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ABSTRACT

The magnetic properties and crystal texture of micron-sized, lithographically pat-
terned ferromagnetic/antiferromagnetic (FM/AF) exchange-coupled elements sup-
porting vortex remanent magnetization states were characterized using experimen-
tal and numerical modeling techniques. 10pumx10ym square elements consisting
of NiggFego/IreoMngg bilayers prepared on silicon and glass substrates using e-beam
lithography and magnetron sputtering were thermomagnetically annealed under var-
ious in-plane cooling fields to induce exchange bias. Longitudinal and time-resolved
Kerr effect microscopy were employed to measure the quasi-static hysteresis and dy-
namic response, while X-ray diffraction analysis was used to probe their crystal tex-
ture under different deposition and substrate conditions. The FM layer was found
to be critical for the development of the necessary texture and spin alignment in the
AF for creating interfacial exchange-bias. The exchange-bias field was found to sig-
nificantly alter the magnetic behavior of the samples, leading to the stabilization of
the vortex structure and asymmetric hysteresis loop shift in the quasi-static regime,
as well as precessional frequency reduction of the bottom domain in the dynamic
regime. Numerical simulations showed good qualitative agreement with both experi-
mental observations and existing literature, and revealed the origin of the precessional
frequency reduction as the different spin-wave eigenmodes excited by different rema-

nent magnetization states.
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Chapter 1

Micromagnetics

1.1 Introduction

Magnetism has been known to man since antiquity, a fascinating fact considering
its complex nature was not unveiled until the advent of twentieth-century quantum
mechanics. Extensive investigation of magnetic systems began in the 1940s when the
work of Harvard and MIT physicists led to the invention of magnetic-core memory;,
the predominant form of computer random access memory (RAM) for the next two
decades. The numerous studies on magnetic systems to date have been motivated by
their ever-expanding industrial applications [1, 2], particularly since the discovery of
the giant magnetoresistance (GMR) effect [3], as well as interests in the fundamental
physics at play.

A magnetic system can be characterized by its metastable equilibrium states and
the dynamic transitions between them. Continuing demands for higher storage den-
sity and lower access times in magnetoelectronic devices have made critical the thor-
ough understanding of magnetization dynamics in magnetic media at sub-micron/sub-
nanosecond scales. Challenges arise however, as dynamic processes typically differ
significantly from quasi-static ones [4], and the interplay between low dimensionality
and magnetism produce novel effects in laterally confined structures unseen in bulk.

To this end, the focus of my research has been on understanding quasi-static and
dynamic behaviors of micron-sized, lithographically patterned magnetic squares with

exchange-bias! using a variety of experimental and theoretical techniques.

!The importance of exchange-bias will be addressed in Chapter 2.



1.1.1 Thesis Overview

This thesis is structured as follows

Chapter 1 contains a brief general introduction, followed by the presentation of the
micromagnetic model, including quasi-static equilibrium conditions, uniform

reversal, precession dynamics and numerical techniques.
Chapter 2 introduces the exchange bias phenomenology.

Chapter 3 gives a detailed account of the experimental methodology, including sam-

ple preparation and characterization techniques.
Chapter 4 contains the bulk of the experimental data from my research.

Chapter 5 analyses and expands upon the experimental data using numerical sim-

ulations.

Chapter 6 summarizes the main findings of my research and gives concluding re-

marks.

1.2 Micromagnetic Free Energy

Quantitative analysis of sub-micron/sub-nanosecond magnetic processes requires a
theoretical model with sufficient spatiotemporal resolution. In this section, I will in-
troduce this phenomenological micromagnetic model [5, 6, 7] based on a free energy?
minimization approach, whereby the energy expressions associated with various mag-
netic interactions in a ferromagnet body are individually derived and subsequently
combined to obtain the static equilibrium conditions through variational minimiza-

tion.

1.2.1 Magnetic Moments

Elementary particles carry intrinsic magnetic dipole moments pug and p; associated
with their spin and orbital angular momenta, S and L. For an isolated electron with
no orbital contribution, this relationship is characterized by the spin gyromagnetic

ratio g

2The relation between energy E and free energy F is given by F = E — T'S, where S is the
entropy. For T <« T, the distinction between energy and free energy is not important [8].



HUg = —7sS, where

_ kB _ leln
”YS—QS?? up =

(1.1)

2m.

where g ~ 2 is the dimensionless spin g-factor and pp is the Bohr magneton, the

natural unit for expressing magnetic dipole moments.

1.2.2 The Continuum Framework

Consider a ferromagnetic body with volume V' discretized into unit cells dV;, with
position vector r € V. Each unit cell contains N elementary magnetic moments p,
(1 =1,...,N) from individual electrons. We assume the following for the dimensions
of dV4:

1. It is small enough such that all p, within each unit cell are uniformly aligned

and can be treated a single ‘macrospin’.

2. It is large enough such that changes in the total unit cell magnetic moment
AZ?LI w; between adjacent unit cells is sufficiently small for Zf\il wu,; to be

regarded as a continuous quantity.

We now define the magnetization vector field M(r), equal to the magnet moment per

unit cell volume

M(r) = Zd—‘}“ (1.2)

Under the above assumptions, M(r) (or M(r,t) in the dynamic case) is a continuous
variable with constant magnitude, denoted saturation magnetization M, equal to
the maximum magnetization when all spins are aligned. Magnetic interactions are

expressed in terms of this vector field in our micromagnetic framework.

1.2.3 Exchange Interaction
Ferromagnetism and Weiss Molecular Field

Of all magnetic interactions, the most critical is exchange. It is, after all, the very

mechanism responsible for ferromagnetism. In most materials, thermal agitation plays



a predominant role on the arrangement of magnetic dipole moments, leading to either
paramagnetic (magnetic permeability p slightly greater than unity®) or diamagnetic
(u slightly less than unity) behavior, corresponding to random orientations of elemen-
tary magnetic moments with little overall magnetization. On the other hand, certain
metals such as iron, cobalt and nickel possess particular band structures that enable
exchange interaction, some 10* times stronger than electron dipolar interaction, to
overcome thermal energy and align spins over atomic scale. These materials conse-
quently exhibit very large magnetic permeability (1 ~ 10%) and strong spontaneous
magnetization of saturation order, a property referred to as ferromagnetism. In the
context of micromagnetic theory, exchange interaction is an energy term that favors
the formation of small, uniformly magnetized regions known as magnetic domains.
The existence of magnetic domains was first postulated by Pierre-Ernest Weiss,
who explained the observed temperature dependence of magnetic susceptibility in fer-

romagnetic materials (Fig. 1.1) using his classical formulation of a molecular field [9].

MM

>
>

Te T

Figure 1.1: Typical temperature dependence of spontaneous magnetization in a fer-
romagnet.

Weiss” phenomenological explanation was justified decades later by Werner Heisen-
berg [10] on the basis of the quantum theory of exchange interaction. An outline

derivation based on the Hartree-Fock approximation [11] is presented in Appendix A.

The Heisenberg Model

The Heisenberg Hamiltonian derived in Appendix A is given by

3Vacuum permeability o = 1 in the CGS unit system.



Hex = —J > Sic- Si. (1.3)

kK
where S}, is the total unpaired electron spin for the atom situated at a lattice site k,
and J is a material constant known as the nearest neighbor exchange integral. The
sum is carried over nearest neighbors only.
A particular material can exhibit either ferromagnetism or anti-ferromagnetism

depending on the sign of J:

J > 0: ferromagnetism, energetically favours alignment of electrons spins over atomic

scale.

J < 0: anti-ferromagnetism, energetically favours anti-parallel alignment of neigh-

boring spins.

Exchange Energy

Assuming exchange interaction dominates on the unit cell level such that nearest

neighbor spins are almost parallel, we can expand (1.3) in the small-angle limit

1
W~ —2J85? Zcos Oy ~ —2J5? Z(l — 50’%]“/)

nnbr nnbr

= const. + JS? Z 07, ~ const. + JS* Z(mk/ —my)?, (1.4)

nnbr nnbr

where my, = Sy /S is the magnetic unit vector field at site k, and 6y is the angle

between m; and my which, for small angles, is approximately given by

Since variation in m between adjacent unit cells k and &’ is small, we can express
my, — my in terms of a relative position vector ryy = rp — rp and a continuous

function m

T - Ving
my —mg = | GRNEE me = g - VN, (1-6)

Tpp - Vi,



(1.4) can now be rewritten as

W =~ const. + JS? Z[(rkk’ cVmg)? 4 (e - Vmy)? + (vp - Vm,)?]. (1.7)

nnbr

The exchange energy density &, can be obtained from (1.7) by summing over all k&’
pairs under the assumption of a cubic lattice, and multiplying the result by the spin

density n,

Eox = Ac[(Vmy)? + (Vmy,)? + (Vm,)?. (1.8)

The material constant A, is referred to as the exchange stiffness, commonly used to
describe the strength of exchange interaction in ferromagnetic materials. Its relation

to J is given by [12, chap. 1]

1
Aoy = gnJS2 > Arg,. (1.9)

nnbr
The summation in (1.9) can be particularized for a given lattice geometry. The
exchange contribution to the total free energy can be found by integrating the energy

density (1.8) over the entire volume occupied by the magnetic body

Eo = / Ac[(Vm,)? + (Vm,)? + (Vm,)?] dV. (1.10)

Exchange energy contribution isotropically penalizes against inhomogeneities in mag-

netization, as evident from the even-powered gradient terms in (1.10).

1.2.4 Anisotropy

The coupling between magnetic energies and lattice structure as well as shape ge-
ometry in a ferromagnetic body can lead to anisotropic effects, with its magnetic
moments having preferred minimum energy orientations in the absence of an external
field. The origin of the anisotropy may be Maxwellian (e.g. shape anisotropy due
to geometry-dependent demagnetizing field), or quantum mechanical (e.g. magne-
tocrystalline anisotropy via spin-orbit coupling). Similar to exchange, the anisotropy
contribution can be introduced into our micromagnetic framework by means of a

phenomenological free energy term



Ean:/gan<m>d‘/7 (111>

where &,,(m) is the anisotropy energy density and the unit vector field m is related
to the magnetization vector field M by M = M,m. Directions corresponding to the
minima of this energy density are called magnetization easy axes, while directions

corresponding to its maxima as referred to as magnetization hard azes.

Uniaxial Anisotropy Energy

If there exists only a single easy axis, the anisotropy is termed wuniaxial. In this
case, E,n(m) is rotationally symmetric, and depends only on the relative orientation
between the easy axis and m. Assuming the easy axis coincides with the cartesian

axis z, and expressing m = (my, m,, m,) in spherical polar coordinates (6, ¢):

m, = sin f cos ¢
m, = sinf#sin ¢ (1.12)

m, = cosf,

rotational symmetry implies that &,,(m) can be expanded as an even function of
m, = cos 6, or equivalently, sin ¢:

Ean(m) = K, + K, sin?0 + Kysin® 0 + K3sin® 0 4 ... (1.13)
where K, are the phenomenological anisotropy constants with dimensions of energy
per unit volume (erg/cm?®). T shall limit my calculation to the case where the series
expression truncates after the second term

Ean(m) ~ K, + K sin* 0, (1.14)

after dropping the constant term, the total anisotropy in (1.11) becomes

Fun = /V K1 — (e(r) - m(x))?] dV. (1.15)

where e(r) is the easy axis unit vector.
The nature of anisotropy depends on the sign of K. As shown in Fig. 1.2, when

Ky > 0, the two identical anisotropy energy minima lie along +z; when K; < 0,
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Figure 1.2: Uniaxial anisotropy energy distribution, from [12].

the energy minima lie along the x — y plane. There exists more complex forms of

anisotropy, but they will not be discussed here.

1.2.5 Magnetostatic Interactions

Magnetostatic interactions refer to long-range, dipolar interactions of the elemen-
tary magnetic moments with its own magnetization vector field (magnetostatic self-
energy), as well as with an external field (Zeeman energy). Their contributions to
the free energy functional can be described in terms of an appropriate magnetostatic
field, Hemag 07 Hext.

Magnetostatic Self-Energy

The magnetostatic self-energy can be expressed in terms of the demagnetizing field

Hdemag

1
Edemag = / éuoHiemag d‘/, (1.16)

where V, indicates the entire space. (1.16) can be rewritten in terms of the magne-

tization vector field M as

1

Edemag - - /V EﬂoHdemag -MdV. (117)

by substituting Haemag = Bdemag/to —M into (1.16), and taking note of the orthonor-

mality between Hgemag and Bgemag over V.



Zeeman Energy

Similar to magnetostatic self-energy, the energy contribution from an external field

H.,.; can be expressed as

Eex‘t = —/ MoHext . Mdv (118)
%

Note that the extra 1/2 in (1.17) arises from the internal nature of Hyemag-

1.2.6 Micromagnetic Equilibrium

By combining (1.10), (1.14), (1.17) and (1.18), we arrive at the complete expression

for the free energy of a ferromagnetic body

G<m7 Hext) - Eex + Ean + Edemag + Eext

= / {Aex[(Vmgc)2 +(Vm,)? + (Vm,)?] + K, + K, sin® 0+
v

1
- 5#0Hdemag M — ,uoHext : M} dVv

1
_ / (Al Vm)? 4 Eun— g M — - M] AV, (119)
1%

Equilibrium conditions can be derived by considering the vanishing first-order varia-

tion of this free energy

0G =G(m+om) =0, (1.20)

subject to the constraint
lm + dm| = 1. (1.21)

It can be shown [12, chap. 1] that

OEan

om

0G = —/ 2V - (AeeVm) — 2 i, My (Hlgamag + How)| - Sm.aV
Vv

om
n /(W [2Aexa—n - 5m} s = 0, (1.22)
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where OV is the boundary of V' and n is its surface normal. The constraint in (1.21)

implies that the variation of the magnetic unit vector field is rotational, i.e.

dm = m X 06, (1.23)

where 06 represents an arbitrary elementary rotation. (1.22) thus becomes

0G = / m X [ZV (AexVm) — Oan + ptoMs(Hiemag + Hege) | - 00 dV
v am
om
+ /av [2Aexa—n X m] .60dS =0, (1.24)

which is only identically zero for arbitrary 06 if both integrands are zero. We therefore

arrive at the following equilibrium conditions:

OEan
m X |:2v : (onvm) - + NOMS(Hdomag + cht)] =0
S om (1.25)
2Ac— X m} =0
[ “on v
which can be simplified into*
,qu X Heg = 07
om (1.26)
—_— =0.
on |,

we introduce the effective field, Heg in (1.26), which summarily describes all inter-

actions acting on magnetization M

2 1 0&m
(A _
,qusv (AexVm) oMy Om

(1.26) is known as Brown’s Equations, and define the conditions of equilibrium.

