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Abstract

Magnetic multilayers with perpendicular anisotropy and an inter-
facial Dzyaloshinskii-Moriya interaction contain chiral domain walls
and skyrmions that are promising for applications. Here we measure
the temperature dependence of the Dzyaloshinskii-Moriya interaction
(DMI) in Pt/CoFeB/Ir and Pt/CoB/Ir multilayers by means of static
domain imaging. First, the temperature dependences of saturation
magnetisation (Mg ), exchange stiffness (A) and intrinsic perpendic-
ular anisotropy (K,) are determined independently, and scaling laws
for K, and D with the magnetisation are established. We then im-
age the demagnetised domain pattern in each multilayer by wide-field
Kerr microscopy in the temperature range 9-290 K. We calculate the
DMI constant D from an analytical expression for the domain wall

energy density that treats the multilayer as a uniform medium.

Also, we measure the temperature dependence of the DMI and ob-
serve the domain pattern in Pt/CoFeB/Ir and Pt/CoB/Ir multilayers
deposited on barium titanate, BaTiO3, (BTO). At room temperature,
stripe domains in the Pt/CoFeB/Ir film are tilted along the length of
the BTO a-domains, perpendicular to the in-plane tensile strain. The
BTO undergoes structural phase transitions at ~ 180 K and ~ 270
K and these introduce further in-plane strain which we deduce to be
responsible for increasing the domain width in the Pt/CoFeB/Ir, as

the temperature is increased over the range 13-320 K.

The magnetic anisotropy field (poHy) of Pt/CoFeB/Ir and Pt/CoB/Ir
multilayers is measured under application of strain. The samples are
grown on glass substrates and glued to biaxial piezoelectric transduc-
ers. A method based on the extraordinary Hall effect (EHE) is used



to measure the magnetic anisotropy field. The strain effects on the
anisotropy filed, through coupling the films to the piezoelectric trans-
ducers, is described and the magnetostriction constant subsequently

is measured.
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CHAPTER 1

Introduction



There is a constant desire to increase the amount of data we can store on ever-
smaller devices. As these devices shrink, so do the power supplies, and now more
than ever we need devices that can work efficiently. Arrays of magnetic elements
are used to store information as the magnetisation of each element can be put in
one of two directions. Today the spin configuration in magnetic memory devices
can be changed by the spin transfer torque (STT) or by using a magnetic field [12].
Also, using electric fields, in two different kind of devices: 1) Hybrid ferroelectric-
FM structures where strain-induced spin switching can be achieved based on the
magnetoelastic coupling and 2) in voltage controlled magnetic tunnel junction
(MTJ) based on the magneto-electric coupling [13][14].

Decreasing the size of the storage elements enables increasing the density of
stored data. As the thickness of the magnetic layer decreases, the current density
required to switch the magnetic state also generally decreases. This is good but it
isn’t intrinsically the lowest-energy method of switching a nanomagnet, because
there is still significant current flow. The ideal situation would be switching
a nanomagnet via an electric field which has lower energy consumption. This
electric field control would be helpful in many applications such as the magnetic
tunnel junction (MTJ), used in current hard disks and magnetic random access
memory (MRAM) technology [15]. It is not hard to imagine that these methods
will also find use in the manipulation of domain walls (DWs) in racetrack memory,
and other emerging solid state memory devices [16] and many other new types of
solid state memory.

For a successful switch of magnetisation [17][18][19]][20], effect on domain wall
motion [21][22] and change of magnetic anisotropies [23][24], electric fields are
used and implemented widely in various types of magnetic structures. There are
often preferable in plane magnetic directions for the systems researched. Nev-
ertheless, structures with out of plane magnetisation or so called perpendicular
magnetic anisotropy (PMA) are essential for many data storage applications and
new spintronic applications. In general, more efforts need to be exerted for deeper
and further studies of the concept of electric field control of PMA [17] [22]]23][24].

Perpendicular magnetic anisotropy (PMA) has proved to be important in
technological applications involving the use of devices that store data. Out-of-

plane anisotropy is considered strong hence resulting into a high energy barrier to



magnetisation. In addition, data that is encoded as up and down magnetisation
states will have good stability. High anisotropy enables the domain walls to
remain narrow hence allowing for higher density in terms of storage for both the
hard disk drive platters [25] and domain wall racetrack devices [16], where PMA
materials also offer efficient current-induced domain wall motion [26].

High anisotropy has both challenges and benefits. The reversal of magnetic
states is paramount for the writing of data. This calls for the need for large
amounts of energy that are necessary to overcome the energy barrier resulting
from high anisotropy. Large amounts of energy are obtained from switching
fields or currents. A large PMA limits the threshold current density [27] in
technological applications that employ the knowledge of current-induced domain
wall motion. The control of magnetisation reversal or modification of PMA by use
of electric fields enables the lowering of the energy barrier against magnetisation
reversal, reduction of undesirable heating effects, and lowering the amount of
energy required [28].

MRAM technology is mainly used with the intention of decreasing the energy
consumed during writing. Insufficient experiments that can satisfy the three
criteria for an ideal voltage-controlled memory device simultaneously exist. The
three criteria include high storage capacity, room temperature operation, and
low power consumption [29]. One way to reduce power consumption is to replace
ferromagnetic materials with multiferroic materials that exhibit PMA, since this
requires less energy to electrically reverse the magnetisation [22]. Application of
strain to a thin film containing PMA that results in the reduction of anisotropy
is another preferred method. It further reduces the required magnetic fields in
observing domain wall motion [30]. The methods grant the satisfaction of the
three criteria; thus, it improves the storage potential of the MRAM that can be
used without any disadvantage as compared to andom access memory (RAM) as
well as the memory devices.

The purpose of this research is to investigate the effect of strain on mag-
netic thin films with Dzyaloshinskii-Moriya interaction (DMI) and understand
the process of controlling magnetisation. We open with a short literature review
into current advances in magnetic anisotropy and how the magnetic anisotropy

and so the energy needed to switch a magnetic element can be controlled by



1.1 Thesis overview

strain. It is advisable to use a ferroelectric to understand the effect of strain on
the DMI and the influence on magnetic spin structures which are domain walls,

skyrmions, and vortices in a film.

1.1 Thesis overview

The experiment measuring magnetic properties of Pt/CoggFegaB1g/Ir and Pt/Cogs-
Bsa/Ir thin films and how the properties change upon application of the strain
by changing the temperature and from a piezoelectric transducer is described in
this thesis. At the same time, the immediate chapters expand on it by describing
the theoretical background (Chapter 2) that are required, alongside the methods
needed to experiment on the issue (Chapter 3). Chapter 4 describes Samples char-
acterisation of multilayers of Pt/CoFeB/Ir and Pt/CoB/Ir. Chapter 5 and 6 gives
details of temperature dependence on the DMI measurements in Pt/CoFeB /Ir and
Pt/CoB/Ir using thermally oxidised Si (SiOx) and barium titanate (BTO) sub-
strates. In Chapter 7, the measurements of magnetic anisotropy will described in
Pt/CoFeB/Ir and Pt/CoB/Ir under strain from biaxial piezoelectric transducers.
Chapter 8 summarises these results together with suggestions on how this project

might continue.
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2.1 Introduction

This section will outline the physical basis upon which the experiment relies.
Sections 2.2 discusses magnetic anisotropy, and is divided into three parts with
a focus on the two major ones related to PMA in the samples measured: mag-
netocrystalline anisotropy in section 2.2.1 and the second one is magnetoelastic
anisotropy in section 2.2.3. The Stoner-Wohlfarth model will also be discussed in
section 2.2. The Dzyaloshinskii-Moriya interaction and observation using domain
width will be described.

2.2 Magnetic anisotropy

Magnetic materials are often preferred one specific direction to magnetise than
others, with a small applied field needed to saturate the magnetisation along its
easy axis rather than the hard axis. This effect is defined as magnetic anisotropy,
and indicates the directional dependence of the magnetic properties of a material
[31] . Many factors cause magnetic anisotropy, which will be described in this
section. The factors are: magnetocrystalline anisotropy, shape anisotropy, and

magnetoelastic anisotropy [3].

2.2.1 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy depends on the material crystal structure, result-
ing from the spin-orbit interaction (SOI) and the interaction of the crystal field.
The spin-orbit interaction is the main source of magnetocrystalline anisotropy.
The definition of SOI is the interaction between the orbital angular momentum
and electron spin angular momentum, causing an alteration of energy levels in the
atom [32]. One example of magnetocrystalline anisotropy is uniaxial anisotropy,
where the magnetic material has a single easy axis, with magnetisation in other
directions that require a significantly more energy. The energy density in this

case is given by the equation.

Ep = K;sin?0 + Kysin* 0 + - - (2.1)



2.2 Magnetic anisotropy

where # is the angle between the direction of the material’s magnetisation and
the easy axis, known as the magnetisation angle as shown in Figure 2.1. K; and
K, indicate the first and second order anisotropy constants. The equation can

be solely given to the first order term:

E, = Ksin*0 (2.2)

representing an easy plane perpendicular to the easy axis when K < 0, or a uniax-
ial system with one easy axis when K > 0 [3].The magnetic energy landscapes of
isotropic (Figure 2.1.b) and uniaxial systems are shown in (Figures 2.1.c and d).
Equation (2.2) can be generalised to describe a system with a main out-of-plane

anisotropy axis K, and a further in-plane anisotropy Kj,:
Ep = K, sin? 0 + K, sin? 0 cos(2¢) (2.3)

where ¢ is the in-plane angle, representing as the angle between the direction of

the material’s magnetisation and the easy plane.

Figure 2.1: a) Schematic of PMA geometry in a thin film (e.g. Pt/Co/Pt).
Energy landscapes of magnetic anisotropy for b) an isotropic system, c) a single
casy axis, and d) an easy plane. Taken from Ref [1][2]

2.2.2 Shape anisotropy

Shape anisotropy results from the magnetostatic interactions between magnetic

dipoles. Magnetostatic interactions are the long-range nature which means the
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field inside the sample is oriented in the opposite direction of the applied magnetic
field. Many shapes of magnetostatic energy can be approximated by the energy

of an ellipsoid, represented by the following equation:
Em= oV DM? (2.4)

where g is the vacuum permeability, V' is the volume of magnetic material,
D is the demagnetising factor, and M, is the saturation of magnetisation [31].
D' = %(1 — D) represents the factor of demagnetisation in the perpendicular,
hard direction. When magnetisation is uniformly aligned on the material surface,
magnetic charges will exist on the surface of the sample, costing dipolar energy

Figure 2.2. This is can be represented by the shape anisotropy energy density:

1
Ksp = ZﬂoMf(l —3D) (2.5)

In the case of thin films, D = 1, so that the shape anisotropy is given by Ky, = -
% poM?. Magnetic domains can be created at the cost of magnetostatic interaction
energy. A demagnetising field results from the charges of magnetostatic surface

in a uniformly magnetised material:
HD = —/LOMS (26)

The magnetisation direction is opposite direction to that of the demagnetising
field. In case the thin film is divided into domains with the magnetisation pointing

in different directions, the demagnetising field is decreased.

2.2.3 Magnetoelastic anisotropy

The magnetoelastic effect is caused by the SOI, which couples the spin moment
to the lattice through orbital electrons. The magnetostriction determines the
magnetoelastic coupling of a thin film [33]. In addition, a small strain of the
thin film is found to induce to a significant change to the coupling coefficient
of magnetoelastic. In case the magnetoelastic coupling in CoFeB is large, it is
expected to have a significant effect on magnetic properties, such as domain wall

velocity and anisotropy. This behaviour can be applied to a strain dependence of
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Ko ic (im’)

tea (A)

Figure 2.2: Effective anisotropy multiplied by the individual cobalt thickness
of the different Co sample plotted against individual thickness of Co, in Co/Pd
multilayers. The gradient gives the volume contribution K and the intercept

equals twice the interface anisotropy Ks [3].

second-order in magnetoelastic energy density. In a polycrystalline material, the

following equation represents the energy density:

E, = a (3cos®a—1) + €2—Y (2.7)

2 2
where E,; is magnetoelastic anisotropy, A is spontaneous magnetostriction con-
stant, ¢ is the strain, Y is Young’s modulus, and « is the angle between the axis
of applied stress and the magnetisation. The elastic contribution to the energy of
magnetic anisotropy is obtained by meeting two conditions: the strain axis and
easy axis are aligned (6 = «), and equating the energy dependence of the elastic

energy to the uniaxial anisotropy, given by Equation (2.2). This results in:

-y
K sin?6 = A

(3cos®a —1) (2.8)

The following equation is reduced when compared to the equation for uniaxial

anisotropy energy Ej, = Ksin?#0 :

(2.9)



2.3 Stoner-Wohlfarth model

The constant of elastic anisotropy is the additional contribution to the magnetic
anisotropy K.s; in case where the strain is applied to the magnetic material. The

effect is the opposite of magnetostriction:

K, 1
Kepp = el K, - E#OMSQ + Ko (2.10)

where K.y is the effective anisotropy constant, Ky is interface or surface contri-

bution, K, is volume contribution and ¢ is thickness of the magnetic film.

2.3 Stoner-Wohlfarth model

The Stoner-Wohlfarth model explains the angular dependence of the energy of a
magnetic particle when the magnetisation rotates simultaneously with the macro-
scopic spin. Based on the model particle where a uniformly magnetised ellipsoid
with a uniaxial anisotropy resulting from magnetocrystalline or shape origin, the

density of energy is represented as follows:
E = K.sysin®0 — uo M H cos (g — 0) (2.11)

where K.y is the effective anisotropy constant, equal to the sum of the first-order
anisotropy constant K; and the shape anisotropy Kepy =K — spoM? [31]. The
second term is the interaction between the saturation magnetisation Ms and the
applied field H. The angle between the magnetisation and the axis normal to the
film is #, while the angle between the applied field and the axis normal to the film
is ¢. The Stoner-Wohlfarth model can be used to derive the shape of hysteresis
loops. The field that required to rotate and saturate the magnetisation in the

direction of the hard axis is called anisotropy field:

_ 2Ky

H
C T oM,

(2.12)

The anisotropy field Hy, in films where PMA is dominant (K. f > 0), can be mea-
sured through saturating the magnetisation along the easy axis (out-of-plane) and
then applying a field H along the hard axis (in-plane). The technique of Stoner-
Wohlfarth model can be applied in case where the rotation of magnetisation is

coherent.

10
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2.4 Perpendicular Magnetic Anisotropy

Perpendicular magnetic anisotropy (PMA) is a term that is used to explain the
orientation of both the easy and hard axes with reference to the film surface or ma-
terial. The easy axis is usually perpendicular while the hard axis is in-plane with
the surface of the material. These materials have high thermal stability because of
the in-plane characteristic that causes high magnetic anisotropy [34][3][35]. This
is a desirable characteristic that makes them applicable in a number of technolog-
ical circuits and devices [36] [37]. Thin films which have the PMA characteristics

have a magnetic anisotropy that is given by the formula:

2K,

K=Ky + (2.13)

Magnetocrystalline and volume contributions are always contained in K, which
tend to be in-plane. The surface contribution Kg, on the other hand, can be
out-of-plane. This behaviour depends on the spin-orbit interactions on the base
layers, together with the crystallographic properties of the magnetic material.
The interaction relationship between the volume and surface anisotropies greatly
determines the strength and direction of magnetic anisotropy. Also, the interface
contribution is often highly linked to the perpendicular magnetic anisotropy from
X-ray magnetic circular dichroism (XMCD) measurements [38] [39][40]. In the
determination of band structures of X/Co interfaces, calculations show that spin-
orbit coupling combined with the hybridisation of Co and non-magnetic heavy
element X (for example Pt, Pd, Ir or Au) will result to PMA. PMA is desirable
because it reduces the current density by improving the efficiency during spin-
switching [41]. This is evident in CoFeB films where the current density during
spin-switching is greatly reduced because these films have a moderate saturation

magnetisation [42] [43] and a high spin polarisation [44].

2.5 Magnetic domain wall

In order to reduce the energy of particles, uniformly magnetised materials are

often broken into sections called domains. A domain wall (DW) is the region

11
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Bloch-type Neéel-type

Figure 2.3: Domain wall structure takes the form of 180° in systems with perpen-
dicular magnetic anisotropy, which are the Bloch-type and the Néel-type DWs.
In the Bloch-type DW, the magnetisation rotation occurs perpendicular to the
domain magnetisation plane. In the Néel-type DW, the magnetisation rotates

along the plane of the domain magnetisation. A refers to the domain wall [4].

of interface between two domains of different orientation, as illustrated below
Figure 2.3 using perpendicular anisotropy systems. The domain width (d) refers
to the length within which the rotation of domain wall takes place. However, the
degree or rate of rotation is dependent on the strength of the coupling and the
anisotropy. For perpendicular anisotropy in magnetic systems, the spins rotate
180° up to and down within the directions of magnetisation.

There are two types of domain walls for systems with PMA, i.e the Bloch-
type DW and the Néel-type DW. These differ with reference to the direction
of magnetisation rotation. In the Bloch-type DW, the magnetisation rotation
occurs perpendicular to the domain magnetisation plane resulting into a helical
spin spiral [45]. In the Néel-type DW, the magnetisation rotates along the plane
of the domain magnetisation resulting into a cycloidal spin spiral.

However, the Néel walls can be stabilised by a process called the Dzyaloshinskii-

Moriya interaction so as to fix their sense of rotation.
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2.5.1 Equilibrium domain pattern

When PMA materials are demagnetised, their structure is a complex domain
pattern formed by labyrinthic structures of domains that pointing either up or
down. This is the case for all materials, including very thin films. The example
in Figure 2.4 shows typical patterns for a multilayer of Pt/Co/Al,O3 [5]. The
resulting pattern after demagnetisation will largely depend on the history of the
applied field and its direction.The precise demagnetised pattern is dependent on
the direction and history of the applied field: when an out of plane field is applied,
a labyrinth domain (maze) structure forms (Figure 2.4 (a)), however when an
in plane field is applied, domains stay parallel and form a typical stripe pattern
(Figure 2.4 (b)). Here, the domain wall energy can be estimated by using the
density and width of the domains. The theory of infinite parallel stripe domains
[46] suggests that the domain width is a function of the domain wall energy, and
the research includes other terms like the Zeeman, magnetostatic, anisotropy, and
the exchange. Due to the fact that DMI-favored Néel walls have a lower energy,
the DMI interaction has a significant effect on the equilibrium domain width.
PMA materials have domain widths that are larger than the width of the domain
wall. Here, the magnetostatic contribution is caused by the charges at the top

and bottom surfaces, and the DW energy can be obtained using the formula:
opw = 2A/A 4+ 2KgA — mcos(¢)|D)| (2.14)

where A is the exchange stiffness, |D| is the DMI constant and ¢ is angle of
projection of the internal DW magnetisation. The value of the equilibrium do-
main width can be obtained by minimising the energy with respect to the domain
width A and core angle ¢. This results in a critical value D.. When D < D,,
the configuration is a Bloch wall. But when D > D, it is a Néel wall. This
technique was initially used for Néel wall configuration only, with cos (¢) = 1
thus making the DW energy density to simplify to: opy = -m|D|. The angle
of projection in cos(¢) = 1 removed such limitation and improved the results
by simplifying the dipolar configuration in the internal structure of DW [47][48].
This makes sense in thicker samples where the dipolar energy varies the internal

magnetisation along the thickness with or without DMI. The above model was
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Figure 2.4: MFM images of domain patterns for a multilayer of Pt/Co/AlyO3
(a) A maze domain structure when an out-of-plane field is applied. (b) A stripe

domain structure when an in-plane field is applied [5].

then extended so as to allow variations of angle ¢ for each layer of the samples
[49].
This resulted in the analytical expression below which gives the DW energy

(cpw) as a function of the domain width d:

oM & 1 B 2kTNt\ [ _2nene
e YR O (e o (G ) BCL

odd k=1

where po is the vacuum permeability, M, is the saturation of magnetisation, f
is the magnetic volume ratio of full stack, d is the periodicity of the magnetic
domain, N is the number of repeats layers, and t is the thickness one layer.
Using the domain width obtained experimentally, the domain wall energy can
then be calculated and the DMI constant estimated. This method has previously
been applied in three different ways like: analytical estimations [50] [51] [52] [53]
comparisons with micromagnetic simulations [54][55][12, and scaling of the energy

of an experimental image [56].
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2.6 Magnons

When the temperature of a material exceeds its Curie temperature, ferromag-
netism does not occur because of the critical thermal fluctuations. Also, very low
temperatures causes spinwave excitations which affect the ferromagnetism of the
material. This is because there is not enough energy to flip the individual spins
and the atoms just oscillate periodically through the spin orientation. Spin wave
is a term used with reference to a lattice. In solids, it is referred to as magnons,
with its energy given as e = hwy. Equation (2.16) below shows the relationship
between energy and wave vector, k, given a chain of one-dimensional isotropic
spins.

ex = Dk (2.16)

where D is spinwave stiffness D = 2JSa?, J is the nearest-neighbour exchange
interaction, S is the spin quantum number of each atom, and a is lattice constant
[31]. During thermal equilibrium, magnons which are excited in the mode k, (ny),

can be given in the Planck distribution given below [2.17]: [57]

1

(i) = ol /ksT _ | (2.17)

Distribution of magnons is represented by (ny) with the existence of the wave
vector within the first Brillouin zone. Equation (2.18) below gives the saturation
magnetisation of a sample at zero kelvin, M(0):
_ g#sNS

-
Where V' is volume, g is g-factor, and N = 1 for SC lattice, 2 for BCC lattice,
4 for FCC lattice. When we combine equations (2.17) and (2.18), we obtain an

equation for the magnetisation at temperature 7', M4(0):

M,(0) (2.18)

Az\ig)) —1- ]3—5 (M) (2.19)

where a is the lattice parameter which comes from the volume term.
When the sample is bulk, the total number of magnons excited at tempera-

ture T, ), < nk > can be given as three integrals in the x, y, and z directions.
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Thermal occupation is independent of the Brillouin zone, and this can be trans-
formed into cylindrical coordinates. This allows all the angular parts to be solved

trivially, resulting to:

4 Vkmas 1
k

=0 eFBT — 1]

3 1
1 kgT\? [~ xrz
= — | —= d 2.21
T () [y e
A substitution can be made with Equation (2.16) and z = Dk?/kgT, and the
result is shown in Equation (2.21). After the replacement of the standard integral
( OOO eﬁl—fldx> for the gamma function as well as the (F (%) & (%)) for the function
of Riemann’s zeta, The Bloch’s law is estimated in Equation (2.22) and (2.23)

[57].

