the FMR linewidth.
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Two magnon scattering

The two magnon scattering is a process through which energy is dissipated from
FMR mode to degenerate magnons over a range of wave vectors [48]. The energy
absorbed by the uniform mode from the microwave field dissipates to the lattice
via scattering to the degenerate magnons in the system. The degenerate magnons
don’t couple to the microwave field and thus generally not excited. Since this
process involves magnons having the same energy but different wavevectors, the
momentum is not conserved. Therefore, inhomogeneity or impurity which serves
to conserve angular momentum is required for this process to happen.

Theoretical model describing two magnon scattering can be given by the
formalism of second quantization according to which FMR mode is destroyed to
create spin-wave mode of the same energy. The scattering rate for a transition from
a magnon at state k = 0 to state k#0 can be given by Fermi golden rule [48, 49]:

2T
r=- Zk: | F |20 (hewy, — hwy) (2.47)

where, h is Planck'constant, § (hwy — hwy) is the Dirac delta function. The factor
| Fi;|? represents the probability of scattering or coupling of FMR mode to spin-
wave modes.

The Eq.(2.47) points out that the scattering rate from uniform mode to degen-
erate magnon mode is dependent on the final magnon state available into. Thus, the
scattering rate can be suppressed by reducing the number of degenerate magnon
states available for scattering. For the in-plane ferromagnetic resonances, there
are several magnon states degenerate to the uniform mode and thus result in a
significant contribution of two magnon scattering to the linewidth. Tilting the
magnetization from in-plane to out-of-plane, one can effectively reduce the degen-
erate magnon states. When the magnetization is fully out-of-plane, no degenerate
magnons remains available and thus no scattering. Therefore, the two magnon
scattering can be totally suppressed.

In-homogeneous linewidth

Inhomogeneous linewidth broadening comes from the in-homogeneities in the fer-
romagnet. This in-homogeneities could be spatial variation in the sample magnet-
ization, magnetic anisotropies etc. These sources cause local variation in effective
magnetic field inside the ferromagnet. Thus, the region with different effective
field will fulfill resonance condition locally. The observed ferromagnetic reson-
ance is the superposition of all these local resonances apparently with enhanced
linewidth.
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Figure 2.12: Schematic illustrating spin transfer torque. Charge current flowing from left
to right first gets polarized by the fixed FM1 layer which further exerts toque on FM2
transferring their angular momentum

2.3.6 Spin transfer torque

As we know, the electron carries both charge and spin degree of freedom. The
spins in the charge current flowing through a non-ferromagnetic electronic device
are randomly oriented and do not play a significant role in the device perform-
ance. However, the transport become polarized when ferromagnetic material is
incorporated in the device. The electrons whose spin orientation matches with the
magnetization direction passes easily through the layer, rest suffer scattering. The
flow of such polarized current is called spin current [50].

The current flowing in the spintronics device does not merely respond to the
layer magnetization but also disturbs it. This was first predicted by Slonczewski
and Berger in 1996 in magnetic multilayers [9, 10]. They observed a transfer of
spin angular momentum between the spin current and the ferromagnetic layer. This
effect is known as Spin Transfer Torque. Fig.2.12 depicts the basic concept of the
spin transfer torque in two ferromagnets separated by spacer.

The STT can be effectively used for magnetization reversal. This concept
gives birth to a new device technology called spin transfer torque magnetic random-
access memory (STT-MRAM) [2, 12]. The STT-MRAMs are much faster, efficient
and easier to scale-down compared to toggle MRAM. In STT-MRAM, data are
recorded in tiny ferromagnetic layers aligned either parallel or opposite to the per-
manently magnetized base layer. The data bits are read by measuring the change
in resistance of the circuit passing a current through it. However, the high cur-
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Figure 2.13: Sketch illustrating magetization (M) precession under the influence of ef-
fective magnetic field Hy¢. The current induced adiabatic and non-adiabatic torques are
shown in the black arrows.

rent density can generate torque enough for switching the magnetization of the
upper layer and provides a way of writing and rewriting MRAM data. The current
induced spin transfer torque can also make magnetization to precess whose pre-
cession frequency can be controlled by the applied current. This concept has been
demonstrated in microwave oscillators such as spin torque oscillator [13].

The current induced STT is also important in the system where the magnet-
ization is not uniform but gradually changing its direction such as domain-walls
and spin-waves. In the adiabatic limit where a full transfer of angular momentum
to local magnetization is applied. The adiabatic STT in such a system is given by
[51]:

Tadia = —(u - V)M (2.48)
where, u is the velocity vector directed along the motion of the electron with the
amplitude:

JP
= 2.49
u=gup <2e Ms> (2.49)

where, g is Lande g-factor, ;15 the Bohr magnetron, J the current density, P the
polarization.

A toque perpendicular to the torque given in Eq.(2.48) also exits known as non-
adiabatic spin transfer torque or field like torque given by:

Tnon—adia = 3 [u ) (M X V)] M (2.50)
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where, 3 is non-adiabaticity parameter.

The LLG equation in presence of spin current is modified to:

dM «
O A MxH, -2
(e ff+Ms{

- M x dM} —(uV)M+Bu- (M x V)] M (2.51)

dt

2.4 Micromagnetic simulations

Micromagnetics is a branch of physics that deals with the dynamic behavior of
the magnetic materials on a length scale large enough for the atomistic model of
material to be ignored (continuum approximation) and small enough to resolve
the magnetic structures such as domain walls. In micromagnetics, the small angle
precession of spins is considered so that the angles of the spin's direction can be
approximated by a continuous function of position. The magnetization of the fer-
romagnets is represented by the continuous vector field, M = Mgym, where M,
is the saturation magnetization and m the local direction of magnetic spin. Micro-
magnetism is a semiclassical theory which utilizes quantum mechanical effect in
the framework of classical field theory [35].

The purpose of micromagnetics is to determine the spatial distribution of local
magnetization. It was first used to calculate the equilibrium position of magnet-
ization by minimizing the total magnetic energy in the system. Micromagnetism
emerged as a standard tool for analyzing basic magnetic properties in ferromagnets
in micro and nanoscales after a report of Landau-Lifshitz's wall calculations and
Brown's micromagnetic equations. Currently, it's being used in solving static and
dynamic problems in ferromagnets [35].

For the work done in paper II of this thesis, we used MuMax3 [52] micromag-
netic simulations employing finite difference discretization to solve the LLG equa-
tion. The simulations are performed dividing the magnetized region of the space
into small cells. When dividing the cells, it is important to consider the length of
the cell less than or equal to the exchange length. The spins of the magnetized
ferromagnet are assigned at the center of these cells. The coupling is considered
at the faces between the cells. The micromagnetic solver then solves the LLG
equation numerically assuming the magnetization as a continuous function of the
space.



Chapter 3

Model material systems

In this section, a brief overview of the research field and a comprehensive literature
review of the materials used to perform the work in this thesis is presented. The
aim is to establish a context for the work presented in this thesis.

Spin dynamics in ferromagnets is among the most active research topic in mag-
netism. Especially the ferromagnets with low magnetic damping have attracted
considerable attention of the science community for their potential application in
spintronic and magnonic devices [2, 20]. Magnonics is an emerging field in the
condensed matter physics that deals with magnetic phenomena related to spin-
wave in the nano-structure of ferromagnets. Magnonics aims at excitation, detec-
tion and manipulation of spin-waves for their successful application in information
and data processing. The damping of the material limits the distance over which
the information can be carried. The magnetic damping is thus the key parameter
deciding the functionality of the material in devices. Hence, the material with
small Gilbert damping compatible with CMOS technology is of utmost import-
ance for magnonics device applications.

Permalloy is a metallic ferromagnet first discovered in 1914 by Gustav Elmen
at Bell Telephone Laboratories. Many decades after its discovery, it has attracted a
lot of attention of the science community when reported to have low Gilbert damp-
ing. It is a prototype material known for the lowest Gilbert damping parameter
(o &= 0.001) among the metallic ferromagnets [53]. The low magnetic damping in
combination with high Curie temperature (Tc=553K) as well as its compatibility
with CMOS technology makes it potential candidates for applications in spintron-
ics devices. The spin waves which are building block of the magnonics have been
widely studied in permalloy both for their interesting underlying physics as well

25
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as for their potential technological applications [54-60]. One of the main interests
is how to control and manipulate spin waves making it facile for devices. The
magnonic crystals offer a promising way to control and manipulate spin waves in
ferromagnets [30, 61-63]. Therefore, exploring and understanding spin waves in
MCs are important for the application in spintronics devices.