Heﬁ‘ = + Hdemag + Hext- (127>

The first equation states that the torque exerted on the magnetization by the effective
field must be zero at equilibrium; the second equation states that the magnetization
must not have any component perpendicular to the surface of the ferromagnetic body.
Note that Brown’s equations are nonlinear, since Heg contains a functional depen-

dence on M. In general (1.26) is solved numerically (see section 1.4.3).

4Here we make use of the fact that dm/0n is always orthogonal to m.
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1.2.7 Domain Configuration in Ferromagnetic Squares

As previously stated, magnetic domains are small regions with uniform magnetic
alignment. In large ferromagnetic bodies, there exist multiple domains of different
orientations separated by domain walls, in which the magnetic moments between the

two domains are matched through rotation, as illustrated in Fig. 1.3.

Domain Wall

£

PP A NN Y
Y4 A A o
YA A OO
b4 A A NN
b A A NN
Pl A me oSN §

Figure 1.3: Illustration of magnetic domains separated by an in-plane Néel domain
wall.

The equilibrium domain configuration of a particular ferromagnetic body arises
out of the competition between its various energy constituents. The tendency of
exchange interaction to align magnetic moments is counteracted by anisotropy and
demagnetizing fields, which depend respectively on the crystal structure and shape
geometries. In addition, interactions operate over different length scales:

The exchange length [ is the characteristic length scale over which exchange

interaction prevails, and the magnetization is uniform,

2Aex
loc =\ [ (1.28)

For typical magnetic recording material, lox ~ 5 — 10nm [13]. Within the micromag-
netic framework, it is important to ensure that the unit cell is smaller than, or at
least comparable to ., in order for the macrospin assumption to remain valid and
the modelp realistic.

The domain wall width ¢ is determined by the balance between exchange and

magnetocrystalline anisotropy energies, and is typically in the 10-100 nm range [13],



12

Aex
K Y

where K is the magnetocrystalline anisotropy constant.

{=m (1.29)

Consider a laterally confined ferromagnetic thin film® with uniform magnetiza-
tion, as illustrated in Fig.1.4(a). The large magnetostatic self-energy of the surface
poles results in a demagnetizing field that divides the film into two domains with
anti-parallel orientations and roughly half the total energy (Fig.1.4(b)). Subdivision
will continue as long as the energy reduction in each case is greater than the en-
ergy required for the formation of the extra domain wall (Fig. 1.4(c)). Fig. 1.4(d)-(e)
represent an energetically viable alternative division process, with no magnetic poles
and zero magnetostatic energy. These are called closure domain configurations, in

reference to the closure of the magnetic flux circuit within the body.
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Figure 1.4: Domain configuration in laterally confined structures, from Kittel [8].

In square-shaped thin films of small lateral dimensions (100 nm to 10 ym) and neg-
ligible magnetocrystalline anisotropy, the competition between exchange interaction
and magnetostatic energies under the influence of sample geometry can stabilize a vor-

tex closure domain state with fourfold symmetry [14, 15], as illustrated in Fig. 1.5(a).

5We assume thickness of the order of I, and uniform magnetization depth profile.
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The four equal triangular closure domains are separated by nominally 90° Néel do-
main walls with gradually changing magnetization which meet at the center. The
shape anisotropy keeps all spins in-plane, except in a small region near the center,
where the large angle variation of the domain wall magnetization is overcome by ex-
change interaction, and the magnetization is pushed out of plane [16] as illustrated in
Fig. 1.5(b). The vortex core dimension is of the order of exchange length [17]. This
state is commonly referred to as the flux-closed Landau state, in recognition to

the original theoretical work on ferromagnetism carried out by Landau and Lifshitz

[5]-

yA

N

TR

vortex core

7

(b)

Figure 1.5: Closure domain vortex magnetization profile in ferromagnetic squares.
(a) in-plane magnetization profile, (b) out-of-plane magnetization profile. From Yan
et al. [15].

With an analytically simple vortex structure, low stray fields (hence minimum
interaction between adjacent elements) and 4-fold degeneracy®, the Landau state
is an excellent candidate for both high-speed, high-density device integration and

theoretical studies, and will constitute a substantial part of my work.

1.3 The Dynamic Equation

An outline derivation of the dynamic equation governing the temporal evolution of

magnetization will be given in the section in order to complete the micromagnetic

6Up/down vortex core polarity as well as clockwise/counterclockwise chirality, see Bohlens et al.
[18].
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framework. The analysis herein follows the precession model proposed in 1935 by
Landau and Lifshitz [5] and includes Gilbert’s subsequent modification [19].

1.3.1 Gyromagnetic Precession

As previously stated in (1.1), the spin angular momentum S of an electron and its

associated spin magnetic moment pg are related through the gyromagnetic ratio”

p=—~8. (1.30)

An external field H exerts a torque I" on the magnetic moment u, causing a change

in its spin angular momentum S

4 = k> H (1.31)

substituting (1.30) into (1.31), we obtain

dp
- = H. 1.32
= kX (1.32)

(1.32) describes the precession of the electron spin magnetic moment around the
external field. The frequency of precession is called the Larmor frequency and is
given by
vH
— 1 1.33
fL o ) ( )
(1.32) can be re-written for the unit cell in the micromagnetic framework. Recall-

ing (1.2), we have

Ldzx\; Hi _ _,yZiN:l [t} < H
dVy dt dvi
M

1.3.2 The Landau-Lifshitz Equation

(1.34) is a continuum gyromagnetic precession equation for the magnetization vector
field M. By replacing H with the effective field Heg from (1.27), we arrive at the

"The subscript S will be omitted henceforth for simplicity.
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Landau-Lifshitz (LL) equation

oM
ot
(1.35) is essentially the same as (1.34), except that it takes into account the

various magnetic interactions in the system through Heg. It reduces to the first
Brown’s equation in (1.26) in the static limit.

According to (1.35), M precesses about the effective field indefinitely. In reality,
intrinsic and extrinsic dissipative processes damp out the precession over time. These
damping effects can be phenomenologically introduced into (1.35) in several different
ways. Landau and Lifshitz originally suggested a damping torque which pushes the
magnetization towards the effective field. This modifies the LL equation into

(36_1\t/1 = —yM x Heg — ]\ZM X (M x Heg), (1.36)

where A > 0 is a phenomenological material constant.

1.3.3 The Landau-Lifshitz-Gilbert Equation

A principally different approach was proposed by William Gilbert, who, following a
Lagrangian approach, noted that a general way of introducing dissipative effects into
the dynamic equation is to add to the Lagrangian a suitable Rayleigh dissipation func-
tion proportional to the time derivatives of the generalized coordinates M(r, ) [19].
Specifically, he introduced the following torque term (see Fig. 1.6)
o oM

MSM X (1.37)
where o > 0 is the phenomenological Gilbert damping constant.

The modified LL equation became known as the Landau-Lifshitz-Gilbert (LLG)

equation

oM e oM
— =— M xHg+—M x —, 1.38
ot VM Her My (1.38)
which can be rearranged into a more convenient form
oM 0 Yo
= — MxHyp— —————M x (M x Heg). 1.39
ot 1+ a2 T 1+ a?)M, ( 2 (1.39)

(1.36) and (1.39) appear to be of identical mathematical form:
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Figure 1.6: Schematic of LLG precession.

f‘)/
1+ a?
)\<_>£7

14 a2

v

(1.40)

but the two equations actually express entirely different physics and are only identical
in the limit of zero damping (o — % as a — 0.). To see this, consider the limiting

case with infinite damping (A — oo in (1.36) and o — oo in (1.39)). We have

oM

LL: W — 0
oM
LLG: — ) 1.41
G T —0 (1.41)

Since the precessional motion is expected to drop to zero in the limit of infinite damp-
ing, one would concludes that the LLG equation (1.39) is indeed more appropriate for
describing magnetization dynamics. With a suitable choice of the damping constant,
the LLG equation has been shown to produce results in good agreement with experi-

mental observations and has become a mainstay feature in micromagnetic numerical
models [20, 21, 22].
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1.4 Magnetization Dynamics

This section covers the theory behind two important dynamic magnetization processes
at the two temporal extremes which are of particular relevance to my research: quasi-

static Stoner-Wohlfarth coherent reversal, and ultrafast spin waves dynamics.

1.4.1 The Stoner-Wohlfarth Model

The Stoner-Wohlfarth model [23] is a solution to Brown’s equations (1.26) in the
special case of a single domain magnetic body with spheroidal geometry (shown in
Fig.1.7) and uniaxial anisotropy along its axis of rotational symmetry. In this par-
ticular case, there is no exchange contribution, and the demagnetizing field reduces

to a simple tensorial relationship [24]

Hdemag = _N . M; (142)

where the demagnetizing tensor N can be expressed in terms of the demagnetizing

factors N, N, N, (N, + N, + N, = 1) along the principal axes x,y, z of the ellipsoid

N, 0 0
N=[0 N, 0], (1.43)
0 0 N,
The rotation symmetry also implies that
N, =N,=N,
N, = Nj. (1.44)

Assuming the easy axis lies along the direction of the semi-major axis z, the anisotropy

energy in (1.15) becomes

B = Ki(1—m2)V, (1.45)

where V' is the volume of the spheroid. The total free energy in (1.19) can therefore

be written as

1
G(m, Hey) = Ki(1 —m?)V + §MOM82m N -mV — p,Mm - He, V. (1.46)
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Figure 1.7: Stoner-Wohlfarth spheroid with two equal semi-minor axes along x, y and
a semi-major axis in z.

which can be reduced to a more convenient dimensionless form if it is divided through

by 11oM2V and the constant terms dropped

1
9(m, hexy) = = Zkeam? —m - hes, (1.47)
where
B G
7= o M2V
Hext
hex ==
S M2V
2K
k:eﬁ‘:NL+M]\412 _NH' (1.48)

The rotational symmetry ensures that the magnetization lies in a plane defined by the
easy axis z. It is therefore more convenient to express (1.48) in terms of the spherical

polar angles 6, ¢ between m, z and he. Referring to Fig. 1.7,
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g9(0,0) = —%keff 0% 0 — Rexi cos(¢ — 6)

1
= —ék:effcosQ@—hH cos — h, siné. (1.49)

where hy, h, are the components of he parallel and perpendicular to the z axis.
Assuming hg,; lies along —z, the free energy ¢ can be plotted against 0, the angle
between m and the easy axis direction z, for different external field values. As shown
in Fig. 1.8, for (a) zero or (b) small hey, g possesses two minima; at the critical value
of hey (c), one of the minimum turns to a saddle point. For fields greater than this

critical value, only one energy minimum remains.
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Figure 1.8: Free energy vs. 6 at different hey; along —z, from D’Aquino [12].

The critical heg can be found through the derivatives of g. The saddle point

satisfies
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which leads to the parametric solution in terms of polar angle

0, (1.50)

hy = —kegcos® 6

(1.51)
hL = k’effSiIl3 0.

(1.51) can be plotted in the Cartesian plane defined by A, h in units of keg, as shown
in Fig.1.9. The line represents cross-over from single (outside) to double (inside)
energy minima and is known as the Stoner-Wohlfarth asteroid. It provides a

model for the observed hysteretic behavior in ferromagnets.

Stoner-Wohlfarth asteroid
T T

Figure 1.9: Stoner-Wohlfarth asteroid

1.4.2 Spin-Waves

Spin-waves refer to the small-angle precessional perturbations of magnetization M
that propagate through a ferromagnetic body. They can be regarded as the magnetic
equivalent of lattice vibration waves. Unlike phonons however, magnons, the quasi-
particle carriers of spin-waves are not described by amplitude, but rather the phase
variation # of the precessing spins as a function of position, as illustrated in Fig. 1.10.

Similar to lattice vibrations, spin-wave propagation is characterized by a disper-
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(b) spin wave, k # 0

Figure 1.10: Spin-wave modes, from Elena [25].

sion relation between frequency and wave vectors. This can be analytically derived
for certain simple geometries through the linearized LLG equation (1.39)® in the limit
of zero damping, though the calculation is rather involved®.
The simplest case is the uniform mode illustrated in Fig. 1.10(a), where the mag-
netic body precesses as a single macrospin, corresponding to k = 0. The frequency
of this mode is called the ferromagnetic resonance frequency fryr. For an isotropic,

infinite magnetic media magnetized along the direction of an in-plane external field

Heyt, it can be shown that frpyr is given by Kittel’s formula [27]

f FMR —

/;O,/:/\/Hext(Hext +Ms) (152)

The uniform mode is governed by the dipolar interaction alone with no exchange

8Linearization is performed under the assumption of small angle dynamics, i.e. M(t) = M,+m(t)
and |m| < |M,|

9See, for example, [26, chap. 8] for a quantum mechanical treatment

21
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contribution.
In the k # 0 case illustrated in Fig.1.10(b) displacement of neighboring spins
result in an exchange contribution to the spin-wave energy. This effect can be incor-

porated into (1.52), in what is known as the Herring-Kittel formula [28]

f = /;::/ \/(Hex + Hext)(Hex + Hext + Ms Sin2 ¢)7 (153)

for a spin-wave vector at angle ¢ to the equilibrium magnetization position. (1.53)
shows that exchange interaction increases the spin-wave frequency by contributing to
the total effective field.

In ferromagnetic thin films, the situation is significantly more complex. Surface
demagnetizing fields modify the dispersion relation through its contribution to the
effective field. Comprehensive calculations performed by Damon and Eshbach [29]
show that the dispersion relation of magnetostatic spin-wave modes in in-plane mag-
netized thin films are highly anisotropic and can be classified into either surface'® or
volume mode based on the propagation angle ¢.

As illustrated in Fig. 1.11 and 1.12, the surface mode is characterized by a positive
dispersion above the critical angle ¢., and constant dispersion equal to frvr below
¢.. The volume mode is described by a negative dispersion for wave vector perpen-
dicular to equilibrium magnetization, commonly referred to as the backward volume
wave (BVW); and a constant dispersion equal to fryr for wave vector parallel to

equilibrium magnetization.