M(T) a*n (kgT\?
M,(0) NS (T> (222
_ % = 0.0587 (2.23)

where 7 is a dimensionless constant equal to 0.0587 for a bulk ferromagnet. For
thin film, evaluating Bloch’s law requires some modifications, because the number
of k-points in the thickness is few, we can no longer integrate in this direction.
This reduction in volume is because of the less thermally excited magnons which
in turn cause a reduction in the number of spinwave modes along the axis. There-
fore, (nx) has negligible effect. The lowest order of excitation in a solid is the
FMR mode in which there is no effect of the reduction in the sample volume.
This mode is highly occupied, meaning that (ny) is inversely proportional to
the sample thickness. Choosing z as the axis perpendicular to the film we must
evaluate Equation (2.19) similarly to bulk films, though the sum of components
in the z-axis will be constant, and the transformation is noticed in cylindrical

coordinates. This results in the equation below:

w/a &
11 Vhomax ]
> )y = — > / o kpdk, (2.24)
k Am sz = Jk=0 ersr — 1
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where n, is number of atomic layers in the z direction a, is distance between

atomic layers in the z direction [58] [59]. To obtain Equation (2.25) below, Equa-

. . . Dk Dk
tion (2.16) was substituted with z = —%, and y = =,
an isotropic ferromagnet.
w/a
1 kpT s
2.25
Z <nk>T 47r N,a, 2D Z / €m+y de ( )

k

Further improvements include the substitution for the definite integral foxmx = @_1 dr =
—In(1—eY) and k, =

An applied magnetic field or anisotropy is required for ferromagnetism to

nzaz

occur in thin film materials. This means that an additional energy term hO
should be added to the equation, as shown in Equation (2.26). In case the FMR
measurement is taken, it is in the form of hfry/r. It can also take the form of
hwo = gppioHr,,, if the taken measurements are in the absence of an external
field. Equation (2.27) is from the equation of Kittel [57].

1 1 kBT (771‘" )2+ﬁw0)/k‘BT
3 § j1 1— 2.2
(e == n.a. 2D < ¢ (2.26)

k
wo = WTBMO (H' — Hy+ Hy) (2.27)
where is H' the external field, H, is the demagnetising field, and Hj is the

3
anisotropy field [57]. Using the equation, n = > (ng), / (’“E‘TT) 2

, 1 becomes pro-
portional to the density of the magnon in the thermal equilibrium. Substitution
can be done to Equation (2.26) by Equation (2.22) for further description of the

Bloch’s law in a thin film [58] [59].

M,(T) a® 1 kT D( ) +hwo)/k T
=1 In(1- 5 2.2
M;(0) + NS47T n,a, 2D Z i e (2.28)

This equation can then be fitted into the magnetisation against temperature data
so as to get an output for the zero temperature spinwave stiffness D. Given that
D = 2JSa?, it is possible to calculate the exchange stiffness, A, of a ferromagnet

using Equation (2.29) and by substituting for J. The term exchange stiffness refers

17



2.7 Dzyaloshinskii-Moriya interaction

to the amount of energy which is needed to rotate or turn the magnetisation away

from the main magnetisation direction[59].

 Ngs?

a

A

(2.29)

This gives the zero-temperature value for the exchange stiffness. However, to
obtain the value for exchange stiffness at different temperature, the value will
need to be renormalised. For example, the bulk value for the exchange stiffness
of Co is 31 pJm™" [31][58]. Mohammadi et al. proved that when the thickness of
a magnetic material decreases, 1 increases and D decreases, thus resulting to an
increase in A [59]. Also, Nembach et al. proved that the value of 7 decreases until
it plateaus at the value of 0.0587 after 10 nm when the thickness of the material

increases [58].

2.7 Dzyaloshinskii-Moriya interaction

W.Heisenberg [60] and P. Dirac [61], in 1926, discovered quantum mechanical ex-
change interaction, which is at the base of magnetic characteristics of materials.
It is made up of both strong symmetric and weak antisymmetric contributions.
The symmetric component, otherwise referred to as the Heisenberg interaction,
favours the collinear orientation of neighbouring spins. However, the antisym-
metric component, otherwise referred to as the Dzyaloshinskii-Moriya interaction
(DMI) prefers canted orientation of adjacent spins. It was originally proposed by
I. Dzyaloshinskii [62] in 1958. Later, it was proposed by T. Moriya [63] in 1960.
The existence of DMI requires spin-orbit interaction [63] and the crystal environ-
ment, which lacks the central symmetry. Several materials that have properties
like homochiral (single-handed) spin spirals [64][65] and skyrmion (particle-like
spin configuration) lattices [66][67] are considered as the magnetic ground states.
DMI can also exist in thin film heterostructures that lack structural inversion sym-
metry. In 1980 A. Fert and P. M. Levy [68] proposed that symmetry breaks at the
interface of the magnetic and non-magnetic layer in such a case, if the spin-orbit
coupling of a non-magnetic atom is large, a Dzyaloshinskii-Moriya-type exchange

interaction between two atoms of the magnetic layer can be mediated.
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2.8 Multiferroics

Dzyaloshinskii-Moriya interaction is an important mechanism in metals for
various magnetic properties. It is basically an anisotropic exchange interaction
between two neighbouring magnetic spins. These interactions enhance chiral spin
structures such as Néel domain walls. The presence of DMI in thin magnetic films
with PMA creates an effective magnetic field in-plane with the domain walls,
but perpendicular to its direction. Dzyaloshinskii tensor components depend on
the material and its crystal structure. DMI results in creation of complex spin
structure due to favourable orthogonal alignment of spins. The energy exchange
in DMI is expressed by:

Hpvmr = =D - (S x Ss) (2.30)

where S7 and S, are adjacent spins and D is DMI vector. Thin film heterostruc-
tures forming a major concern in this thesis have an interfacial DMI existing
[68][69] because the inversion symmetry is broken at the interface. Such a con-
dition presents the possibility that a large spin-orbit coupling of a non-magnetic
atom can simplify a Dzyaloshinskii Moriya interaction between two magnetic
atoms, as shown in Figure 2.5. On the other hand, the DMI generation can occur
when an atom-thick magnetic layer on the layer with a large spin-orbit coupling
[70][71][72]. Such systems have thin layers and employ spin-orbit coupling hence
giving rise to a perpendicular magnetic anisotropy [38]. These system types were
grown and studied because of their perpendicular magnetisation. This is because
perpendicular magnetisation possesses useful technological applications [25][16].
The PMA in the system may become intense, thus restricting the spin spiral for-
mation. Therefore, the DMI was overlooked in thin-film systems for more than

two decades.

2.8 Multiferroics

The polarisation of a ferroelectric material is stable and switchable which can be
reversed when an electric field is applied. The stable and switchable magnetisa-

tion that arise through the quantum mechanical effect of the exchange interaction
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Figure 2.5: Schematic of the Dzyaloshinskii-Moriya interaction at the interface

between a magnetic layer and a heavy metal with a strong spin-orbit coupling.

are exhibited by a ferromagnetic material [6]. A multiferroic can be generally de-
scribed as a material that can exhibit two or three properties of ferroic [73]. This
definition has recently improved to specify that includes ferromagnetism and fer-
roelectricity. Ferroelasticity, which is the third ferroic property, has been generally
excluded in practice. The classification of the ‘multiferroic’ and ‘magnetoelectric

order are shown in Figure 2.6.

Research concerning multiferroics is currently ongoing because of the possi-
bility of altering and controlling their magnetic properties electrically. This is
different from the current method of magnetisation manipulation that is done by
the application of a magnetic field. In addition, the reversal of magnetisation
as compared to the traditional magnetic memory for a multiferroic requires less
energy [22]. It implies that the introduction of a spin-polarised current signifi-
cantly reduces the writing energy in MRAMs. This leads to the diminishing of the
handicap of memory technologies that are non-volatile [74][75][28]. Initially, both
magnetisation and polarisation were thought to have the ability to independently
alter and encode the data in a single multiferroic bit. In 2015, a demonstration
of memory having four distinct stable states was introduced [76]. However, after
the examination of pioneering papers, it is possible that the two order parame-
ters have been coupled in practice [77][78]. Coupling can enable writing of data
electrically and reading it magnetically. In this case, the issues that surround the

generation of a large local field required for writing data is avoided.
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Figure 2.6: A comparison of multiferroic and magnetoelectric materials. Ferro-
magnets (ferroelectrics) are a subcategory of magnetically (electrically) polaris-
able materials that include paramagnets and antiferromagnets (paraelectrics and
antiferroelectrics). The intersection (shown with red hatching) denotes multi-
ferroic materials. Magnetoelectric coupling (blue hatching) is a self-contained
phenomena that may occur in any material that is magnetically and electrically
polarisable. In reality, it is likely to occur in any of these materials, either directly

or indirectly via strain, taken from reference [6].

Ferroelectric materials may be referred to as pyroelectric, as a function of
temperature, they facilitate a change in spontaneous polarisation. In case the
polarisations of the materials are not switchable by external fields, they can be
pyroelectric but not ferroelectric. However, all ferroelectrics are piezoelectric.
Therefore, there is the induction of a volatile change in their polarisation upon
the application of strain. Therefore, creation of charges at the piezoelectric sur-
faces occurs due to the induced polarisation hence it becomes possible to mea-
sure the voltage across it. The application of an electric field to a piezoelectric
has a converse effect resulting in the development of strain. Ferroelectrics can
also be considered to be ferroelastic because their polarisation is associated with
a spontaneous lattice elongation. For this reason, the application of stress in
such materials leads to a spontaneous strain that can be switched hysteretically
[79][80][81].
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2.9 Strain Mediated Control

The control of the properties of a ferromagnetic thin film by voltage is granted by
multiferroic heterostructures that occurs with strain acting as the intermediary.
There is an electric analogue that ferromagnets contain as ferromagnetic materi-
als, which can hold a remanent polarisation. Several ferroelectrics are considered
as piezoelectric. This means that a voltage will develop across them upon defor-
mation. Conversely, the application of a voltage induces strain. Lead magnesium
niobate-lead titanate (PMN-PT), barium titanate (BTO), and lead zirconate ti-
tanate (PZT) are examples of the ferroelectric materials that are usually used in
multiferroic heterostructures. The common application of lead zirconate titanate
(PZT) is in transducers. The exploitation of a wider range of properties is al-
lowed by ensuring that layered structures of the materials possess various ferroic
ordering. A research conducted on multiferroics and multiferroic heterostructures
demonstrates [82][83] an overview of the range of approaches as well as the mech-
anism employed. While the majority of work on multiferroic heterostructures has
employed magnets with in-plane anisotropy, strain control has also been achieved

in a few cases of systems with PMA.

2.9.1 Ferromagnets with in-plane magnetic anisotropy un-

der piezoelectric strain

Strain can be used to manipulate magnetic anisotropy alongside the domain walls
in in-plane magnetic materials. The domain structure of the ferroelectric is ex-
hibited by BTO, which changes upon the application of the electric fields. The
lattice parameters of the material have changes associated with the changing
domain pattern; hence, a change in the magnetic anisotropy can be achieved
through the straining of a ferromagnet coupled to the BTO [84]. When the elec-
tric field is applied to BTO with CoFe grown on top, that leads to the rotation
of the magnetisation with the stripe domains in the ferroelectric inducing similar
pattern within the ferromagnetic domains. This action allows reinstatement and
removal of the magnetic domains pattern as well as the movement of the domain

walls [85]. The domain wall motion control occurring through strain coupling has
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2.9 Strain Mediated Control

also been observed in FeGa coupled to piezoelectric transducers [86] and FeGa on
BTO [87]. Through strain, electric fields were used to control the magnetisation
of spin valves formed on a piezoelectric layer. The injection of a single domain
wall resulted into the realisation that straining the spin-valve lead to an increase
in the propagation and coercive fields of the free layer[88]. Due to the fact that
the structure behaved similarly to a domain wall gate, the notion may be used
to the construction of low-power magnetic logic. [88], or pinning and de-pinning
of DWs that is found in the racetrack memory [16].

Strain can lead to the switching of small magnetic elements. There is a pro-
posal made with regard to memory devices that employ multiferroic heterostruc-
tures with magnetic islands at the intersections within the meeting points of a
grid of ferroelectric material [89]. The application of strain also leads to the
switching of Ni nanostructures which grown on PMN-PT by 90° [90]. The con-
trol of small magnetic elements using strain may prove useful for applications
of multiferroic data storage. There is tangible progress with regards to non-
volatile control of magnetisation states within in-plane magnetic systems. The
application of electric fields to a PMN-PT/CoFeB structure can lead to magneti-
sation changes with loop-shaped hysteresis that is remained after the removal
of field [91]. PMN-PT/Ni reveals various changes that occur in-plane magnetic
anisotropy under the circumstance of the piezoelectric operating under the sys-
tem with a remanent strain-state [92]. Applications as memory and data storage
devices could be found in non-volatile systems which allows a strain-induced state

to persist without more voltage output applied to ferroelectric.

2.9.2 Ferromagnets with PMA under piezoelectric strain

According to the studies conducted, several multiferroic heterostructures are per-
ceived to contain PMA. Application of voltage led to the exhibition of changes
in the shapes of hysteresis loops on CoPd alloys grown on PMN-PT [23]. This
shows that PMA reduction was achievable through straining the CoPd. Changes
also show up in Pd/Co/CoFeB structures on PZT when subjected to strain where
the measurement of the nucleation and coercive fields are taken from the hystere-

sis loop [88]. The measurement of changes in domain wall motion has occurred
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in ferromagnetic semiconductors on piezoelectric transducers. The variation of
mobility in the current-driven domain walls, is (500% in (Ga, Mn) with PMA at
90 K [93]. They reflect on the clear changes in the PMA system properties when
subjected to strain from piezoelectric materials. Pt/CoFeB and Pt/CoB thin
films have been chosen for this work due to their extensive use of the PMA sys-
tem model for domain wall motion studies. Strains are induced by changing the
temperature and piezoelectric transducers, which tunes the PMA of Pt/CoFeB

and Pt/CoB, thus provide space for modifications of the domain wall motion.
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2.10 Domain Walls and Magnetisation Reversal

Domains refer to regions having uniform magnetisation, while domain walls are
the planar regions separating the domains. This is where the rotation of mag-
netisation can be rotated from one direction to the other. The minimisation of
free energy results in the domain structure of ferromagnets. If a field is applied
to the ferromagnet, then the total magnetisation of the sample will be altered.
This is achieved by either moving the domain walls or rotating the magnetisation
of the domains towards the applied field. The domain structure will be elimi-
nated as the applied magnetic field is increased. A perfectly soft ferromagnet
can adopt the most gradual variation of magnetisation direction that can ever
be achieved parallel to the surface. Since no surface charge is created, its energy
is reduced [31]. The orientation of the domains and the position of the domain
walls dictate the magnetostatic energy to be expected. PMA material contains
high anisotropy, leading to their narrow, nanosized domain walls. This separates
the reversed and unreversed regions of magnetisation within thin films [94]. The
reversal of magnetisation in thin films requires an application of an external field
to provide the force used to drive the domain wall motion. This increases the size
of the reversed regions of magnetisation. The control of domain wall motion has
previously been achieved in perpendicularly magnetised materials by applying an
electric field [22]. The control level achieved was over a full order of magnitude.
Pt/Co and Pt/CoB thin films were used to complete the expected experiment
observing intrinsic low power consumption. The experiment provided the first
steps into the effects that result from the control of domain wall motion electri-
cally in thin films. It also allowed further investigation into the same but with
increased practicality. The limitation of the paper is that it presents simulation-
based results since they are not extracted from the real devices.

Shepley et al. in the experiments use a strain to a Pt/Co/Pt thin film by the
use of piezoelectric transducers. This experiment aimed at altering the PMA and
decreasing the magnetic field needed for the induction of domain wall motion,
thus it reduces the energy barrier to magnetisation reversal [30]. Expansion of
this idea is possible. This can be achieved by the application of a uniaxial in-
plane strain in the Pt/CoFeB/Ir as well as Pt/CoB/Ir thin films that contain a
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strong PMA in contrast to the out-of-plane strain. This is because it provides an
attempt to recreate a non-linear dependence of magnetic anisotropy energy that
Gowthamet al; observed in 2016 [95].

2.10.1 Perovskite Ferroelectrics

The frequently studied ferroelectrics are Perovskite oxides. The Figure 2.7 below
consists of a space group Pm3m. The corners of the unit cell has large cations
A and small cation B at the centre of an oxygen octahedron. Perovskites have
a variety of physical properties, depending on their composition. These include
being metallic, ferromagnetic, insulating and ferroelectric, with BaTiO3 becom-
ing an example of ferroelectric perovskites. It is the first perovskite ferroelectric
to be introduced with Ba?* as A and Ti*" as B. At 120 °C the transition of the
first phase of (P4mm) to the tetragonal structure occurs. More transitions of
orthorhombic (Amm2) which happens at 5°C and a rhombohedral (R3m) occur-
ring at 90°C. Each phase transition has a small distortion of the crystal lattice.
Besides, another view can be given to it as elongation through the edge ([001])
in the tetragonal phase. In the orthorhombic and the rhombohedral phase, it is
viewed as an elongation along a face diagonal ([011]) and along a body diagonal

([111]) respectively.

o A (Ba)
’ B (Ti)
® ©

Figure 2.7:  Above represents a centrosymmetric cubic perovskite ABOj3 struc-
ture with unit cells having a large A (Ba) cations whereas the centre of the body

has a small B (Ti) cation. Oxygen anions takes the face centres [7].
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2.10.2 Ferroelectric Domains and Domain Walls

Ferroelectrics are known to be divided into uniformly polarised regions called do-
mains. A major difference lies in the fact that the crystal lattice’s spontaneous
deformation is two orders of magnitude larger than that which result due to mag-
netostriction in ferromagnets [96][97]. Therefore, the role of strain relaxation is
more important than the depolarising effects of electrostatic energy. It is possi-
ble to minimise the latter through the splitting of the ferroelectric into domains
having oppositely oriented polarisation. The ferroelastic properties ensure the
presence of strain in the material, hence the domains formed are perpendicular
orientations of polarisation. The manner in which the sample is grown, the mere
presence of the sample surface, the strain imposed by a substrate, and crystal

impurities strongly affect the domains [98][99][100].
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Figure 2.8: The in-plane unit cell surface area of BTO is shown as a function of
temperature for various domain orientations. The dashed lines indicate the BTO

c-domain surface area, taken from [8].
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Domains of different polarisation orientation normally use a nomenclature
according to Merz in plate-like crystals and thin films of a (001) orientation of
the surface [81]: c-domains refers to the domains that contains polarisation that
is normal to the surface whereas in-plane polarisation is exhibited a-domains as

shown in Figure 2.8.

2.10.3 Strain Transfer

Imposing strain on a magnetic thin film causes magnetoelectric coupling. A
piezoelectric substrate or thin-film can be used to generate the strain. Volatile
strains can also be imposed by the piezoelectricity occurring in most ferroelectric
materials [101][102][103]. Domains as well as various strain states at remanence
are exhibited by ferroelectric-ferroelastic materials, for instance, for the tetrag-
onal phase for the BaTiOgs, the lattice elongation pointing out-of-plane in the
c-domains also in two in-plane directions in a;- and as-domains which are or-
thogonal. As a result, it is possible to obtain different three-level remanence
states, thus leading to bi-stable strain [104][105]. The strain state of ferromag-
netic films that is in contact with piezoelectric or ferroelectric component of a
heterostructure can be changed by the application of the electric field [101][106].
Ferromagnet deformation leads to changes in the saturation magnetisation, the
coercive field, transitions occurring in the magnetic phase, and the Curie tem-
perature. A more important occurrence is the possible change in the orientation,
symmetry or magnetic anisotropy strength. This converse magnetoelectric effect
can work if the induced strain of the electric field is larger than the ferromagnetic

component’s own created strain.

2.10.4 Ferroelectric Substrates

The use of ferroelectric such as BaTiOs, which imposes strain, can change the
magnetic properties to non-volatile. Several publications do not demonstrate the
rotation of the anisotropy axis. it is the only reasonable explanation for the
macroscopically observable effects. [104][107][108].