Magnonic crystals (MCs) are meta-materials with the periodic variation in
magnetic properties in space. The MCs are the magnetic counterpart of photonic
crystals which are well known for molding the electromagnetic wave [64]. The
same idea is transferred to ferromagnets to manipulate the spin waves. The peri-
odic variation in magnetic properties could be due to modulation of saturation
magnetization realized by ion implantation, modulation of magnetic anisotropy,
periodic modulation of ferromagnetic stripes or dot on dielectric or ferromagnet
substrate, periodic perturbation of the magnetic field or any other modulating para-
meter modifying the propagation of spin waves [65-70]. The periodic modulation
brings a change in magnetostatic (e.g. induced magnetic anisotropy, change in
the coercive field) and magnetodynamic (e.g. spin-wave localization, collective
excitation of spins) properties significantly [71, 72].

MC:s find applications in wide range of spin wave devices e.g. advanced magnetic
storage, data storage and spin logic gates [29, 30, 73]. Depending on design of
MC:s, the spin wave forms a band of quantized or localized modes due lateral
confinement and sometimes band gaps when the spin wave wavelength is longer
and shorter than the period of the modulation respectively [62]. Owing to their
interesting underling physics and wide range of potential applications, the static
and dynamic properties of MCs have been studied extensively in one dimension,
two dimension and three dimensions both experimentally and theoretically [72,
74-76].

1D MCs have attracted considerable attention because of their simple geometry
convenient for studying the impact of geometry confinement on the magnetody-
namic properties. Especially the MCs with large length to width ratio making
it possible to eliminate the effect of non-homogeneity due to the demagnetization
field when magnetized along the long direction of MCs [72, 75, 77]. This geometry
also makes easy to study the impact of dipolar interaction on the magnetodynamic
properties. Advances in lithography technique make it possible to fabricate MCs
with small lateral confinement where the static field from the neighboring elements
interferes which results in formation dipolarly coupled MCs [78, 79]. Under the
magnetic resonance condition, the dynamic component of magnetization precess-
ing at the edge of magnetic stripe couples with the neighboring stripes through the
dipolar interaction and form a collective spin excitation in system [80, 81]. Such
excitation results in magnonics band formation whose bang gap is tunable by the
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control parameter of the MCs. The dipolar coupling when large enough can also
be used to tailor the magnetodynamic properties. However, a detailed investigation
regarding the impact of inter-lattice separation on the magnetodynamic properties
is still missing which is one of the main objectives of this thesis.

Complex metal oxides are known for their fascinating electronic and magnetic
properties. The complex correlation of charge, spin and orbital degree of freedom
in these material result in emergent phenomenon such as high temperature super-
conductivity in cuprates, ferroelectricity, metal-insulator transition and colossal
magnetoresistance in manganites [82—84]. In addition to these bulk effects, the in-
terfaces at complex oxide heterostructure are also promising for the novel physical
properties emerging from structural, electronic and orbital reconstructions [83, 84].

Mixed valanced manganites have attracted huge attention because of their
colossal magnetoresistance and high degree of spin polarization [85, 86]. The
High colossal magnetoresiatance (CMR) makes it attractive candidate for the elec-
trode material in magnetic tunnel junctions (TMJs) [87]. Within manganites,
Lag7Srp3MnO3 (LSMO) is ferromagnetic half-metal at room temperature and
known to have highest Curie temperature (Tc=370K) among all the manganites
[88, 89]. These unique properties makes it potential candidates for technological
applications. Scientific advances in past few decades has successfully demon-
strated excellent device functionalities of LSMO in spintronics devices [89-92].
The low Gilbert damping parameter (« ~ 0.002) reported makes this material
also an attractive candidate for magnonics devices [93]. However, it is extremely
difficult to grow LSMO with abrupt interfaces which is required for device ap-
plications. Thanks to pulsed laser deposition technique which allows growth of
atomically sharp epitaxial LSMO interface on SrTiOz (STO) substrate [94, 95].
Transport and static magnetic of LSMO grown on various orientations of STO has
been studied widely. However, less attention has been paid on its magnetodynamic
properties.

The LSMO/STO heterostructure interface has been studied widely for their
interface induced emergent phenomenon ascribed to orbital and spin reconstruc-
tions [96]. The induced ferromagnetism at such interfaces are of primary import-
ance since it provides new prospects for the 2D spintronics at interface [97]. The
(111) oriented LSMO/STO heterostructure interfaces are interesting in this regard
because of terminating polar layer which is more prone to the orbital and spin
reconstructions. The investigating magnetodynamic properties at such interface
is important for understanding the underlying physics as well as for the potential
applications in spintronics devices.

Heusler alloy with stoichiometric composition X,YZ, where X and Y are
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transition metals and Z is p-block element, has been studied extensively because
of its half metallicity and low Gilbert damping [26, 98, 99]. Among the numer-
ous Heusler alloy, Co,FeAl (CFA) is famous for its high Curie temperature (Tc=
1000 K), high degree of spin polarization, and low Gilbert damping (o ~ 0.001)
[100, 101]. Its compatibility with CMOS technology makes it interesting for both
spintronics and magnonics applications. Investigations previously done on CFA
have been focused on its static and magneto-dynamic properties where its high
magnetoresistance and low Gilbert damping for the potential applications in mag-
netic tunnel junctions and STT based MRAM devices have been demonstrated
[102-105]. However, investigation of spin-waves propagation properties and its
dependence on spin-wave frequency are still missing.



Chapter 4

Experimental techniques

This chapter will give the reader a detailed information of the main experimental
techniques used for sample growth as well as the techniques utilized for sample
characterization.

The Permalloy MCs presented in paper II were grown by electron beam evapor-
ation. The spin-wave device used for developing propagating spin-wave spec-
troscopy and investigating spin-wave propagation properties in Permalloy and
Heusler alloy thin films presented paper I1I and paper IV were grown by a combin-
ation of DC magnetron sputtering and electron beam evaporation techniques. The
magnetodynamic properties of the complex magnetic oxide and MCs presented in
paper I and II were investigated by cavity and broadband FMR techniques. The
propagation properties of the spin-wave were studied by propagating spin-wave
spectroscopy presented in next chapter.

4.1 Physical vapor deposition

Physical vapor deposition (PVD) is a process of depositing thin films or coating
by evaporating a solid target material to the vapor phase and then back to solid-
phase on the desired substrate in low-pressure chamber [106]. The PVD method
can be categorized mainly into two groups. The first which involves evaporating
the material by heating is called thermal vapor deposition. And the second which
involves material deposition by argon plasma is called sputtering.

AJA international custom made e-beam evaporator and sputter coater was used for
the thin film deposition. A brief introduction of the techniques involved will be
given in the following section.

29
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4.1.1 DC magnetron sputtering

Sputtering is a plasma vapor deposition technique primarily used for thin film de-
position [106]. A very high voltage is applied between two electrodes (target and
the substrate) placed in a high vacuum chamber. The applied voltage ionizes the
argon atoms when pursed in the chamber. The ionized Ar™ atoms get accelerated
and strike the target. While doing so they knock out the material which settles
down on the substrate. In magnetron sputtering, a magnetic field is applied in ad-
dition to the electric field which confines plasma close to the target and enhances
the ionization efficiency and thus helps in getting plasma at lower pressure. This
technique has primarily two variants based on the voltage source used. The first
one is DC magnetron sputtering, where a DC voltage source is used for generating
the plasma. The DC voltage source suits best for conducting targets. The second
one is RF magnetron sputtering, where rf source is used for depositing insulating
materials. Fig.4.1 shows the schematic of the DC magnetron sputtering technique.

Vacuum chamber

Cathode

Magnetic fi

@
4

Electric field Thin film

Figure 4.1: Schematic depicting the thin-film deposition by DC magnetron sputtering.

4.1.2 Electron beam evaporator

Electron beam evaporation is another type of physical vapor deposition technique
also widely used for coating and thin film depositions. The target material to be
deposited is heated by an electron beam source emitted from a charged tungsten
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filament. The target material transforms into gaseous phase which get deposited on
the substrate [106]. The high vacuum in the chamber provides a very large mean
free path to the evaporated particles which result in a very smooth and uniform
deposition. Fig.4.2 shows the schematic of electron beam evaporation set up. The
growth rate was monitored by a quartz crystal. A rotation stage which ensures the
good homogeneity of the deposited material is used during the growth.
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Figure 4.2: Schematic illustrating deposition of thin film by electron beam evaporation
setup

4.2 Electron beam lithography

Electron beam lithography (EBL) is an advanced lithography technique widely
used for nano-patterning. In principle, this technique is similar to photolithography
where accelerating electron beams are used to exposed electron sensitive resist in
contrast to UV-radiation in photolithography. This is one of the best lithography
techniques which provides sub-10 nm resolution. The accelerated electron beam
is scanned across the sample in order to expose the resist, therefore it does not
require any hard mask. However, it takes a long time to expose the resist.