1.4.3 Numerical Modeling

For a general system, the LLG equation (1.39) is typically solved numerically through
energy minimization (for computing quasi-static equilibrium) and time integration
(for computing dynamics) techniques implemented in a number of standard micro-
magnetic finite-element modeling packages [30]. The target magnetic system must be
appropriately discretized both spatially (rectilinear unit cells comparable in dimen-
sion to le ) and temporally (integration time step > highest characteristic frequency).
The LLG equation is solved iteratively for each unit cell over successive time step

increments. More details will be given in chapter 5.

1050-called because the amplitude of dynamic magnetization decays exponentially from a surface

maximum through the film thickness.
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Figure 1.11: Volume and surface spin wave modes as a function of propagation angle
¢. The bounding curves g, {25 and €24 show the upper and lower limits of the two
mode bands. From Hurben and Patton [29].
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Chapter 2

Exchange Bias

2.1 Introduction

When a ferromagnetic (FM) / antiferromagnetic (AF) bilayer is heated above a certain
temperature, the exchange torque exerted by the FM spins on the neighboring AF
spins at the FM/AF interface becomes strong enough to overcome the energy barrier
holding the AF spins in place. As a result, the AF spins near the interface will align
with the FM ordering. If the system is cooled to room temperature in this condition,
the AF spins will be ‘frozen’ in place, and the FM ordering adopted by the AF spins
is retained. This spin imprinting process, as it is commonly called, is illustrated in
Fig.2.1.

In the simplest case where the original FM ordering is uniform (Fig.2.1(a)), the
imprinting results in a uniform interfacial bias field acting on the FM layer by the AF
spins, which can be readily included in our micromagnetic framework as an additional
anisotropy term that is unidirectional in nature. Observationally, this bias field gives
rise to a shift in the hysteresis opposite to itself, since the bias field has to be first
overcome in order to switch the FM magnetization in this direction (Fig.2.2). This
phenomenon is known as Exchange Bias, and the anisotropy associated with it is
called Exchange Anisotropy. The characteristic temperature at which exchange
bias is established for a FM/AF system is called the Blocking Temperature, Tg'.

1Ty represents the critical temperature above which the order parameter of a FM/AF bilayer,
exchange bias, drops to zero. It is the property of the bilayer system and in general much lower than
the Néel temperature, Ty of the AF for a polycrystalline FM/AF system. The definition of T is
fraught with certain ambiguity in literature, being frequently used interchangeably with T [31].
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Figure 2.1: Imprinting (a) uniform FM spin ordering and (b) Non-uniform vortex FM
ordering into AF.

H

Figure 2.2: Exchange-bias.

The exchange-bias phenomenon was first discovered in 1956 by Meiklejohn and
Bean [32] when studying ferromagnetic cobalt particles embedded in their native

AF oxide CoO. It has since been observed in numerous systems containing FM/AF
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interfaces, such as small particle core-shell systems and layered thin films?.

The critical roles played by exchange bias in conventional and tunneling mag-
netoresistance spin valve® devices [34, 35] as well as MRAMs [1, 36] have triggered
unprecedented increase of research in FM/AF thin film systems, and in particular,
lithographically patterned nanostructures [13]. Recent studies have shown that the
FM ordering imprinted into the AF does not have to be uniform. For example, a
remanent FM vortex magnetization can be faithfully copied into the AF layer when
the system is cooled through Tz, creating an inhomogeneous interfacial exchange-bias
field that follows the FM vortex magnetization [37, 38, i.e., Fig. 2.1(b). The interplay
between this non-uniform exchange-bias field and magnetostatic energies of the vortex
magnetization significantly modifies the magnetic behavior of the system, giving rise

to a wide variety of complex behaviors which can be observed experimentally [39, 40].

2.2 Phenomenology

As previously mentioned, in the case where the FM ordering is uniform, say, induced
by a saturating, uniform cooling field when the bilayer is heated past T, exchange
bias would manifest most prominently as a shift in the hysteresis loop in the opposite
direction to the cooling field. The exchange-bias field, H,,, can be trivially calculated
from this loop shift. Referring to Fig. 2.2:

Hyy = Hort Hea (2.1)

2

where Hop and Heg are the coercive fields for increasing and decreasing sweeping

fields respectively. The coercivity is given by

_ Hey — Heo
—

A quantity related to Hy, is the interfacial exchange energy Je,, which is a measure

He (2.2)

of the strength of exchange bias. It assumes the phenomenological form

2Refer to the comprehensive review papers by Nogués et al. [13], Nogués and Schuller [33] for
extensive lists of references.

3Spin valve sensors consist of a reference layer with fixed magnetization, a free layer whose
magnetization direction aligns with an external field, and a nonmagnetic spacer layer separating
the two. The magnetization of the reference layer can be fixed through exchange coupling with an
adjacent antiferromagnetic layer.
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Jeb = Hep M iy, (2.3)

where tg and M, are the thickness and saturation magnetization of the FM layer.
Other commonly observed effects of exchange bias include coercivity enhancement
(Fig.2.3(b)) as a result of greater hysteretic energy losses due to exchange coupling?

and asymmetric reversal. These will be further discussed in the later chapters.

M M
ToT Heb
/I ~ >TB :
Field Cooling
N H
M
(b)
T r
18 360 0 [ 0 360 0
(c)

Figure 2.3: Observable effects of exchange bias. (a) Hysteresis loop shift (b) Coer-
civity enhancement and (c¢) Torque magnetometry, from Nogués et al. [13].

The unidirectional nature of exchange bias is demonstrated via torque magnetom-
etry [32] (Fig.2.3(c)), with a K cos @ dependence of the magnetic torque (as opposed
to the K sin?# dependence observed for uniaxial anisotropy) corresponding to a sin-
gle minimum energy state. The interfacial nature of exchange bias is convincingly

demonstrated by the inverse dependence of H,, on tgp observed in numerous experi-

4This effect is typically observed in the case of weak exchange bias, where instead fully aligning
with FM, the AF spins retain partial anti-ferromagnetic ordering, which, when coupled to the FM
layer, increases its effective inhomogeneity. Such systems are marked by small a hysteresis loop shift
and a large increase in coercivity.
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ments [33].

The original model proposed by Meiklejohn and Bean [32] can provide an intuitive
understanding of the origin of the hysteresis loop shift. The model considers the
simplest possible case, in which the AF is fully aligned with a uniformly positive FM
ordering, and the magnetization in each layer rotates coherently (i.e., as a macrospin).

Fig. 2.4 shows schematics of the spin configuration for this system during different
stages of hysteresis. If the AF anisotropy is strong enough, the interfacial spins in the
AF will remain fixed during FM reversal, and exert microscopic torques via exchange
coupling on the FM spins as they start to rotate, in an attempt to keep them in
alignment. The external field must overcome this additional torque when switching
the FM magnetization towards the negative direction (Fig.2.4(b)), the coercive field
Heo in the decreasing field branch is thus increased. Conversely, when a positive
external field switches the FM magnetization back, the torque exerted by the AF
layer now works with the external field (Fig.2.4(d)), reducing the coercive field Hey
in the increasing field branch . The overall effect is the net shift of the hysteresis loop

along the negative field direction.
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o ™ — = == ==
. e e N ' M
AF - r - : - ’ - ’ \P C
i represents exchange coupling I
< < < < Hcz Hc1
M .
(c) > ~ ; ; H
AF |35 S — — l,
o™ = = === /_—E
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Figure 2.4: Intuitive picture of exchange bias, from Nogués et al. [13].

From the intuitive picture, we see that the AF spins at the interface should be
uncompensated and remain pinned while the FM spins rotate with the external field

in order to observe the loop shift.



29

2.2.1 Compensated vs. uncompensated

In a compensated AF interface, the net spin averaged over a macroscopic length
scale is zero, with no net magnetization. In contrast, the interface is said to be
uncompensated if the spin arrangement is such that the net magnetization is non-

zero. This difference is illustrated in Fig. 2.5.

CaCo C
o G O—
= > >
> o= G—
(a) (b)

Figure 2.5: Compensated (a) vs. uncompensated (b) AF interface, from Nogués and
Schuller [33].
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2.2.2 Critical AF Thickness

From an energy point of view, pinning of the AF layer during FM reversal requires
the (bulk) AF anisotropy energy density to be greater than the interfacial coupling
energy Jep,

Kartar > Job, (2.4)

where K ap is anisotropy constant. This sets a lower bound on the AF thickness tar,
below which the exchange coupling causes the AF spins to rotate with FM, and no
exchange bias is observed.

Many theories of exchange bias rely on the existence of pinned, uncompensated AF
spins near the interface [41, 42]. The actual depth profile of the uncompensated spins
near the FM/AF interface can be experimentally investigated using magnetization-
sensitive techniques such as X-ray magnetic circular dichroism (XMCD), in which
the left and right circularly polarized X-rays exhibit differential absorption spectra
depending on sample magnetization. Studies [43] have shown that the AF spins near
the FM/AF interface are indeed uncompensated. However, within the immediate
vicinity of the interface (< 3nm, which can be considered the critical AF thickness),

the uncompensated AF spins are overcome by exchange and rotate with the FM spins
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in response to an external field, while the uncompensated AF spins at thicknesses

beyond this region remain pinned, providing the actual exchange bias.

2.3 Aspects of Exchange-Bias Theory

Despite general acceptance that exchange bias originates from the interfacial FM/AF
exchange coupling, the microscopic details of this coupling are poorly understood,
and how it translates into the various observed effects of exchange bias remains an
area of active research, with numerous proposed models[41, 42, 44, 45] attempting to
explain the complex nature of the FM/AF interface.

As previously mentioned, the strength of exchange bias in a FM/AF system can

be measured using the phenomenological interfacial exchange energy, Jop. From (2.3)

Jeb = HesztF = Keth> (25)

where K., = H., M, is the exchange anisotropy constant.

Merely constructing a theoretical model that is capable of predicting experimental
Jop, values within order-of-magnitude accuracy has proven a considerable challenge.
Consider a FM domain wall in a FM/AF bilayer driven by an applied in-plane field
H along the exchange-bias axis, Fig.2.6. The exchange-bias field can be determined
by the balance between the applied field pressure (energy per unit area), 2H Mtp,
and the pressure Ao = 09 — 07 from the interfacial energy difference between the two

domain orientations, when the domain wall is held stationary by these two pressures.

Ao
Hy, i (2.6)

H DOMAIN .

WALL M

/ , F
F — 1 Fte

N\ AY

AF o g2 } th

Figure 2.6: Balance between external field and exchange-bias field, from Malozemoff
[44].

Some basic assumptions must be made at this point. In order to establish exchange
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bias, the bulk AF spins need to be fized and in-plane, otherwise the two FM domain
orientations would correspond to identical energy configurations, and no exchange
bias would be observed?®.

Recall the Heisenberg Hamiltonian, (1.3), the energy between a pair of atomic
spins S; and S;® across the interface with ferromagnetic nearest neighbor exchange

integral Jg is given by:

With a fully compensated interface, shown in Fig.2.7(a), the total energy as well as
exchange-bias field are zero. For fully uncompensated interfaces in Fig.2.7(b) and
Fig.2.7(c) corresponding to the simple intuitive model of the previous section, Ao
between the two ferromagnetic orientations can be shown to be ~ 2.JpS5?/a? ~ 2.Jp /a?

for a cubic lattice with lattice parameter a. According to (2.6) therefore,

Jr

Hyy=
b CLQMStF

(2.8)

Note that this is identical to (2.3) with Jg/a? = Ju, as Jr is defined as energy per
pair of atomic spins (i.e. over an area of a?), while J, is defined as energy per unit
area.

Reasonable values for Jg, M and tp give estimates of H,p, based on (2.8) that are
two orders of magnitude too large. One might construe that some innominate interfa-
cial disorder is frustrating 99% of the exchange coupling, however, the consistency of
experimental measurements beckons a more intrinsic mechanism and improvements
to the simple model to quantitatively match experimental results.

A common way to improve upon an existing model is to add dimensional vari-
ability. Consider, for example, the formation of a planar domain wall in the AF layer
near the interface (1D variability), for the unfavorable FM orientation, as illustrated
in Fig.2.7(d). This relaxes the configuration in Fig.2.7(c) by spreading the interfa-
cial exchange energy over the domain wall. Assuming in-plane uniaxial anisotropy
energy density Kap, nearest neighbor exchange integral Jar and exchange stiffness

Apr ~ Jar/a for the AF layer, one can show that the AF domain wall has an energy

5If the bulk AF spins are free to rotate with the FM spins, they would align with the FM, and
Ao = 0. Similarly, if the AF spins point perpendicularly out-of-plane, the two opposite in-plane FM
domains have identical energy in relation to the AF orientation, and we again have Ao = 0.

6A typical magnetic transition metal possess two unpaired electrons in its valence 3d shell, there-
fore as an simple approximation, the total atomic spin at each lattice site S; = 1.
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Figure 2.7: Schematics of possible spin arrangements in FM/AFM sandwich. Dashed
lines indicate boundary, crosses indicate frustration of FM coupling.

density of 44/ Aap Kar per unit area [46], which also represents the difference in energy
density between the two FM orientations, Aco. (2.6) thus becomes
2/ Apr Kar

H,, — ZYOARRAR 2.9
b i (2.9)

Assuming identical nearest neighbor exchange parameters, Jp = J4 = J, and
take Axp =~ J/a, we see that the energy expression in (2.9) is reduced from (2.8) by
a factor of \/Aar/Kar/2a, or the ratio between domain-wall width parameter (see
(1.29), typically 10s of nm) divided by twice the lattice parameter (a few A), which
is indeed in the 10? range. However, this model fails to address the persistence of
exchange bias down to the critical AF thickness, typically several nm, which is order
of magnitude below the characteristic domain wall width in most AF materials.

We therefore add additional variability to our model, by assuming that random
interface disorder exists as a random interface field. The AF spins reorient themselves
in order to minimize local random field energy, forming random AF domains along
the interface which are separated by domain walls perpendicular to the interface, as
shown in Fig. 2.8.

This interfacial randomness can be represented by a factor f;, such that the effec-

tive nearest neighbor exchange integral is J; = f;J. According to random statistics,
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Figure 2.8: Random field model with perpendicular AF domain walls.

for an interface domain area of L? with N = L?/a? atoms, the random-field energy

density is given by:

laZ\/N N

which means the larger the characteristic domain size L, the smaller the averaged

J
Ao~ — — =, 2.1
. fist (210

interfacial energy. The exchange-bias field is calculated as

fid
QMStFClL ’

As we shall see, the size of the interfacial AF domain L and degree of randomness

H,, ~ (2.11)

fi; depend on a variety of correlated factors such as growth conditions and crystal

structure, all of which impact the experimentally observed exchange bias [47].
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Chapter 3

Experimental Methodology

3.1 Sample Preparation

The ability to fabricate magnetic nanostructures with precise control over geometry,
texture and composition is crucial for my research. In this section I will describe the
techniques used for sample preparation, which includes patterning, deposition and

post-deposition annealing.