The previous investigations popularly involved the use of strain, which asso-

ciates with the structural phase transitions of BaTiO3 to enable changes within
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the magnetic anisotropies of adjacent ferromagnetic thin films [109][101]. The
measurement of the changes is taken as abrupt jumps within the coercivity of
magnetisation as a function of temperature in magnetic films such as FeCo [110],
Ni [110], Fe [107][111], and CoFeyOy4 [112]. Demonstration of switching in epi-
taxial Fe/BaTiO3 heterostructures was done between uniaxial anisotropy which
are induced in the orthorhombic phase and cubic anisotropy associated with the
tetragonal phase [113][114].

When an electric field is applied to ferromagnetic/ferroelectric heterostruc-
tures, it causes the non-volatile transformation of magnetic properties. A great
example is the demonstration of non-volatile switching between perpendicular
magnetic anisotropy and an in-plane anisotropy. However, it was only demon-
strated locally using Ni films on BaTiOs [115]. Rationalisation of most of the
macroscopic results obtained from the electric field control of magnetisation in
BaTiOgs-based heterostructures can be achieved with the assumption that on a
microscopic scale, various ferroelectric domains can have a different effect on
the magnetisation. It is contrary to the uniform strain that piezoelectric sub-
strates impose. The ferroelastic domains of BaTiO3 modulate the magnetoelas-
tic anisotropy in a ferromagnetic thin film. This occurs through interfacial strain
transfer and inverse magnetostriction. Strain transfer from the tetragonal lat-
tice of a BaTiOj3 substrate can occur during the following occurrences. These
include during the cooling down process that occurs through the paraelectric-to-
ferroelectric phase transition [116][117][84] and the growth of the thin film. It
can also occur after the application of an electric field [84]. Domain correlations
will be obtained in case the strain-induced anisotropy dominates over the mag-
netocrystalline anisotropy plus the exchange and magnetostatic interactions that

occur between domains.
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3.1 Introduction

This chapter describes the methods and equipment used for characterising the
magnetic properties of the Pt/Co(Fe)B/Ir multilayers. The films in this study
were deposited by dc magnetron sputtering deposition. The first characterisation
of the thin films to determine layer thicknesses using X-ray reflectivity (XRR).
Second, magneto-optic Kerr effect (MOKE) magnetometer is used to confirm
perpendicular magnetic anisotropy of the hysteresis loop. After that the Kerr
microscopy is used to investigate domains at room temperature. Then, super-
conducting quantum interference device vibrating sample magnetometry (SQUID
VSM) is used to measure the moments as function of temperature to obtain the
magnetisation and exchange stiffness. Anisotropy field measurements are per-
formed by using extraordinary Hall effect (EHE) technique through magnetore-
sistance (MR) rig equipment. Lastly, image editing and computational analysis
software, image J, was used to calculate domain size.

Different types of samples have deposited on silicon oxide (SiOx) and barium
titanate (BTO) [001] substrates by magnetron sputtering system. Substrates are
cut before being placed under acetone and physically agitated by means of an
ultrasonic bath for 10 minutes. Once this has completed, a further 10 minutes of
ultrasonic agitation is performed in IPA, to remove any residues from the surface.
The substrates are then inserted into a vacuum chamber after being dried by air
or Ny. The purpose of using SiOx substrate is to optimize the thickness of
magnetic layer and to achieve the best PMA since the BTO substrates are very
expensive. However, for device applications we would prefer if the films were
grown directly onto stressors, rather than relying on piezoelectric for instance
PZT, as done in previous studies [118][93]. BTO [001] was used as piezoelectric
substrate. BTO applies strain in the plane of the device when voltage-biased, and
more interestingly BTO can generate strain purely by changing the temperature
[8] making it useful for separating the effect of strain and that of the applied
electric field at the interface [119].
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3.2 Magnetron sputtering

The films in this study were deposited by the technique of sputter deposition. The
basic sputtering process is carried out a sputter chamber which is pumped with a
roughing pump such that it goes down to a range of 20 and 30 mTorr in pressure.
Further, with the use of a cryo pump the sputtering system reaches a base pressure
to 10~7 Torr. Now, a liquid nitrogen Meissner trap is used to condense water
vapour. This reduces the pressure inside the sputtering chamber to 10~® Torr.
A Residual Gas Analyser (RGA) is utilised to determine the pressure and gas
composition/water content in this chamber. One such DC magnetron sputtering
system is shown in Figure 3.1. As it can be seen, the target material is a cathode
and the shield maintained as the anode. A potential difference is maintained
between these two electrode systems. Argon gas is introduced in this sputtering
chamber which gets ionised with the application of the potential difference. This
accelerates the high energy positive argon ions towards the target. The high
energy ions bombards the target and results in ejection of metal atoms from
its surface. These metal atoms get deposited on the substrate. The magnets,
in Figure 3.1, within the sputter gun increase the sputtering rate and allows
the gun to operate at much lower pressure (1.5 mTorr). Some of the electrons
emitted from the target get confined at the target by the Lorentz force. This force
occurs due to the magnetic field applied below the target. Now, these electrons
which are near the target further increase the sputter rate as the ionisation of
Argon gas increases. The ejected atoms from the target gain a kinetic energy
of 1-100 eV. This energy is approximately two orders of magnitude greater than
that of evaporation techniques [120]. The system explained above consists of the
substrates which are attached to a rotating wheel. This wheel is movable between
guns carrying different target materials to grow films with multilayer thin films.
There are 6 non-magnetic guns, 2 magnetic guns and they can operate either as
RF or Dc sputtering. The sample wheel could hold to a maximum of 16 different
samples. The thickness of these layers can be calibrated to the deposition time
for each gun. This is done by growing the bilayer repeats of a material and having
the thickness measured by X-ray reflectivity. A shutter system and the sample

wheel system are controlled such that different material can be sputtered and
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Figure 3.1: Schematic of magnetron sputtering uses to grow high quality. High
energy ions are used to bombard on a target to eject atoms which gets deposited

on a substrate.

sublimated thermally. The sputter target are pre sputtered for 5 mins before the

deposition of samples, to remove any oxide layers and surface contamination.

3.3 X-Ray Reflectivity (XRR)

The thickness of one bilayer in the super lattice can be measured by using the
low angle X-ray reflectivity patterns of the samples. Figure 3.2 is shown an
example of XRR from a [Pt/CoB/Ir] x10 multilayer with Bede fitting. The aim
is to reach the most accurate deposition rate for very thin films (thickness of some
Angstroms). The deposition rate of each material can be determined by varying

the thickness of one layer in two stacks. That is often used to measure interface
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roughness/inter- diffusion, film thickness, critical angle and superlattice period
as shown in Table 3.3 . The penetration length of X-ray is related to sin (6/u)
where 1 is the material permeability. So for grazing rate the beam can reach the
substrate surface (for thicknesses less than 1 pm) and create low frequency fringes
known as ”Kiessig fringes”. There would be 100% reflection for incidence angles
less than critical angle 6., as refractive index of X-ray is less than one. In addition,
if the sample is a repeated layers (superlattice), Bragg like peaks would act in
the pattern as a result of constructive interference from bilayer interfaces, and
their position and separation is contrariwise related to bilayer thickness, similar

to Kiessig fringes.
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Figure 3.2: XRR from a Ta/[Pt/CoB/Ir],—19/Pt multilayer on a Si/SiOx sub-
strate is shown (black line) along with a fit to the data (red line) performed with
the Bede fitting.

Table 3.3 : Extracted parameters from Bede fits of the XRR data of Figure 3.2
for Ta/[Pt/CoB/Ir|,—19/Pt. The table shows the value of thickness and roughness

for each layer.
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Material Thickness (A) Density (%) Roughness (A)

Si 00 100 0.0

Si0Ox 934.07 97.26 6.28
Ta 27.69 95.63 2.62
Pt 30.00 99.88 5.64
CogsBsy  6.46 97.78 2.60
Ir 4.53 97.53 1.12
Pt 28.41 97.69 0.47
CogsBsa  6.40 98.00 2.78
Ir 4.01 98.99 1.00
Pt 28.19 97.55 2.59
CogsBsa  6.72 97.82 2.82
Ir 4.55 99.63 1.10
Pt 28.07 95.81 2.58
CogsBsa  6.81 97.25 291
Ir 4.53 96.94 1.13
Pt 27.57 95.93 5.44
CogsBsa  6.78 97.92 2.90
Ir 4.45 97.52 1.17
Pt 27.61 94.52 5.51
CogsBsa  6.60 98.12 2.96
Ir 4.66 98.29 1.21
Pt 26.21 92.12 2.32
CogsBsa  6.57 98.34 2.99
Ir 4.85 95.94 1.29
Pt 25.63 91.24 5.25
CogsBsa  6.20 99.00 2.95
Ir 4.29 99.03 1.19
Pt 25.28 91.42 5.19
CogsBsa  6.34 98.39 3.04
Ir 4.83 99.25 1.37
Pt 25.10 90.49 2.22
CogsBsy  6.46 98.99 3.11
Ir 4.49 99.78 1.27
Pt 24.98 94.47 5.27
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3.4 Magneto-optical techniques

Magneto-optical effects can be used to characterise magnetic material properties.
In this study, the magneto-optical Kerr effect (MOKE) has been utilised to obtain
magnetic details from thin films. A laser MOKE magnetometer was utilised to
describe magnetic hysteresis loops such as coercive field and remanent magneti-
sation, while a wide-field Kerr microscope was used to image the domain pattern

in a demagnetised state.

3.4.1 Magneto-Optical Kerr Effect (MOKE)

In the late 19 century in 1877 [121], a unique phenomenon of plane rotation
of a polarised light about its principal axis when reflected from a magnetised
surface was observed by John Kerr. This reflected light is passed through another
polariser in order to be detected by a photodiode. Finally, a lock-in amplifier
compares the incident and the reflected light. This phenomenon was named
as Kerr effect, which is relevantly useful for opaque materials like metallic thin
films. The foundational discovery of Kerr effect was laid down by Faraday in
1845 [6], when he measured similar phenomena in transmission of light through
magnetic materials. The basic fundamental behind both the discoveries is the
weak coupling of the optical and magnetic properties of different materials. This
study of magnetic characterisation of samples is performed through Magneto-
optical Kerr effect (MOKE). According to measurement orientation, Kerr effect
has three possible geometries (shown in Figure 3.3)[122]:

(i) Polar Kerr effect: This effect occurs when the magnetisation component of
the sample is out-of-plane and the incident light is perpendicular to the surface
(i.e. angle of incidence of light is 0°). The light reflected from this effect has a
rotated polarisation and ellipticity gain.

(ii) Longitudinal Kerr effect: This effect occurs when the component of mag-
netisation is in-plane and the angle of incidence of light > 0°). Here the magneti-
sation component is parallel to the plane of incidence and disturbs the light of
all polarisations. Similar to polar effect, the light reflected from this effect has a

rotated polarisation and ellipticity gain.
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(iii) Transverse Kerr effect: This effect occurs when the magnetisation is per-
pendicular to the plane of incidence and parallel (in-plane) to the surface of the
sample. Thus, there is only change in reflectivity of the light with magnetisa-
tion direction; hence there is no rotation for the component of light which is

perpendicular to the plane of incidence.

NN\

Mt M= M

Polar Longitudinal Transversal

Figure 3.3: MOKE can be further classified by the direction of the magnetisation
vector with respect to the plane of incidence and the reflecting surface. Where

the red arrows are incident laser light.

Having thus understood the Kerr effect geometries, it is now important to
mention that light penetrates up to skin depth (approximately 20 nm) in magnetic
materials. The electrical permittivity of a material € decides the velocity of the
light in a given material through the following relation, v = (po €)~3. This
electrical permittivity is a tensor quantity which is defined as D; =e¢;;E; (where
E; = electric field component). One such representation of this tensor for polar
Kerr effect can be represented as:

1 1Qym, 0
e=e¢c| —iQym, 1 0|, (3.1)

0 0 1
Where m, is out-of-plane magnetisation component, and )y is Voigt material
constant, which in simple terms is the perturbation on the permittivity related
to the refractive index. Its size decides the Kerr rotation effect, like its small size

means small effect of Kerr rotation.
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A linearly polarised light can be decomposed as right and left circularly po-
larised light. These components have different refractive indices which explain for
their different velocity of propagation and different absorption in the materials.
Due to this, there is a rotation in the real part and a phase shift (ellipticity) in
the imaginary part as the light propagated through a material.

The Kerr effect can be expressed by the dielectric displacement as:
D =¢F+iQ,m x E) (3.2)

Where E is the electric field vector associated with the incident radiation. m is
unit vector of the sample magnetisation [122].

It can be explained from equation 2 that electric field associated with the
incident light radiation interacts with the electrons of the sample under investi-
gation. This results in propagation of oscillating current in a direction parallel
to the polarisation. The term m x E in equation 3.2 represents the Lorentz force
which explains for the deflection of electrons. This deflection provides the cur-
rent a component perpendicular to the magnetisation and polarisation directions,
so the reflected light that caused by the electric field is rotated and obtains an
ellipticity.

3.4.2 Laser MOKE magnetometer

The laser MOKE system was used for sample characterisation of the magnetic
hysteresis loop. Measurements were taken in a dark room using light from HeNe
laser of wavelength 632 nm, and by a water cooled electromagnet with iron pole
pieces the magnetic fields can be applied up to 550 mT. Figure 3.4 shows the
main experimental setup used for polar MOKE measurements. The light made
to pass through a polariser and directed by a mirror through a hole in one pole
piece of the electromagnet. The polarised linear light interacts with electrons of
the magnetised sample such that the reflected light has rotated polarisation. The
reflected light is then passed through the analyser and is detected by a photo-
detector. This produces a current, which is converted the photo-current into a
voltage signal by the amplifier. The voltage signal can be read from a voltmeter or
recorded as a function of the applied field using a computer to produce hysteresis

loop.
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Figure 3.4: Pictorial representation of polar MOKE measurement system. It
consists of main optical and electronic components which causes rotation of a
polarised light on reflection from perpendicularly magnetised thin film. Both the

polariser and the analyser are maintained at 90° to each other.

3.4.3 Wide-field Kerr microscopy

The Kerr microscopy was used to image the domain pattern and hysteresis loops
in thin films which is based on the Kerr effect. Measurements were carried out
in the polar MOKE geometry at room temperature. Depending on the type
and magnification of the objective lens used, the microscope is able to create
images with resolutions of micrometres or less. As seen in Figure 3.5.(a) linearly
polarised light is used to measure changes in the magnetisation direction with
the domains as changes in contrast of light. The analyser and the compensator
in Figure 3.5.(b) polarised the light by 90° with reference to initial polarisation.
This in turn isolates the signal whose intensity is measured by a photodiode
detector or CCD camera. MOKE measurements are more sensitive to variations
in magnetisation than to magnetisation absolute value.

Two types of Kerr microscopes are commonly used: wide-field Kerr micro-

scope [9] and laser scanning microscopes [123]. Wide-field microscopes offer an

39



3.4 Magneto-optical techniques
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Figure 3.5: Light path and image formation in Kerr microscope. a) Light trav-
elling from LED lamp is passed through a polariser to get reflected via objective
lens and then fall on the sample. The Aperture diaphragm is monitored for se-
lecting the polarisation region needed for polar, longitudinal and transverse Kerr
measurement. b) The reflected light from the sample reaches the CCD camera

for detection after passing [9].

image of a sample instantaneously, image the domain pattern at remanent state
and take magnetic hysteresis loops. While laser scanning microscopy applied a
laser spot to scan a certain area of a sample for building up the image. Hysteresis
loops of the change in greyscale are also measured for whole image or a selected re-
gion. Moveable and rotatable sample stages with interchangeable electromagnets
are powered by Kepco power supply. The magnetic coils which are perpendicular
are water- cooled with no magnetic core or pole pieces. In this microscope, a
white light LED is used through the optics to the sample. The light is reflected

from the sample is detected using a camera and recorded on a computer. Also,
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3.4 Magneto-optical techniques

the contribution intensity of light reflected from magnetic domains due to the
Kerr effect.

To image the magnetic domains, the samples were prepared in a demagnetised
state using an AC demagnetisation. Applying enough field between (300-500
Oe) to saturate the samples and once magnetised, the field was dropped to 0
Oe. A decay function is applied to the field to allow the oscillation between
negative and positive Oersted fields at a frequency of 0.5 Hz for 120 seconds. The
decaying field built up the deposition of up and down magnetisation states in the
sample, producing domain wall formation at the up-down state interface. Since
the samples demagnetised and domains formatting, a background image of the
domain pattern was captured as shown in Figure 3.6.

Additional measurements were done at the University of Exeter using a very
similar setting with a cooling stage, which allows to cool the samples and image

the domains as function of temperature from (9-320)K.

50um

Figure 3.6:  Domain pattern in a [Pt/CoFeB/Ir|x2 superlattice imaged by a

wide-field Kerr microscope at room temperature, following AC demagnetisation.
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3.5 Domain width method with image J

Image editing software, image J [124], was used to calculate the periodic domain
width into the magnetic domain image. The domain images, in a demagnetised
state, were thresholded to perform a fast Fourier transform (FFT) to determine
the most commonly occurring domain width.

The domain width method is used to study the relationship between domain
period and domain wall energy density as a function of temperature dependence
in order to obtain the Dzyaloshinskii-Moriya interaction (DMI). There are several
steps of image editing have done prior to perform FFT. Firstly, the raw domain
image was inserted in the image J software and cut 300x300 pixel squares to get a
representative spread of data. The type of pixel square was converted from 8 bit
to 32 bit image to interactively alter the brightness of the image. A background
image of the order 250 pixels was subtracted from the domain image, using the
sliding paraboloid function to enhance contrast. Convolve and Gaussian blur
filters were applied to eliminate any grainy textures in the image. Lastly, a black
and white threshold image was applied to maximise the efficiency of the FFT as

shown in Figure 3.7.
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Figure 3.7: Magnetic domain of CoFeB image was edited, image J, to produce
the FFT. a) A raw image inserted and cut 300x300 pixels with 8 bit, converted
the image from 8 bit to 32 bit to increase threshold sensitivity, subtracted the
background to improve contrast. b) Convolve and Gaussian blur filters were
applied to remove any grainy textures, threshold image to increase the efficiency

of the FFT, Fourier transform of the domain image.

Since the image successfully thresholded and a FFT applied, the domain image
can be converted to circular intensity peaks (Figure 3.8.(a)). The middle band
of the inner ring was isolated and used to plot a graph which contains intensity
against pixel distance in FFT space (Figure 3.8.(b)).

The two intensity peaks in Figure 3.8.(b) are characteristic of the most typical
domain size. To obtain the domain size, the raw data of the intensity peaks of
FFT have to be scaled to the pixel’s true size. The two peaks position was
fitted to a Gaussian function to find the centre of the intensity peaks as shown

in Figure 3.9. The different between two peaks was calculated and divided by 2
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Figure 3.8: An area is spanned across the transformed image to plot intensity
peaks for all sides of the ring. b) The intensity peaks of the Fourier transform

for greyscale value against distance.

to find the distance of FFT in reciprocal space. Then the distance was divided
by the dimension of the FFT image, of 300 pixels, and transformed back into
real space. The scale bar for the image was divided by the length of scale bar
to convert the unit of the real space distance from pixel~! to pm~!. Finally, the

domain period (d) was determined from the inverse of the peak distribution in
the FFT.
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Figure 3.9:

Gaussian fit to the radial peaks intensity of the Fourier transform
to extract the domain size.
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3.6 SQUID VSM

A superconducting quantum interference device (SQUID) [125] with high sensitiv-
ity of 1078 emu is used to measure the moments of samples with small moments.
Multilayered systems with perpendicular magnetic anisotropy (PMA) where the
ferromagnetic (FM) layer is very thin have moments of the order 1075 - 1075 emu.
Moreover, the SQUID-VSM system is used in this thesis capable of measuring
samples over a range temperature (1.7K to 1000 K) and applied fields up to 7
T. The samples are placed through a system of superconducting detection coils,
which are inductively coupled to a SQUID as shown in Figure 3.10. While the
sample is vibrated up and down in the sample chamber, the current is generated
due to the varying magnetic signal via Faraday’s law.

In the absence of external magnetic field, the input current splits equally
into the two junctions of the SQUID. However, when there is stray magnetic
field from a sample, a screening current, I, flows in the superconducting loop
generating a magnetic field that cancels the external flux. Since the screening
current is circulating in a loop, it increases the magnetic flux and the junctions
become momentarily resistive. The fluctuations of the current in the detection
coils, correlates with the change in magnetic flux and produces an output voltage
across the junction which is proportional to the magnetic moment of the sample.

In this system, hysteresis loops have been obtained by measuring magnetic
moments at different field values. Magnetisation loops have been measured as a
function of temperature (5- 380) K to obtain the effective anisotropy and exchange

stiffness for different substrates.
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Figure 3.10: The configuration of the detection coils principle of a SQUID-VSM.
The signal generated in the detection coils which are inductively coupled to the
SQUID [10].

3.7 Magnetoresistance measurement technique

Transport measurements (Hall Voltage) are conducted to obtain the anisotropy
field (poHyg). The samples are wire-bonded on each edge (square-cut) as shown in
Figure 3.11.(a). On sending current through the sample a voltage drop appears
perpendicular to the current due to the Extraordinary Hall effect EHE on appli-
cation of magnetic field. Constant external magnetic field (500 mT) is applied
perpendicular to the current which is initially out of plane. The sample is rotated
from -180° to +180° in 5° steps from the sample easy axis, with the rotation axis
parallel to the current flow. By normalising the data and fitting a parabola (co-

sine), the anisotropy field can be determined [11] as shown in Figure 3.11. (b).
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Figure 3.11: A diagram of the set-up for EHE measurements. The new system
has been automated such that the measurement software is able to rotate the
sample and collect whole measurements. b) The raw resistance before normal-
isation and as the magnetisation follows cosine law on rotation the resistance

has normalised[11]. ¢) Normalising the data and fitting a parabola to obtain the
anisotropy field.