ELIONIX ELS-G100, an electron beam lithography machine with 100 keV
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electron gun was used for the work performed in the thesis. The electron beam
current in the range of 1nA-100pA were used for resist exposure. The beam spot
size varies accordingly with the beam current with minimum diameter of 1.8 nm at
100 pA. The exposure time which is given by time(t) =Dose (D) x Area (A)/beam
current (I) can be selectively reduced by choosing optimum beam current for the
given feature size.

Once an appropriate beam current is chosen for a given feature size, exposure
dose must be optimized. If the dose is too low (high), the resist will be under-
exposed (overexposed) which results in broken or swelled features after liftoff.
A positive tone e-beam resist, AR-P 6200 (CSAR62) was used for the work per-
formed in this thesis. The exposure dose was optimized for the different beam
current used in the exposure.

4.2.1 Proximity effect correction

The electron beam when interacts with the matter (resist), many types of the sec-
ondary beam are generated. The primary electron while passing through the resist
suffers multiple scattering. The scattered electrons re-exposes the resist and thus
can over-expose the resist. The low energy secondary electrons which are gener-
ated because of in-elastic scattering within resist do not play a significant role as
they die-off traveling few nanometers. However, backscattered electrons possess
energy high enough to travel a long distance and can over-expose the resist. These
electrons scattering effect is called proximity effect. There is a huge impact of
the proximity effect on pattern quality when exposing patterns containing small
as well as large feature size. The process often fails due to the large variation
in the optimum dose required for these patterns. Hence, proximity effect correc-
tion became necessary when exposing such patterns in a single layer. A software
called BEAMER developed by GenlSys has been used to make an exposure file for
electron beam lithography [107]. This software employs a simulation model for
various resists type and thickness on different substrates. The software divides the
whole pattern into bulk and sleeve parts and assigns different doses to them. This
also helps in reducing the total exposure time which is a major issue with electron
beam lithography. Fig.4.3 shows an exposure file defined after dose correction us-
ing BEAMER software. The color contrast shows the dose difference between the
various part of the pattern. The bulk patterns (bluish region) generally required
less dose compared to the smaller one (greenish region).

4.3 lon beam etching

Ion beam etching (IBE) is a physical dry plasma etching technique used for re-
moving material from the substrate. This technique utilizes the neutral /reactive
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Figure 4.3: An image depicting an exposure file made by BEAMER software. The color
contrast shows the different dose assigned to various part of the pattern.

ions and accelerates them towards the sample in a very controlled fashion. Ion
beam etching is regarded as a universal etchant method because of its applicability
for a wide range of materials with excellent etch rate, selectivity and uniformity.
IBE consists of three mains parts: discharge chamber, grids and neutralizer. Ions
are produced in the discharge chamber injecting gas like argon in RF-field. The
RF-field applied in the discharge chamber excites free electron. When the free
electrons acquire enough energy, they start breaking argon atoms into ions and
plasma is created in the chamber. The potential grids then come into play whose
role are basically to extract and accelerate the ions toward the substrate. The grids
are two or three in numbers and are kept at different potentials. The grid which
remains in electric contact with the plasma is kept at positive potential relative to
the ground and is called screen grids. Its function is to screen the ions coming out
of the discharge chamber and thus it controls the beam voltage or energy. A second
grid that is kept at negative potential relative to the ground is called the acceler-
ator grid provides extraction voltage to the ions. A third grid called decelerator
is grounded and helps to reduce the beam divergence and avoid re-deposition of
sputtered material back on the accelerator grid. The filament is placed in between
the sample and the accelerating grid which produces electrons by ionizing argon
atom. The third part (neutralizer) which is basically a filament serves to avoid
charge build-up and to neutralize some of the ions to balance the beam [108].

The ion beam etching are generally categorized into types: ion beam etching
(IBE), reactive ion beam etching (RIBE) and chemically assisted ion beam etching
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Figure 4.4: Schematic depicting chemically assisted ion beam etching set up.

(CAIBE). All these variant works on the same principle, the differences lie on the
combination of etchant ions used.

4.3.1 Chemically assisted ion beam etching

Chemically assisted ion beam etching (CAIBE) is a type of ion beam etching
where chemically active gases such as Os, SFg, CH F3, Cly are used in addition
to neutral etchant gas e.g Ar. The reactive gases are introduced near the substrate
holder around the wafer through a gas ring which helps in improving the etch rate
and the selectivity of the mask.

Ionfab 300 Plus, an Oxford instrument was used for defining the magnetic
strips for spin-wave device fabrication. Fig.4.4 shows the schematic of the CAIBE
setup. The sample is attached to a 4-inch loading wafer with the help of Kapton
tape. The wafer is then transferred to the substrate holder which is connected to
a rotation stage in the ion beam chamber. The etching is performed with rotation
stage tilted at 60 degrees for the desired time and finally for 1 min with the tilt
angle of 10 degrees, which helps to remove the side walls deposition during the
course of the etching process. The beam current, beam voltage and accelerating
voltage were kept at 500 mA, 500V and 300V respectively. The Ar and O flow
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rate was fixed at 10 and 5 sccm respectively.

4.4 FMR spectroscopy

Ferromagnetic resonance spectroscopy is a very sensitive nondestructive tool
widely used for probing magnetic materials. This allows investigating static and
magnetodynamic properties of ferromagnets such as magnetic anisotropies, effect-
ive magnetization and magnetic damping.

This technique works on the principle of Ferromagnetic Resonance intro-
duced in the previous chapter. The applied static magnetic field magnetized the
ferromagnet along its direction. The microwave field then applied to excite the
uniform precession of magnetization whose frequency depends on the effective
magnetic field in the ferromagnet. When the processional frequency matches the
microwave frequency, the resonance condition is fulfilled, and the signal is ab-
sorbed. The resonance condition can be fulfilled by two ways either sweeping the
applied magnetic field or sweeping the microwave frequency. The absorbed sig-
nal which contains detailed information about the ferromagnets is recorded and
analyzed to extract the magnetic properties.

For the work presented in this thesis, two complementary field-sweep FMR
techniques have been used. In the following section, the two FMR techniques will
be introduced.

4.41 Cavity-based FMR

The cavity FMR measurements were carried out in a commercial X-band electron
paramagnetic resonance (EPR) setup with a fixed microwave frequency of 9.4 GHz
(Bruker Bio-spin ELEXSYS 500, with a cylindrical TE-011 microwave cavity).
The schematic of the setup is shown in Fig.4.5. The set up consists of three main
components - a microwave wave bridge, an electromagnet capable of providing a
magnetic field up to 8000 Oe, and a microwave cavity. The microwave wave bridge
houses the solid-state microwave source, a circulator and a detector. The bridge
is connected to the microwave wave cavity through an impedance matched rect-
angular waveguide for optimal coupling. The sample is attached to a cylindrical
quartz rod and placed at the center of the cavity. The quartz rod is connected to a
goniometer allowing to rotate the sample 360° in-plane as well out-of-plane.

To record the FMR absorption, we first apply a static magnetic field perpen-
dicular to the applied microwave field. The magnetic field is then swept to fulfill
the ferromagnetic resonance condition. At resonance, when the magnetization pro-
cessional frequency matches with microwave frequency, the microwave signal is
absorbed. The absorption is recorded by measuring the change in reflected power
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Figure 4.5: Schematic illustrating cavity FMR setup.
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Figure 4.6: The FMR lineshape measured on 15 nm LSMO/STO(111) sample employing
cavity FMR technique.

by the detector in the microwave bridge.

As introduced before, the recorded absorption curve is proportional to the ima-
ginary part of the susceptibility tensor. The FMR absorption signal is generally
described by the sum of symmetric and antisymmetric Lorentzian function given
by:

A 4.1)
(Hp — Hy)? + (AH/2)*

X” 1+(HR—H0)/AH

where, A is a pre-amplitude factor, 5 asymmetry parameter defining the asym-
metry of lineshape, AH the full width at half maximum (FWHM), Hgr and H
are the resonance field and the applied magnetic field respectively. The antisym-
metric Lorentzian part arises due to the phase difference between the electric and
magnetic field of microwave in the cavity [109].

The setup is equipped with field modulation technique to enhance the sensit-
ivity of measurement. The measurements were performed under small modulation
field, therefore, the measured FMR signal is proportional to first field derivative of
the susceptibility tensor. The experimental FMR lineshape recorded is thus fitted
to the derivative of Eq.(4.1) given by:
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(dx") -B/AH 2(Hr — Ho)[1 + B(Hr — Ho)/AH]

dHo (Hgr — Hp)? + (AH/2)? (Hgr — Ho)? + (AH/2)?
4.2)
Fig.4.6 shows the typical field modulated FMR data taken for LSMO on STO
(111) thin film. The data in red, black and blue solid lines show the experimental,
fitted, and residual curves respectively. The resonance field (H ) and the linewidth
(AH) can be extracted directly from the fitted function shown in Eq.(4.2).