3.1.1 Electron Beam Lithography

Glassor Si wafer

Largearray of micron-
sized magnetic structures

::H::

Small array of micron-
sized magnetic structures

i

Figure 3.1: Sample schematic.

A schematic of the experimental sample is shown in Fig.3.1. The micron-sized
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magnetic structures and gold microcoil were patterned on silicon and glass substrates
using the RAITH50 electron beam lithography (EBL) system in the UVic Nanofab-
rication facility. The system doubles as a scanning electron microscope (SEM) for
high-resolution sample imaging.

Lithography refers to the collective process whereby a geometric pattern is trans-
ferred onto a substrate [48]. As the first part of the fabrication process, lithography
generally consists of resist coating, pattern exposure, development, deposition and
lift-off, as shown in Fig.3.2(a)-(b).

Exposure Lift-off
‘l *‘ “ Magnetic
structure
resist 1 ] ||
Substrate Substrate
l (@ ] (d)
L Magnetic
Development Deposition  thin film
B I . e
|| ||
Substrate — Substrate
(b) ()

Figure 3.2: General fabrication process.

Substrates were spin-coated with two uniform layers of poly-methyl-methacrylate
(PMMA) resist with different molecular weights. The resist thicknesses depend on
the thickness of the structures to be fabricated and was set by the speed of the spin-
coater. Selected areas of the coated substrates were then exposed to a high-energy
electron beam, whereupon de-crosslinking of the exposed polymer chains allow for the
selective removal of the exposed resist by a chemical developer. The desired magnetic
materials were subsequently deposited on the patterned substrates (Fig.3.2(c)), and
the substrates were lifted off in acetone which dissolves the remaining resist, leaving
behind the patterned magnetic structure. The heavier molecular weight of resist 2
gives an undercut depth profile for easier break-off of the residual resist during lift-off
(Fig. 3.2(d)). Patterning parameters are listed in Tab. B.1, Appendix B.
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3.1.2 Physical Vapour Deposition

Physical vapour deposition (PVD) refers to the controlled physical transference of
a material from a source to a substrate. The two PVD techniques employed in my

research were thermal evaporation and sputtering.

Electron Beam Evaporation

The gold microcoils were deposited using an Angstrom Amod electron beam evap-
oration system, courtesy of Professor David Steuerman’s research group in the De-
partment of Chemistry.

In an electron beam evaporator, the source (target) material contained in a cru-
cible is heated into a liquid melt by a magnetically-focused thermionic electron beam.
The melt evaporates under vacuum, and upon precipitation creates a thin layer of
the source atoms on all line-of-sight surfaces. The deposition rate was monitored by
a quartz crystal microbalance (QCM) sensor, whose resonant frequency is sensitive
to the deposition thickness [49]. Evaporation parameters are provided in Tab.B.2,

Appendix B.

Magnetron Sputtering

The magnetic layers were deposited using DC-triode magnetron sputtering, curtesy
of our collaborator, Professor Thanasis Speliotis at the Institute of Materials Science
(IMS) in Athens, Greece.

In a sputter deposition system, magnetron-enhanced bombardment of the target
surface by a inert gas ‘sputters’ atoms from the target slab with ~ 5eV kinetic energy.
A fraction of the sputtered atoms subsequently condenses on the substrate surface.
Compared to thermal evaporation, sputtering takes place at room temperature with
much higher adatom energies, leading to higher degree of compositional and textural
consistency, better adhesion and more defined magnetic properties [50], and is there-
fore the preferred PVD technique for the magnetic structures. Sputter deposition

parameters are provided in Tab. B.3, Appendix B.

3.1.3 Post-Deposition Annealing

To induce exchange bias, samples were individually annealed in an induction furnace

under vacuum (5 x 107° Torr) in the presence of a uniform magnetic field parallel
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to an edge of the sample. The temperature of the furnace was monitored using a
thermocouple and the heating/cooling rates were kept at a constant 5°C/min using

proportional-integral-derivative control.

3.2 Sample Characterization

3.2.1 The Magneto-Optical Probe

Quasi-static and dynamic measurements of magnetization were realized using the
magneto-optical Kerr effect (MOKE). Discovered in 1877 [51], MOKE refers to the
rotation of a linearly polarized electric field E upon reflection from a magnetic surface.
For many materials, the Kerr rotation is linear, 6, o< M, and defined by both the
rotation 6 and the ellipticity ¢ of the reflected field, as illustrated in Fig. 3.3.
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Figure 3.3: Schematic of Kerr rotation.

Or = Op + iy (3.1)

The Kerr effect lends itself naturally to the study of surface magnetization profiles in
metallic ferromagnets with an information depth of ~ 10 nm [52].

An ab initio derivation of the magneto-optical Kerr effect is mathematically in-
volved and can be found in a number of texts [53]. Here I only offer a simple rationale.

Consider the dielectric law

-]l
I
(LN
)

, (3.2)
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the complex dielectric tensor €, containing components of the magnetization vector
M, relates E of the incident plane-polarized light to the induced displacement vector

—

D. (3.2) can be written in the form of a Lorentz force equation

D =¢e(E+iQM x E), (3.3)

where ¢ is the ordinary dielectric constant and Q is the complex Voigt constant, a
material parameter that depends on saturation magnetization and spin-orbit cou-
pling. D can be construed as a secondary wave resulting from the magneto-optical
interaction between E and magnetization M.

The cross product in (3.3) reveals the gyro-electric nature of the Kerr effect.
The term represents a Lorentz force acting on surface valence electrons undergoing
harmonic motion as a result of the incident light. The cross product means that
the corresponding Lorentz motion is perpendicular to the direction of propagation
of the reflected light, and the interference results in a small rotation of the reflected
polarization.

First used successfully to observe magnetic domains over 60 years ago [54], MOKE
remains to this day one of the most versatile and important techniques for the imaging

of magnetic microstructures.

3.2.2 Quasi-Static MOKE Setup

There exists three MOKE geometries: polar, longitudinal and transversal, determined
by the relative orientations of the plane of incidence and the sample magnetization,

as illustrated in Fig. 3.4.
k:

; K, ki K, k; K,
Incidence
Plane
M —M ®Mm

Sample

Polar Longitudinal Transverse

Figure 3.4: MOKE geometries.

For quasi-static hysteresis measurements, the longitudinal setup was used, with in-

plane magnetization and applied field parallel to the plane of incidence. A simplified
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schematic of the experimental setup is shown in Fig. 3.5

Hysteresis — Longitudinal MOKE

H,= £280 Oe
Frequency= 0.1 Hz

Figure 3.5: Quasi-static MOKE setup (simplified).

The laser reflects off the sample surface through a polarizer-analyzer pair and
impinges on a photodiode. The polarizing axes of the polarizer-analyzer pair are
orthogonally oriented, leading (ideally) to total extinction in the absence of sample
magnetization (Fig.3.6 top). If the sample is magnetized, the small Kerr rotation
results in a signal proportional to the local magnetization in the sample (Fig.3.6
bottom) at the photodiode.

The detailed MOKE implementation is shown in Fig. 3.7, equipment details are
provided in Tab. B.4, Appendix B.

The linearly polarized laser is focused on the sample surface through the 10x ob-
jective at close to 45° incidence. The diverging reflected beam is re-focused through
lens B, then through the analyzer before entering the silicon photodiode, which con-
verts the light intensity to a voltage signal with a linear dependence on the magneti-
zation. The optical chopper placed in the beam path provides a modulation reference
for the incident light, enabling the phase sensitive detection of the lock-in amplifier
to extract the Kerr signal from the modulation carrier through time-integration and
low-pass filtering. This process significantly improves the signal to noise ratio. The
pre-amplifiers provides preliminary amplification and filtering centered around the

modulation frequency.
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Figure 3.6: Polarizer-analyzer setup.

The sample is mounted on a micrometer positioning stage, allowing for precise
alignment of the microstructures with the incident laser spot. Due to working dis-
tance constraints, the laser spot size is around 30 — 50 um and cover several sample
structures?.

The sweeping magnetic field is provided by a ferrite-core electromagnet, with
the sample located between its poles such that the field is parallel to its surface, as
illustrated in Fig. 3.8. A Hall effect sensor mounted between the pole faces above the
sample monitors the external magnetic field.

The photodiode and Hall probe outputs are averaged over 20 field cycles and com-
bined to produce M — H hysteresis plots. PC interfacing is achieved through National
Instrument’s PCI/BNC data acquisition module and LabView virtual instrumenta-

tion.

I Hysteresis signals are therefore averaged over several sample squares.
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Figure 3.7: Quasi-static MOKE setup (detailed).

Field

Hall Probe

Figure 3.8: Sample arrangement between magnet pole faces.



42

3.2.3 The Stroboscopic Pump-Probe Technique

Probing transient magnetic behavior induced by rapidly-changing external parameters
requires time-resolved techniques with resolution in the GHz precessional regime.
Fortunately, the quasi-static MOKE technique can be extended to the time-resolved
regime using a femtosecond ultrafast laser and employing the stroboscopic pump-
probe technique [55]. The technique is identical in concept to strobe lighting in high-
speed photography in that it reconstructs a fast-moving process through ‘snapshots’
frozen in time.

DELAY: 0 At, At, 0 At At 0 At, At

PUMP

M(t)

PROBE 1
(at)

Time

PROBE 2
@t)

@)

: /! /!

"""""" Time

Figure 3.9: Stroboscopic pump-probe technique, from Elena [25].

First implemented in the study of sub-nanosecond magnetization dynamics by—Freeman

et al. [56], the stroboscopic pump-probe technique is schematically illustrated in
Fig.3.9. The pump signal, in the form of a periodic magnetic field pulse (Fig.3.9(a))
excites a dynamic magnetization response M(t) (Fig.3.9(b)). An ultra-short laser
probe pulse with the same repetition rate (Fig.3.9(c)-(d)) but delayed with respect
to the pump signal at Aty, Aty ... measures M(At;), M(Aty) ... in the dynamic re-
sponse with temporal resolution determined by the laser pulse signal duration, the

interval between successive At; and the pump-probe synchronization?.

2This refers to the accuracy with which the time delay can be controlled, and can be defined as
the temporal uncertainty in triggering the probe signal at the delay time ¢, t; £ §¢
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3.2.4 Time-Resolved Kerr Effect Microscopy

Dynamics — Scanning Kerr Microscope (pump-probe)

Beam splitter

Delay Generator |« D) Laser
vAt
Pulse Generator PROBE (optical)
. A =780 nm
PUMP (electrical) ﬂ Pulse duration = 80 fs
Repetition = 0.8MHz
Vpp = 45V

V | Pulse duration = 4 ns

Rise/fall time = 250/500 ps
Repetition = 0.8MHz — : -
. Sample on microcoil
> ‘ v \ P Quadrant
= photodiodes

Figure 3.10: Dynamic MOKE Setup (simplified).

Fig. 3.10 shows a simplified schematic of the dynamic MOKE setup. A pulse laser
beam is split into pump and probe branches through a 50/50 beam-splitting prism.
The pump beam triggers electrical pulses that are electronically delayed via computer
control. The delayed pulses subsequently trigger a voltage generator which excites
the sample with a magnetic field pulse created by the current-carrying microcoil.
The probe beam reflects off the sample through the same polarizer-analyzer setup in
Fig. 3.5, and the magnetic signal is detected as a Kerr rotation using the quadrant

photodiodes. Sample electrical connection is discussed in more detail below.

Sample Stage and Microcoil

Fig.3.11 shows a rendering of the dynamic MOKE sample stage. The magnetic

structures are located on gold microcoils, with a closeup shown in Fig. 3.12.
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Figure 3.11: Sample stage schematic.
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Figure 3.12: Closeup of microcoil.

The stage connects directly to a voltage pulse generator which provides the pump
excitation through the coaxial SMA mount. The surface-mount resistor nominally
provides 50 €2 impedance matching to maximize transmission. Given the microcoil
resistance, dimension and the profile of the voltage pulse, we can calculate an approx-

imate value of the in-plane magnetic field pulse H, generated by the current-carrying
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microcoils (as illustrated in Fig.3.12) using the Biot-Savart law. This calculation is
presented in Appendix C.

Fig.3.13 shows a section of the applied voltage profile recorded with a digital
oscilloscope. The rise time is roughly 250 ps. My research focuses on small-angle spin
wave dynamics, which occurs in the ‘region of interest’ after the initial rising of the

voltage pulse.

~ P

Region of interest

Figure 3.13: Applied voltage pulse.

Dynamic MOKE Setup

The complete dynamic MOKE setup is shown in Fig.3.14. Equipment details are
provided in Tab.B.4, Appendix B. A mode-locked Ti:Sapphire infrared pulse laser
with 80fs pulse duration and 80 MHz repetition rate was used as the synchronous
source for both pump and probe branches. The pulse selector divides the repetition
rate down to 0.8 MHz. In addition to previously mentioned features:

The pump beam is focused on a fast photodiode which generates a modulated
~ 21ns, 0.8 MHz voltage signal, triggering the delay generator. The delay generator
subsequently triggers the pulse generator which provides a V,, = 45V, 4ns pump
signal. The delay of the pump signal At is computer-controlled through the Lab-
View /PCI interface.

The probe beam is focused on the sample through an 80x, numerical aperture
(N.A.)=0.75 lens to a spot of ~ 1pum at normal incidence. Two quadrant photo-
diodes (QPD) are setup in a differential scheme through a polarizing beam splitter
(Wollaston prism) to enable vector magnetometry, with out-of-plane magnetization

M, provided by s; — sg, and in-plane components M,, M, provided by h; — hy and
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v — vy. Signal averaging is realized through an appropriate choice of the lock-in
amplifier time constant?.

The sample is mounted on a computer-controlled piezo flexure stage, allowing
raster scanning of the sample surface for spatiotemporal magnetization imaging. Spa-
tial resolution is determined by the N.A. of the objective and the wavelength X\ of the
laser from Rayleigh diffraction criterion

A 0.78 pm

d=122—— =122

vrepm e, 4
NA. 0.75 S pm (3-4)

3.2.5 X-Ray Diffraction Analysis

Magnetic properties are strongly influenced by crystal structure. The (111) texture
(in the reciprocal lattice Miller notation) for example, is commonly associated with
the antiferromagnetic phase [57].