3.7.1 Extraordinary Hall Effect (EHE)

In order to measure the change in PMA thin films magnetic properties in room
temperature, two techniques sensitive to perpendicular magnetisation were adopted.
The polar MOKE and Extraordinary Hall effect (EHE) are both indirect mea-
sures of the magnetisation perpendicular component. Both can be utilized to
measure out-of-plane hysteresis loops and, in case an in-plane field is applied to
rotate the magnetisation from the easy axis to hard axis, to measure PMA field.

MOKE can also be utilized to capture magnetic domains with a wide-field Kerr
microscopy.
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The EHE, also known as the anomalous Hall effect (AHE) is a phenomenon of
an electron transport. The geometry of Hall measurements necessitates passing
a current into a conducting material and the voltage to be measured through
the material, in a perpendicular position to the current flow. An out-of-plane
magnetic field is applied perpendicularly to both the voltage measurement and
the current flow. Up and down spins are differently scattered so that charge
is formed along wire sides. A water-cooled electromagnet that has iron poles
pieces is used to apply magnetic field, and the applied fields can reach 0.9 T. The
sample sits on a rotatable stage in a way allowing the field to be applied in-plane
or out-of-plane. Currents of +1 mA passing through the sample and measured
voltage for each point, is converted to a resistance. The Hall resistance can be

represented phenomenologically as the following:

Ry = (R.H. + RpM.) [t (3.3)

Where R, refers to the ordinary Hall coefficient, Hz refers to the external magnetic
field, Rg refers to the EHE coefficient, M, is the out-of-plane magnetisation and
t is the thickness. The first term refers to the ordinary Hall effect with the second
term resulting from the extraordinary Hall effect, discovered in 1879 by Edwin
Hall [126].

In the ordinary Hall effect, a Lorentz force deflects charge carriers while charge
carriers move through the material in the perpendicular magnetic field. While
the ordinary Hall effect is mainly based on density of carrier and is not limited
on magnetic materials, the EHE only takes place in Ferromagnets and is still
under research [127]. Opposite spin of charge carriers are scattered in opposite
direction.

Thus, scattering can be caused by interactions linked to their Berry’s phase
curvature, resulting an ’intrinsic’ contribution, or by interactions linked to the
material disorder, resulting the skew scattering ’extrinsic’ contributions and side-
jump. Skew scattering deflects an electron according to its spin-orbit coupling
with an impurity, while side-jump deflects is based on the electric fields detected
by electrons while they move towards and outwards from impurities [127]. The

AHE has been used to measure the component of the magnetisation pointing out
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of plane. The perpendicular anisotropy was measured by monitoring the signal

of EHE while the magnetisation is pulled from out-of plane to in-plane.

3.7.2 Anisotropy Measurements of Pt/Co(Fe)B/Ir

In measuring the Pt/CoFeB/Ir and Pt/CoB/Ir multilayers perpendicular anisotro-
py, a technique, developed by Moon et al. [11], based on the extraordinary Hall
effect is used. This technique is based on the Stoner-Wohlfarth model and can be
applied in thin films possessing a strong intrinsic signal. Various factors make it
challenging to calculate PMA with bulk techniques like torque magnetometry and
ferromagnetic resonance. Some of the factors include small volume and magneti-
sation reversal behaviours that arise due to the competing nucleation-dominated
processes and domain-wall motion. Such factors result in a weak signal that is
challenging to be detected. However, there is a possibility of preserving a strong
signal in magnetic thin films through monitoring extraordinary Hall voltage at
small angle deviations, thereby making it possible to measure magnetisation state
and extract the anisotropy field. The magnitude of the EHE resistance provides
a measure of the magnetisation component that points out of the plane and can
be applied in the determination of PMA [128].

If the magnetic system exhibits uniaxial magnetic anisotropy, the Stoner-

Wohlfarth equation for magnetic energy (E) can be expressed as follows:

E=—K,cos*0 — M,H cos (0 — ¢y) (3.4)

where K, is uniaxial anisotropy, H is the external field, 8 is the magnetisation
angle and ¢g is the angle of the external field from the easy axis, normal to the
film [11]. The equation below is rewritten as follows after it has been normalised
by Ky:

E
€= =- cos® 0 — 2accos (0 — ¢p) (3.5)
where o« = M H /2K, and the equilibrium angle of magnetisation can be found

by differentiating with respect to 6:

sin 20 + 2asin (0 — ¢g) =0 (3.6)
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This equation 3.6 gives solutions for the magnetisation angle with respect to «
and ¢gy. With a focus on small angles, the solutions for # ~ 0 and ¢y ~ 0 can
be determined using a Fourier series expansion. Due to symmetry, the solutions
of 8 ~ 0 and ¢y ~ 0 are readily deduced. The following is the result of the

Fourier expansion:
cos O = 1+ Ay + Asdy + Agdly + . ... (3.7)

Due to the fact that the higher order coefficients are negligibly smaller than A,.
The solution can be rewritten as cos = 1+ Ay¢% and the Fourier coefficient A,

can be calculated as follows:

2

«
A = — 3.8
(@) 2(1 + «)? (38)
As a result, it is quite appropriate to refer to the asymptotic solution as:
M,H)?
cos ) ~ ( ) 507, (3.9)

22K, + MH)

for ¢y in a wide range. To prevent magnetisation reversal in the multilayer
sample, the sweeping angle ¢y is restricted to a maximum of 5.

The Hall effect was used to experimentally determine the angle of magnetisation
0. Each edge of a square-cut sample was wire bonded, with one pair attached
to a current source provided by a Keithley 2400 sourcemeter and the remaining
pair connected to a Keithley 182 nanovoltmeter for Hall voltage measurement.
The sample is mounted on a holder and rotated in the constant external field.
Upon a constant current flow of 1 mA, the Hall effect induces a transverse electric

voltage. The Hall voltage is given as:
Vu=R,IH, + R,IM,, (3.10)

where is R, the ordinary Hall coefficient, R is the extraordinary Hall coefficient
and [ is the current flow across the sample. Thus, the out-of-plane components
of external field H, = Hcos¢y and magnetisation M, = M cos are detected by
the voltage probes.

In measuring the dependence of the sweeping angle (¢5) on the magnetisation

angle (6), a 500 mT constant external field is applied normal to the film. Then,
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3.8 Piezoelectric transducers

the sample is followed by 5° rotation increments with the rotation axis of the
film, parallel to the current flow. In this procedure, the ordinary Hall voltage is
easily subtracted. The ordinary Hall Effect creates a signal that is proportional
to Hcos¢py during one sweep between -180° to 180°, with the amplitude is lin-
early dependent on the external field. Thus, the subtraction of the ordinary Hall
voltage can exactly be done when various applied fields are measured. However,
the ordinary Hall Effect is negligible in realistic cases since its way smaller as
compared to the extraordinary Hall effect because R, << Rr and H < M,.

Lastly, cosf is readily calibrated after normalisation with the expression, relation

{2VH - (VHmax + VHmin)}
(VHma.x - VHmin)

where Vignqe represent the minimum and maximum values of the Vg in measuring

cosf = (3.11)

one sweep. A plot of normalised extraordinary Hall voltage against the sweeping
angle (¢g) as shown in Figure 3.11(b) allows extraction of a quadratic equation
from the data points around the minimum value. The data is picked at the
maximum values of £180, followed by between 60° in 5 increments. This makes it
possible to obtain the Fourier coefficient A5 as well as the calculation of anisotropy

field H;, from A, by applying equation:

(3.12)

3.8 Piezoelectric transducers

Upon deposition of appropriate Pt/CoFeB/Ir and Pt/CoB/Ir on thin glass sub-
strates, they were characterised and then attached to piezoelectric transducers in
order to measure the magnetic properties under strain. The thin-film glass sub-
strates were bonded to transducers through the epoxy resin. Then the samples
were heated in a tube furnace for one and a half hours at 80°C to cure the resin.
The transducers applied in this research: biaxial is represented in Figure 3.12.
The transducers are formed from PZT, which is a piezoelectric ceramic that gen-
erates a voltage upon the distortion of the material structure [129]. The converse

piezoelectric effect is applied in straining the samples investigated in this work,
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and the transducers can be made to contract or expand by applying voltage,
as shown in Figure 3.13. There is an approximately linear relationship between
the expansion and applied voltage so that the material can be strained through
an application of a voltage, followed by the removal of the strain to make the
material regain the original length. However, as can be observed in Figure 3.14,
there exists a small hysteresis in the characteristic of the voltage strain. A single
PZT is used in making biaxial transducers, with the electrodes located on the
two shorter sides. In Figure 3.13, the positive voltage application expansion is
along the biaxial transducers’ short axis. While the transducer’s specified volt-
age range is 0 to 150 V, the thickness of the biaxial transducers is 2 mm and
increases by up to 2.2 m at a voltage of 150 V resulting in a maximum uniaxial
strain of 0t/t less than 0.1 %. The value represents the strain generated in a free
transducer. However, bonding the glass substrate to either side of the transducer
can lead to a clamping effect, hence barring maximum expansion. The impli-
cation is that effective transmission of the strain through epoxy resin layers, a
glass substrate, and the Ta/Pt to reach the CoFeB/CoB. The following section
detail the measurement of piezo-voltage to Pt/CoFeB/Ir and to Pt/CoB/Ir strain

characteristics.

3.8.1 Strain characterisation

The strain occurring in a metal relates to the change in resistance. The resistance
R = V/I of a Pt/CoFeB/Ir and Pt/CoB/Ir can be obtained through the pass-
ing of a current and taking the voltage reading between the two parallel cross
structures. Voltage was obtained using a Keithley 182 nanovoltmeter when a
current of ImA was applied using a Keithley 2601. The application of a voltage
to the piezoelectric leads to a change in the thin film’s width and thickness, as
demonstrated in Figure 3.13.

The strain can be measured from the change in resistance of the thin film,

represented by differentiating of following equation:
R=pl/A (3.13)

where R is the resistance, p is the resistivity, [ is the length and A is the cross-

sectional area. However, in the event that there is a strain in the thin film, other
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Figure 3.12: Thin film of Pt/Co(Fe)B/Ir deposited on glass substrate and at-

tached with epoxy resin on biaxial piezoelectric transducers.

effects come into play. For example, resistivity may vary with the distortion of
the material’s structure, and the cross-sectional area may also vary by the quan-
tity dictated by Poisson’s ration (v). We can obtain an equation that related
the resistance change and dimension change by differentiating equation 3.13.
The resulting equation takes account of A and p. By dividing through by R,

equation 3.14, which represents resistance proportional change, is obtained.

SR dp Ol GA
ofv _op ot 04 14
R, 1 A (3.14)

. . . 5l
It can be expressed in terms of strain or change of proportional length ¢ = %

R dp 1 dA
e el 3.15
Re  pe T € (8 A > (3:15)
R  dp dA

— == 1—— 1
Re  pe i ( As) (3.16)
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Figure 3.13: The diagram shows the effect of the biaxial piezoelectric transducer.
When the voltage is increased, the transducer contracts in the x-y plane and
expands in the z-direction, perpendicular to the plane of the thin film. The

transducer reaches a maximum compression biaxial strain at 150V.

with the second term on the right being a geometrical deformation Cy, = ( — g—’:)

description while the first term on the right being the strain coefficient of specific
resistivity C, = (%) which has been determined by Kuczynski [130] as 0.84 for
Co and 2.60 for Pt. The strip of Pt/Co, coupled to a transducer strain, can then

be obtained from the variation to resistance

R
R Cgeo + Cth/CO

5 (3.17)

with C,pi/co= 1.72, being the average of the Co and Pt and values. Next is

calculating the biaxial transducers’ geometrical factors.

3.8.2 Biaxial transducers

The geometrical factor calculated for the biaxial transducers from

JA ot dw 1
T 1
1 ; + o = Ca stx (3.18)

1 A 1 1
geometrical = - (5 — 5—) = — (695 - (sx — 5—x)> =— (3.19)
£ A Ex v, v,
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The Poisson ratio of the film is assumed to be v, = 0.3, which is typical for all

metallic alloys [131].

_on ! ) _ Ry, (3.20)

TR ((1/0.3)+1.72 R

While the strain in the y and z directions can be calculated from

1 1

2 Uz
Figure 3.14 demonstrates the calculated strain and resistance against biaxial
transducer applied voltage with the [Pt/Co(Fe)B/Ir|n thin film with different
repeats (n =1,2,5,7,10). From the measurement, there is an elongation along z
(out-of-plane) with the corresponding in-plane compression. All the samples with
different repeats have a measured maximum strain between ~ 9 x10™* and 1
%1073 which is consistent with the estimated stain in the transducer at the volt-

age of 1 x1073.
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Figure 3.14: a) and b) show the resistance of Pt/CoFeB/Ir and Pt/CoB/Ir with
different repeats against transducer voltage. c¢) and d) present the strain calcu-
lated from the change in resistance of Pt/CoFeB/Ir and Pt/CoB/Ir on biaxial
transducers plotted against transducer voltage. The voltage was swept from 0 V
then to 150 V and back to 0 V.

3.9 Summary

The magnetic properties of Pt/Co(Fe)B/Ir multilayers have been deposited by
dc magnetron sputtering. The thickness of the samples were validated by low
angle scan XRD measurements. Polar laser MOKE measurements showed out
of plane magnetisation. The Kerr microscopy with a cooling stage at university
of Exeter was used to image the domain pattern as function of temperature.
Domain image was edited by using image J software to calculate the domain

size. All the samples with different repeats have a measured maximum strain
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3.9 Summary

between ~ 9 x10™* and 1 x10~3 which is consistent with the estimated stain in
the transducer at the voltage of 1 x1073. The following Chapters describe the
samples characterisation and measurement of Pt/Co(Fe)B/Ir in more details and
present results of the hysteresis loops, anisotropy measurements, maze domain

images, exchange stiffness effected by temperature and the calculations of DMI .
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CHAPTER 4

Sample characterisation
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4.1 Introduction

4.1 Introduction

This chapter presents results of multilayers of Ta/[Pt/CoFeB/Ir],, /Pt and Ta/[Pt-
/CoB/Ir],,/Pt with perpendicular magnetic anisotropy grown on SiOx substrates.
Laser MOKE and Kerr microscopy have been used to investigate the hysteresis
and domain morphology of the multilayers. Kerr microscopy shows the domain
size as function of ‘n’ and temperature. The magnetic anisotropy is measured
using a technique based on the extraordinary Hall effect. In combination with
SQUID measurements, the saturation magnetisation and effective anisotropy can
be obtained, this allows to estimate the exchange stiffness. Lastly, the DMI at
room temperature has been obtained by utilising a model for the equilibrium

domain size in magnetic multilayers.

4.2 Sample structure

The samples measured were Ta/[Pt/CoFeB/Ir|, /Pt and Ta/[Pt/CoB/Ir],, /Pt gro-
wn on a thermally oxidised Si substrate deposited by dc magnetron sputtering,
where n is the number of repeats of the Pt/CoFeB/Ir or Pt/CoB/Ir trilayer, as
shown in Figure 4.1. The base pressure reaches 2.4x107% Torr with use of a
cryo-pump in combination with a liquid nitrogen trap. Once the pressure in a
sputtering chamber is low enough, Ar gas will be introduced into the system with
a partial pressure of 2.5x10~2 Torr.

The interfacial Dzyaloshinskii-Moriya interaction (DMI) at the interface of a
5d metal and a thin film 3d ferromagnet (like Pt/Co or Pt/CoFeB) leads to chiral
domain walls and skyrmions. These topological spin textures are promising for
the development of low power magnetic memory devices [132]. The substrate on
which the thin film is grown on is chosen to directly affect the crystallographic or
magnetic properties of the film. Ta is used as a seed layer to smooth the surface
and nucleate the correct crystal texture. As Platinum nucleus is massive, it was
selected as a bottom layer, and we know it is textured [111] on Ta, which is the
crystallographic ordering required for PMA in Pt/Co. The top layer of Pt was
attached as a cap layer to prevent the oxidation of the samples in ambient air. Ir

was used as a heavy metal to break inversion symmetry in the system. With the
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4.2 Sample structure

Pt (23 nm) Pt (23 nm)

Ir (0.5)
CoggBs, (0.66)
Pt (2.3)

Ir (0.5)
CoggFe,,By, (0.51)
Pt (2.3)

Figure 4.1: Schematic of sample structure and dimensions of the
Ta/[Pt/CoFeB/Ir|, /Pt and Ta/[Pt/CoB/Ir|, /Pt magnetic thin films were grown
on S;0, substrates. Here, the layer thicknesses are displayed in nm and ‘n’ is the
number of Pt/CoFeB/Ir or Pt/CoB/Ir layers in the thin film.

increase of the layers numbers, the base becomes less flat for the next multilayer
because of the introduction of roughness at each interface. This means the more
number of layers increases, the magnetisation and anisotropy decrease. Also, the
objective to obtain continuous ultrathin layers which are magnetically soft, Co
was used as the base magnetic material as Co has a large magnetic anisotropy
[133]. Once deposited by magnetron sputtering, it is polycrystalline in nature.
Due to its polycrystalline nature, the grain boundaries will act as defects, and
therefore pinning domain walls at these grain boundaries. Therefore, to remove
the effects of pinning sites on the domain wall motion, we require amorphous
magnetic materials, such as the CoB which retains the large magnetic anisotropy
of the Co base material or the magnetically soft CoFeB, with a lower anisotropy.
Two series of samples were grown on SiOx in order to achieve the optimal PMA
for the magnetically hard CoB and the magnetically soft CoFeB will be discussed,
as described below:

1- Ta(3nm)/[Pt(2.3nm)/CogsFesaB1p(0.51nm) /Ir(0.5nm)],, /Pt(2.3nm)
n=1,25,7,10,12,15,20

2- Ta(3nm)/[Pt(2.3nm)/CogsB32(0.66nm) /Ir(0.5nm)},,/Pt(2.3nm)
n=1,25,7,10,12,15,20
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4.3 Polar Laser MOKE

4.3 Polar Laser MOKE

Polar hysteresis loops were used for Pt/CoFeB/Ir and Pt/CoB/Ir multilayers with
different repeat of Pt/CoFeB/Ir or Pt/CoB/Ir. The polar hysteresis loops give an
insight into the magnetic properties of coercive field and remanent magnetisation.
The magnetic properties of the films showed out-of-plane magnetisation in each
of the samples. Eight samples for each CoFeB and CoB with between n = 1 and

n = 20 were taken hysteresis loops.

4.3.1 Ta(3nm)/[Pt(2.3nm)/CogsFesB1;(0.51nm) /Ir(0.5nm)],
/Pt(2.3nm)

CoFeB was chosen as a similar material to CoB, but is known to be more magnet-
ically soft [134]. As such, we can compare the effect that an applied strain has on
the DMI directly and gain an understanding of the underlying mechanism . Using
CoFeB the hysteresis loops are very different in shape compared to CoB. They
have more wasps like shape to the hysteresis loops as shown in Figure 4.2. In
CoFeB wasp waisted hysteresis appeared at n > 2, whereas for the CoB system,
they appear at n > 7. The remanent magnetisation becomes smaller when the
repeats increase as we see in parts (d) of Figure 4.2. The coercive field is not a
very good way of comparing these sets of samples particularly in large n, due to
a different reversal process of the shape of the loops. The first part of switching

is different, it’s shallow for CoFeB and steeper for CoB.
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4.3 Polar Laser MOKE
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Figure 4.2: Polar MOKE hysteresis loops for Ta[/Pt/CoFeB/Ir|n/Pt with differ-
ent repeats. a) At (n < 2) shows square hysteresis loop and sharp switching. b)
As the number of layers increases (2 < n < 12) the hysteresis loops have a wasp
shape due to changes in magnetic layers. c¢) As the number of repeat increases
further (15 < n < 20) the saturation field increases , which leads to decrease
of remanencet. d) The remanent magnetisation and the coercive field, which
shows high coercive fields and less remanent magnetisation when the repeats are

increased.

4.3.2 Ta(3nm)/[Pt(2.3nm)/CossB32(0.66nm) /Ir(0.5nm)],,/
Pt(2.3nm)

The Pt/CoB/Ir has two distinct types of hysteresis loops. Square hysteresis
loops for n < 5 and wasp like hysteresis loops for n > 5 due to the changes
of the thickness or roughness as shown in Figure 4.3. Also due to the increase
of roughness, the remanence correspondingly becomes smaller with n and the
saturating field increases with n as loops become wasp like. Previous studies on

Co-based PMA multilayers have linked this wasp like shape with an accumulation
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4.3 Polar Laser MOKE

of defects within the multilayer, causing the superlattice to no longer be uniform
after a certain number of repeats [135][136]. Future AFM studies of the complete
structure would be useful to see if we can link the surface roughness to the wasp
like shape [136].
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Figure 4.3:  Out of plane MOKE for Ta/Pt/CoB/Ir/Pt structures with different
repeats. a) The hysteresis loops are square and exhibit sharp switching until n
< 5 repeats and started a wasp like from n > 7. b) Above n > 10 repeats the
hysteresis loops are no longer switching in a single steps. ¢) Change of coercive

field and remanent magnetisation of Pt/CoB/Ir structures with different repeats.