4.4.2 Broadband FMR

The broadband FMR measurements were performed using a coplanar waveguide
(CPW) and a lock-in amplifier detection technique. Fig.4.7 shows the schematic
of the CPW-FMR setup. It consists of four main parts - a microwave source, a
pair of electromagnets, a CPW, and a lock-in detector. A vector network analyzer
(VNA) was used as a source to apply microwave current to the CPW connected
through a coaxial cable. The CPW consists of a coplanar layer of three conductors
in ground-signal-ground (GSG) geometry with characteristics impedance of 50 €2.
An in-plane magnetic field is applied perpendicular to the microwave field using
electromagnets. The microwave current passing through the waveguide generates
a microwave field which excites uniform precession of spins in the ferromagnetic
sample placed on the top of the CPW. A low-amplitude magnetic field of 0.25
mT at 211.5 Hz was used to modulate the signal before lock-in detection. The
measurements were performed sweeping the applied magnetic field while keeping
the applied microwave frequency constant.

The frequency sweep capability of CPW-FMR allows one to investigate the
frequency-field dispersion of the FMR mode described by the Kittel equation. The
frequency dispersion helps in identifying modes especially when multiple reson-
ances are observed in the measurements. The biggest advantage of this technique
is that it provides valuable information about the materials's Gilbert damping para-
meter unlike the cavity FMR technique. The frequency-field data fitted to the Kittel
equation allows us to extract an effective magnetic field inside the magnetic mater-
ials, see fig.4.8. The linewidth versus frequency data fitted to straight line allows
to estimate the Gilbert damping parameter () and the inhomogeneous linewidth,
see the fig.2.11 of the previous chapter.
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Figure 4.7: Schematic illustrating CPW-FMR setup.
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Figure 4.8: The frequency-field dispersion curve plotted for the Permalloy magnonic crys-
tals. The black open circles and solid red lines show the experimental and the fitted data
respectively. The plot in the inset shows the FMR lineshape measured for the sample
FS200 of the MCs.



Chapter 5

Propagating spin-wave
spectroscopy

5.1 State of the art

A conventional approach to study the magnetodynamic properties is through ferro-
magnetic resonance spectroscopy. This technique excites uniform magnetization
precession where all the spins precess in phase and is a very convenient tool to
study the static and dynamic properties of the ferromagnets [34]. However, this
technique does not excite propagating spin-wave and thus lacks investigating the
propagation properties of spin-waves.

For a detailed investigation of spin-wave dynamics in ferromagnets, one
needs an experimental setup capable of exciting nonzero wavevector (k#0) spin
waves to study their propagation characteristics. The spin-wave offers a tool to
probe various magnetic interactions in addition to its potential applications in in-
formation and data processing. Recent scientific advances have demonstrated that
spin waves can be used to probe spin-polarized transport and also to quantify
Dzyaloshinskii-Moriya interaction (DMI) in ferromagnets [110-114]. When it
comes to spin-wave application in the magnonics devices, the spin-wave char-
acteristics parameters such as group velocity (v, ), attenuation length (A), and re-
laxation time (7) are the important parameters controlling device functionalities.
These parameters would play an important role in improving the performance of
spin wave-based magnonics devices. There are very few techniques that make it
possible to characterize all these parameters in a self-contained manner, we rely
on propagating spin-wave spectroscopy (PSWS) which is a robust and a versatile
technique capable of exciting wavelength-selective spin waves in frequency [54]

41
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and time-domain [55]. The PSWS technique has been used widely in the scientific
community to study propagation characteristics of dipolar spin waves in various
magnetic thin films [54, 115-117]. It is similar to the CPW based FMR technique
where the microwave current passing through the CPW excites uniform magnet-
ization precession in the ferromagnet. However, in the PSWS technique, the mi-
crowave antennas connected to CPWs are lithographically patterned on the ferro-
magnet itself which excite non-uniform magnetization precession. The antenna
geometry allows spin wavevector selectivity and its monochromaticity [54, 113].

The lithographically patterned microwave antenna suffers from poor effi-
ciency due to ohmic losses and impedance mismatch which limits this technique
to the excitation of long wavelength dipolar spin waves. The exchange-dominated
spin waves possess a nanometer-scale wavelength, travel much faster compared to
dipolar spin waves, thus are demanding for high-speed computing applications
[118, 119]. Lately, this technique has been employed to excite exchange and
dipole-exchange spin waves in YIG/Co(or Ni), and YIG/Co(or Ni)-MCs bilayers
where the exchange and magneto dipolar coupling from the MCs layer efficiently
excite nanometer scale dipole-exchange spin waves. However, the frequency of
FMR mode in cobalt layer must coincide with perpendicular standing spin waves
(PSSW5s) frequency in the YIG layer in such bilayers [119-121].

The aim of this chapter is to discuss in detail the operating principle of PSWS,
and step-wise lithography processes involved in device fabrication. Then the role
of the antenna geometry on spin-wave excitation, spin wavevector selection, and
impedance mismatch will be discussed in the context of the theoretical model and
CST microwave simulations. At last, the PSWS experimental set-up and method
of signal processing will be discussed.

5.2 Operating Principle

Propagating spin-wave spectroscopy works on the principle of electromagnetic in-
duction. Fig.5.1 shows the schematic illustrating the excitation and detection of
spin-wave. The microwave current injected in one antenna generates an Oersted
field around the magnetic strip underneath the antenna which excites spin-wave in
the magnetic strip. The Oersted field generated here follows the same spatial vari-
ation as the meander of the antenna and hence the spin-waves excited are forced
to have the same wavelength as the wavelength of the antenna. The spin-wave
excited travels in both forward and backward direction in the strip. The spin-wave
propagating in the strip generates an additional magnetic flux which according to
Faraday's law induce an oscillating voltage in nearby antenna. The induced voltage
can be detected by the self and mutual inductance of the exciting and detecting an-
tennas [122].
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Figure 5.1: Schematic illustrating excitation of spin-wave by antenna (CPW1) and detec-
tion by antenna (CPW2). The red and black arrows show the direction of applied field and
the direction of spin-wave propagation respectively.

Fig.5.2 shows the fabricated spin-wave device. The device consists of two identical
gold antennas deposited on the top of a ferromagnetic (FM) strip, one for exciting
spin waves and other for detection. An insulating layer is deposited in between the
FM and gold layers to avoid the short circuit. The antennas are configured in the
form of CPW and tapered towards the short end to avoid the formation of standing
waves in the system. An alternative device with additional DC probes was also
fabricated to study the impact of spin current on spin waves. The detailed process
steps for the device fabrication will be discussed later in this section.

5.3 Spin-wave device fabrication

In this section, we will discuss the process steps for device fabrication. The device
consists of a stack of layers Si/SiO,/NiFe/SiO,/Ti/Au deposited on top of each
other by a combination of electron beam lithography (EBL) and lift-off techniques.

A general overview of the sample fabrication is shown in Fig.5.3. The whole
process is divided into three steps. An optional four-step process is also optimized
for a device with a small antenna period in order to study the effect of current-
induced spin transfer torque on spin waves. In the first step, a magnetic strip was
defined by ion beam etching/magnetron sputtering followed by deposition of an
insulating (Si0O,) layer using electron beam evaporation in the second step. In the
final step, a pair of microwave antennas connected to CPWs were deposited. The
same fabrication steps were followed for the device fabrication on Co,FeAl (CFA)
thin films. The CFA thin films were deposited by ion beam sputtering. In the
following section, the process involved in each process step will be discussed in
detail.
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Figure 5.2: Scanning electron microscope image of the patterned microwave antennas. A
strip underneath the antenna shows the ferromagnetic layer.

All the process steps for the spin wave device fabrication has been done in
cleanroom facility at NTNU Nanolab.

5.3.1 Magnetic Strip

In the first step, magnetic strips of dimension 100x300 pm? were defined by elec-
tron beam lithography and etching/lift-off techniques on the silicon substrate. Prior
to the deposition, the substrate was cleaned in acetone and isopropyl alcohol (IPA)
2 minutes each and then cleaned in oxygen plasma to remove chemical residues.
After cleaning, 200 nm SiO; was deposited by electron beam evaporation to in-
sulate the spin-wave device from the substrate. The sample was then spin-coated
with 450 nm CSAR 62 electron beam resist, soft-baked at 230 °C for 3 minutes
and finally exposed with an electron beam with a dose of 300 uC'/cm?. Sub-
sequently, the sample was developed in developer (AR 600-546) for 1 minute
and in IPA:MIBK (3:1) for 5 sec. After development the sample was cleaned
in O, plasma for 30 sec to remove the remaining resist residues. Finally, depos-
ition/etching of Permalloy by magnetron sputtering/ion beam etching. At end we
left with a magnetic strip on Si/SiO, substrate, see Fig.5.3(a).