X-rays ‘see’ a crystal lattice by having wavelengths comparable to lattice param-
eter a in a crystalline solid. The arrangement of a crystalline lattice can therefore
be determined by analysing the angles and intensities of the diffracted X-ray peaks,
which correspond to constructive interferences of scattered X-rays off successive crys-

tallographic planes [58], as described by Bragg’s Law

2dsin @ = n, (3.5)

where d is the distance between successive (hkl) planes and € is the scattering angle.

X-ray diffraction crystallography (XRD) was performed with a Siemens D500
diffractometer at IMS in Athens, Greece. Cu-K, radiation with A = 1.5418 Awas
used in the 6 — 26 geometry, from 20 to 90 degrees at 1 degree glancing incidence with
respect to the sample surface. The X-ray penetration depth for this configuration can
be calculated to be around 2 pm [59], sufficient to resolve crystal structure throughout

the sample depth.

3The time constant is typically ~ 100 ms, and at 0.8 MHz repetition rate, this means each output
data point is the average of thousands of signals.
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Figure 3.14: Dynamic MOKE Setup (detailed).
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Chapter 4

Experimental Results

4.1 Overview

Arrays of 10 pmx10 gm multi-layer squares with the general configuration of sub-
strate/adhesion layer/FM-AF bilayer /capping layer' were fabricated on either Si/SiOs
or 500 um-thick borosilicate glass substrates via electron-beam lithography and DC-
triode sputter deposition. For dynamic measurements, 20 ym-wide, 100 nm-thick gold
microcoils were evaporated either directly on top of or below the magnetic squares.

General sample arrangements are shown in Fig. 4.1.

Cooling field direction
—_—

Glass or Si wafer

Square array for
quasi-static
measurements

H ::F:

=
.

10mm

RN

Gold microcoil +
secondary array for
dynamic measurements

.

S mm

Figure 4.1: Sample wafer schematic and SEM images.

!The adhesion layer improves bonding between substrate and magnetic layers without compro-
mising magnetic behavior while the capping layer prevents oxidation.
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Several different layer configurations were used in order to explore different aspects

of exchange bias. These are illustrated in Fig. 4.2.

10 umx 10 um square pillars

Ta capping Layer (2 nm) Ta capping Layer (2 nm)

Ta capping Layer (2 nm)

(@) s1 (b) S2 (c) G

Ta capping Layer (1-2 nm)

Ta capping Layer (1-2 nm) Capping layer

FM / AF bilayer

/ Substrate + adhesion layer

(d) SREF (e) GREF (f) Schematic

Figure 4.2: Schematics of fabricated structures.

(a) Si/Ta(5 nm)/IryyMng(5 nm)/NigyFeyo(15 nm)/Ta(2 nm), with silicon sub-
strate and the ferromagnetic NiggFeqsg (permalloy) deposited after the antifer-

romagnetic IrgoMngy (5nm). Henceforward referred to as sample S1.

(b) Si/Ta(5nm)/NigyFey (15 nm)/IryyMngg(5 nm)/Ta(2nm), with silicon sub-
strate and the FM layer deposited before the AF layer. Henceforward referred

to as sample S22.

(c) Glass/Cr(~5nm)/NigyFes (15 nm)/IrsgMngy(5 nm)/Ta(2 nm), same as S2

except with glass substrate, henceforward referred to as sample G.

(d) Si/Ta(5nm)/NigyFey(15nm)/Ta(2nm), single FM layer deposited on top
of silicon, a reference sample for result comparison. Henceforward referred to
as sample SREF.

20nly unpatterned films of this sample type were made, near the end of the research.
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(e) Glass/Cr(~5nm)/NigyFes (15 nm)/Ta(2nm), single FM layer deposited on
top of glass, a reference sample for result comparison. Henceforward referred to
as sample GREF.

For sample S1, gold microcoils were first fabricated underneath the magnetic
structures, and the MOKE laser reflects off the top FM surface of the sample; for
sample G, gold microcoils were fabricated later, on top of existing magnetic structures,
with the sample mounted in reverse for the MOKE laser to reflect off the bottom FM
layer through the glass substrate. The rationale behind the chosen structural ordering
in sample G will be made apparent in Chapter 5.

Our choice of ferromagnetic material, permalloy is widely used in industry and
research for its high relative permeability and anisotropic magnetoresistance as well
as low coercivity and magnetostriction. Likewise, IrogMngy was chosen as the AF
material for its high Néel Temperature (Ty = 693 K), exchange energy density
(Jez ~ 0.15erg/cm? for 50 Aof IrMn) and blocking temperature® (420-560 K for IrMn
thicknesses between 2-10 A), with the thickness of 5nm experimentally observed to
give maximum exchange bias [47, 60, 61, 62].

The fabricated samples were post-annealed at 450 K in a number of in-plane cool-
ing fields along an edge of the square (Fig.4.1), which is taken as the +z direction
in subsequent experiments. The cooling fields modify remanent FM magnetiza-
tion, while the annealing temperature was set to above the experimentally determined
blocking temperature of 420 K [37] in order to ‘loosen up’ the AF spins such that they
align with the modified FM magnetization in accordance with exchange-bias theory.

The cooling fields used are listed in Tab. 4.1.

’ Sample Designation \ Cooling fields (Oe) ‘

S1 0, 50, 100, 150, 250, 300, 500

52 n/a

G 0, 15, 40, 50, 100, 150, 200, 250, 300
SREF 0

GREF 0

Table 4.1: Sample cooling fields.

From now on I will adopt the naming convention of sample code (S1/S2/G)-

cooling field when referencing a specific sample, e.g., S1-150 refers to a sample with

3Strictly speaking, the blocking temperature it is not a property of the AF alone, but rather
depends on the bilayer system



o1

S1 configuration annealed in 150 Oe cooling field.
Film samples of identical configurations to S1, S2 and G were prepared for X-ray
diffraction analysis, which are included in the next chapter along with simulation

results for convenience.

4.2 Sample S1

4.2.1 Quasi-Static Results

Fig. 4.3 show the measured easy-azis (along the cooling field direction) as well as
selected hard-azis (perpendicular to the cooling field direction) hysteresis loops of

sample S1 under various annealing conditions.

(a) S1-0 easy axis (b) S1-50 easy axis
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Figure 4.3: Easy-axis hysteresis for sample S1. (a),(b),(c),(d),(e),(f): 0, 50, 150, 250,
300, 500 Oe cooling fields (g),(h),(i): selected hard-axis hysteresis loops for 50, 250
and 500 Oe cooling fields.
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In Fig. 4.4, the easy-axis hysteresis of the zero-field cooled (ZFC) S1-0 is plotted
against (a) single-layer reference sample SREF and (b) S1-0 hard-axis hysteresis.

The change in hysteresis behavior is negligible both between the exchange-biased and

reference sample (a) and between the two axes of the exchange-biased sample (b).

(a) S1-0 vs. SREF easy axis

(b) S1-0 easy axis vs. hard axis
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Figure 4.4: S1-0 vs. SREF. (a) easy axis hysteresis of S1-0 and SREF (b) easy vs.
hard axis hysteresis for S1-0.

4.2.2 Dynamic Results

The way samples are arranged on gold microcoil is schematically shown in Fig. 4.5.

As mentioned previously, the cooling field is in the +z direction and excitation pulse

fields are applied along the x-axis. From now on, a square will be referred to by its

label in Fig. 4.5.

L1
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L-3

L-4

L-5

L-6

L-7

R-1

R-2

R-3

R-4

R-5

R-6

R-7

X

Figure 4.5: Samples on microcoil.



53

Fig. 4.6 shows a scanning Kerr image of sample S1-100-L-2 showing remnant mag-
netization in M,. The dashed lines mark the boundary of the square. No apparent

vortex or domain features are observed besides structural defects.

Figure 4.6: M, profile of square S1-100-L-2.
All three components of magnetization (M,, M, and M,) can be measured using

the polarizing beam splitter and quadrant photodiode setup (Fig.3.14). A typical

3-component temporal signal is shown in Fig. 4.7

(a) Typical Mx response
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Figure 4.7: 3-component temporal signal.

In practice, MOKE signals are very sensitive to photodiode balance and obtaining
all three components of magnetization simultaneously can be difficult. Nevertheless,

since M, is the projection of the magnetization M along the i'" axis, its frequency
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characteristics should be identical to that of M. In actual experiments, only a single
component of magnetization was recorded and analyzed.

The temporal dynamics of three S1 samples, namely S1-100, S1-150 and S1-200
were investigated over a number of squares (L-2, R-3 etc. in Fig.4.5). Fig. 4.8 show
temporal profiles and corresponding fast Fourier transform (FFT) plots for M,, with

a field pulse Hpyse in the —z direction, measured at the center of the squares.

(a) Mz at center of S1-100-L-2 (b) Mz at center of S1-150-L-3
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Figure 4.8: Temporal dynamics for (a) S1-100-L-2 (b) S1-150-L-3 and (c) S1-200-L-2.
FFT plots are shown in (d).

The temporal data was captured at 10 ps resolution (100 GHz sampling frequency),
and the 1024-point FFT has spectral resolution ~ +0.1 GHz. The GHz FFT peaks,
corresponding to magnetization precession, appear identical in all three samples.

I then investigated the variation of FFT peak frequency under an external field
along the z-direction. Since all S1 samples show very similar quasi-static and dynamic
behavior regardless of cooling field, Only a single sample square (S1-200-R-6) was
used. First, M, profiles for S1-200-R-6 in response to Hpys in both the +z (red)
and —x (blue) directions in the absence of any external field H.y; were recorded and

shown in Fig. 4.9.
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Figure 4.9: M, in response to Hpyse in 2 for S1-200-R-6, Hex, = 0 Oe.

Notice the preferential excitation direction with greater signal strength for Hyse
in the —z direction. This can be explained by noting that we expect the +z cooling
field during annealing to create net magnetic ordering (i.e. exchange-bias field Hey)
pointing in the +x direction in the samples. The stronger signal occurs when Hpyse
points in the opposite direction to this ordering, which is expected: sample mag-
netization are excited only if pushed in a direction different from their equilibrium
orientation.

M., profiles were then recorded for a —x H.,; between 0 Oe and 200 Oe. The results
are shown in Fig.4.10. The strengths and directions of the various fields in Fig. 4.10

are shown in the corresponding schematic, Fig.4.11 to help interpret the results.

Figure 4.10: M, in response to Hpyee in +2 (red) and —z (blue) for S1-200-R-6.
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Figure 4.11: Schematic for the relative magnitudes and directions of magnetic fields
present in Fig. 4.10.

Note that the spikes and subsequent oscillation near the tail-end of the signals
in Fig.4.10 are a result of the abrupt termination of the excitation pulse. The pref-
erential excitation of M, in response to a —x Hpyse Observed in zero Hey (Fig.4.9)
disappears under an external field of 10 Oe pointing in the opposite direction. This
implies that the +z Hg,/net magnetic ordering created through thermomagnetic an-
nealing is very weak and can be overcome by a small, 10 Oe external bias field pointing
in —x. The overall bias field and sample magnetization ordering thus point in the —x
direction for |Hext| > 10 Oe, and a meaningful M, signal only exists for Hpyge in the
+x direction (red).

4.3 Sample G

4.3.1 Prior Work

Samples GREF, G-0, G-15 and G-40 were previously fabricated and measured by two
other members of the research group, Jonathan Rudge and Emad Girgis [40] under
slightly different experimental parameters®. Static results are shown in Fig.4.12,
with remanent vortex states measured using the scanning mode of the Kerr effect

microscope shown as insets. Local domain magnetization are represented through

4Their FM layer was 12nm thick, and the annealing temperature was 600 K, later deemed un-
necessarily high. The static and dynamic setup was also slightly different, but inconsequential to
the obtained results.
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the color contrast in the Kerr images. The dashed lines and arrows serve as aids to

the visualization of the domain magnetization.

100 -100

Figure 4.12: Previously obtained hysteresis results and remnant vortex configuration.

In the case of the zero-field cooled G-0, the fourfold symmetry of the Landau
vortex state is unbroken, therefore no hysteresis shift is observed. When the cooling
field is increased above zero, the vortex core is displaced from the center, and the
hysteresis loops show a distinguished increase in shift (marked in red). It is evident
that these G samples were annealed in non-saturating cooling fields such that the
remanent vortex magnetization is retained.

The temporal profiles of M, in response to Hpys in —z for the same samples
are shown in Fig. 4.13, with the corresponding FFT profiles shown in Fig.4.14. The
signals are measured over a laser spot positioned in the lower quadrant of the squares,
as indicated by the red dot in Fig.4.13. In each case, the magnetization undergoes
rapid initial large-angle switching towards the direction of Hpyse, followed by small-
angle damped precession towards equilibrium. The details of the precession dynamics
are determined by the cooling-field modified remanent magnetization profile, as evi-
denced by the shift in FFT peak frequencies. This will be discussed in more detail in
Chapter 6.
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4.3.2 Quasi-Static Results

Fig. 4.15 show the easy- and hard-axis hysteresis plots for sample G with cooling fields
> 50 Oe.
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Figure 4.15: Hysteresis results for sample G. (a),(b),(c),(d),(e),(f): easy-axis hystere-
sis with cooling fields of 50, 100, 150, 200, 250 and 300 Oe respectively (g),(h),(i):
selected hard-axis hysteresis for 50, 100 and 150 Oe cooling fields.

The hysteresis curve for sample GREF in Fig.4.12 shows a saturation point at
~ 50 Oe, therefore the G samples shown in Fig.4.15 can be regarded as annealed
in saturating cooling fields such that they possess a more or less saturated domain

profile at remanence, as confirmed by the scanning Kerr image, Fig. 4.16.

Figure 4.16: Typical scanning Kerr image for sample G with saturating cooling field.
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4.3.3 Dynamic Results

Repeated attempts were made to measure the temporal response M, for G samples
under varying H. Unfortunately, since the FM is the bottom layer, underneath both
AF and the gold microcoils, the probing laser must shine through the glass in order to
reflect off its surface, and the process introduces too much noise to the signal for the
extraction of meaningful dynamic information, as shown in a typical measurement in
Fig.4.17. The dynamic details of G samples annealed in saturating cooling fields will

instead be investigated with the aid of numerical modeling in Chapter 5.

MZ at center of G-250-R-5
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—Negative pulse
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Figure 4.17: M, in response to Hpus in 4+ (red) and —z (blue) for G-250-R-5,
Hext - O



Chapter 5

Analysis

5.1

Sample S1

The hysteretic behavior of sample S1 as a function of cooling field is

Fig.5.1.