For both systems, a small number of multilayers, for instance (n < 2), the
hysteresis loops are narrow and square shaped and the coercive field is small.
Therefore, the narrowness of the hysteresis loops emerges and a small external
field is needed to reverse the magnetisation of the sample. Increasing the number
of layers into (5 < n < 12), the hysteresis loops become less square and have a
wasp shape due to increased pinning of domain walls. The wasp like shape is

due to changes in magnetic layers as number of repeats are increased and the
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4.4 Kerr microscopy domain imaging

reversal process is changing due to large demagnetising field. As the number
of layers arises, the interface roughness increases leading a local difference in
the perpendicular anisotropy while also expanding the pinning field distribution
[137]. As the number of layers increases further, much like (15 < n < 20), the
switching field keeps increasing at n=20 and the demagnetising field becomes
larger which leads to more domains in zero field, and therefore it decrease the

remanent magnetisation [138].

4.4 Kerr microscopy domain imaging

The magnetic domains for CoFeB and CoB were investigated at room temperature
using Magneto-Optical Kerr effect (MOKE). In Chapter 5 we are going to present
measurements of the DMI as a function of temperature. Kerr microscopy has been
used in the polar mode in order to sense out-of-plane magnetisation. The fields
were applied depending on the coercivity of the sample. The domain morphology
is very different between CoFeB and CoB. Figure 4.4 shows the variation in
CoFeB domain structure as n is increased. The domains in CoFeB n < 2 show
a maze domain due to a higher perpendicular anisotropy. As the repeats are
increased, 5 < n < 7, the size of the domain becomes smaller which arises from
a competition between surface and shape anisotropy. As the thickness increases
the surface anisotropy decreases and the shape anisotropy enforces the domain
to be small. While the number of layers increases, n > 7, we cannot see the
domains for the CoFeB even increasing the magnification of the microscope to
50.00x. Consequently, we can say more repeats give smaller rougher domains and

more nucleation of domain walls.
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4.4 Kerr microscopy domain imaging

Figure 4.4: Kerr microscopy shows that the demagnetised domain patterns of

CoFeB is a function of ‘n’. At the small repeat, n < 2, the domains show a maze
domain and get smaller when the repeats, 5 < n < 7, are increased. The bright

and dark regions represent out of-plane magnetisation pointing up and down.

For CoB system, the magnetic domain also was imaged as a function of n as
shown in Figure 4.5. The domains have seen by using 20.00x lens but when they
are almost too small we used 50.00x lens. At small number of repeats, n < 2,
the domain image shows clear bubbles and very large domains and easy to move
than other samples. As increasing the repeats, 5 < n < 10, the domains become
very small and maze due to the nucleation density is high and the domain walls
are very rough. At (n = 5) and (n= 10) repeats we observed the domains almost
without applying magnetic field because of lower remanence. Furthermore, if the
repeats are increased, 12 < n < 20, the domains become too small and hard to
see due to lack of perpendicular anisotropy.

The main objective of using Kerr microscopy is to obtain the DMI by bubble
expansion. However, most of samples showed maze domains. Demagnetising the
sample, maze domain, at remanent state is a better way of making progress.
Therefore, the domain width method of the maze domains allows calculating the

domain period and from that we can obtain DMI[139].
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4.5 XMCD domain imaging

n=1 n=2 n=5 n=7
n=10 n=12 n=15 n=20

Figure 4.5: Kerr microscopy shows that the demagnetised domain pattern of

CoB is a function of ‘n’. At the small repeat, n < 2, the domains show bubbles
domain. At 5 < n < 10 the domains become small and form as maze domain.
Further increase, 12 < n < 20, the domains become too small and hard to see.
The bright and dark regions represent out of-plane magnetisation pointing up

and down.

4.5 XMCD domain imaging

Determination of the DMI has been shown to be possible by modelling such do-
main patterns [139][47]. The X-ray magnetic circular dichroism - photoemission
electron microscope [XMCD-PEEM] has used at the Diamond Light Source to
obtain a higher resolution magnetic image. Using XMCD-PEEM (higher resolu-
tion), we can image the remanent ferromagnetic domain state in the films and
we can image domains from samples with larger repetition (n) than we can with

the Kerr microscope.
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4.6 Anisotropy field measurements

Two samples were imaged at remanent state as shown in Figure 4.6, which are
Pt/CoB/Ir and deposited onto silicon oxide (SiOx) and barium titanate (BTO).
Those samples were easy to demagnetise on the original hysteresis loop and the
field which reversal started to happen is not very large. Also, the maze domains
were existed and the DMI can be determined. This is a good method to deter-
mine the DMI without applying field and obtain the temperature dependence on
DMI more easily ( as it will present in Chapter 5) than using bubble expansion

technique.
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Figure 4.6: Maze domain pattern in a [Pt/CoB/Irjn=10 superlattice im-
aged by XMCD-PEEM at room temperature, following ac demagnetisation.a)
[Pt/CoB/Irjn=10 on SiOx substrate. b) [Pt/CoB/Irln=10 on BTO substrate.
The scale bar = 1 pm for both images.c) Polar MOKE hysteresis loops for
[Pt/CoFeB/Irjn=10 onto SiOx and BTO substrates.

4.6 Anisotropy field measurements

In order to measure the perpendicular magnetic anisotropy of the Pt/CoFeB/Ir
and Pt/CoB/Ir multilayers, a magnetometric technique was employed using the
extraordinary Hall effect (EHE). In this section the Hall voltage is measured as
a function of angle (6). The field will rotate the magnetisation and the change of

the magnetisation is proportional to cos¢. By normalising the data and fitting a
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4.6 Anisotropy field measurements

parabola, the anisotropy field pgHj can be determined from the fitting parameter

as shown in the Equation 4.1:

2K, 1 — VA,
H,. = =H 4.1
MM, 24, (4.1)

where K, is the uniaxial anisotropy (PMA), M is saturation magnetisation, H
is the external field and A, is the quadratic term taken from the parabola. The
magnetoresistance rig was used at room temperature to measure the dependence
of the sweeping angle (¢y) on the magnetisation angle (6). The sweeping angle
can also be referred to as the angle of the external field. The samples were wire-
bonded on opposite edge of square sample. Two opposite wires connected to a
Keithley 182 nanovoltmeter, and the remaining two wires connected to a current
source supplied from Keithley 2400 sourcemeter to measure the Hall voltage.
First, the sample was placed on a holder to be rotated in the fixed external field.
There shall be a transversal electrical voltage is stimulated by the Hall effect
when a constant current is applied across the sample. Moving on, the sample
is rotated by 5° increments of the angle of the external field from the easy axis
(¢m) with the rotation axis parallel to the current flow, granting the ordinary
Hall voltage to be deducted from the total. The evolving signal generated by the
ordinary Hall effect during one sweep between -180° and +180° is proportional
to the out-of-plane external field (Hcos(¢y)), given that the amplitude is also
proportional to the magnitude of the external field.

At the beginning, we started to measure the ugHj; by using the old sample
stage and we could not fit the parabola accurately. That because the holder
sample was not tied and the wiring in the stage had deteriorated with time. Also,
the wire cable that is connected with holder sample (PCB) is twisted during the
measurement and generated a tension. In Figure 4.7 below, we see the fitting of
a parabola before the improvement.

The old design was a manual system and very difficult to repeat the measure-
ments. Automatisation of the measurement was important to ensure consistency
of the data obtained. Also, over time the system had degraded both mechanically
and electrically. The cabling introduced a strain on the stage when we rotate the

sample. Also, the sample does not rotate on axis which results in a changing or
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4.6 Anisotropy field measurements
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Figure 4.7:  Normalised resistance against the sweeping angle in a constant
external field of 500mT before improvement. A polynomial fit was applied to
the data to extract the quadratic function. a) [Pt/CoFeB/Ir] with (n=10). b)
[Pt/CoB/Ir| with (n=10).

non-uniform field. The high voltage lines have been separated from the signal
lines to minimise effects in signal lines.

After fixed the existing old sample stage by fixing the wiring and mechanical
aspects. The holder sample is tied, wire cable of PCB does not twist during
rotating the sample and used a spirit level for the sample on the holder to be in
the middle of two pole-piece magnets. Also, the system has been automated such
that the measurement software is able to rotate the sample and collect whole
measurements.

Furthermore, this allows to take multiple measurements of the samples quickly
and consistently. The wiring was improved by using twisting pair within a
screened sheath. This will remove the magnetic field generated by the source
current. By using a step motor the sample does not rotate during the whole
measurements due to the strain from the cable. As shown in Figure 4.8, there is

a big improvement in quality of the data.
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4.6 Anisotropy field measurements
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Figure 4.8:  Normalised resistance against the sweeping angle in a constant
external field of 500mT after improvement. A polynomial fit was applied to
the data to extract the quadratic function. a) [Pt/CoFeB/Ir] with (n=10). b)
[Pt/CoB/Ir| with (n=10).

More samples of CoFeB and CoB were measured to obtain a clear relationship
between the anisotropy field and the number of layers as shown in Figure 4.9.

Regardless of CoFeB and CoB it has to be clear that the anisotropy field was
found to decrease as the number of layers increased based on the observation of
the samples where a fit was applied as shown in Figure 4.9.(c). As estimated,
the largest anisotropy field calculated through studies was for when the sample
had n = 1. Whereas the smallest anisotropy field calculated was for the sample
with n = 10. The diminishing that takes place in the anisotropy field as the
number of layers rises is a consequence of the surface roughness, which increases
with each and every successive layer. The surface roughness origin may be due
to a number of factors: a non-smooth Ta layer, nanocrystalline misorientation
and accumulative defects, which leads to a decrease in the interface anisotropy
[140]. With studies showing that multilayers with atomic-scale at interfaces show
a large PMA and a high thermal stability, a smooth base layer became essentially

required for high magnetocrystalline anisotropy.

71
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Figure 4.9:  Normalised resistance against the sweeping angle in a constant
external field of 500mT. a) A polynomial fit was applied to the data to extract
the quadratic function for CoFeB with different repeat. b. A polynomial fit
was applied to the data to extract the quadratic function for CoB with different
repeat. ¢) Anisotropy field decreased as the number of repeat increased for both
CoFeB and CoB and the solid line is a guide to the eye.

4.7 Magnetisation (M)

The magnetic moments of Pt/CoFeB/Ir and Pt/CoB/Ir films were measured in
SQUID-VSM at room temperature to obtain the magnetisation (Mj). Saturation

magnetisation is the saturated moment divided by the volume of ferromagnetic
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4.7 Magnetisation (M)

material. An example of in plane hysteresis loop is shown in Figure 4.10.
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Figure 4.10: In-plane hysteresis loop of [Pt/CoFeB/Ir|x2 with out-of-plane
anisotropy deposited on SiOx. Parameters that can be extracted from experi-

mental data are shown. The red lines are linear fits to data.

Figure 4.11 shows the saturation magnetisation for all the CoFeB and CoB
thin films as a function of repeat. It can be seen that the saturation magnetisa-
tion changed slightly with different repeats. For CoFeB the magnetisation varies
from (0.91-1.13) MA/m, whereas CoB the magnetisation varies from (0.88-0.99)
MA /m. The variation in saturation magnetisation as a function of repeat for
the same composition of CoFeB and CoB is due to the amorphous nature of the
films. The atoms have only short-range order, no long-range order and the near-

est neighbour atoms change from thin film to others . In CoFeB and CoB films,

73



4.7 Magnetisation (M)

the magnetic moment of Co or Fe atoms depend on the saturation magnetisation
and the nearest neighbours is an average of the moments, which can change for
each thin film. This means the effect of the nearest neighbour atoms is the likely
reason of variation in saturation magnetisation as a function of repeat. The same
effect was seen for crystalline Fe,qCogo, when the sample has an ordered bce struc-
ture, the saturation magnetisation becomes higher, compared to a disordered fcc
structure [141]. While the CoFeB and CoB films are amorphous and have no
long-range order or set lattice constant, the nearest neighbours atoms to the Co
or Fe can differ between thin films, which can vary the saturation magnetisation

from sample to others.
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Figure 4.11: Saturation magnetisation (M) of Pt/CoFeB/Ir and Pt/CoB/Ir with
different repeats. The saturation magnetisation slightly changed with different
repeat due to the amorphous nature of the films, which means the atoms have no
long-range order and the nearest neighbour atoms change from sample to others.
For the CoggFeqsB1g the estimate expected is a little high ~ 1.2 MA/m and for
CoggBss is in the same range ~ 0.95 MA/m
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4.8 Effective anisotropy (Keff)

In addition, from in plane hysteresis loop we can calculate the anisotropy field
Hj, and effective anisotropy K.f;. There are several methods to extract the
anisotropy field of thin-film magnetic samples as shown in Figure 4.12. The mid-
dle part of the graph is fitted with straight-line and the field on this line that
contains the saturation moment will be the anisotropy field, Hy, as shown in
Figure 4.10. Second method is extraordinary Hall effect by fitting a parabola as
described in section (4.6). A third method is to integrate the area of a hystere-
sis loop and divide it by the volume of the sample, which was used to calculate
effective anisotropy. It is all about using different methods, which make use of
different experimental approaches and more importantly, using different approx-
imations to a real physical problem, that is measuring the magnetic anisotropy
energy or constant. The method employing the area subtractions for H(M) curves
determined along hard and easy crystalline axis is much more accurate than the
two others methods, because these assume a linear response, ie M-H is linear, but
the real material behaves in a more complicated and complex, non-linear way.
Additionally, linear response method assumes the work to magnetise the mate-
rial along the easy axis as zero. Since the materials behave in a more complicated
and complex non-linear way, the integrating of area is more accurate and has a
less error. Whereas the approximating of straight-line is a less accurate and has

a large error when the materials behave in non-linear way:.
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Figure 4.12: The anisotropy field (Hj) of CoFeB with different repeats. Us-
ing three different methods (fitting a parabola, straight line and integrate the
area). For fitting a parabola and integrate the area methods, it’s shown that
the anisotropy field decreases when the number of repeats increases. However,
for straight line method the real material behaves in a more complicated and
complex, non-linear way and the approximating of straight-line is a less accu-
rate. The integrate the area methods is used to find the K.s¢ as linear response
method assumes the work to magnetise the material along the easy axis as zero.
The second method, fitting a parabola, is used to investigate the effect of strain
with stressor using MR-rig, since we can not use the stressor in SQUID. Also, the
MR-rig and MOKE have not enough field to saturate the sample.

The effective anisotropy of CoFeB and CoB was found to decrease when the
number of repeats increased as shown in Figure 4.13. As the number of re-
peats increases, the random distribution ad-atoms will accumulate and the sur-
face roughness will increase, leading to a relaxation state and the destruction of
the multilayers structure. The surface roughness induced from the random nature
of such fluctuations may be expected to lower the strength of PMA [136] [142].
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4.8 Effective anisotropy (K.;y)

It was shown that the magnetic properties of CogoFe;q/Pt multilayers strongly

related to its surface and interface morphology [136].
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Figure 4.13: The effective anisotropy (K.ss) of CoFeB and CoB with different
repeats. It’s shown that the effective anisotropy decreases when the number of
repeats increases due to the surface roughness such as nanocrystalline misorien-

tation, a non-smooth Ta layer and defects.
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4.9 Exchange stiffness (A)

4.9 Exchange stiffness (A)

It is well known that the exchange stiffness in magnetic materials decreases as
the temperature increases [143]. The temperature dependence of this parameter
is often expressed as a power law in the reduced magnetisation (m), e.g. calcu-

lations for Co indicate that the exchange stiffness, A(m) ~ m!'#®

is a very good
approximation[143]. The temperature dependence of saturation magnetisation
for CoFeB and CoB was measured in the range of 5-250 K to calculate the ex-
change stiffness. The Bloch law for thin film shows the relation of saturation
magnetisation with temperature if it is far from Curie temperature as shown in

Equation 4.2 below:

Nz

AR - In(1- 5 49
M(0) NS irn.a. 2D >_In ¢ (4.2)

n=0

where Mg(0) is the zero temperature magnetisation, IV is the number of atomic
layers in the thickness (¢), S is the spin quantum number of each atom, kg is
the Boltzmann constant= (1.38x1072% J/deg), T is the temperature, D is the
spinwave stiffness: D = 2JSa?, hwy is energy term added into the exponential, n,
is the number of atomic layers in the z-direction and a, is the distance between
atomic layers in the z-direction. This differs for different lattice types (simple
cubic, bec, fee) and orientations but all are based on a cubic lattice parameter a
= 0.355 nm [144]. As the FM layers are amorphous the choice of a, is somewhat
arbitrary; we use values that would correspond to bee and fee lattices in the
[100] and [111] orientations. Once the temperature dependence of saturation
magnetisation measured for CoFeB and CoB, we use Equation 4.2 to fit the data
and evaluate D. Then, the exchange stiffness (A) from Equation 4.3 can be

calculated:
NJS?

a
From the fitting with the Bloch law for thin film in Figure 4.14.(a) we obtained

the exchange stiffness A(T = 0), then expressed the value as a power law in the
reduced magnetisation A(T) = A(T = 0) x m!%.

A=

(4.3)
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4.9 Exchange stiffness (A)

Following the mentioned procedure, the exchange stiffness values at room
temperature (300K) was calculated as shown in Figure 4.14.(b). As a result, the
exchange stiffness for CoFeB n= 1 and 2 was found A= ( 2.6 £ 2 and 2.7 £ 2)
pJ/m, whereas, CoB n= 5, 7, and 10 was A= (4.8 + 2,52 + 2 and 3.9 £ 2)
pJ/m, respectively. There is a considerable uncertainty in the number of atomic
layers represented by the thickness of the film because the film is likely rough
at the interfaces. We therefore estimate the uncertainty in A by calculating A
for n, = 1 from the nominal value n, = t/a, and taking the largest difference
in A as the uncertainty. Our estimated error is therefore large (up to 30 %) but
we believe it is a realistic estimate of how well A can currently be inferred from
thermodynamic measurements in amorphous films. All the values of A here lie
within the range of the uncertainty estimated above. Generally the more layers,
the smaller this error because the summation in the Bloch’s law is converging to
the bulk value. For very thin films (like n,=4) the difference between +1 layer
is very large. Also, we looped over different lattice types such as BCC(100),
BCC(111), FCC(100) and FCC(111). We have not derived the equation for BCC
or FCC lattices. The effective approach we have is that the Wigner-Seitz volume
changes and the distance between the layers (hence the number of layers in the
film) also changes. The good thing, for using different lattice types, is that this
does not change A by very much, as long as we adjust the number of layers
correctly.

The values of A, as the repeat varied, seemed to be the same for both system
CoFeB and CoB. However, the exchange stiffness for CoFeB is smaller than CoB.
It was proved by Mohammadi et al. that when the thickness of a magnetic
material decreases, the n will increase and D decreases, which leads to an increase
in the A [59]. In addition, these values are smaller than a typical value of 6.5
pJ/m found in a Pt/CoFeB structure [145]. The difference could be due to the
intermixing of CoFeB/CoB and Pt at the interface, which has been seen to reduce
M; and A in Co/Pt multilayers [146], [147].
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4.10 Domain Period (d)
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Figure 4.14: Temperature dependence of saturation magnetisation for
[Pt/CoFeB/Ir| with n=1 and 2, and [Pt/CoB/Ir| with n=>5,7 and 10. The red
line is Bloch law fit for thin film using Equation 4.2. b) The exchange stiffness
at room temperature for CoFeB n=1 and 2 (black point), and CoB with n=>5,7
and 10 (red points).

4.10 Domain Period (d)

This technique is based on static domain spacing, which is determined by minimi-
sation of the demagnetising energy and the domain wall (DW) energy [139][47].
The domain spacing in the equilibrium state can be used to determine the domain
wall energy, which leads to estimate the DMI with very few assumptions. To ob-
tain the domain wall energy, we need to measure the domain period. Wide-field
Kerr microscopy was used to image the magnetic domains in the demagnetised
state. After demagnetising the sample, the image was taken in zero field. Then
the image editing software, image J, was used as explained in more details in
Chapter (3). Raw domain image was inserted in the image J software and cut
300x300 pixel squares to get a representative spread of data. A black and white
threshold image was applied to maximise the efficiency of the FFT as shown in
Figure 4.15.

Once the image was successfully thresholded and a FFT applied, the do-
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4.10 Domain Period (d)

c)

Figure 4.15: a) Magnetic domain of [Pt/CoFeB/Ir]x2 imaged by Kerr microscopy
and edited using, image J, to produce the FFT. a) A raw image inserted and cut
300x300 pixels. b) Threshold image to increase the efficiency of the FFT. ¢) A

fast-Fourier transform of the domain image.

main image can be converted to circular intensity peak (Figure 4.16).(a)). A
fast—Fourier transform of the image yield a radial average of the data in recipro-
cal space, which is then fitted with a Gaussian distribution and after transforming
back into real space the peak of the distribution as shown in Figure 4.16. (b)
gives the average of the domain period.

Following the mentioned procedure, the magnetic domain of CoFeB (n=1 and
2) and CoB (n=>5,7 and 10) were imaged and edited as shown in Figure 4.17.
These domains show a “maze” pattern, depending on the number of repeats
at zero field. The images of domain pattern show that the magnetic domain
is smaller in CoB (n=5, 7 and 10) than CoFeB (n=1 and 2). As the number
of repeats increases in both systems, the switching field keeps increasing which
results in a large dipolar stray field coupling [138]. The large stray field gives
more energy to be spent on the creation of the domains and that results a small

size of domains.
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Figure 4.16: An area is spanned across the transformed image to plot two intensity
peaks for all sides of the inner ring. b) Gaussian fit to the radial average peak

intensity of the Fourier transform to gives the average of the domain period.
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Figure 4.17: Typical demagnetised domain patterns at room temperature for
CoFeB (n=1 and 2) and CoB (n=>5,7 and 10).