5.3.2 Insulation layer

In this step, an insulation layer was deposited to avoid shunting the magnetic strip
with the microwave antennas. This step also involves resist coating, electron beam
exposure, development and finally deposition of 70 nm SiO, by RF magnetron
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Figure 5.3: Optical microscope images of the spin-wave device taken at the various stage
during the fabrication.The Fig (a), (b), and (c) show the layer structure of the device after
the completion of step first, second and third respectively. The inset shows the enlarged
view of microwave antennas in (d).
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Figure 5.4: The thickness profiles of the deposited NiFe and SiO, layers measured by
profillometer.The red arrows show the thickness of the films in nanometer.

sputtering, see Fig.5.3(b).

The thickness profile of these two deposited layers was mapped by a profillo-
meter. Fig.5.4 shows the thickness of the NiFe and SiO; layers.

5.3.3 Coplanar waveguides and antennas

In this step, a pair of microwave antennas were deposited. The process step also
involves the same steps of resist coating, development and layer deposition of
Ti(10 nm)/Au (200 nm) by electron beam evaporation. The final fabricated spin
wave device is shown in the Fig.5.3(c).

The final layer consists of large as well as small features size. So, the exposure
time or the developing time after exposure might be different for large and small
patterns. In order to save the resource and reduce the fabrication time, this layer
was optimized for a single layer exposure instead of two using proximity effect
correction described in the previous chapter.

5.3.4 Alternative approach for device fabrication

An alternative four-step process was also optimized for making a device with a
very small antenna period (550 nm) in order to study the effect of current-induced
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Figure 5.5: Scanning electron microscopy image of the spin wave device depicting the
four DC pad and a pair of microwave antennas

spin tranfer torque on the spin waves. However, we could not perform these in-
vestigations due to the limited project time. Fig.5.5 show the SEM image of the
fabricated device. Fig.5.2 shows the zoomed part of the meander shape microwave
antennas. The electron beam lithography and liftoff techniques were used as de-
scribed before. However, a slightly different sequence was adopted. In the first
step, a magnetic strips were defined which followed by DC pads and CPWs de-
position in the second step. In the third step, an insulation layer was deposited.
Finally, microwave antennas with strips connecting antennas to CPWs were de-
posited in the fourth step.

5.4 Antenna geometry and impedance matching

As we have mentioned in the previous section, the periodicity of the antenna de-
termines the wave vector of the excited spin waves, so varying the geometry of the
pattern one can excite spin waves of the desired wavevector. The Fourier trans-
form of the spatial distribution of current in the antenna represents the emission
spectrum of excited spin waves [122]. Fig.5.6 shows the emission spectra of the
antennas with the ground, signal widths and ground-signal gap of 6, 3, and 3um
respectively. The main peak which corresponds to the primary period is observed
along with two weak secondary peaks.

The spin-wave was measured recording the induced voltage in the detecting
antenna. A small impedance mismatch among the components such as coaxial
cables, fabricated CPWs, and exciting/detecting source may cause reflection in the
input signal and thus loss in input signal. Therefore, it is important to remove
any possible source of reflection. The CPWs were chosen ground-signal-ground
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Figure 5.6: The FFT of the current density plotted as a function of wave vector for the
antenna geometry shown in the inset. The main peak shows the wave vector of the spin
wave to be experimentally excited by the corresponding antenna.

(GSG) configuration. All the components used in the experiment has character-
istics impedance of 50 €2, so accordingly the dimensions of the ground and signal
lines and the signal-ground gap chosen to set the characteristics impedance at 50
Q). In addition, the tapers connecting the CPWs have been chosen such as to get
minimum reflections or the signal loss.

For a transmission line such as CPW, the characteristics impedance is given

by [123]:
B 1 K(y/(1—u?)

(eocr/(8(er + 1)) K (u)

where, €( is the vacuum permittivity, €, the relative permittivity of the substrate, ¢
the speed of light, and K (u) the complete elliptic integral of the first kind with u =
a/b. Note, this equation is only valid under the assumption that the ground planes
are extended indefinitely on the either sides of the CPWs. For CPWs with finite-

width ground lines, w, = ¢ — b, the factor u can be corrected to u = %7

(5.1)

~

[124], where a, b, and c are the length shown in the Fig.5.7.

5.5 CST microwave simulations

As we have mentioned in the previous section that the impedance matching is
important in the microwave circuit for the maximum power delivery with minimum
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Figure 5.7: Optical microscope image of the spin wave device depicting parameters a, b,
and c of the CPWs. The brown, green and the yellow color show the layers of NiFe, SiO,,
and the CPWs respectively.

loss. The impedance mismatch causes reflections in the circuit and thus a loss in
the input signal. Especially, in microwave antennas where dimensions are in the
sub-micrometer range, the losses due to reflections are very high. The signal loss
is a major concern in the antenna based spin-wave excitation and puts a lower limit
on the dimensions of the antennas and thus limitation on the wavelength of the spin
wave that can be excited. Also, since the antennas are connected to CPWs through
taper sections, it is important to make sure the impedance is matched well in all
the sections.

We have used CST microwave simulations to make sure that the impedance
of the antenna is close to characteristics impedance of 50 ). Fig.5.8 shows a
typical model used in the simulations. Tetrahedral mess cells with adoptive mess
refinement were used. A Gaussian wave was used as an excitation source and
fed through the waveguide port defined at both the end of CPWs. The frequency
domain solver was used in the simulations.

5.6 Experiment setup

The schematic of the homemade PSWS set-up is shown in Fig.5.9. A pair of
electromagnets were used for applying the magnetic field. A picosecond voltage
pulses/continuous microwave current were used as a source to excite spin waves
and sampling oscilloscope/spectrum analyzer as a detector to detect the spin waves
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Figure 5.8: Diagram illustrating the typical model used in CST microwave simulations.
The green and the yellowish parts in the model shows the Permalloy strip and the gold
antennas respectively.

in the time-domain/frequency-domain. The microprobes from GGB industries
were mounted on micropositioners to connect the probes to the CPWs fabricated
on the sample with the help of a digital camera. Flexible coaxial cables were used
to connect the probes to the source and the detector.

Time-resolved measurements were performed sending picosecond voltage
pulses and the induced voltage was measured at constant magnetic field. The
signal measured at zero magnetic field was taken as reference and measurement
performed at the various field was subtracted from it to extract the pure spin-wave
signal. The continuous spin-wave measurements were performed recording the
transmitted signal at a constant microwave frequency while sweeping the applied
field.

5.7 Signal processing

The spin-wave signal was measured recording the change in antenna imped-
ance (Z;;). The transmission measurements performed at various magnetic
field Z;j(w, H) are subtracted from the zero-field (reference) measurements
Zij(w, Hyey). Since the coupling between the antenna and the magnetic strip is
purely inductive, the change in antenna impedance can be related to the induct-
ance of the antenna by the relation [122]:
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Figure 5.9: Schematic illustrating propagating spin wave spectroscopy. The optical mi-
croscope image at the center depicts the various layers of the spin-wave device - CPWs
in yellow, SiO; in green, and Permalloy strip in brown colors. The inset shows the SEM
image of the microwave antennas depicting the ground, signal and the ground-signal width
of the antennas and the Cartesian coordinates.

1
ALij = =1Zij(w, H) = Zij(w, Hyey)] (5.2)
where, (i,j) = (1, 2) show the port 1 and 2 of the spin-wave device, w is the angular
frequency of the spin-wave.

The voltage induced by the spin-wave is very weak and as we know the sensitivity
of the oscilloscope is not as good as the spectrum analyzer, therefore a proper sig-
nal amplification is needed to detect the spin-wave in the time domain. We have
used a 20-dB low noise broadband amplifier for signal amplification. Further, to
enhance the signal to noise ratio the data was averaged over 10,000 measurements.
However, continuous spin-wave measurements were performed detecting the in-
duced voltage while sweeping the magnetic field without any signal amplification.
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Chapter 6

Summary and outlook

6.1 Summary

In this thesis, the magnetodynamic properties of different magnetic systems
namely complex oxide—LSMO/STO (111)—heterostructure interface, NiFe,
Co,FeAl thin films and NiFe magnonic lattices has been investigated by a combin-
ation of Ferromagnetic Resonance and propagating spin-wave spectroscopy tech-
niques. The main aim of this thesis was to provide a better understanding of mag-
netization dynamics in these materials which I believe would prove to be useful in
the future for their practical applications in spintronic and magnonic devices.