(a) Sample S1 easy axis loop shift vs. cooling field
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Figure 5.1: Easy axis hysteresis behavior as a function of cooling field. (a) Loop shift
(b) Coercivity. Reference sample SREF is shown in (b) as green square.
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Considering the uncertainty in field measurements (~ £5 Oe), the cooling fields do
not appear to produce an appreciable hysteresis loop shift in sample S1 (Fig.5.1(a)).
There does however seem to be a very slight decrease in coercivity with increasing
cooling field (Fig. 5.1(b)), indicating a more coherent switching process possibly owing
to a more homogeneous overall magnetic ordering obtained during annealing in larger
cooling fields.

In the dynamic regime, the various samples again show little changes in preces-
sional frequency in their M, response, as evident from the FFT plots in Fig.4.8(d).
To confirm this, further measurements were performed for a number of other squares
in samples S1-100, S1-150 and S1-200, and the FFT peak frequencies vs. cooling field
relation is summarized in Fig. 5.2, with artificial scatter added to the cooling field
axis to enhance visualization. Once again, considering the +0.1 GHz uncertainty in
FFT frequency, there seems to be little change in the precessional frequency with

increasing cooling fields.

FFT peak frequency vs. cooling field for sample S1
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Figure 5.2: M, FFT peak frequency vs. cooling field for sample S1.

The cooling field however does seem to play a small role in the dynamic regime.
As mentioned in Chapter 4, sample S1-200-R-6 exhibits preferential switching in —ux,
corresponding to He, < 100e in +x, in the direction of the cooling field (Fig.4.10

and 4.11). A more reliable estimate of He, can be obtained using the value of Hpyse
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calculated in Appendix C and fitting the M, FFT peak frequency vs. Hey relation
from Fig.4.10 to the Herring-Kittel formula (1.53)

f= ’l;(;:\/(H+Hext)(H+Hext ML), (5.1)
where
ftey = 0.23 GHz(kA /m) ™"
M ~ 800kA /m
1kA/m = 47 Oe, (5.2)
(5.3)
and
H, s + He, if the field pulse is in + x;
=4 b P (5.4)
Hyuse — Hep,  if the field pulse is in — z.

Non-linear least-squares fitting was performed using the Levenberg-Marquardt
algorithm with Heg and M, in (5.1) as optimization variables. The results are sum-

marized in Tab. 5.1 and Fig. 5.3. Note field values are rounded to the nearest integer.

Hype polatity n
H., polarity —

H, polarity +

Hpuse 258 Oe (see Appendix C)
H 279415 Oe

Hey, (21£15) Oe

M, (856+£55) kA /m
Coefficient of determination R? || 0.9949

Table 5.1: Leas-squares curve fitting results.

The results are consistent with the previously estimated H., < 10 Oe, within the
limits of experimental uncertainty.

In summary, whether it is in the quasi-static or dynamic measurements we see
very little exchange-bias effect in sample S1. Neither thermomagnetic annealing nor
the additional AF layer seem to change the overall magnetic behavior of the bilayer

samples when compared to the single-layer SREF. These rather unexpected observa-
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S1-200-R-6 FFT peak frequency vs. external field Herring—Kittel fitting

T T T T T T T T T
; ; . -1, 0.5
E —Herring—Kittel Formula: poy(2n) [(H+Hext)(H+Hext+Ms)]
e Experimental data

FFT peak frequency (GHz)

L L L L L L
-200 -180  -160  -140  -120  -100 -80 -60 -40 -20 0
External field Hext (Ce)

Figure 5.3: Least-squares fitting for S1-200-R6 with positive Hpyse and negative Heys
combination.

tions can be understood by considering the different sputter deposition procedures
used for sample S1, S2 and G, and how these procedures influence the texture and

spin alignment in the AF layer.

5.1.1 Deposition Order vs. AF texture and Spin Alignment

The magnetic lattice configuration (texture) of antiferromagnetic materials can be
investigated using powder neutron diffraction techniques. The principle is similar
to X-ray diffraction, except the interaction between neutrons and specimen nuclei is
magnetic in nature. Studies show that antiferromagnetism in A-type antiferromagnets
are associated with the (111) texture, in which magnetic moments are arranged in
ferromagnetic sheets (submotifs) parallel to the (111) planes, and the magnetization
between neighboring sheets are antiparallel [57]. A schematic is shown in Fig. 5.4.
The development of exchange bias in NiggFeyy/IrgoMngy bilayers is strongly de-
pendent on the formation of the (111) texture in IrMn [61]', which in turn depends
on the crystallinity of the underlying seed layer during its growth. Our FM layer

L As the % compositions are the same for all samples, I will omit the subscripts for convenience.
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Figure 5.4: Arrangement of AF submotifs in the (111) texture, from Roth [57].

material NiFe is excellent for this purpose, as just ~ 5nm of NiFe greatly enhances
(111) growth in a large number of AF materials [47, 63]. Furthermore, the ion energy-
enhanced mobility at the FM surface during sputter deposition can cause mobile FM
adatom pairs to orient along local energy minima, giving rise to significant spin or-
dering in the FM layer even under small magnetron stray fields [64, 65]. If an AF
layer is deposited on top of the ordered FM, it will not adopt the usual compensated
spin structure (Fig.2.5(a)), instead, its spins will tend to align with the FM, creating
the uncompensated net spin ordering in the first few AF atomic layers (Fig. 2.5(b))
which is necessary for exchange bias.

However, for optical access to the FM layer in sample S1, the FM layer was de-
posited on top of the AF | in a reversed substrate/AF /FM configuration (Fig.4.2(a)).
In this case, the AF layer is deposited directly on the Ta adhesion layer, which does
not adequately promote the growth of (111) texture. Furthermore, the rigid, compen-
sated AF spin structure formed during deposition can not be easily realigned to the
FM layer spin ordering. In fact, in a role reversal, the spins in the first several atomic
layers of FM are now aligned to the AF order, becoming partially compensated. The
AF spins near the interface thus have little net ordering and contribute negligibly to
the overall exchange bias. The effect of layer deposition order on spin alignment is
illustrated in Fig. 5.5.

We therefore expect samples with substrate/FM/AF structure (e.g. S2 and G)
to exhibit good AF texture and large exchange-bias loop shift; while samples with
substrate/AF/FM structure (e.g. S1) should show little AF texture and negligible

exchange-bias loop shift.
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Figure 5.5: FM/AF interfacial spin alignment vs. layer deposition order (a) sub-
strate/FM/AF (b) substrate/AF/FM. From Sankaranarayanan et al. [47].

5.1.2 XRD Results

AF textures in as-deposited (i.e. no annealing) films with S1, S2 and G configurations
were measured using X-ray diffraction, and the results are shown in Fig.5.6. The
peaks are identified by element as well as texture in terms of Miller indices. Several

trends are observed:

1. Sharpness of NiFe (111) peak: S2>S1>G.
2. Bragg angle 6 of NiFe (111) peak: S2>S1>G.

3. IrMn (111) peak only exists for S2.

The average size of diffracting crystallites can be calculated from the position and

broadening of the XRD peaks according to Scherrer’s formula [66]

K\

T= Foost’ (5.5)
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Figure 5.6: 6 — 260 XRD results for (a) S1, (b) S2 and (¢) G

where K ~ 0.9 is the crystallite shape factor, A is the X-ray wavelength, 6 is the
Bragg angle and f§ is the full width at half maximum of a diffraction peak. Better
texture is associated with smaller 5 and larger 6.

As expected, the best texture (sharpest peak with the largest Bragg angle) is
observed in sample S2 (Si/FM/AF, Fig.4.2(b)). The (400) texture of the silicon
substrate and Ta seed layer promotes the development of (111) texture in the NiFe
layer [61, 67], which in turn seeds the growth of (111) texture and net spin ordering
in the IrMn layer. In the case of sample S1 (substrate/AF/FM, Fig.4.2(a)), there
is indeed no IrMn (111) peak, thus justifying our previous MOKE measurements.
The texture in the NiFe layer is also consequently worse, as demonstrated by the
broadening of the NiFe peak. In the case of sample G (glass/FM/AF, Fig.4.2(c)),
despite having the exchange-bias inducing FM—AF deposition order, the underlying
amorphous glass substrate (large, broad XRD peak) inhibits the growth of (111)

texture in both NiFe and IrMn layers, leading to poor structural consistency and
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small coherence lengths. Despite lacking texture, the correct deposition order means
that the FM layer can still induce net spin ordering in the AF layer at the interface.
SEM images also verify the XRD results (Fig. 5.7 and 5.8), with minimum rough-

ness in sample S2 and maximum in sample G.

Sb:80 GB-L  SEI 15kV  X140,000 WD24mm  100nm GB-L  SEI 15kV  X140,000 WD25mm  100nm

(a) S1 140k FE-SEM Micrograph (b) S2 140k FE-SEM Micrograph

Figure 5.7: SEM micrographs of film samples of S1 and S2 at 140k magnification.

Sh:80 GB-L  SEI 15KV X75000 WD24mm 100nm Sb:80 GB-L  SEI 15kV  X75000 WD25mm  100nm

(a) S1 75k FE-SEM Micrograph (b) S2 75k FE-SEM Micrograph

Sb:80 GB-L  SEI 15KV X75000 WD2.1mm 100nm

(¢) G 75k FE-SEM Micrograph

Figure 5.8: SEM micrographs of film samples of S1, S2 and G at 75k magnification.



69

The magnetic consequences of texture and spin alignment variations are neatly

summarized in the hysteresis measurements of Fig. 5.9 for as-deposited film samples.
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Figure 5.9: As-deposited film sample hysteresis.

Sample S2, having both AF (111) texture and interfacial spin alignment, exhibits
large hysteresis loop shift in the easy-axis direction. Sample S1, having neither,
shows typical behavior of single-layer polycrystalline NiFe film, with no distinct easy-
or hard-axis (i.e. random anisotropy). The effect of the AF layer on FM in S1 is
negligibly small. Sample G, lacking in AF (111) texture but making up for it in
interfacial spin alignment, shows weak exchange-bias in the form of a small hysteresis

loop shift and large coercivity as the result of its structural inhomogeneity?.

2The large coercivity of the as-deposited G sample (Fig.5.9(e)) can be reduced through annealing
(see Fig.4.15), which improves texture and relaxes the metastable AF configuration [60, 64]. The
process also improves exchange bias, and the effect is particularly pronounced in systems with poor
as-deposited texture, such as films grown on amorphous substrates similar to sample G [63].
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The results so far show that the choice of substrate, adhesion layer and FM/AF
deposition order are of great importance in determining the crystal texture and spin
orientation, and hence exchange bias. In optimizing fabrication conditions, we are
often constrained by instrumentation considerations - in our case, the need for optical
access to the FM layer necessitates a sub-optimal fabrication compromise: the use of

amorphous glass substrates.

5.2 Micromagnetic Modeling

Briefly introduced in Chapter 1, micromagnetic modeling refers to the general nu-
merical approach towards solving LLG equations and is a versatile platform for the
implementation of experiments in an idealized setting. The validity of a theoretical
model can be tested against experimental results; in turn, experimental data can
be justified through simulations based on a proven model. By bypassing numerous
practical limitations, modeling can expand upon existing experiments, providing ad-
ditional insight, or just additional resolution.

Numerical modeling was performed using the Windows-based proprietary LLG
Micromagnetic Simulator [30]. A NiggFeyy square element with 2 ym sides and 20 nm
thickness was subdivided into cubic unit cells of length 10 nm, compatible with [¢, ~
5 —10nm [13]. Due to limited computing resources, a compromise had to be made
between the element and unit cell sizes. The reduced size of the simulation element
from the actual sample means that the experimental and simulation data can only be
compared qualitatively. Standard bulk material parameters for NiggFegg were used in
accordance with existing literature [37, 38]. These are listed in Tab. 5.2.

Simulated hysteresis was performed under a £450 Oe in-plane sweeping field. In
dynamic simulations, small-angle spin-wave dynamics was investigated using a 20 Oe,
2ns magnetic pulse along the —x-direction, constructed from the measured pulse
generator voltage profile in Fig.3.13. The magnetic pulse perturbs, but does not
completely switch the sample magnetization®. This was done in partial consideration
to minimize edge effects such as reflection, which becomes quite prominent in the
simulated sample due to its reduced size. Measurements were averaged over a small

circular area below the center, similar to the experiments (See Fig.4.13(a)).

3This is equivalent to exciting the sample with a large switching pulse, then observing the post-
switching small-angle dynamics once the initial rising voltage pulse has stabilized. Refer to ‘region
of interest’ marked in Fig. 3.13.
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| Magnetic Quantity (Unit) | Value |
Saturation magnetization M, (emu/cm?) 800
Exchange stiffness A (uerg/cm) 1.05
Anisotropy (erg/cm?) negligible
Gilbert damping constant a 0.008

Table 5.2: Material parameters for NiggFesy used in simulation.

The AF layer was not modeled directly, as no current recipe describing the exact
spin structure in the AF layer exists. Instead, the influence of the AF layer was
represented through the interfacial exchange-bias field, which enters the model as a
position-dependent pinning field adjacent to the FM layer. Since the exchange-bias
field is essentially a copy of the FM remanent magnetization, the pinning field was
constructed from the remanent domain profile of a single layer FM, relaxed in the
appropriate in-plane cooling field in +z [37]. The pinning field profiles used in the
simulations are collectively shown in Fig. 5.10. The strength of the pinning field was
fixed at 90 Oe, matched to the experimentally observed hysteresis loop shift under a
large saturating field, as discussed in Hoffmann et al. [38], Sort et al. [37]. Irregularities
introduced during the fabrication process were modeled as a random thermal noise
at 300 K, as illustrated in Fig.5.11.

From Fig.5.10, we see as the +z cooling field expands the bottom domain with
-+x magnetization, leading to modified remanent domain and exchange-bias field pro-
files with the vortex core displaced upwards. The core is eventually driven out of
the sample by a cooling field > 150 Oe?, and the sample ends up with a saturated
remanent domain/exchange-bias field profile. Field directions and other conventions
used in the simulation are chosen to be in agreement with experiments (cf. insets
from Fig. 4.12).