By taking a fast Fourier transform and fitting the peak with a Gaussian func-
tion as shown in Figure 4.16, the equilibrium labyrinth domain period can be
extracted for all the samples. Figure 4.18 shows a general trend is for domain
period of CoFeB and CoB to decrease with increasing the number of repeats due

to a large demagnetising field.
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Figure 4.18: Magnetic domain period for the multilayer [Pt/CoFeB/Ir] (n=1 and
2) and [Pt/CoB/Ir] (n=5,7 and 10) grown on SiOx substrate at room tempera-
ture. The domain period for both system decreases when the number of repeats

mcreases.

Since the domain period, saturation magnetisation and thickness were de-
termined, enabling a calculation of domain wall energy density following the

approach of Lemesh et al [47].

M2fd? & 1 2kmN 2N
0w = % 3 e (1 - (1+ . t) (e‘d)) (4.4)

odd k=1

To determine DW energy, the saturation magnetisation and magnetic domain
period were calculated by individual measurements for each sample. The DW
energy was found for CoFeB (n=1 and 2) and CoB (n=>5,7 and 10) to be between
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4.10 Domain Period (d)

( 1.3-5.2) mJ/m? as shown in Figure 4.19, using Equation 4.4. The DW energy
started increasing from CoFeB n=2 to CoB n=5 and slightly decreasing for CoB
n=7 and 10. This could be due to the large number of repeats, which leads to
decrease the magnetic anisotropy energy. It has been shown that for Ni/Co with
number of repeats from 3 to 70, the DW energy started to increase from small n

until reaching n=20 and then decreased for large number of repeats [148].
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Figure 4.19: Domain wall energy for the multilayer [Pt/CoFeB/Ir] (n=1 and 2)
and [Pt/CoB/Ir|] (n= 5,7 and 10). The domain wall energy of CoFeB and CoB
has increased with number repeats and after CoB n=>5 slightly decreased at CoB
n=10.
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4.11 Interfacial Dzyaloshinskii-Moriya interaction (DMI)

4.11 Interfacial Dzyaloshinskii-Moriya interac-
tion (DMI)

The Dzyaloshinskii-Moriya interaction (DMI) is essential for chiral domain walls
(DWs) and for the stabilisation of magnetic skyrmions. The DMI measurements
in magnetic thin films (single-layered and multilayered) are important for evalu-
ating their potential as material for skyrmionic memory and sensor applications.
In addition, strong DMI can effectively minimise the domain wall energy cost by
stabilising Néel walls. Determination of the DMI has been shown to be possible
by modelling such domain patterns [139][47]. Here we investigate the effects of
increasing the number of repeats of Pt/CoFeB/Ir and Pt/CoB/Ir to evaluate the
DMI at room temperature. The DMI were quantified by analysing the static do-
main spacing of a maze pattern to obtain the domain wall energy. In combination
with SQUID measurements of saturation magnetisation and effective anisotropy,
this gives to estimate the exchange stiffness in these multilayers. For each sam-
ple, we take individual measurements of the exchange stiffness A, K ;s and dp,
and calculate the DMI constant D. The DMI is calculated from an analytical

expression for the domain wall energy density [51]:

4\/AKeff — ODW
|D| = (4.5)

™

where A is the exchange stiffness, K.¢; is the effective anisotropy constant
and |D| is the DMI constant. Figure 4.20 exhibits the resulting DMI of CoB
is less than what we can get with CoFeB, and the number of repeats does not
necessarily affect the DMI as it was reported in Co/Ir [149]. The DMI of the
CoFeB (n=1 and 2) is found to be in the range of (1.1 + 0.5 and 0.9 £+ 0.4)
mJ/m?, whereas, CoB n= 5, 7, and 10 is found D= (0.3 4+ 0.4, 0.3 & 0.3 and 0.4
+ 0.2) mJ/m?, respectively. The large error in the DMI comes from the exchange
stiffness as it was explained in section 4.9, while K.ss error is (5-7) % and DW
energy (8-12) %.
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Figure 4.20: DMI constant D for the multilayer [Pt/CoFeB/Ir| (n=1 and 2) and
[Pt/CoB/Ir] (n=>5,7 and 10). The resulting DMI of CoB is less than what we can
get with CoFeB and the number of stacking does not influence the DMI.

A threshold value Dy, the minimum DMI required to show Néel walls for
these thin films, was found to be < 0.1 mJ/m? as in Ref.[139], which is smaller
than the D values obtained and confirms that our thin films exhibit Néel domain
walls. The DMI values of Pt/CoFeB/Ir and Pt/CoB/Ir are almost similar to
previous reports [51] [150][151][152]. However, the difference in the DMI between
these systems could be associated with the higher proportion of magnetic material
in CoFeB (the at % of Co is 68 in both cases, but in the CoFeB sample, there is
an additional 22/10 at% of Fe/B compared with 32 at% B in the CoB sample).
In addition, previous works showed Fe/Ir contributed to DMI and that could be
another reason for large DMI for CoFeB [153][154][155].
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4.12 Summary

4.12 Summary

The magnetic properties of CoFeB and CoB multilayers with different repeat of
Pt/CoFeB/Ir or Pt/CoB/Ir have been characterised by using polar laser MOKE
measurements and the magneto-optical Kerr effect. For both systems, a small
number of multilayers, the hysteresis loops are narrow and square shaped and the
coercive field is small. As the number of layers increases further the switching
field keeps increasing, which leads to decrease of remanent magnetisation. The
magnetic domains for CoFeB and CoB were imaged at room temperature using
Magneto-Optical Kerr effect. The magnetic domains for CoFeB show a maze
domain and get smaller when the repeats, 5 < n < 7, are increased. While the
magnetic domains for CoB, at the small repeat n 2, show bubbles domain. At 5
< n < 10 the domains become small and form as maze domain. Further increase,
12 < n < 20, the domains become too small and hard to see.

The magnetic anisotropy is measured using a method based on the extraor-
dinary Hall effect (EHE). The anisotropy field for CoFeB and CoB was found to
decrease as the number of layers increase due to a rising in surface roughness at
the interface. The saturation magnetisation for CoFeB (0.91-1.13) MA/m and
CoB (0.88-0.99) MA/m was calculated with different repeats. The variation in
saturation magnetisation as a function of repeat is due to the amorphous nature
of the films and the nearest neighbour atoms change from thin film to others.

The effective anisotropy of CoFeB and CoB was found to decrease when the
number of repeats increased. As the number of repeats increases, the random
distribution ad-atoms will accumulate and the surface roughness will increase,
leading to a relaxation state and the destruction of the multilayers structure.

The temperature dependence of saturation magnetisation for CoFeB and CoB
was measured in the range of 5-250 K to calculate the exchange stiffness by fitting
the thin film Bloch law.

A technique is based on static domain spacing in the equilibrium state used
to determine the domain wall energy, which leads to estimate the DMI with very
few assumptions. The resulting DMI of CoB is less than CoFeB, and the number
of repeats does not affect the DMI.
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CHAPTER 5

Temperature dependence of
Dzyaloshinskii-Moriya interaction in

magnetic multilayers ( in SiOx substrate)
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5.1 Introduction

5.1 Introduction

Magnetic multilayers with perpendicular anisotropy and an interfacial Dzyaloshin-
skii -Moriya interaction contain chiral domain walls and skyrmions that are
promising for applications. Many proposed devices use electric current to drive
domain walls or skyrmions along narrow magnetic strips. The induced Joule
heating will raise the temperature of the devices. Moreover, it is expected for
electronic devices to operate over a range of temperatures around room tempera-
ture. It is therefore important to understand the temperature dependence of the
different energy contributions. The changes in anisotropy, exchange stiffness and
demagnetising fields with temperature are reasonably well understood but the
DMI less so. It is therefore important to measure the temperature dependence
of DMI in a variety of candidate materials to improve our understanding. There
is also fundamental interest, because the temperature dependence can lead to a
better understanding of the microscopic origin of the DMI in magnetic multilay-
ers.

Here we measure the temperature dependence of the Dzyaloshinskii-Moriya
interaction (DMI) in Pt/CoFeB/Ir and Pt/CoB/Ir multilayers by means of static
domain imaging. First, the temperature dependences of saturation magnetisa-
tion (Mj), exchange stiffness (A) and intrinsic perpendicular anisotropy (K, ) are
determined independently, and scaling laws for K, and D with the magnetisa-
tion are established. We then image the demagnetised domain pattern in each
multilayer by wide-field Kerr microscopy in the temperature range 9-290 K, and
determine the characteristic domain period at each temperature. We calculate
the DMI constant D from an analytical expression for the domain wall energy
density that treats the multilayer as a uniform medium. We find that the scaling
of K, and D are similar to that of A predicted theoretically (~ 1.8).

5.2 Samples

The multilayers that we studied consist of (i) [Pt(2.3nm)/CoggFegaB1(0.51nm) /Tr-
(0.5nm)]n (CoFeB multilayers) and (ii) [Pt(2.3nm)/CoggB1o(0.66nm) /Ir(0.5nm)|n
(CoB multilayers) deposited by dc magnetron sputtering on a 3 nm Ta seed layer
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5.3 Magnetic characterisation

on a thermally oxidised Si substrate. A 2.3 nm capping layer of Pt was deposited
on top to prevent oxidation. The ferromagnet (FM) is amorphous CoFeB or
CoB, originally chosen to try and avoid the problems of skyrmion pinning at
grain boundaries. Pt and Ir are chosen because they are expected to give rise to
DMI of opposite signs at the top and bottom interface and thus a large net DMI,
although this is disputed [156]. The number of repeats n was varied from 1 to 20
(as seen in chapter 4) and then the samples were subjected to an ac demagnetis-
ing procedure, yielding a maze domain structure at zero field. Three samples
were then selected for further study according to their suitability for DMI mea-
surement: those with a large number of domains in the typical field of view in a
wide-field Kerr microscope (approximately 200 pm x 200 pm square), to provide
a reasonable statistical estimate of the domain period, but with domains that

were still well resolved, no smaller than 0.8-3 pm. The samples thereby selected
were CoFeB (n = 2) and CoB (n = 5 and 7).

5.3 Magnetic characterisation

The samples exhibit a perpendicular magnetic anisotropy as deduced from Figure
5.1.(a) and this can be measured using a magneto-optical Kerr effect magnetome-
ter with a polar configuration that makes it sensitive to out-of-plane. In order to
obtain the temperature-dependent value of the DMI, we first begin by extracting
the M, A, K.5s , and K, as shown in Figure 5.1.(b, ¢, and d). The saturation
magnetisation was measured from hard axis in-plane hysteresis loops in the tem-
perature range 9- 290 K, and the exchange stiffness at low temperature was found
by fitting a modified version of the Bloch T3/2 law for thin films to the normalised
SQUID-VSM moment versus temperature data. The temperature dependence of
A was then extrapolated from the low temperature value by assuming a power
law scaling of A(m) ~ m!® [143]. The effective perpendicular anisotropy K.s¢
was measured from integrating the area of in-plane SQUID-VSM hysteresis loops
and dividing it by the volume of the sample, from which the intrinsic perpendic-

ular anisotropy K, was calculated by accounting for the shape anisotropy term
SHoM?.
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Figure 5.1: a) Hysteresis loops measured at room temperature by magneto optic
Kerr effect with field applied out of plane.b) Hysteresis loops measured at room
temperature by SQUID with field applied in-plane. ¢) The saturation magneti-
sation was measured from SQUID-VSM hysteresis loops in in-plane (hard-axis)
configuration in the temperature range 9-290 K. d) Temperature dependence of
saturation magnetisation normalised to the low temperature value and the solid
lines are fits to the data using Equation 4.2 in (Chapter 4). e) The effective
anisotropy (K.sr) and intrinsic perpendicular anisotropy (/) in the tempera-
ture range 9-290 K.

The temperature dependence of Dzyaloshinskii-Moriya interaction in Pt/CoFe-
B/Ir (n=2) and Pt/CoB/Ir (n=>5 and 7) multilayers has been investigated. Fig-
ure 5.1.(a) shows hysteresis loops measured at room temperature (290 K). The
main contributions to the perpendicular anisotropy and DMI come from the

Pt/Co(Fe)B interface, and Co(Fe)B/Ir interface primarily plays a part in break-
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5.3 Magnetic characterisation

ing the symmetry of the system [157]. Figure 5.1.(c) shows My(T)/M; (9K) for
CoFeB (n = 2) and CoB (n = 5 and 7) thin films. Fitting the data with Equation
4.2 in (Chapter 4) yields the low temperature value of the exchange stiffness A
for each sample, given in Table 5.3. We then extrapolate the temperature depen-
dence of A using the power law scaling A(T)/A(9K) = (M (T)/M(9K))*® from
theory [143], as shown in Figure 5.2.
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Figure 5.2: The Exchange stiffness for CoFeB n=2 and CoB n= 5 and 7, using
Bloch’s law for thin films in the temperature range 9- 290 K. Exchange stiff-
ness decreases with increasing temperature due to renormalisation of the magnon

spectrum by the thermal magnons.

The value of exchange stiffness in Bloch’s law is the zero temperature value.
Exchange stiffness decreases with increasing temperature due to renormalisation

of the magnon spectrum by the thermal magnons [158]. Theory and experiment
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5.3 Magnetic characterisation

find an approximately power law scaling of the exchange stiffness with the tem-
perature dependent magnetisation where the exponent depends on the lattice
geometry [159].

The low temperature values of K¢ and the intrinsic perpendicular anisotropy
K, are reported in Table 5.3. The uncertainty in the anisotropy is mainly due to
the error in measuring the volume of the sample, which is divided into the hys-
teresis loop area to find K.¢s. In principle K, (T ) contains both bulk magneto-
crystalline anisotropies and interface anisotropies. However for amorphous transi-
tion metal films we expect the bulk anisotropy to be negligible. The main source
of anisotropy is a two-ion anisotropy at the interfaces, for example Co-Pt-Co
where the spin-orbit coupling of the Pt leads to an anisotropic exchange favour-
ing an out of plane orientation for the magnetisation. The scaling of two-ion

anisotropies according to Callen-Callen theory [4] is K, ~ m?.

Since the M, A, and K sy were determined, we measured the magnetic do-
main period in the temperature range 9-290 K from images of the demagnetised
domain pattern obtained by wide-field Kerr microscopy. We first saturate the
samples in sufficient field (30-50 mT) and then demagnetise them by applying a
sinusoidally varying out-of plane field at 0.5 Hz decaying over 120 seconds from
a maximum amplitude of 30 mT down to zero. We then mounted each sample
in turn in an optical cryostat and an image of the domain pattern was captured
at several set temperatures across the range. Using a similar method to Agrawal
et al.[139] we extracted the domain period from these images as shown in Figure
5.3.

Table 5.3. Extracted low temperature values of magnetic parameters for the

three measured thin films.

Sample M, (9 K)MA/m | A(9 K)pJ/m | Keg(9 K)MA/m? | K, (9 K)MA/m? | D(9 K)mJ/m?
CoFeB (n=2) 1.36 £ 0.07 5£2 1.01 £0.08 22£01 1.8+0.5
CoB (n=5) 1.25 £0.04 TE2 0.80 £ 0.04 1.78 £ 0.08 0.47 £0.40
CoB (n=7) 1.26 £0.05 TE£2 0.32+0.01 1.32£0.08 0.52+0.31
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Figure 5.3: Demagnetised domain patterns imaged by Kerr microscopy at differ-
ent temperature for (a) CoFeB (n = 2), (b) CoB (n = 5) and, (¢) CoB (n=7).
The images have been adjusted to display maximum contrast between up/down

domains.

Briefly: a fast-Fourier transform of the image produces rings at a characteristic
wavelength related to the maze domains. We extract this wavelength by radially
averaging in reciprocal space and fitting a Gaussian function to the intensity.
Transforming back into real space the peak of the function gives the average

domain period (d) as shown in Figure 5.4.

94



5.3 Magnetic characterisation

—FFT
—— Gaussin Fit

1404

Intensity
S

120 AM

00 05 1.0 15 2.0
1/Distance (um™)

C) 4 (O CoFeB_n=2
(O CoB_n=5
(O CoB_n=7
3 €)) ®

-
1

POPDODDDD®OD

Domain Period (pm)
N

T T

0 50 100 150 200 250 300
Temperature (K)

Figure 5.4: An area is spanned across the transformed image to plot two intensity
peaks for all sides of the inner ring for CoB (n=7). b) Gaussian fit to the radial
average peak intensity of the Fourier transform to extract the domain period. (c)
Domain period vs. temperature for all three samples. Error bars are smaller than

the data points.

Figure 5.3 shows typical demagnetised domain patterns at different tempera-
ture and the extracted domain period d (T) as a function of the temperature is
shown in Figure 5.4. After performing a fast Fourier transform on the image, rings
with a characteristic wavelength associated with the maze domains are produced.
The circular average FFT was plotted at different angle (0°,30°,60°,90°....... 360°)
for CoFeB and CoB at all temperatures (9K-290K) and calculated the average of
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5.3 Magnetic characterisation

domain period. The magnitudes and error bars of domain period for those angles
are the same, which indicates that the domains are uniform and the error bars
are small. Also, the domain period is the same area of white and black domains.
The domain period does not change and is almost independent of temperature,
because all the important parameters (A, K, and D) have the same temperature

dependence.

While the domain period is determined from images of the demagnetised do-
main pattern as a function of the temperature, enabling a calculation of domain
wall energy density can be obtained from Equation 4.4 (Chapter 4). For each
temperature we use d(7"), Ms(T'), and K.f¢(T) and calculate the domain wall

energy density (in J/m? ) as shown in Figure 5.5.
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Figure 5.5: Domain wall energy density for the multilayer [Pt/CoFeB/Ir] n=2
and [Pt/CoB/Ir| n=5 and n=7.
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5.3 Magnetic characterisation

Then we measured DMI by fitting an expression for the domain wall energy
density, for which the inputs are temperature-dependent measurements of the
effective perpendicular anisotropy K.sy, the exchange stiffness A and the domain
wall energy density. We find D from the theoretical domain wall energy density
[151].

(5.1)

Figure 5.6 exhibits the temperature-dependence of the DMI of CoFeB (n=2)
and CoB (n=>5,7) and the number of repeats for CoB does not necessarily affect
the DMI as it was reported in Co/Ir [149].

2.5
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Figure 5.6: The temperature-dependence of DMI constant D for the multilayer
[Pt/CoFeB/Ir] (n=1 and 2) and [Pt/CoB/Ir] (n=5 and 7).
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5.4 The scaling of K,, A and D with M,

In the Pt/CoFeB/Ir (n=2) multilayers that we study, the DMI varies between
1.0-1.8 mJ/m?, depending on the temperature, while in the Pt/CoB/Ir (n=5 and
7) multilayers the DMI remains at 0.3-0.5 mJ/m?. This analysis yields D(T) for
each sample (Figure 5.6). The uncertainty in A dominates the uncertainty in
D. D for both CoB samples is the same within error, as expected, because the
interfaces are the same and the only difference is the number of repeats. While
the tempereture dependance of DMI for the CoFeB sample is greater than that
of the CoB samples in absolulte terms, the relative change (50-60 %) is the same
for both samples, which we can ascribe to the presence of Fe and also the smaller
atomic percentage of B in the CoFeB sample. The DMI in the CoB samples
is in the range of what might be expected given a previous measurement in a
[Pt(1.0 nm)/CogpBao(0.7 nm)/Ir(1.0 nm)|n=6 multilayer [152]. The temperature
dependence of the DMI for the CoFeB sample is also greater than that of the
CoB samples.

5.4 The scaling of K,, A and D with M,

We find that K,, A and D all scale close to the theoretically predicted behaviour,
but that the scaling of the Pt/CoFeB/Ir is subtly different from that of the
Pt/CoB/Ir. Table 5.4 lists the scaling parameters. Figure 5.7 shows K, nor-
malised by the low temperature value plotted against the normalised magnetisa-
tion. The gradient of the linear fit ranges from 1.88-2.09 for the different thin
films, consistent with a power law scaling of K, ~ m? for a two-ion interfacial
anisotropy. Anisotropy decreases with increasing temperature in a power law
K (T)/K.(T = 0) = m(T)U(l +1)/2), where m = M,(T)/M,(0), the reduced
magnetisation, and [ is the order of the anisotropy. This result is derived from
Callen- Callen theory [160].
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Figure 5.7: Scaling of the intrinsic perpendicular anisotropy K, with MS. The

solid red line represents the Callen-Callen scaling law K, ~ m?.

Table 5.4 Scaling exponents of the magnetic parameters for the three measured

thin films. ” denotes theoretical value.