Magnetodynamic properties of complex oxide - LSMO/STO(111) heterostruc-
ture interface

In this paper, we have investigated the magnetodynamic properties of LSMO/STO
(111) ultrathin films employing cavity-based FMR technique. We report an inter-
face mode in addition to a uniform mode in the FMR spectra. The weak intensity of
the mode suggests a layer thickness order of few unit cells. Our investigations re-
veal the mode's hexagonal symmetry of the magnetocrystalline anisotropy match-
ing with the (111) surface orientation of the STO substrate. This contrasts with the
bulk mode symmetry which is always reported to have uniaxial symmetry caused
by magnetostriction. Moreover, the mode is found coupled to bulk mode whose
coupling strength is found to decrease with increasing temperature. Our findings
suggest an interface ferromagnetic layer resulting from complex structural or spin
and orbital reconstructions at the LSMO/STO interface. This study also sheds light
on the possible scenarios which could give rise to such layer at LSMO/STO inter-
face. This study emphasized a better understanding of a magnetic state confined
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at LSMO/STO interface which could be a future prospects of 2D spintronics and
could help in improving spin-dependent transport in LSMO/STO based magnetic
tunnel junctions.

Tailoring the magnetodynamic properties of dipole coupled 1D magnonic
crystals by dipolar coupling

In this paper, we have investigated the impact of dipolar coupling on the mag-
netodynamic properties varying the lattice width and the lattice separation of the
magnonic crystals. We have demonstrated how the change in resonance field of the
observed FMR mode on varying the lattice separation can be used to extract the
dipolar field in the system. Our findings reveal a large variation in dipolar coup-
ling as a function of lattice separation which found sufficiently large enough to
effectively tailor both the static and magnetodynamic properties. The FMR mode
splitting suggests magnonic bands and bandgap formation resulting from enhanced
dipolar coupling on increasing the lattice width. Our investigations also demon-
strate the impact of dipolar coupling on magnetic damping. The Gilbert damping
parameter was found independent of dipolar coupling while a strong dependence
was found for the non-homogeneous linewidth on the dipolar coupling.

Studying propagation properties of spin-wave by propagating spine-wave
spectroscopy

Investigating the propagation properties of the magnetostatic surface spin waves
were the focus of paper III and IV. A homemade all electrical propagating spin-
wave spectroscopy in frequency and time domain was employed to investigate
the spin-wave propagation properties. The work performed in the section also
involves developing and optimizing process steps for fabricating nanoscale spin-
wave devices as well as setting up and automizing the propagating spin-wave spec-
troscopy.

In paper III, we have reported a comprehensive study to investigate propaga-
tion properties of spin-wave in permalloy utilizing two different excitation sources
— a voltage pulse and a continuous microwave current in time-resolved and field-
sweep broadband propagating spin-wave spectroscopy respectively. This study
systematically details the spin-wave propagation parameters in permalloy and their
dependence on magnetic field/frequency. The method outlined in this paper can
be used as a general method to extract the spin-wave propagation parameter us-
ing a continuous microwave source. This study also discusses important differ-
ences between these two complementary techniques based on the accuracy of the
propagation parameters estimated.

To explore the potential of half-metallic Heusler alloy for magnonic ap-
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plications, spin-wave propagation properties have been investigated in sputtered
CoyFeAl thin films in Paper IV of this thesis. This paper explores the method de-
veloped in the paper III to investigate the spin-wave propagation properties. This
study investigates the propagation parameters of spin-wave and their systematic
dependence on the spin-wave frequency. Our results suggest that the sputtered
Co,FeAl thin film deposited on CMOS compatible Si substrate is a promising ma-
terial for magnonic device applications.

6.2 Outlook
Magnetodynamic properties of LSMO/STO (111) heterostructure interface

The induced magnetic state at the magnetite-titanate interface displays interesting
magnetic properties that open a path for 2D spintronics at the interface. Under-
standing fundamental physical properties at such interface is crucial for practical
device applications. Such a pure 2D interface state holds a great promise for mag-
nonic device technology. Exploring the magnetodynamic damping as well as the
spin-waves propagation properties in such an interface would be interesting for the
device application as well as for the fundamental physics. However, characteriz-
ing such a thin layer sandwiched between two films pose a big challenge for the
existing device characterization techniques.

Tailoring the magnetodynamic properties of dipole coupled 1D magnonic
crystals by dipolar coupling

In tightly coupled MCs, the fundamental mode of the individual lattice coupled via
dynamic dipolar coupling which results in the formation of collective mode excit-
ation. This collective mode provides important information about the magnonic
band and gap formation in MCs. Understanding the interplay of dynamic dipolar
coupling on magnetodynamic properties is important for their potential applica-
tions in the magnonic filter. Thus these possibilities which require an advanced
Brillouin light scattering spectroscopy remain unexplored in our investigations.

Studying spin-wave propagation properties by propagating spin-wave spec-
troscopy

The parasitic coupling between the exciting and detecting antenna in propagat-
ing spin-wave spectroscopy dominates at microwave frequencies. The coupling
is undesired since it overlaps with the spin-wave signal and makes the detection
difficult. Therefore, it is important to understand the nature of the coupling and its
dependence on control parameters in order to minimize it. This coupling is found
to dependent on gap distance and magnetization of the film. The behavior of coup-
ling with gap distance is well understood however its dependence on magnetization
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in combination with gap distance as well as spin-wave frequency is complex and
demands a detailed investigation.

For practical applications, active control and efficient manipulation of spin-
waves are desired for magnonic applications. The crystallographic direction-
dependent epitaxial strain which can effectively tune the magnetic anisotropy in
LSMO provides a promising way to control and manipulate spin waves and would
be proved to be useful for the realization of magnonic devices. The magnetic aniso-
tropy is also tunable by choice of the substrate. Therefore, It would be interesting
to investigate the impact of strain engineered magnetic anisotropy on spin-wave
propagation properties.
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ABSTRACT

We have studied the interface magnetodynamic properties of Lag;Sro3MnO;/SrTiO5 (111) heterostructures by Ferromagnetic resonance
spectroscopy (FMR). In addition to the bulk FMR mode, the measurements indicate a mode originating from an independently excited
ferromagnetic layer at the interface. The peak-to-peak intensity of the interface mode suggests a layer thickness on the order of few unit cells.
Angle resolved FMR measurements reveal a hexagonal symmetry of the magnetocrystalline anisotropy of the mode with the easy axis along
the in-plane <1-10> crystallographic directions matching with the (111) surface orientation of the substrate, in contrast to bulk mode sym-
metry which is always found to have uniaxial symmetry caused by magnetostriction. The temperature dependence of the anisotropy and a

large temperature variation in the intensity ratio of interface and bulk mode indicate a coupling of the interface to the bulk mode.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093324

Manganite-titanate interfaces have attracted a lot of attention for
their novel physical properties driven by structural, electronic, and
orbital reconstructions. A variety of interesting phenomena such as
induced ferromagnetism, superconductivity, metal-insulator transition,
and multiferroics have been observed at such interfaces.”” The interface
induced ferromagnetism in such systems is of fundamental interest,
while at the same time, the presence of the magnetic states confined to
the interface opens new perspectives for 2D spintronics at oxide interfa-
ces and may have an impact on spin dependent transport properties of
novel spintronics devices such as magnetic tunnel junctions (TMJs).**
In several (001) oriented manganite/titanate interfaces such as LaMnO;/
SITiO;” Lag,SrosMnO5/StTiOs," (LSMO/STO) and LagSro;MnOy/
BaTiOs,” Ti-induced interface ferromagnetism has been observed and is
ascribed to orbital and spin reconstructions. An enhanced interlayer cou-
pling has been reported in the La, ;Sro sMnO3/SrTiO; (001) heterostruc-
ture due to the induced ferromagnetism which could improve the
performance of Lag Sty sMnO5/SrTiO; TMJs.” The (111) oriented inter-
faces of such a heterostructure are more prone to interface-induced
emergent phenomena due to a terminating polar layer, where surface Ti
atoms form a honeycomb lattice that hosts orbitals with hexagonal sym-
metry.”* However, detailed investigations of interface ferromagnetism in

Lag;Sro3MnOs/SrTiO; (111) interfaces are still missing. Investigation of
such interfaces can thus give important information in order to develop
a coherent understanding of the underlying physics and further their
successful implementation in device applications.

The atomic layers close to the manganite-titanate interface are
central for understanding this emergent phenomenon and to elucidate
their potential for spintronics applications. Studies of such buried
interfacial layers using nondestructive techniques are advantageous
over techniques that involve sample cleavage. Ferromagnetic
Resonance (FMR) spectroscopy is in this regard an interesting tech-
nique, exhibiting large sensitivity that should enable studies of mag-
netic interface properties of complex oxide heterostructures. To be
observable as a separate interface mode, the magnetic interface layer
should preferably be weakly coupled to the bulk ferromagnetic layer
and display different magnetic properties from the bulk.” In mangan-
ites, the ferromagnetic ordering is often suppressed at the interface
due to changes in the Mn*"/Mn*" ratio, where Mn*" enriched layers
have a decreased double exchange coupling.'”'' Hence, in such a sys-
tem, exciting and detecting interface modes should be easier as com-
pared to metallic ferromagnets where spins are tightly exchange
coupled at an interface.