4Compared to ~ 50 Oe in experiments. All field values are scaled from their experimental coun-
terparts due to reduced sample size in simulation.
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Figure 5.10: Simulated remanent domain and pinning field profiles at 0-1000 Oe cool-

ing fields. Local magnetization direction represented through arrows and colors.
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MASK |
Zero field cooled
Vortex relaxation at 0K
Convergence = le-0

MASK 2
[ero field cooled
Vortex relaxation at 300 K
Convergence = de-3

Figure 5.11: Simulated pinning field profiles of G-0 in = and z, demonstrating the
addition of random thermal noise. Top: ideal pinning fields in x and z at 0K.
Bottom: random thermal noise corresponding to microstructure imperfection added
to the pinning field at 300 K.

5.3 Sample G

5.3.1 Quasi-Static — Unsaturated Cooling Field

The experimental hysteretic behavior of sample G annealed in unsaturated cooling
fields (< 50 Oe) were shown in Fig. 4.12, Chapter 4. Fig. 5.12 shows the superimposed
hysteresis curves for samples G-0 and GREF, both annealed in zero field and support

symmetric remanent Landau vortex states.
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Figure 5.12: G-0 (blue) and GREF (red) hysteresis superimposed.

These exhibit typical features of vortex-mediated hysteresis reversal [37, 38, 39,

40], including:

e A central constriction with low coercivity, corresponding to the low stray fields

of the symmetric Landau state at remanence;

e an abrupt change in the hysteresis curve in the descending field branch (black
arrow), corresponding to vortex core emergence in the sample at the nucleation
field Hy when the sweeping field is decreased from saturation, whereupon the

sample magnetization is sharply decreased by the formation of closure domains;

e an abrupt change in the hysteresis curve in the ascending field branch (green
arrow), corresponding to vortex core removal in the sample at the annihila-
tion field H,4, whereupon the sample magnetization is sharply increased by the

removal of closure domains.

In the ideal case, the fourfold symmetry of the vortex state implies zero coercivity
—i.e., a closed and fully reversible central portion. In reality, the imperfection of the
square shape and non-negligible FM anisotropy induced during sputter deposition
result in a finite remanent magnetization. The effect of exchange bias is evident in
Fig.5.12: Hy and H,4 are increased from 8 Oe and 50 Oe in GREF to 15 Oe and 62 Oe
in G-0, which indicate enhanced vortex stability. There is also a marked reduction

in coercivity in G-0. Both observations agree with previous results obtained for disk
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elements [37], and can be explained by noting that the interfacial exchange-bias field
in G-0 creates a central ‘restoring force’” acting on the displaced vortex core during
hysteresis, improving vortex stability and quenching the effects of inhomogeneities.

Like in the modeling (< 150 Oe in Fig.5.10), increasing the cooling field above
zero expands the bottom domain, leading to an upward displacement of the vortex
core and asymmetry in the remanent state (insets of Fig. 4.12). The Rayleigh criterion
((3.4)) limits the resolution to > 1.3 um, and the nanometer-sized vortex cores cannot
be resolved, although their details are revealed in the simulation.

Owing to their displaced-vortex remanent states, the hysteresis curves of exper-
imental samples G-15 and G-40 show asymmetric loop shifts, modified Hy and H 4
values as well as increased coercivities (Fig. 4.12), again in agreement with previous
results for disk elements [37, 38, 39]. The exchange-bias field H,, estimated from the
loop shift are at 8 Oe and 12 Oe for samples G-15 and G-40 respectively.

The simulation results corresponding to Fig. 4.12 and Fig. 5.12 are shown in Fig. 5.14
and Fig.5.13. The same label convention is used, e.g., G-75 denotes sample G cooled
in 75 Oe cooling field. As previously mentioned, simulated cooling fields are scaled

due to sample size reduction in the modelling.

GREF

= -0 B oo -
-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
H (OCe) H (Oe)

Figure 5.13: Simulated G easy-axis hysteresis with unsaturated cooling fields.
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SIMULATED GREF and G-0 easy axis hysteresis
1 T T T T T

—GREF
o8- [—G0

. L L L L L
-300 -200 -100 0 100 200 300
H (Oe)

Figure 5.14: Simulated G-0 and GREF hysteresis superimposed.

The experimental features are well-reproduced in the simulations. The effect of
the 300 K random thermal noise is illustrated in Fig. 5.15.

(a) SIMULATED sample G-0 easy axis hysteresis at 0K
1 T w )

1

-300 -200 -100 0 100 200 300

(b) SIMULATED sample G-0 easy axis hysteresis at 300K

T

-300 -200 ~-100 0 100 200 300
H (Oe)

Figure 5.15: Simulated G-0 hysteresis at (a) 0K (b) 300K
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We see that the coercivity indeed reduces to zero upon removal of the thermal
noise (i.e. top pinning field profile in Fig.5.11) in a system supporting a fourfold-

symmetric Landau vortex.

5.3.2 Quasi-Static — Saturated Cooling Field

The hysteretic behavior of sample G annealed in saturated cooling fields (> 50 Oe)
were shown in Fig.4.15, Chapter 4. Like in the modeling (> 150 Oe in Fig. 5.10), the
vortex core is annihilated, and a saturated remanent FM state remains (see Kerr image
Fig.4.16). Consequently, vortex-mediated hysteresis features are no longer observed.
Instead, we have a more typical, square-ish hysteresis reversal with prominent easy-
axis loop shift along the —z direction. While impossible to see in the experimental
scanning Kerr images (Fig. 4.16) due to resolution limits, upon closer inspection of the
simulated domain profiles, we see there are regions of inhomogeneous magnetization
near the edges perpendicular to the cooling field (dashed lines in Fig.5.16). These
regions are remnants of the original bottom domain walls which are now extended
over the length of the sample. Notice the shape of these regions change at very high
cooling fields.

G-500

Saturated cooling field = Saturated cooling field
(small) (large)

Figure 5.16: Regions of inhomogeneous magnetization in samples annealed in satu-
rated cooling field.

Regions of inhomogeneous fields give rise to slight asymmetry in the otherwise
saturated hysteresis loops, observed both experimentally and in simulations. The

dynamic significance of these regions of inhomogeneous magnetization will be revealed
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later in this chapter. Fig.5.17 compares typical experimental and simulated results.

L

(a) EXPERIMENTAL saturated G-150 easy axis hysteresis

(c) EXPERIMENTAL G-150 hard axis hysteresis

e i . . =S . . i . . . .
-200 -100 0 100 200 -400 -300 -200 -100 0 100 200 300 400
H (Oe) H (Oe)

Figure 5.17: Experimental (left) vs. simulated (right) hysteresis for sample G an-
nealed in saturated cooling field.

There is good agreement in both the easy- and hard-axis hysteresis behaviors
between experiment and simulation. The slight shift in the experimental hard-axis
hysteresis could be due to slightly tilted H,, as a result of imperfect alignment between
the sample axis and cooling field.

Summary plots of both experimental and simulated easy-axis hysteresis behavior
as functions of cooling fields are presented in Fig. 5.18 and Fig. 5.19 respectively, for
all samples annealed in both unsaturated and saturated cooling fields. We see similar
trends in coercivity and loop shift variation: gradual increase with increasing cooling
field up to saturation, a discontinuous jump at around the vortex annihilation field

H 4, and little subsequent changes.
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(a) Sample G easy axis loop shift vs. cooling field
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(b) Sample G easy axis coercivity vs. cooling field
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Figure 5.18: Experimental G easy-axis hysteresis behavior as a function of cooling
field.

(a) SIMULATED sample G easy axis loop shift vs. cooling field
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Figure 5.19: Simulated G easy axis hysteresis behavior as a function of cooling field.
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So far, we have seen how the exchange-bias field and remanent magnetization
can be adjusted through an appropriate cooling field, and how this adjustment mod-
ifies quasi-static behavior. In the next section, The dynamic implications of such

adjustments will be explored, with a focus on spin-wave eigenmodes.

5.3.3 Spin-Wave Dynamics

Due to its lateral confinement, dynamic excitation of a square element releases stored
magnetic energy in the form of quantized spin-wave eigenmodes at various frequen-
cies [14, 69, 70], which have complex dependence on the energies, shape, and remanent
state symmetry of the specimen. A rigorous theory of quantized spin-wave modes in
Landau domain structures does not exist, but certain features of observed modes can
be qualitatively understood based on the Damon-Eshbach theory discussed in Chap-
ter 1 [14]. Numerical modeling is particularly useful in order to bypass resolution
limits [68].

First, precessional frequency dependence on cooling field was examined. The
experimental (refer to Fig.4.14) and the corresponding simulated (major) FFT peak
frequencies in M,(t) for samples annealed in unsaturated cooling fields are plotted

side by side in Fig. 5.20 as functions of Hgy,.

(a) EXPERIMENTAL sample G major FFT peak vs. H () SIMULATED sample G major FFT peak vs. H,
G-0 -*-G _ -+-G
+ = GREF|| 4, G 0 = GREF
Al N

3.8f

5350
& P GREF
() 36l
|
5]
o
T o3 1 34
TR
3.2 N
250 1 4BGREF |
{ G-15
G-50}.
B 2.8f N
G-40 G-75
20 2 4 6 8 10 12 0 5 10 15 20 25
Hep, (O€) He, (0€)

Figure 5.20: Experimental (a) vs. Simulated (b) sample G FFT peak vs. Hep,.
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SIMULATED sample G major FFT peak vs. Hy
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Figure 5.21: Simulated G FFT peak vs. Hg,.

In order to understand the physical origins of the observed trends, the spatial
distribution of the eigenmode at the major FFT peak frequency (a.k.a. mode fre-
quency) was investigated by plotting the FFT amplitude distribution at the FFT
peak frequency over the simulated square for cooling fields between 0 and 1000 Oe,
as shown in Fig.5.22°. These were constructed by plotting the modulus of the FFT
amplitude A; of the time-domain magnetization M;(t) (all 3 components combined)
for each unit cell i over the entire simulation grid at the mode frequency [69, 70].
The corresponding cooling field, hysteresis loop shift and mode frequency are shown

under each plot for convenience.

5These amplitude plots are only approximate representations of the actual eigenmode distribu-
tion, the reason being that they are extremely sensitive to frequency variation, and my simulation
results have the relatively low frequency resolution of +0.1 GHz.
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3.03 GHz 4.25 GHz 3.76 GHz 1.90 GHz
shift = 0 Oe shift = 0 Oe shift = 16.4 Oe shift = 16.4 Oe max

2.88 GHz 2.44 GHz 2.3 GHz 2.2 GHz
shift = 26.6 Oe shift = 31.3 Oe shift = 60 Oe shift = 60.25 Oe max

|

Figure 5.22: FFT amplitude profiles of major eigenmodes in simulated samples sub-
jected to different cooling fields.

G-500 G-500 G-1000 G-1000
2.64 GHz 1.47 GHz 2.44 GHz 1.17 GHz

Previous simulation studies [15] have shown that spin-wave modes in a square ele-
ment supporting a fourfold-symmetric Landau state can be broadly classified into
three categories with increasing frequency, which are schematically illustrated in
Fig. 5.23.

a. Low-frequency modes localized in regions with inhomogeneous magnetization such

as the core, the corners and the diagonal domains.

b. Intermediate-frequency modes confined in the domain regions with homogeneous

magnetization.
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c. High-frequency radial-like and azimuthal-like modes®, as well as a mixture of both.
For these modes, the number of prominent spectral features increase with fre-

quency.

‘> - -
Figure 5.23: Eigenmode classification in square element with remanent Landau state.

Black and white indicate regions of different phases while gray represents negligible
amplitude. From Yan et al. [15].

Referring to both Fig.5.22 and Fig.5.23, we see that simulated samples GREF
and G-0 show somewhat similar azimuthal-like modes with spectral features mostly
confined within the four quadrant domains. The mode profiles roughly retain the
fourfold symmetry of their remanent vortex states, but there is appreciable asymme-
try between the modes excited in the top/bottom and left /right quadrants, as a result
of the different effective torques on each quadrant due to the different relative ori-
entations between the domain magnetization and the applied excitation pulse. The
significant difference between the peak FFT frequencies of GREF and G-0 can be
explained as an enhancement in precessional frequency in G-0 due to the additional
exchange-bias field Hep, in accordance with the Herring-Kittel formula (1.53).

As the vortex core becomes slightly displaced in sample G-25 (3.76 GHz), the
eigenmode exhibits greater asymmetry, and the number of spectral features within
each quadrant domain increases. These elongated spectral features are roughly par-

allel to the domain walls and are reminiscent of the stripe-like standing spin-wave

6These are similar to the Damon-Eshbach surface and backward volume modes respectively [15].
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mode observed in saturated magnetic squares [71]. A secondary mode, at half the
frequency (1.9 GHz) has spin-wave excitation strongly localized in the domain wall
regions.

In samples with greater vortex core displacements (G-50, G-100), the major eigen-
mode is now strongly localized in the domain wall regions, with weak azimuthal-like
spectral features appearing in the quadrant domains. The localized domain wall
modes are pinned at the corners of the square as well as the vortex core (i.e. nodes at
these locations). Since the domain walls bounding the top quadrant are compressed
due to vortex core displacement, they are more stable, each showing a single well-
defined antinode. On the other hand, the elongation of the lower domain walls due to
vortex core displacement result in more complex behavior, and we see the formation
of multiple antinodes along their lengths. The observation of multiple antinode for-
mation in domain walls is in agreement with previous studies on permalloy squares
supporting vortex magnetization [72].

The modes observed in G-50 and G-100 are extended to the saturated samples
G-150 and G-200, where the compressed top domain walls are now completely anni-
hilated by the saturated cooling field, and the major spin-wave mode is now localized
in what remains of the original bottom domain walls (dashed lines in Fig. 5.16 left).
Multiple antinodes are similarly observed along the lengths of these ‘remnant domain
wall regions’, with a particular concentration of spectral power near the top edge of
the square element”.

Samples with very high cooling fields (G-500, G-1000) show two major mode fre-
quencies corresponding to two different eigenmodes: a lower-frequency mode (G-500
1.47 GHz and G-1000 1.17 GHz) with to spin-wave localization in the ‘remnant domain
wall regions’ (dashed lines in Fig.5.16 right); and a second mode at roughly double
the frequency (G-500 2.64 GHz and G-1000 2.44 GHz) with elongated spectral features
parallel to the perpendicular edges of the square over the entire uniformly magnetized
central region. The second mode corresponds to the aforementioned standing spin-
wave mode in a saturated square element.