Sample o K 0

CoFeB (n=2) | 1.80" | 1.88 £0.03 | 1.65 £ 0.04
CoB (n =5) 1.80* | 2.09 +0.02 | 1.81 +0.09
CoB (n=17) 1.80* | 2.05+£0.02 | 1.86 £ 0.05

Although, there is not such a simple theory for the temperature dependence of

the exchange stiffness and of the DMI but numerical simulations suggest that they
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5.4 The scaling of K,, A and D with M,

also follow power laws A(T)/A(T = 0)= m(T)* and D(T)/D(T = 0) = m(T)°
and that the exponents o and ¢ are the same [161][159][143]. While these works
calculated a = 1.5, the important conclusion that should be drawn from them is
that a = §. Figure 5.8 shows A normalised by the low temperature value plotted

against the normalised magnetisation.

| m CoFeB_n=2
M CoB n=5
B CoB _n=7
14— Linear Fit

A/A(9 K)

M_/M_(9 K)

Figure 5.8: Scaling of A with M, normalised by the low temperature values.

The solid red line represents A ~ m!®.

Figure 5.9 shows log-log plots of D(T') normalised by the low temperature
value against the normalised magnetisation. Linear fits yield the scaling expo-
nents, which range from 1.65-1.86. The values of the scaling are nearly all the
same within error.

The scaling for CoFeB(n=2) is only lower than for CoB samples because the

data is skewed by one point at room temperature. The scaling parameters are
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5.4 The scaling of K,, A and D with M,

close to the exchange stiffness scaling ~ 1.8, and align with previous predictions
and results [145][58].
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Figure 5.9: Scaling of D with Mg, normalised by the low temperature values.

The solid red line represents D ~ m!?®.

The similar scaling of K,, A and D explains why the domain period is al-
most independent of temperature. In general the value of the exponent will vary
depending on the choice of lattice. One experimental study on Pt/Co/Cu super-
lattices [162] finds D(m) ~ m*? | while another on [Pt/CoFeB/Ru](n=2) [145]
measures D(m) ~ m'#. So far the study that found m!'# is realistic, while the

study that found m?*? is far away from expectations.
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5.5 Summary

5.5 Summary

We have measured the temperature dependence of the magnetisation, perpen-
dicular anisotropy and demagnetised domain period in Pt/CoFeB/Ir (n=2) and
Pt/CoB/Ir (n=5 and 7) multilayers. The domain period does not change sig-
nificantly as the temperature is varied from 9-290 K. This result can only be
obtained if A and D have the same temperature dependence, as predicted by
theory. Assuming a scaling of A ~ m!8, we find that, approximately, D ~ m!®,
and we report values for the DMI in these films across the temperature range.
Pt/CoFeB/Ir exhibits a larger D and greater dependence of DMI on temperature
than Pt/CoB/Ir in absolulte change, but the relative change is about 50-60 %,

which indicates both of them decrease by the same factor.
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CHAPTER 6

Temperature dependence of
Dzyaloshinskii-Moriya interaction in

magnetic multilayers (in BTO substrate)
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6.1 Introduction

6.1 Introduction

Magnetic multilayers with perpendicular anisotropy and an interfacial Dzyaloshi-
nskii-Moriya interaction contain chiral domain walls and skyrmions that are
promising for use in computing. Here we measure the temperature dependence of
the Dzyaloshinskii-Moriya interaction (DMI) and observe the domain pattern in
Pt/CoFeB/Ir and Pt/CoB/Ir multilayers deposited on barium titanate, BaTiOs,
(BTO). At room temperature, stripe domains in the Pt/CoFeB/Ir film are tilted
along the length of the BTO a-domains, perpendicular to the in-plane tensile
strain. The BTO undergoes structural phase transitions at ~ 180 K and ~ 270
K and these introduce further in-plane strain which we deduce to be responsible
for increasing the domain width in the Pt/CoFeB/Ir, as the temperature is in-
creased over the range 13-320 K. This strain is also responsible for reducing the
effective perpendicular anisotropy K.y of the film, as compared to identical films
grown on Si, and consequently for increasing the domain wall energy by 40 %.
By using static domain imaging, we investigate the temperature dependence
of the Dzyaloshinskii-Moriya interaction (DMI) in Pt/CoFeB/Ir and Pt/CoB/Ir
multilayers in two different substrates. To begin, the temperature dependences of
saturation magnetisation (M;), exchange stiffness (A), and intrinsic perpendic-
ular anisotropy (K,) are calculated separately, followed by the establishment of
scaling laws for K, and D with magnetisation. The demagnetised domain pattern
in each multilayer is then imaged using wide-field Kerr microscopy throughout the
temperature range 9-320 K, and the characteristic domain period is determined
for each temperature. The DMI constant D is calculated analytically using a
domain wall energy density equation that considers the multilayer as a uniform

medium.

6.2 Samples

We have investigated two types of multilayers: (i) [Pt(2.3nm)/CoggFessB1o(0.55nm) /Ir
(0.5nm)|n (CoFeB multilayers) and (ii) [Pt(2.3nm)/CogsB1(0.76nm) /Ir(0.5nm)|n

(CoB multilayers) deposited by dc magnetron sputtering on a 3 nm Ta seed layer
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6.3 Magnetic characterisation

on a thermally oxidised S; and ferroelectric (BTO) substrates. To avoid oxi-
dation, a 2.3 nm thick Pt capping layer was placed on top. The ferromagnet
(FM) is made of amorphous CoFeB or CoB, which was first selected to prevent
skyrmion pinning at grain boundaries. Pt and Ir were selected because they are
expected to produce DMI with opposite sign at the top and bottom interfaces,
resulting in a high net DMI, although this is debatable [156]. These samples have
grown at a different times from the samples that were discussed ( in Chapter
4). The number of repetitions n was adjusted between 1 and 6, and the samples
were subsequently demagnetised with ac current, resulting in a labyrinth domain
structure at zero field. Four samples were then chosen for further study based
on their suitability for DMI measurement: those with a large number of domains
within the typical field of view of a wide-field Kerr microscope (approximately
200 pm x 200 pm square), sufficient to provide a reasonable statistical estimate
of the domain period, but with domains that remained well resolved, no smaller
than 1.15 - 2.2 pm. Thus, CoFeB (n = 2) and CoB (n = 4) samples on SiOx and

BTO substrates were chosen.

6.3 Magnetic characterisation

As inferred from Figure 6.1.(a), the samples show perpendicular magnetic anisotr-
opy, which may be detected using a magneto-optical Kerr effect magnetometer
with a polar configuration that is sensitive to out-of-plane magnetic fields. To get
the DMI’s temperature-dependent value, we begin by extracting the M, A, K.y,
and K, as shown in Figure 6.1. (b, c¢,d, and e). The saturation magnetisation
was determined using hard axis in-plane hysteresis loops over the temperature
range 9-320 K, and the exchange stiffness at low temperatures was determined
by fitting a modified version of the Bloch T3/2 law for thin films to normalised
SQUID-VSM moment versus temperature data. After assuming a power law
scaling of A(m) ~ m!®, the temperature dependence of A was extrapolated from
the low temperature value [143]. The effective perpendicular anisotropy K.rr was
determined by integrating the area of in-plane SQUID-VSM hysteresis loops and
dividing it by the volume of the sample; the intrinsic perpendicular anisotropy

K, was then computed by accounting for the shape anisotropy term % poM?.
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Figure 6.1: a) Measurement of hysteresis loops at room temperature using the

magneto optic Kerr effect with an out-of-plane field. b) In the temperature range
13-320 K, the saturation magnetisation was determined using SQUID-VSM hys-

teresis loops in an in-plane (hard-axis) configuration. ¢) Temperature dependence

of saturation magnetisation normalised to the low temperature value and the

solid lines represent fitted data using Equation 4.2 in (Chapter 4). d) Effective

anisotropy (K.sy) and e) intrinsic perpendicular anisotropy (/) for temperatures

ranging from 13 to 320 K.

Hysteresis loops at room temperature (300 K) with different materials and

substrates are shown in Figure 6.1.(a). CoFeB (n= 2), in both substrates, follows

the same shape and exhibits a wasp shape due to changes in magnetic layers.

Also, CoB (n= 4) follows the same shape and shows a square polar hysteresis

loop, and all the samples confirmed the out-of-plane character of Co(Fe)B.
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6.3 Magnetic characterisation

Figure 6.1.(c) depicts the My(T)/Ms(13K) results for CoFeB (n = 2) and
CoB (n = 4) multilayers, respectively. Using Equation 4.2 in (Chapter 4) to
fit the data, we can get the low temperature value of the exchange stiffness A
for each sample, which is shown in Table (6.3) below. As illustrated in Figure
6.2, we can extrapolate the temperature dependence of A using the power law
scaling A(T)/A(13K) = (M,(T)/M,(13K))'® from theory [143] to obtain the

temperature dependence of A.
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Figure 6.2: : The exchange stiffness for CoFeB (n=2) and CoB (n= 4) onto
BTO and SiOx substrates, using Bloch’s law for thin films in the temperature
range 13-320 K. Exchange stiffness decreases with increasing temperature due to

renormalisation of the magnon spectrum by the thermal magnons.

The exchange stiffness at low temperatures was obtained by fitting a nor-

malised SQUID-VSM moment versus temperature data to a modified version of
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6.3 Magnetic characterisation

the Bloch T3/2? law for thin films. Bloch’s law defines exchange stiffness as the
value at zero temperature. As shown in Figure 6.2 exchange stiffness decreases
as the temperature increases due to renormalisation of the magnon spectrum
by the thermal magnons [158]. According to theory and experiment, the ex-
change stiffness scales roughly power law with the temperature dependent mag-
netisation, where the exponent relies on the lattice geometry [159]. We utilise
A(T)/A(0) = A(m) ~ m"® in our study, which is consistent with theory [143].

Table 6.3. Extracted low temperature values of magnetic parameters for the

four measured thin films.

Sample M(13 K)MA/m | A(9 K)pJ/m | Keg(9 K)MA/m? | K, (9 K)MA/m? | D(9 K)mJ/m?
CoFeB (n=2) BTO 1.37 £ 0.06 9+3 0.69 £ 0.03 1.87+0.09 2405
CoFeB (n=2) SiOx 1.29 4 0.06 8+3 0.77+0.03 1.81 40.09 1.98 £ 0.50
CoB (n=4) BTO 1.19 +0.04 T+1 0.69 £0.01 1.59 £ 0.05 0.64+0.3
CoB (n=4) SiOx 1.22 +0.04 8+2 0.78 £0.02 1.72 £ 0.06 0.78 £ 0.30

The uncertainty in the anisotropy is mostly attributable to measurement er-
rors in the volume of the sample, which is divided into the hysteresis loop area
in order to determine K.s¢.

After determining the M, A, and K.y, we calculated the magnetic domain
period in the temperature range 13-320 K using wide-field Kerr microscopy images
of the demagnetised domain pattern. In this case, the demagnetising process was
the same to the one that was described in (Chapter 5.3). Then, using a method
similar to that used by Agrawal et al.[139], we were able to extract the domain

period from these images, as shown in Figure 6.3 and 6.4.
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6.3 Magnetic characterisation

Figure 6.3: a) Kerr microscopy images of demagnetised domain patterns for
CoFeB (n = 2) sample across the temperature range on BTO, with three from
CoFeB (n = 2) sample on SiOx for comparison. The BTO domains of CoFeB
(n=2) appears as stripes of approximately equal width in the rhombohedral phase
and as stripes of unequal width (but identical direction) in the tetragonal phase.
Adjustments have been made to the images to maximise contrast between the

up/down domains.

As mentioned before in Chapter (5.3), a fast Fourier transform of the images
generates rings with a wavelength typical of the labyrinth domains. We determine
the wavelength by radially averaging in reciprocal space and fitting the intensity
to a Gaussian function. When the function is transformed back to real space, the
peak of the function yields the average domain period (d), as shown in Figure
6.5.
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CoB
BTO

Figure 6.4: Kerr microscopy images of demagnetised domain patterns for CoB
(n = 4) sample across the temperature range on BTO, with three from CoB (n
= 4) sample on SiOx for comparison. The BTO domains of CoB(n=4) and SiOx
CoB (n=4) approximately are the same size and no effect from the temperature.
Adjustments have been made to the images to maximise contrast between the

up/down domains.

While the domain period is calculated from images of the demagnetised do-
main pattern as a function of temperature, the domain wall energy density can
be obtained from Equation 4.4 in (Chapter 4). According to Figure 6.5, for each
temperature, we utilise the parameters d(T'), M,(T), and K.¢¢(7T") to compute the
domain wall energy density (in J/m? ), which is displayed in the graph (Figure
6.6).
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Figure 6.5: a) An area is spanned across the transformed image to plot two
intensity peaks for all sides for CoFeB (n=2) in BTO and due to the stripe
domains the FFT pattern is not any more a ring. substrate and . b) Gaussian fit
to the radial average peak intensity of the Fourier transform to extract the domain
period. c¢) Domain period vs. temperature for CoFeB (n=2) and CoB (n=4)
in BTO substrates with phase transitions of BTO as functions of temperature.
d) Domain period vs. temperature for CoFeB (n=2) and CoB (n=4) in SiOx

substrates. Error bars are smaller than the data points.

After that, we measured DMI by fitting an equation for the domain wall
energy density, where the inputs are temperature-dependent measurements of
the effective perpendicular anisotropy K¢, the exchange stiffness A, and the
domain wall energy density, respectively. The theoretical domain wall energy
density [151]. is used to calculate D.

The DMI of the Pt/CoFeB/Ir (n=2) multilayers we investigate fluctuates
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Figure 6.6: Domain wall energy density for the multilayer [Pt/CoFeB/Ir] n=2
and [Pt/CoB/Ir] n=4 in BTO and SiOx substrates.

between 1.15 and 1.99 mJ/m?, depending on the temperature and substrate,
while the DMI of the Pt/CoB/Ir (n=4) multilayers remains between 0.39 and
0.78 mJ/m2. This analysis yields D(7T') for each sample and the uncertainty in
A dominates the uncertainty in D. Figure 6.7 shows that the DMI for CoFeB on
BTO and SiOx are the same within error, and that the DMI for CoB on BTO and
SiOx are the same within error. The DMI of the CoFeB sample is larger than that
of the CoB sample in absolute change but the relative change is the same, which
we may attribute to the presence of Fe and also to the CoFeB sample having a
lower atomic percentage of B. The DMI values in the CoB samples are within the
range predicted by a prior measurement [152]. Temperature dependence of the

DMI is significantly higher for the CoFeB sample than for the CoB sample.
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Figure 6.7: Exhibits the temperature-dependence resulting DMI constant D of
CoFeB (n=2) and CoB (n=4) into BTO and SiOx substrates.

6.4 Discussion

The Figure 6.3.(a).(b) illustrates typical demagnetised domain patterns at various
temperatures. The first image of CoFeB (BTO) was taken at room temperature
(the tetragonal phase) before we went down to low temperature (13K) as shown
in Figure 6.8.(a). Then we increased the temperature to 320 K. Now for the tem-
perature dependence of the BTO we measured from ~ 13K to 320K, spanning the
rhombohedral (R) (0-175K), orthorhombic (O) (175-270K), and tetragonal (T)
(270-390K) structural phases as presented in Figure 6.8.(b). The ferroelectric
domains of BTO (n=2) appear as stripes of roughly equal width in the rhombo-

hedral phase, and unequal width (but same direction) in the tetragonal phase.

113



6.4 Discussion

So in the tetragonal phase, we suppose that the BTO domains are a-type (nar-
row) and c-type (wide) and that the ferromagnetic stripe domains are tilted along
“a” domain length, perpendicular to the in-plane stress (1.1% tensile), following
Fackler et al [85]. In the rhombohedral phase we deduce that the BTO domains
are a; and as-type [85]. The BTO domains change direction in going from a;

to as-type (rhombohedral phase) and also in going from a to c-type (tetragonal

phase).
Room Temperature
a) ~
a-domains
(stress perpendicular to length)
c-domains
e (wider than “a”)
e ——
b)

Figure 6.8: Kerr microscopy images of demagnetised domain patterns for CoFeB
(n = 2) sample across the temperature range on BTO. a) The first image of CoFeB
(BTO) was taken at room temperature before we went down to low temperature.
b) Three images of CoFeB (n=2) at different phase transition for BTO.

Films are then cooled to LT and R-phase. In ferromagnetic/ferroelectric het-

erostructures that show domain pattern transfer, the anisotropy direction at the
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abrupt 90° is changed on top of narrow ferroelectric domain boundaries results in
significant pinning of magnetic domain walls. This is because strain is transferred
during the ferroelectric phase transition, which occurs when the temperature is
changed. 90 degree change in stripe direction is preserved but proportions of ar-
eas are different and probably commensurate with body diagonal polarised BTO
domains. The surface lattice squares become diamonds so there is a little stress
but it is not as much as on “a” domains in the T-phase.

The domain pattern seen in the rhombohedral phase is slowly broken in the
orthorhombic phase, until there is a sudden change back to the original pattern
with the switch of the BTO to tetragonal phase near room temperature.

The imprint of the BTO domains is only seen for CoFeB and not for CoB
and that maybe due to the CoFeB has a larger magnetostriction as it has been
measured in Chapter (7). Figure 6.5 (c) demonstrates that the domain period
in CoFeB/BTO is less than the domain period in CoFeB/Si. This is due to the
fact that K.ss is less. The domain period increases abruptly in CoFeB/BTO as
the BTO changes through the phases R-O-T. This is not due to any change in
Ms or A and therefore must be due to applied stress which increases domain
period, and reduces K.y a little bit (any change in in-plane anisotropy reduces
the (Kcry), as we know from previous work [2].

In both CoFeB/BTO and CoFeB/Si, the domain wall energy is the same
at low temperature. This is due to the fact that, although M is higher for
CoFeB/BTO, domain period is less, and so things seem to be more balanced in
this regard. When the BTO goes orthorhombic, the domain wall energies diverge,
which is most likely due to a decrease in (K.ss) at that point in the BTO.

Additionally, we see that the scaling of (K,), A, and D is consistent with the
theoretically expected behaviour, but that the scaling of Pt/CoFeB/Ir is some-
what different from that of Pt/CoB/Ir. The scaling parameters are shown in Ta-
ble 6.4. K, normalised by the low temperature value is shown versus normalised
magnetisation in Figure 6.5 (a and b). The scaling for CoFeB/SiOx (n=2) is only
lower than other samples (1.77) because we have the steps in the data. Also, we
have got two scaling parameters from two parts of the data (1.78 and 1.96) for
CoFeB/BTO (n=2) which are actually more or less the same within error (1.87).
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6.4 Discussion

The gradient of the linear fit varies between 2.08 and 2.09 for CoB on SiOx and
BTO, which is consistent with a power law scaling of K, ~ m? for two-ion inter-

facial anisotropy. The anisotropy reduces with increasing temperature according

to the power law K,~ m?.
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Figure 6.9: a) and b) Scaling of the intrinsic perpendicular anisotropy K, with
M; for CoFeB and CoB into BTO and SiOx. The solid red line represents the

Callen-Callen scaling law K, ~ m?.

Values of the exchange stiffness as a function of temperature are then ex-
trapolated using the power law scaling A/A;3x o (M,/M3x)® from theory
[161][159][143]. The temperature-dependence of A is then plotted as A/A;3x ver-
sus the normalised saturation magnetisation. The gradient of a linear fit to the
data on a log-log plot yields the scaling close to the theoretical value of 1.8, as

expected.
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6.4 Discussion

Table 6.4 Scaling exponents of the magnetic parameters for the four measured

thin films. ” denotes theoretical value.

Sample Q K )

CoFeB (n =2) BTO | 1.80* | 2.14 +£0.05 | 2.00 £ 0.13
CoFeB (n =2) SiOx | 1.80* | 1.77 £0.04 | 1.60 £ 0.05
CoB (n =4) BTO 1.80* | 2.09 +0.03 | 1.87 = 0.05
CoB (n=4) SiOx | 1.80" | 2.08 £ 0.02 | 1.74 % 0.08

The log-log graphs of D(T') normalised by the low temperature value against
the normalised magnetisation are shown in Figure 6.10. The scaling exponents,
which vary from 1.60 to 2.08, are determined using linear fits. Scaling for CoFeB
(n=2) in BTO is higher than for CoFeB (n=2) in SiOx samples due to the temper-
ature effect on the phase transitions in BTO as shown Figure 6.10 .(a). Whereas
the scaling parameters within error for CoB (n=4) are close to the exchange stiff-
ness scaling factor of 1.8 in both substrates and they are consistent with earlier
predictions and observations [145][58], as shown in Figure 6.10 (b).

The exchange stiffness scaling factor of 1.8 does not lie in the quoted range of
uncertainty for any of the D scaling parameters for CoFeB samples. CoFeB/BTO
is the obvious outlier, and it is because we have the steps in the data, where it
doesn’t really make sense to fit across the whole T range. We have got two
scaling parameters from two parts of the data (1.5 and 1.72) (CoFeB/BTO)
which are actually more or less the same within error (~1.6), as shown in Figure
6.10 .(a). Thus, the 1.6 average we have got in the table for (CoFeB/SiOx) is
probably about right, but it is definitely then less than 1.8, especially in the
non-rhombohedral phase. However, the whole discrepancy may be due to the
difference in measured M. So the result is that the scaling of (D and K,) are

unchanged by the substrate, and close to what was found in Chapter 5.
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6.5 Summary

D/ID(13 K)

a) b)
m CoFeB_n=2_BTO 1.6 {. CoB_n=4 BTO
1.2 m CoFeB_n=2_SiOx m CoB_n=4_SiOx
___Linear Fit 1.24__ LinearFit
0.8 0.8
)
-
DaM,72% 0.14 E
0 0.4
0.4+
D o M,!-50£0.10
0.7 0.8 0.9 1 0.8 0.9 1
MSIMS(13 K) M./M_(13 K)

Figure 6.10: a) Scaling of D with M , normalised by the low temperature values
with a separate fit to different phase transitions for CoFeB/BTO. The solid red
line represents D ~ m'# for all the samples. b) Scaling of D with M, normalised
by the low temperature values for CoB (n=4) in BTO and SiOx.