Appl. Phys. Lett. 114, 222403 (2019); doi: 10.1063/1.5093324
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In this letter, we report the magnetodynamic properties of the
LSMO/STO (111) heterostructure using angle resolved FMR spectros-
copy. We show that an interface mode in FMR spectra arises, con-
nected to an interface ferromagnetic layer, from structural or
electronic and orbital reconstructions. Furthermore, we show how this
mode can be used to extract some important properties of the LSMO/
STO interface. The intensity observed indicates a sensitivity that well
matches the expected signal from an interface layer thickness on the
order of few unit cells. Moreover, the observed hexagonal symmetry of
the mode shows that the magnetocrystalline anisotropy is dominant
over the magnetostriction in contrast to the bulk mode that always
found dominated uniaxial anisotropy caused by magnetostriction.

Epitaxial LSMO thin films were grown on (111)-oriented STO
substrates by pulsed laser deposition from stoichiometric targets. Prior
to deposition, the substrates were cleaned in de-ionized water at 70 °C
in an ultrasonic bath and then annealed for 1 h at 1050 °C in an oxy-
gen environment. The growth took place with an oxygen background
pressure of 0.35 mbar and a substrate temperature of 540 °C. The sub-
strate to target separation was kept fixed at 45mm. A KrF excimer
laser (4 = 248 nm) with a fluency of 2] cm ™2 and a repetition rate of
1 Hz was used to ablate the material from the target. After the deposi-
tion, the samples were cooled to room temperature at the rate of
15 K/min. The surface morphology was characterized by atomic force
microscopy (AFM, Veeco Nanoscope V). The imaged step and ter-
race structure are consistent with films deposited on the vicinal sub-
strate. More information on growth can be found elsewhere.'*'” The
magnetic moment measurements were performed using a Vibrating
sample magnetometer (VSM). The in-plane magnetization hysteresis
(M-H) loops measured at 50 K are shown in Fig. S5 of the supplemen-
tary material. The thermomagnetization measurements (M-T) can be
found elsewhere.'* The magnetodynamic properties were studied by
X-band Electron Paramagnetic Resonance (EPR/FMR) with a fixed
microwave frequency of 9.4 GHz (Bruker Bio-spin ELEXSYS 500,
with a cylindrical TE-011 microwave cavity). The sample is attached
to a quartz rod and mounted along the symmetry (z-axis) in the cylin-
drical cavity. The rod is attached to a goniometer allowing us to rotate
the sample 360° in-plane and out of plane. A microwave field is
applied perpendicular to the sample plane in the cavity. The applied
static magnetic field is then swept to record the FMR absorption. The
FMR absorption is taken for 10, 15, and 30 nm LSMO thin films at var-
ious in-plane angles (¢), an angle between the applied magnetic field
and the [1-10] crystallographic direction of the film, at a precision of 2°
shown in Fig. 1(a). The measurements were taken at room temperature
as well as low temperature using a liquid nitrogen cryostat.

The angle (¢) dependent in-plane FMR spectra acquired show
that in contrast to a single FMR mode expected for ultrathin epitaxial
films, all our samples display at least two similar modes labeled as Iy,
and FMR,"” indicated by black arrows in Figs. 1(b) and S1 of the sup-
plementary material. We focus on the mode Iy; which is consistently
found in all the investigated films and is a candidate for an interface
mode. This mode displays a different symmetry from the uniform
mode. To investigate the possible origin of this mode, we have plotted
the f (H) dispersion curve for various possible spin waves (see the sup-
plementary material) for an in-plane magnetized 15nm LSMO thin
film at room temperature in Fig. 2(b). The intersection of the spin
wave dispersions with the measurement frequency (9.4 GHz) of the
cavity FMR spectroscopy, shown as a horizontal line, is related to the
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FIG. 1. (a) The schematic of the LSMO/STO heterostructure having hexagonal in-
plane symmetry. Azimuthal angle (¢) dependent X-band 2D-FMR spectra of LSMO
15nm at RT in (b). Black arrows in the figure indicate the detected modes.

possible resonance field of the corresponding modes. As shown in Fig.
2(a), the resonance field of mode I, is always found at higher fields
than the FMR mode. Such a high field mode observed in in-plane
FMR measurements can be ascribed to an exchange dominated surface
mode due to surface spin pinning.'®'® However, the mode is not
found to follow the characteristics of surface modes (see the supple-
mentary material),'"* " and hence, a surface mode can be discarded.
The frequency of the perpendicular standing spin wave (PSSW), the
first mode of the spin wave resonances, is found too far away from the
measurement frequency to be detected in our measurement geometry.
The magnetostatic surface (MSSW) and the backward volume magne-
tostatic spin wave (BVMSW) excitation require a highly localized
microwave field across the sample, which is in contrast to the uniform
field in our cavity measurements.”' Also, the resonance fields expected
for these MSSW and BVMSW modes do not match with the reso-
nance field for the observed Iy;. Hence, they are also unlikely. Another
more probable possibility is a layer that has an effective magnetization
lower than the bulk. As can be seen, the dispersion curve for such a
mode having effective magnetization (H.g = 2500 Oe) approximately
32 % 5% smaller than the bulk plotted by the solid pink line matches
well with the observed resonance field. Hence, we refer the mode Iy as
a mode emerging from the interface having a lower magnetization
than the bulk of the thin film. This is in accordance with Bing et al,
who have previously reported such a high resonance field mode as an
interface mode.” However, impure inclusions in the film with different
magnetic properties may also cause such a mode in FMR spectra. In
order to exclude this possibility, out-of-plane FMR spectra, as shown
in Fig. 2(c), were analyzed. The mode I is found to follow the behav-
ior of the bulk mode, which indicates that it emerges from a thin pla-
nar geometry and not from impurities. Thus, the high resonance field
appearance in all samples probed and the lower energy of the mode,
compared to the bulk mode, clearly point toward Iy, being an interface
mode in contrast to exchange dominated surface modes which would
have a much higher energy in such ultrathin films.

Furthermore, the ferromagnetic linewidth of the interface mode
and peak to peak intensities were analyzed. The weak mode intensity
prevents intensity and linewidth extraction from curve fitting.
However, the mode is significant, and the trends are real and observ-
able, and so the peak-to-peak intensity and linewidths were measured.
The linewidths are always found larger than that of the bulk mode
as expected for the interface mode see Fig. S4 in the supplementary
material. The peak-to-peak intensity investigated from the FMR line

Appl. Phys. Lett. 114, 222403 (2019); doi: 10.1063/1.5093324
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shape is shown in Fig. 2(d). The FMR signal intensity depends on layer
magnetization, the film thickness, and applied microwave power, fixed
throughout the measurements.””*’ A quantitative analysis of the inter-
face mode’s intensity points to an interfacial layer on the order of few
unit cells, in agreement with the reported values for interface magne-
tism in the LSMO/STO system and is consistent with the mode origi-
nating from a very thin interfacial layer.” We note that the intensity
ratio between the bulk and interface mode is on the order of 10” for all
investigated films, varying with temperature as shown in Fig. 2(d). The
large temperature variation in the intensity ratio indicates that the
interface mode is coupled to the bulk mode, albeit the coupling
strength decreases with increasing temperature.”””*

To further investigate the temperature dependence and coupling
of the two modes, we look at angle dependent measurements. It is evi-
dent from the angle dependent measurements [Fig. 1(b)] that Iy
display a hexagonal symmetry which matches the LSMO/STO’s (111)
in-plane symmetry with easy axes along (1-10) crystallographic direc-
tions. Thus, the magnetic anisotropy of the interface layer is firmly
related to the underlying crystal structure and is consistent with hexag-
onal magnetocrystalline anisotropy microscopically reported in
LSMO/STO (111).”*’ However, the value of such a huge anisotropy
field observed is still not clear, and interface induced complex pro-
cesses may be responsible for this. In contrast to the interface mode,
the FMR mode is observed with uniaxial symmetry, see Fig. S3 in the
supplementary material, which is also found to be consistent with
reported step edge induced uniaxial anisotropy.” *’ Temperature
dependent FMR measurements were acquired at a fixed in-plane ori-
entation as depicted in Figs. 3(a) and 3(b) to explore this difference. A
different temperature response is observed for Iy; and the bulk mode.
The angle resolved FMR measurements were repeated as a function of

L L L L
170 180 190 200 210 220 230 240 250 260

Temperature (K)

temperatures, see Fig. S2 of the supplementary material, and the effec-
tive magnetic anisotropy field, Hs, extracted from the difference
between maximum and minimum resonance fields for the interface
mode is shown in Fig. 3(c). The FMR mode’s anisotropy field, Hy,
however, is extracted from the fitting, see Fig. S3(a) and S3(b)
and shown in Fig. 3(d). The magnetic anisotropy field of both modes
is found to increase with the decrease in temperature, which could be
due to approaching Curie temperature (T¢). However, such a huge
change in the magnetic anisotropy field for the interface mode, two
orders of magnitude higher than that of the bulk mode, cannot be
solely explained by changes in Tc. One possibility is that the anisot-
ropy field of Iy is lowered due to a weaker coupling strength with
increasing temperature. We also noticed an increase in mode intensity
along (1-10) crystallographic directions in the angle dependent FMR
measurement, see Fig. 1(b). This shows that the coupling strength
has a directional dependence and the maximum along the easy
direction.”