The existence of these eigenmodes can be understood as follows. In several sam-
ples, we observe strong spatial localization of spin-wave eigenmodes. This type of
localization is particular to confined thin-film elements, and has been observed ex-

perimentally [14, 22, 73]. Localizations occur in regions with highly inhomogeneous

"This corresponds to the large spectral power of the bottom domain wall mode in the vicinity of
the vortex core for G-50 and G-100.
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internal magnetic fields, such as domain walls in the unsaturated sample G-25 and
G-100, and domain wall remnants in the saturated samples G-150 and G-500, as
illustrated in Fig. 5.24.

’

£ e « « H R

e e < < 8
.

D ISP,

G-25 G-500
Unsaturated cooling field Unsaturated cooling field Saturated cooling field  Saturated cooling field
(small) (large) (small) (large) max

Figure 5.24: Spin-wave localization in regions with inhomogeneous internal fields.
Top: remanent domain profiles. Bottom: spin-wave modes.

0

The inhomogeneous regions (highlighted by dashed lines) form potential wells that
‘trap’ spin-waves [74]. Furthermore, the highly inhomogeneous nature of the internal
magnetic fields in these regions means that the effective internal fields in these regions
are low, and the modes excited in these regions have low-frequency [14]. This explains
the large drop in frequency from the azimuthal-like quadrant domain mode of sample
G-25 (3.6 GHz) to the localized domain wall mode of sample G-50 (2.88 GHz) and
G-100 (2.44 GHz).

The dashed lines representing domain walls and domain wall remnants in Fig. 5.24
also bound regions with uniform magnetization. Localized oscillations in the domain
walls and remnants are therefore expected to strongly influence the formation of
spin-wave eigenmodes in these bounded regions [72]. For example, in Fig.5.22, the
observed top/bottom spectral asymmetry of the standing spin-wave mode in the left
and right quadrant domains of G-25 (3.76 GHz) is the result of spin-wave excitations
by the different oscillations of the top (shorter) and bottom (longer) domain walls that

bound the region. In the bottom quadrant, where all temporal measurement were
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taken, the lengths of the bounding domain walls increase with increasing cooling
fields as the bottom domain expands. This elongation decreases the frequency of the
domain wall modes®, therefore decreasing the measured frequency with increasing
cooling field.

Indeed, if the mode frequencies were measured in other domains, as shown in
Fig. 5.25, very different results are obtained: sample G-0, with its fourfold symmet-
ric Landau state (left), has equal-sized domains and domain walls. Therefore, the
variation of mode frequencies between the quadrant domains is small. In contrast,
sample G-100 possesses an asymmetric displaced-vortex state (right), and the mode
frequencies measured from the quadrant domains are very different, with a much

higher mode frequency found in the top domain confined by shorter domain walls.

Figure 5.25: Mode frequencies measured over the areas indicated by the white spots
in four quadrant domains for G-0 (left) and G-100 (right).

In addition to a localized low-frequency mode, samples G-25, G-500 and G-1000
show a second, standing spin-wave-like mode at roughly double the frequency (see
Fig.5.22). This mode is the result of the frequency-doubling effect of domain wall
modes previously reported in Hermsdoerfer et al. [75]. As the domain walls and the
domain wall remnants oscillate, they excite spin-waves that propagate throughout
the sample. Fig.5.26 shows both the FFT amplitude (middle and bottom) and phase
(top) plots for samples G-25 and G-500. We can clearly see from the phase plots that

the regions of spin-wave localization contain antinodes that oscillate in anti-phase to

8A complete theoretical description of the dispersion relation in confined magnetic thin films
does not exist. However, in general, as feature sizes increase, there will be less exchange and more
magnetostatic contribution. And since the former is far stronger over small length scales (i.e. greater
stiffness), the characteristic frequency of oscillation is expected to decrease.



each other, hence doubling the effective frequency of the excited spin-waves.
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Figure 5.26: Frequency-doubling effect of localized modes. Left: G-25. Right: G-500.
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Chapter 6
Conclusions

In this thesis, the quasi-static and dynamic magnetic properties of 10 ym-sized, litho-
graphically patterned FM/AF bilayer squares under varying thermomagnetic anneal-
ing conditions using were investigated using MOKE microscopy, XRD and micromag-
netic modeling.

It was found that an interfacial exchange-bias field can only be established if the
AF layer is deposited on top of the FM layer, which seeds the growth of (111) texture
and spin ordering in the AF, which are prerequisites for the establishment of exchange
bias.

This exchange-bias field, which closely follows the remanent FM magnetization
profile was adjusted through the choice of cooling field. With increasing cooling field,
the vortex core in the remanent state was displaced and eventually annihilated, leaving
behind a saturated remanent magnetization profile. This adjustment was found to
result in an asymmetric shift of the hysteresis loop, quenching improvement of vortex
stability and reduction of inhomogeneous effects in the zero-field cooled sample G-0
compared to the reference GREF, as well as an increase in hysteresis loop shift for
samples cooled in non-zero cooling fields.

The squares were excited with a 4 ns in-plane magnetic field pulse, and it was found
that the addition of exchange-bias in the zero-field cooled sample G-0 significantly
increased the precessional frequency in accordance with the Herring-Kittel equation,
while subsequent increases in cooling field reduced the precessional frequency mea-
sured in the bottom expanding domain.

The details of the dynamic behavior was explored using micromagnetic modeling,
in which the effect of the AF layer was represented through a position-dependent
pinning field. By looking at the spatial FF'T power distribution of spin-wave eigen-
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modes, we found that the spin-wave mode excited in a square is strongly influenced
by the nature of its domain walls and domain wall remnants. In particular, localized
low-frequency spin-wave modes were observed in these regions, and their anti-phase

oscillations were found to excite standing spin-waves at double the frequency.
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Appendix A

The Hartree-Fock Method

Exchange interaction arises from the exchange symmetry of wavefunctions of identical
particles. The notion of exchange symmetry is based on the fact that no physical
observable should change after identical particles undergo spatial exchange. If the
spatial part of the total wavefunction of two identical particles is W(ry, ry), exchange

symmetry implies

W (rrs)|* = |[W(rory)[?, (A1)

hence

ew\I/(rlrg) = \I/(I'er)
and  W(riry) = e W(ryr)
= 20 =1, (A.2)

with two possibilities:

1 spatial wavefunction symmetric on particle exchange, boson,

—1 spatial wavefunction anti-symmetric on particle exchange, fermion.

Spin statistics theorem demands that particles with % integer spin such as electrons
behave as fermions [76].

The origin of exchange interaction can be demonstrated for a system with N va-
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lence electrons under the Hartree-Fock approximation. Assume all electrons have
an identical set of orthonormal eigenfunctions (¢) with orthonormal spatial (¢) and
spinor () component eigenstates (i.e., ignore spin-orbit coupling). For the j elec-

tron:

©i(p;) = d(r;)n(s;), (A.3)

The overall eigenfunction ¥ can be built from individual ¢;(p;). The Slater deter-
minant can be used to give the simplest N-body wavefunction that satisfies exchange

symmetry under the Hartree-Fock approximation:

g = detlend (A4)

VNI’

where

ei(p) - eilpn)
det[pr] = det : : (A.5)

on(p1) - en(py)-

The Hamiltonian is given by

2

1 1 e
H = — 24V 4= — + H,
Z( 2meVZ+ >+2 Z.Tij+
N N,i#]

= Z H; + % Z Hi; + H,, (A.6)
N

Ni#j

where V; is the total potential of the inner electrons and nuclei at the i valence
electron, 7;; is the distance between valence electrons ¢ and j, H, is the Hamiltonian
operating on ion cores, henceforth omitted.

The expectation value of energy is given by the standard integral
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1
E=(V|H|V) = F/det[gpk/]Hdet[wk] dr...d7n
N

1 *
-+ / detfgi) (32 H:)detlipy] dry . dry
1 L1
+ N! det[op ] <§ Z Hm)det[%c] dry...d7y
. N,i#j
1
:ﬁ/z 1+_/ Néj (A7)

The origin of exchange interaction can now be explored using this construct. Con-
sider the two energy terms in (A.7). Using the Leibniz formula for determinants [77]

and invoking orthonormality conditions, one can show that they simplify into

E= ZE+ > Ey

N A#£]

=3 [eitoatiantoy dn

+ 2 /|¢k o) _|¢k'(1“2)| dr;dr,
Nk;ék’
2

> / GilP)u(p2) —eip2)ou(py) drdre (A8)
Nk;ék’

The first term in (A.8) is simply the total energy of the N individual electrons
in isolation. The second term in (A.8) also easily justifiable, it is the total Coulomb
repulsion between electron pairs. The third term however, has no classical interpre-
tation. It emerges out of the Coulomb potential as a consequence of the exchange
anti-symmetry property of our particular choice of total eigenfunction. We can regard
this term as a quantum mechanical correction to the classical Coulomb interaction
for a system of fermions. This quantum mechanical correction is otherwise known as
the exchange interaction.

The integral in the exchange interaction term in (A.8) contains summation over
all orthogonal spin eigenfunctions and vanishes unless if the spins are parallel or

anti-parallel. The exchange energy term therefore represents the energy difference
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between states of parallel and anti-parallel spins. The effective Hamiltonian, He, of
the exchange interaction energy term contains terms proportional to s; - s;, where s;
is the vector spin operator of the i** electron.

For a simple 2-electron Helium atom, it can be shown that He, takes the form [11]

Hex = —2J12 S1 - So. (Ag)

where Ji5 is some property of the Helium atom. Heisenberg proposed an intuitive

generalization of (A.9) for a crystal lattice, known as the Heisenberg Hamiltonian

Hex == JuwSi - Si, (A.10)
k£K

where atom situated at a lattice site k has total unpaired electron spin quantum
number Si. J;; is known as the exchange integral, its expression found by extracting

the spatial part of the exchange interaction term in (A.8):

2
Iue = [ G1(r)ou(ra) = 6 (ra)one () drd (A1)

As the effect of exchange interaction decays rapidly with distance due to decreasing
wavefunction overlap, it is usually sufficient in practice to consider only interactions
between nearest neighbors. Assuming isotropy lattice, the nearest neighbour exchange
integral (referred to as J throughout my thesis) is index-independent and can be

extracted from the summation:

Hex = —J > Sic Sie. (A.12)
kK

Hex can be regarded as a first order approximation to the exact Hamiltonian, with
the next term in the expansion containing terms proportional to (S - Sy/)%.

The Heisenberg Hamiltonian assumes electron localization in the context of the
Heitler-London model. It is not applicable to metallic conductors such as Fe, Ni
and Co in which the 3d electrons responsible for ferromagnetism are itinerant. In
these materials, the delocalized molecular orbital model [78] is employed, and the

Ruderman-Kittel-Kasuya-Yosida [79] indirect exchange mechanism is considered.
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Parameters and Equipments List

’ Parameter H

Value

Layer 1 resist

495 PMMA 6% in anisole 4000 rpm, thickness ~ 300 nm

Layer 2 resist

950 PMMA 4% in anisole 4000 rpm, thickness ~ 200 nm

Pre-bake temperature

~ 170°C

EBL vacuum

3.92 x 107% Torr

Electron acceleration voltage || 30kV
EBL Probe current < 0.1nA
EBL Write current ~ (0.6nA
Table B.1: EBL patterning parameters.

’ Parameter

H Value ‘

Initial base pressure

1.0 — 2.0 x 10~7 Torr

Deposition base pressure

1.0 — 2.0 x 107° Torr

Gold microcoil thickness and

deposition rate 1000 Aand 1A /s

Chrome adhesion layer thickness and deposition rate || 30 Aand 1A /s

Electron acceleration voltage

25kV

Table B.2: Electron beam evaporation parameters.
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’ Parameter H Value
Base pressure 5 x 10~® Torr
Sputtering gas and pressure Argon at 3 x 1073 Torr
Substrate temperature room temperature
Target to substrate distance 12cm
Ferromagnet deposition rate 3.3A/s
Antiferromagnet deposition rate 2.9A /s
Magnetron power density for ferromagnet deposition 1.5 w/cm?
Magnetron power density for anti-ferromagnet deposition || 0.5w/cm?
Magnetron stray field at substrate position 0.2-0.3 Oe

Table B.3: Magnetron sputter deposition parameters.
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Appendix C

Magnetic Field Pulse Calculation

Assume the gold coil can be approximated by an infinitely rectangular wire of width
w, height h, length L along the y axis (L > other dimensions) carrying a uniform

current density of

B I
 wh’

We can calculate the current-induced magnetic field around the coil through simple

J (C.1)

application of the Biot-Savart law, taking into account the rectangular geometry.

Sa Tk coil

wi2 0 w2

dz
" dx

-h/2

Figure C.1: Magnetic field from current-carrying rectangular coil.

For infinite thin wire carrying current I, the magnetic field H (A/m) at a distance

r from the wire is given by

H= . (C.2)
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Fig. C.1 shows a cross-section of the rectangular wire in the = — z plane. An
infinitesimal section of the wire with cross-section area dxzdz contributes dH to the

overall magnetic field at point (z,,2,) on top of the sample (z, is fixed), which,
according to the Biot-Savart law, can be written as

. = —sinadzdz
2rr

dH, = ;—J cos o daxdz. (C.3)

wr

We can define

r= /(1 — 2,2+ (2 — 2,)2

. Z— 2
SIn o =

To— T

—. (C.4)

CcCos =

The = and z components of the total magnetic field at (x,, z,) can now be found by
integrating (C.3)

w h
J T2=%,5 L —
H,=— // S dzdz
2 pop—==w =h (SE - xo)2 + (Z - 20)2
’ 2 ’ 2

_J xz—% _
M= dzdz. o5
2 //:C,Z_Qw,_; (iIZ’ - xO)Z + (Z - Zo>2 raz ( )

Theoretically, we should calculate the contributions from both coils in parallel

(see Fig. 3.12), but since each sample square is located directly on top of one coil, the

contribution from the second coil is negligibly small. Integrating (C.5) once, we get
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(C.6) can be integrated numerically in MatLab using the simple trapezoidal method
with 2000 divisions, along with experimental parameters. The results are summarized
in Tab. C.1.

Parameter Value

Coil width w 20 pm

coil thickness h 100 nm
Sample thickness z, — h/2 | 25nm
Sample width 10 pm
Applied voltagpe 45V

Sample S1-100 resistance | 60.9)
Sample S1-150 resistance | 56.112
Sample S1-200 resistance | 54.6 (2

Sample S1-100 H, 231 0e
Sample S1-150 H, 250.8 Oe
Sample S1-200 H, 257.7 Oe

Table C.1: Field calculation parameters.

The field plots in Fig. C.2 show uniform H, across the microcoil width.

501

Figure C.2: H, profile.