6.5 Summary

The temperature dependence of magnetisation, perpendicular anisotropy, and
demagnetised domain period has been determined in multilayers of Pt/CoFeB/Ir
(n=2) and Pt/CoB/Ir (n=4) in BTO and SiOx substrates.

The BTO undergoes structural phase transitions at 180 and 270 K, intro-
ducing additional in-plane strain that we infer is responsible for the increasing
domain width in the Pt/CoFeB/Ir when the temperature is increased throughout
the range 13-320 K. Additionally, this strain reduces the effective perpendicular
anisotropy K.y of the film as compared to similar films grown on SiOx, increasing
the domain wall energy by 40%.

Consequently, the scaling of (D and K,) is unaffected by the substrate, while
in CoFeB the values of K.¢s and domain period vary when the phase changes,

resulting in the transformation of domains into stripes.
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CHAPTER 7

Anisotropy Measurements under Strain

119



7.1 Introduction

7.1 Introduction

This chapter comprises the measurement of magnetic anisotropy field (uoHy)
of Pt/CoFeB/Ir and Pt/CoB/Ir multilayers under application of strain. The
samples have been grown on glass substrates and glued to biaxial piezoelectric
transducers. A method based on the extraordinary Hall effect (EHE) is used in
measuring the magnetic anisotropy field. The polar hysteresis loops were taken
for Pt/CoFeB/Ir and Pt/CoB/Ir and the saturation magnetisation is calculated.
The strain effects on the anisotropy field, through coupling the films to the piezo-
electric transducers, is described and the magnetostriction constant subsequently

is measured. The next section discusses the multilayers system investigated.

7.2 Multilayer system

The following multilayer systems investigated are Ta(3nm)/[Pt(2.3nm)/CogsFeqo-
B1(0.51nm)/Ir(0.5nm)],,/Pt(2.3nm) and Ta(3nm)/[Pt(2.3nm)/CogsBs2/Ir(0.5n-
m)]| ,,/Pt(2.3nm), which were grown on 150 m thick glass substrates and deposited
by dc magnetron sputtering. The thicknesses of the layer are expressed in nm
and 'n’ representing the number of Pt/CoFeB/Ir and Pt/CoB/Ir layers in the
thin film. In addition, the number of the Pt/CoFeB/Ir and Pt/CoB/Ir layers
were changed between n=1 and n=10. The polar MOKE was used in the charac-
terisation of all the samples to display perpendicular magnetic anisotropy due to
a large interface contribution (Figure 7.1.(a)). Besides, the moment of the sam-
ples were measured by SQUID-VSM to calculate the saturation magnetisation M,
(Figure 7.1.(b)). The multilayers were then bonded to the biaxial piezoelectric
transducers using epoxy resin. Application of voltages between 0 V and 150 V
to the transducers can be used to induce strain. In addition, a positive voltage
applied to the biaxial transducer produces a biaxial compression in the sample
plane as well as a corresponding out-of-plane tensile strain (see Chapter 3 for

more details on the strain).
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Figure 7.1: a) A [/Pt/CoFeB/Ir|x n Polar MOKE hysteresis loops with different
repeats (these samples were grown on glass) . At (n < 2) displays a square
hysteresis loop and sharp switching. With an increasing number of layers, (2 <
n < 10)), the hysteresis loops develop a wasp shape due to changes in magnetic
layers. b) A [Pt/CoB/Ir/|n Polar MOKE hysteresis loops with different repeats.
The hysteresis loops are square and sharp switching until n 5 repeats and started
a wasp-like from 5 < n < 10). ¢) Saturation magnetization (M) of Pt/CoFeB/Ir
and Pt/CoB/Ir with various repeats.

7.3 Anisotropy Measurements

The anisotropy field is the field needed for a coherent rotation of the magnetisation

from the easy axis to the hard axis. Figure 7.2 illustrates a schematic of the sample
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7.3 Anisotropy Measurements

measurement geometry. In measuring the dependence of the sweeping angle ¢ on
the magnetisation angle (6), a 500 mT constant external field is applied normal to
the film. Then, the sample is followed by 5° rotation increments with the rotation

axis of the film, parallel to the current flow.

< » B

Easy axis |
Rotation axis |

\ |

Biaxial piezoelectric
transducer

Figure 7.2: A schematic representation of measurement geometry and a sample

on a transducer.

In this procedure, the ordinary Hall voltage is easily subtracted. The ordinary
Hall Effect creates a signal that is proportional to Hcos¢y during one sweep
between -180° to 180°, with the amplitude is linearly dependent on the external
field. Thus, the subtraction of the ordinary Hall voltage can exactly be done
when various applied fields are measured. A plot of normalised extraordinary Hall
voltage against the sweeping angle ¢ as shown in Figure 7.3 allows extraction
of a quadratic equation from the data points around the minimum value. The
data is picked at the maximum values of £180, followed by between 60° in 5
increments. This makes it possible to obtain the Fourier coefficient Ay as well as
the calculation of anisotropy field Hj, from A by applying Equation 4.1.

It is important to make it clear that, regardless of the CoFeB and CoB, the

anisotropy field found to decrease with an increase in the number of layers based
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7.3 Anisotropy Measurements
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Figure 7.3: Normalised resistance against the sweeping angle in a 500mT con-
stant external field and the inset in a and b are one sweep between -180°to 180°
. a) A polynomial fit was applied to the data to help in extracting the quadratic
function for CoFeB on a glass substrate with different repeat. b. A polynomial
fit was applied to the data to help in extracting the quadratic function for CoB
on a glass substrate with different repeat. c¢) Anisotropy field reduced with an
increasing number of repeats for both CoFeB and CoB, and the solid line is a

guide to the eye.

on the observations of the samples where a fit was applied (Figure 7.3).(c). As
assessed, the largest anisotropy field obtained when the sample possessed n=1.
On the other hand, the smallest was obtained for the sample n=10. So basically

the same conclusion as the films were grown on SiOx. The observed diminishing

123



7.4 Anisotropy Measurements with strain

of the anisotropy field with an increase in the number of layers results from the
roughness of the surface, which increases with every successive layer. A range of
factors can explain the origin of the surface roughness, including nanocrystalline
misorientation, non-smooth Ta layer, as well as accumulative defects that result in
interface anisotropy decrease [140]. Various studies have shown that multilayers
possessing atomic misfit at the interface exhibit a large PMA as well as high
thermal stability; therefore, for high magnetocrystalline anisotropy, a smooth

base layer is an essential requirement [136].

7.4 Anisotropy Measurements with strain

A voltage was applied across the piezoelectric transducer to strain a film with
the strain adding a magnetoelastic contribution to the magnetic anisotropy. In
this section, the influence of strain on Pt/CoFeB/Ir Pt/CoB/Ir from the biaxial
transducer is investigated. Moreover, a magnetostrictive ferromagnet, which can
cause changes in the magnetic anisotropy when strained, will be measured of

these samples.

7.4.1 Pt/CoFeB/Ir and Pt/CoB/Ir on biaxial transducer

It is usually prudent to carry out a test on the transducers prior to bonding
samples to them. Various ways can be used to accomplish the testing. For in-
stance, by attaching the leads to a digital voltmeter (for example, Keithley) that
can suitably be used to measure small voltage signals as well as to detect small
changes in voltage. Secondly, one can apply a full voltage cycle and check that
the capacitative behaviour, when the voltage is slowly ramped, by measuring the
current and seeing its decay. The current should be a few microamps decaying
over a few second when the voltage is applied. The resistance and the calculated
strain were measured against a transducer voltage applied for the biaxial trans-
ducers with Pt/CoFeB/Ir and Pt/CoB/Ir. Every Pt/CoFeB/Ir and Pt/CoB/Ir
repeat have a measured maximum strain of e, ~ 9 x10™* and 1 x1073.

As mentioned earlier, through rotating the sample by 5° between every mea-

surement, with respect to the magnetisation angle () and sweeping angle ¢y,
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7.4 Anisotropy Measurements with strain

the magnetisation can be obtained via the EHE. The out-of-plane magnetisation
describes a parabolic path if rotated in a constant field with coherent magneti-
sation rotation. However, in the case where the field is increased or a rotation
is done to the sample to a large sweeping angle ¢y, reversing the magnetisation,
then the EHE signal deviates from the parabolic path. Then, the EHE signal is
normalised between 2 and 0, which allows the parabola quadratic term As to be
obtained from the data.

The biaxial transducers afford a strain (biaxial in-plane) that can be consid-
ered as a uniaxial out-of-plane strain. An application of a voltage across the
transducers is predicted to cause a change in PMA.

From Figures 7.4 and 7.5, it is clearly observed that there is an anisotropy
field reduction between the transducer at 0 and 150 V for Pt/CoFeB/Ir and
Pt/CoB/Ir. The anisotropy field measurements were carried out for the trans-
ducer voltages in 15 V steps from OV to 150 V. Then, the anisotropy field is
plotted against the transducer voltage for [Pt/CoFeB/Irjn with n = 1, 2,5,7,10
repeats (Figure 7.5). The anisotropy field reduces in a linear manner with applied
transducer voltage, exhibiting a change of ~12 mT over the voltage ranges for
every repeat of Pt/CoFeB/Ir.
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7.4 Anisotropy Measurements with strain
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Figure 7.4: Plot s of the magnetic anisotropy field against biaxial transducer
voltage for [Pt/CoFeB/Ir|, multilayers (n = 1,2,5,7,10). Three measurements are
averaged to give each data, and the error bars are standard errors on the mean
values.

Equation 4.1 was used in calculating the magnetic anisotropy field, which
decreases with an increase in repeat Pt/CoFeB/Ir from (301+ 2) mT for n=1
to (233 £ 2) mT for n=10. The reduction in poHy implies that the thickness of
CoFeB increases consistently and that the thickness scale sub-nanometer precision
is valid.

In addition, using the same procedure, it is observable in Figure 7.5 that an
application of a voltage to the transducer to produce strain on the Pt/CoB/Ir
film leads to a change in the anisotropy field. At a small repeat, where n=1, the
anisotropy field appeared to be constant when changing the voltage as compared
to other repeats. Besides, the anisotropy for Pt/CoB/Ir n=1 is a large anisotropy
where the strain may be not large enough to cause anisotropy changes. For others
repeats, n=2,5,7,20, the anisotropy field reduces in a linear manner with applied

transducer voltage, showing a change of ~ 9 mT over the voltage ranges for every
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7.4 Anisotropy Measurements with strain

repeat of Pt/CoB/Ir.
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Figure 7.5: Plots of the magnetic anisotropy field against biaxial transducer
voltage for [Pt/CoB/Ir], thin films (n = 1,2,5,7,10). Three measurements are

averaged to give each data, and the error bars are standard errors on the mean
values.

7.4.2 Magnetostriction of Pt/CoFeB/Ir and Pt/CoB/Ir

The magnetostrictive materials in the form of thin films have become increasingly
vital in the development of actuators and sensors. Applying a strain to the mag-
netostrictive ferromagnet offers a degree of control over the material’s magnetic
anisotropy energy. In the recent past, there has been continued interest in hav-
ing control of perpendicular magnetic anisotropy in the thin films through strain
from piezoelectric material [163][23][164][165]. In addition, the measurement of
the ensuing magnetic anisotropy changes permits a calculation of magnetostric-
tion. The magnetostriction constant A is calculated from the changes of the
magnetic anisotropy field induced by strain with applied stress. The anisotropy

field change is then expected to be, as shown in Equation 7.1 below:
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7.4 Anisotropy Measurements with strain

3Y A\e
M,

where A is the magnetostriction constant, € is the strain and Y is Young’s mod-

AH, = (7.1)

ulus.

From the gradient in Figure 7.6, a graph of anisotropy field plotted against
tensile out-of-plane strain (dHj/de,), the value of the slope gives the magne-
tostriction value of the Pt/CoFeB/Ir and Pt/CoB/Ir with various repeats by
applying Equation 7.1. It is vital to note that from the findings, a negative
intercept indicated that the easy axis was perpendicular to the strain applied.
Comparatively, a positive intercept indicated that the easy axis of the film was
originally along the applied strain direction. Each CoFeB and CoB give a different

change per unit of strain.
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Figure 7.6: a) and b) are the change in the anisotropy field of Pt/CoFeB/Ir and
Pt/CoB/Ir with different repeats due to out-of-plane strain z induced by biaxial
transducers. The solid line is a fit of the data to Equation 2.

The Pt/CoFeB/Ir and Pt/CoB/Ir magnetostriction constant is found from a
least-squares fit of the anisotropy field change to the Equation 7.1 with Y treated
as the bulk Pt and Co Young’s moduli averages (180 GPa) [165]. The change

in magnetostriction constant (A) with various systems and repeats is shown in
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7.4 Anisotropy Measurements with strain

Figure 7.7 . It is also clear that Pt/CoFeB/Ir films have higher magnetostriction
constants as compared to Pt/CoB/Ir. The Pt/CoFeB/Ir n=1 showed the highest
A of -28 £ 2 ppm, and increasing the number of repeats up to n=10 leads to a slight

decrease to -21 £+ 2 ppm. In the case of Pt/CoB/Ir films, the magnetostriction

constant was nearly constant between (-13 £+ 3) ppm and (-18 + 2) ppm, even
though the values were still lower than those of the Pt/CoFeB/Ir films. Therefore,

the introduction of Fe into the CoB thin films increased the magnetostriction

constant by lowering the space between the atoms since the radius of the Fe

atom is moderately low.
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Figure 7.7: The magnetostriction constant of Pt/CoFeB/Ir and Pt/CoB/Ir with
different repeats . The solid line is a guide to the eye.
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7.5 Summary

The magnetostriction constant measured is slightly lower than the bulk Co
value for A = -50 ppm and a slight changed with number repeats. Furthermore,
the Pt/Co/Pt magnetostriction of -35 ppm has been found in previous study
[30]. Besides, the CogyFegoBag alloys magnetostriction has been examined, and
the obtained results are close to those that we got for CoFeB and CoB [166]. Due
to the fact that CoPt alloys magnetostriction increases from negative values at
low concentrations of Pt to positive values at high concentrations of Pt [167], the
negative magnetostriction constant that we got shows that there is a little inter-
mixing at the Pt/CoFeB and Pt/CoB interface. Contrasting a study of Pt/Co
multilayers, which observed substantial interface effects to the magnetostriction
[165], volume type magnetostriction of CoFeB and CoB indicates that the mag-
netostriction of Pt/CoFeB/Ir and Pt/CoB/Ir comes mostly from the bulk-like Co
volume. The magnetostriction and PMA are both related to the magnetocrys-
talline anisotropy that comes from the spin-orbit coupling and crystal field [38].
The electron orbitals of the Co atoms are distorted by strain. The bulk-like Co
orbital distortion has in the Pt/CoFeB/Ir and Pt/CoB/Ir obtained here, a larger
effect on the magnetic anisotropy as compared to the distortion of the hybridized
Pt 5d orbitals and Co 3d orbitals that direct the anisotropy out-of-plane com-
ponent. The out-of-plane anisotropy is constant under the piezoelectric strain,

while the in-plane bulk anisotropy varies.

7.5 Summary

In conclusion, the magnetic properties of the Pt/CoFeB/Ir and Pt/CoB/Ir sam-
ples grown on glass substrates have been investigated. The samples display a
perpendicular magnetic anisotropy because of a large anisotropy interface contri-
bution. An increase in the number of layers results in an increase in the switching
field, with the polar hysteresis loops becoming more diagonal. In addition, the
changes in the saturation magnetisation with respect to the repeats were obtained.

A method based on the EHE has been used in measuring Pt/CoFeB/Ir and
Pt/CoB/Ir multilayers magnetic anisotropy field. Identification of a coherent
magnetisation rotation at a constant field was done, which can be fitted to obtain

the anisotropy field.
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7.5 Summary

From the obtained measurement of the change of the anisotropy field in
Pt/CoFeB/Ir and Pt/CoB/Ir under biaxial transducers induced strain was shown
that tensile strain along a particular axis lowers the magnetic anisotropy con-
stant. The measurement of Pt/CoFeB/Ir and Pt/CoB/Ir magnetostriction con-
stant showed that CoFeB films have higher magnetostriction constant than CoB
films. Additionally, the variation in the anisotropy field with strain was found to
be caused by bulk-like Co atoms and not the interface with the Pt.
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CHAPTER 8

Conclusions
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This thesis studied the magnetic properties, temperature dependance and magne-
tostriction constant of Pt/CoFeB/Ir and Pt/CoB/Ir multilayers. The background
of the work and the theoretical ideas have been discussed and the pertinent ex-
perimental techniques have been described. The purpose of this study was to
investigate the magnetic properties of Pt/CoFeB/Ir and Pt/CoB/Ir and how the
properties can be changed upon application of the strain by changing the tem-
perature and from a piezoelectric transducer.

Chapter 4 described the magnetic properties of CoFeB and CoB multilayers
with different repeat (n=1 - n=20) of Pt/CoFeB/Ir and Pt/CoB/Ir have been
characterised by using polar laser MOKE measurements (hesytersis loops), the
magneto-optical Kerr effect (domain period (d)), MR-rig (Hy) and SQUID (M,,A
and K.sr). The magnetic domains for CoFeB and CoB were imaged at room tem-
perature using Magneto-Optical Kerr effect. The magnetic domains for CoFeB
show a maze domain and get smaller when the repeats, 5 < n < 7, are increased.
While the magnetic domains for CoB, at the small repeat n < 2, show bubbles
domain. At 5 < n < 10 the domains become small and form as maze domain.
Further increase, 12 < n < 20, the domains become too small and hard to see.
Furthermore, a technique is based on static domain spacing in the equilibrium
state used to determine the domain wall energy, which leads to estimate the DMI
with very few assumptions. The resulting DMI of CoB is less than CoFeB, and
the number of repeats does not affect the DMI.

Chapter 5 presented the measurement of the temperature dependence of DMI
in Pt/CoFeB/Ir (n=2) and Pt/CoB/Ir (n=>5 and 7) multilayers deposited on
SiOx. We measure DMI by fitting an expression for the domain wall energy
density, for which the inputs are temperature-dependent measurements of the
saturation magnetisation M , the exchange stiffness A, the effective perpendic-
ular anisotropy K.rr and the domain period d. The low temperature exchange
stiffness is determined by fitting an expression for Bloch’s law in a thin film to
M(T'), while the domain period is determined from images of the demagnetised
domain pattern obtained by wide-field Kerr microscopy in the temperature range
9-290 K. The domain period does not change significantly as the temperature
is varied from 9-290 K. This result can only be obtained if A and D have the

same temperature dependence, as predicted by theory. Assuming a scaling of
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A ~m!'8 we find that, approximately, D ~ m!8. Pt/CoFeB/Ir exhibits a larger
D and greater dependence of DMI on temperature than Pt/CoB/Ir, which we
ascribe to the presence of Fe and the smaller at% of B in the former.

In Chapter 6 we measured the temperature dependence of DMI and observe
the domain pattern in Pt/CoFeB/Ir (n=2) and Pt/CoB/Ir (n=4) multilayers
deposited on barium titanate, BaTiO3z, (BTO). At 180 and 270 K, the BTO
structural phase changes, introducing additional in-plane strain that we conclude
is responsible for the increasing domain width in the Pt/CoFeB/Ir when the
temperature is increased between 13 and 320 K. Moreover, this strain reduces
the effective perpendicular anisotropy K.s; of the film as compared to similar
films grown on SiOx, increasing the domain wall energy by 40%.

Chapter 7 showed the magnetic anisotropy of the Pt/CoFeB/Ir and Pt/CoB/Ir
multilayers grown on glass substrates and then attached to piezoelectric trans-
ducers in order to measure the magnetic properties under strain. All the samples
with different repeats have a measured maximum strain between ~ 9 x10~% and 1
%1073 which is consistent with the estimated stain in the transducer at the voltage
of 1 x1073. The measurement of Pt/CoFeB/Ir and Pt/CoB/Ir magnetostriction
constant showed that CoFeB films have higher magnetostriction constant than
CoB films. Additionally, it was determined that the anisotropy field fluctuation
with strain is produced by bulk-like Co atoms rather than the interface with the
Pt.

To continue the work of this project, we investigate to further our study by
imaging at a larger number of repeation and temperature set points for superlat-
tices containing either Pt/CoB/Ir or Pt/CoFeB/Ir on standard silicon substrates
SiOx and on BTO. The XMCD-PEEM experimentation could be performed to
identify the atoms at the interface and investigate the resulting domain structure,
since while the latter is suitable for smaller domains ( <1 pm) imaged in super-
lattices with large n. The high quality images of domains that we will obtain
will enable us to determine the temperature dependence of the domain width in
a systematic way and, with sufficient number of temperature set points, would
allow us to properly compare with available theoretical models of the temperature
dependence of D. Also, It is good to use bubble expanision mothed to measure

the DMI, CoB n=1 and 2, and compare the results with static domain imaging.
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Using uniaxial transducers and measure the effective anisotropy K.y as func-
tion of strain. This part involves measuring the PMA field under applied strain of
Pt/CoFeB/Ir and Pt/CoB/Ir thin films grown on glass substrates and BTO. The
aim of this measurement is to determine if application of strain will lead to change

in the magnetic anisotropy and compare the results with biaxial transducers.
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