There are different possible scenarios, which could be responsible
for the magnetodynamically active interface layer in such a system.
For example, there is a reported a-site cation mixing of 1-2 dy; layers
at the interface,"” resulting in an effective (La,Sr)TiOs layer at the sub-
strate side. However, such compositions are not reported to be ferro-
magnetic.”” Also, if a weakening of ferromagnetism due to a changed
Mn’"/Mn*" ratio approaching the interface would be responsible,
then one would expect a stronger coupling to the bulk mode and no
change in symmetry of the interface mode. Other possibilities include
interface-induced ferromagnetism either due to electronic reconstruc-
tion” or due to oxygen vacancies at the interface.’ Such processes result
in a changed valence state of the Ti ions in STO at the interface and
thereby orbital and spin reconstructions, which generates a magnetic

Appl. Phys. Lett. 114, 222403 (2019); doi: 10.1063/1.5093324
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state at the interface.”” However, it has not been reported in LSMO/
STO (111), and hence, further measurements are required to confirm
that Ti-induced ferromagnetism is responsible for the observed inter-
face ferromagnetism.

In summary, we have studied the magnetodynamic properties of
the LSMO/STO heterostructure interface by angle resolved FMR. We
found a weak low energy mode in the FMR spectra in addition to the
bulk mode. Comparisons with calculations for the possible spin waves
in the system indicate that the observed mode is an interface mode
rather than exchange or dipole surface spin waves. The mode intensity
shows that the layer thickness is on the order of few unit cells match-
ing well with previous reports. The mode is found with hexagonal
symmetry, matching with the LSMO/STO’s (111) in-plane symmetry,
in contrast to the bulk mode’s symmetry, which is always found to
have uniaxial symmetry. The anisotropy field of hexagonal symmetry
is found to be highly temperature dependent. The decrease in mag-
netic anisotropy with increasing temperature for both modes points
that the modes are coupled. Moreover, the intensity ratio of the modes,
as well as the relative temperature dependence on the anisotropy field,
is found to decrease with increasing temperature, which both indicate
that the coupling strength is also seen to decrease with increasing
temperature. These findings suggest that an interface ferromag-
netic layer at the LSMO/STO interface results from structural or
orbital and spin reconstructions having a hexagonal magnetocrys-
talline anisotropy in contrast to the bulk mode symmetry. Taken
together, this study shows that it is possible to induce and detect
interface magnetodynamic modes at oxide interfaces, opening a
pathway for interface engineering of magnetic-dynamic systems
for spintronics applications.

180 200 220 240 260 280 300
Temperature (K)

See the supplementary material for Kittel’s quadratic relation for
surface mode exclusion, the dispersion relations of the possible spin
waves considered, the angle dependent FMR measurements at room
temperature for 10 and 30nm films and at low temperatures for
15nm film, peak to peak linewidth, fitting and fitting parameters used
to extract the magnetic anisotropy field, and in-plane hysteresis loops
measured at 50 K.
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Angle dependent FMR measurements at room temperature

Fig. S1 shows the angle resolved FMR measurements of 10 nm and 30 nm LSMO films at
RT. In addition to FMR and Im mode mentioned in the letter, other observed modes are labelled
as mode M1°, M2, and M3 and indicated by black arrows. The mode Mi°, where superscript
shows the film thickness, is observed in only 10 nm and the mode M3 in 15 nm and 30 nm

respectively. The modes M2, Iv and FMR mode are observed in all the investigated films.
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Fig. S1 Angle resolved FMR measurements at RT for 10 and 30 nm LSMO films.




Angle dependent FMR measurements at various temperatures

Angle resolve FMR measurements for different temperatures for 10 and 15 nm films are shown

in the fig S2. It was found that the magneto-crystalline anisotropy field of the hexagonal

symmetry decreases with increasing temperature.
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Fig. S2 Angle resolved FMR measurement of LSMO 10 nm in fig S2 (a), S2 (c) and 15 nm
in fig S2 (b), S2 (d) at the temperatures mentioned at right top corner of each fig.




Resonance Field (Oe)

Extracting FMR mode’s magnetic anisotropy field

The ferromagnetic resonance field of FMR mode was extracted after fitting the FMR absorption
to the sum of derivative of symmetric and antisymmetric Lorentzian functions [1]. The extracted
resonance fields at various in-plane angle (¢) were then fitted to equation (1) to extract the

anisotropy field, see fig. S3(a), and S3(b).

f="fo+Asin2(¢p —pa) + Bsin4(¢p — ¢p) + Csin6(p — ¢¢) (1)
where, fo, A, B and C are fitting parameters. ¢a, ¢psand ¢c are the phase shifts. The values of the
B, and C are found very small hence neglected. The value 2A which gives the uniaxial anisotropy

field is shown in the fig. 3 (d)
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Fig. S3 Angle dependent ferromagnetic resonance field extracted after fitting the FMR line shape
for 15 nm film at 140K fig S3 (a) and for 10 nm at 120K fig S3 (b). The plot shows the uniaxial
anisotropy for the mode.
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Fig. S4 The peak-to-peak linewidth measured for the FMR mode and interface mode
for 10 and 15 nm films at 220K




In-plane hysteresis loops of samples at 50K
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Fig. S5 The M-H loop of 10, 15 and 30 nm thin films measured by Quantum
design Vibrating sample magnetometry at 50K.




Analysis of other possible spin waves:

To elucidate if the Iy data fit a surface mode we have also considered the Puszkarski’s surface
inhomogeneity (SI) model [2]. According to this model, surface spins are tightly pinned due to
the surface anisotropy which results in excitation of perpendicular spin waves (PSSW), or spin

wave resonances (SWR), whose n'" mode is given by the Kittel relation [3]

2
H, = Hy — nzg,i% @
where, Hop is the position of the theoretical uniform mode, D is the exchange stiffness, and its
value for LSMO is 144 meV-A2, and D/g us = 12.42 T-nm2. Based on equation (2), the difference
between the uniform mode and the first body mode is large, around 5440 Oe for a 15 nm thick
film. We note that this range falls outside of our measurement limit, and hence cannot be
observed in our set-up. Hence, as Imis observed close to the FMR mode, the possibility of the Im
mode to be a member of SWR due to spin pinning is very low. We have also analyzed the angular
dependence of the extra (Iv)mode - spin wave resonances exhibit a critical angle in in-plane and
out-of-plane rotation measurements. This occurs when all modes merge into a single mode. As
magnetic field’s direction is tilted away from this critical angle, the first body mode transformed
to surface mode and vice-versa [4,5]. The mode In doesn’t show any such characteristics. We

accordingly conclude that the mode Iv is not a spin wave resonances or a surface mode.




Spin wave dispersion relations used

The following relations have been used to plot the dispersion curves [6-8]:

f= % /Hr(HT + Hepp) Kittel

= Z]/—H\[(Hr + Dk2)(H, + Hopy + Dk?) PSSW

, 1 — e—2kid
f = E Hr(Hr + Heff) + Hesz (f> o

Y 1—ekd
f = E\/Hr (Hr + Heff < kld >> BVMSW

Here, f is frequency of the cavity, y is the gyromagnetic ratio, where y/2n = 28 GHz/T, H; is
resonance field, d is the thickness, k = n 11/d, n is an odd integer assuming symmetric boundary
condition for LSMO, and k’ = ii/d, and Her = 4nMis is effective field, The value of Hesr =3720 Oe has

been used which was extracted from the room temperature FMR data.

The Kittel or uniform excitation mode (k = 0) is always excited in the system and labelled as FMR
mode. The perpendicular standing spin wave (PSSW) which is the first mode of above-mentioned
Kittel relation (eq. 2) and has already been discussed. The frequency of this mode is very high,

and it will thus not intersect the measurement frequency and cannot be detected in our




measurements (see fig 2(b). Further, magnetostatic surface (MSSW) and the backward volume
magnetostatic spin waves (BVMSW) excitation requires a highly localized microwave field across

the sample which is in contrast to uniform field in our cavity measurements [1].
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