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Abstract

The effect of strain from piezoelectric transducers on the perpendicular mag-
netic anisotropy (PMA), magnetic domain wall energy and domain wall creep
motion of Pt/Co thin films has been investigated. Thin films of Pt/Co/X, where
X is Pt, Ir/Pt or Ir, were deposited by sputtering onto thin glass substrates,
which were bonded to piezoelectric transducers. Applying a voltage of up to
150 V' to the transducers caused tensile out-of-plane strain in the Pt/Co/X thin
films for the case of biaxial transducers, and a uniaxial in-plane tensile strain in
the case of uniaxial transducers. Measurements of magnetic anisotropy showed
that tensile out-of-plane strain lowered the PMA of Pt/Co/Pt, while uniaxial
in-plane strain induced an in-plane magnetic anisotropy.

To understand the effect of strain on the magnetic domain walls in Pt/Co/X
thin films, the Dzyaloshinskii-Moriya interaction (DMI) field was measured. The
DMI field varied between Pt/Co/X films, from close to zero in some Pt/Co/Pt
films, indicating domain walls with a Bloch structure, to values large enough
to give domain walls a strong Néel component. The DMI field did not change
significantly under tensile out-of-plane strain, meaning changes in the domain
wall energy were due only to the change in PMA.

Magnetic hysteresis loops of Pt/Co/X thin films showed that the coercive
field was reduced by the change in PMA under strain. The magnetisation re-
versal was investigated further by measurements of the velocity of magnetic do-
main walls in the creep regime. The domain wall velocity increased by between
10 and 90 % under tensile out-of-plane strain. No measurable changes were
seen in the pinning energy of the films, showing that while the height of the
barrier to magnetisation reversal is reduced, the anisotropy energy landscape is
not distorted significantly. The highest changes in domain wall velocity were
seen in the Pt/Co/Pt films with very low DMI fields, from which it is concluded
that the creep velocity of Bloch domain walls is more sensitive to strain than

that of walls with a Néel component.
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Abbreviations

bcc Body centred cubic

BTO Barium titanate

DMI Dzyaloshinskii-Moriya interaction

EHE Extraordinary Hall effect

fcc Face centred cubic

hcp Hexagonal close packed

P In-plane

LHS Left-hand side

MOKE Magneto-Optical Kerr effect

OOP Out-of-plane

PMA Perpendicular magnetic anisotropy
PMN-PT Lead magnesium niobate-lead titanate
PZT Lead zirconate titanate

RHS Right-hand side

SQUID Superconducting quantum interference device
VSM Vibrating sample magnetometry
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CHAPTER 1

Introduction



1.1 Applications of perpendicular magnetic anisotropy

Thin films with perpendicular magnetic anisotropy (PMA) have proved interesting both
from the perspective of technological applications and for fundamental physics. Pt/Co
multilayers have been the system of choice for many studies, showing a high level of versat-
ility, particularly for studying domain wall creep motion. Mechanically coupling thin films to
piezoelectric materials offers a way of reversibly straining the film and changing the material
properties. This work exploits the dependence of the magnetic anisotropy of Co on strain
from a piezoelectric transducer. Tuning the PMA gives control of the structure and energy

of domain walls in Pt/Co, which modifies the velocity in the creep regime.

1.1 Applications of perpendicular magnetic anisotropy

Materials with PMA have been used for technological applications in data storage devices.
Out-of-plane anisotropy tends to be strong, so that the energy barrier to magnetisation is
high and data encoded as up and down magnetisation states has good stability. High an-
isotropy also leads to narrow domain walls, which allows for higher storage density, whether
in hard disk drive platters [2] or domain wall racetrack devices [3], where PMA materials
also promise efficient current-induced domain wall motion [4].

The high anisotropy of PMA materials presents challenges as well as benefits. To
write data, magnetic states must be reversed, requiring large amounts of energy from
switching fields or currents to overcome the high anisotropy energy barrier. For technological
applications that use current-induced domain wall motion, a large PMA limits the threshold
current density [5]. Controlling magnetisation reversal or modifying PMA using electric
fields provides a route to lowering the energy barrier to magnetisation reversal, reducing

unwanted heating effects and lowering energy use [6].

1.2 Magnetisation reversal and domain walls

In a film of ultra-thin Pt/Co with PMA, magnetisation reversal usually takes place by
nucleation of very few reverse domains, with domain walls separating the reversed and
unreversed regions. Applying a magnetic field provides the driving force to move the domain
walls and increase the size of the reversed regions. Below a critical field, the domain walls
act as elastic strings that can become pinned by peaks in the magnetic anisotropy energy

landscape of the film. Fluctuations in thermal energy allow the domain walls to overcome



1.3 Pt/Co thin films

the pinning barriers. The velocity of a magnetic domain wall in this case is described by
the creep law.

Creep occurs in many physical systems, and is defined as a one dimensional elastic
interface driven through a two dimensional weakly disordered landscape [7]. At finite tem-
perature, magnetic domain walls in thin films exhibit creep motion below a driving force
threshold, and have become a model system for studying the phenomenon [8]. The motion
of magnetic domain walls can be driven by magnetic field [9] or electric current [5] and
spans orders of magnitude in velocity, from the low velocity creep regime where walls can
move at just a few pum/s to the flow regime where velocities are measured in m/s.

While magnetic domain walls are generally modelled as one-dimensional when they are
in motion, these interfaces between domains do, in fact, have a width and spin structure.
Conventionally, the energy and structure of domain walls in PMA thin films have been
determined by the strength of the magnetic anisotropy energy, the film thickness, and
the exchange stiffness. More recently, a phenomenon known as the Dzyaloshinskii-Moriya
interaction (DMI) [10; 11] has been of interest in relation to domain walls [12-16]. The DMI
is a chiral exchange favouring non-collinear spin arrangements, which has consequences for

the energy and structure of domain walls in PMA thin films.

1.3 Pt/Co thin films

PMA in Pt/Co thin films was first demonstrated in sputtered Pt/Co multilayers at the end
of the 1980s [17; 18]. Since then, Pt/Co multilayers have become important as a PMA
system. The PMA of Pt/Co emerges from orbital hybridisation and spin-orbit coupling at
the interfaces [19]. The interfaces in Pt/Co/Pt are not symmetric and contribute differently
to the PMA, which may be due to differences in the degree of intermixing at the top and
bottom Pt interfaces [20]. Theoretical simulations of the density of states of Pt/Co predict
that strain modifies the PMA [21]. The theoretical study shows that the PMA increases as
the interatomic in-plane distances increase.

The first experimental demonstration of domain wall creep motion used Pt/Co/Pt tri-
layers [8], and they have continued to be an ideal system for studying domain wall dynamics
in the creep regime [9; 22-27]. The behaviour of a domain wall in the creep regime is mod-
elled as a one-dimensional elastic string moving through a two-dimensional energy landscape
[7; 8]. Pt/Co/Pt trilayers with ultra-thin magnetic Co provide a good system for realising
this model. Pt/Co thin films also offer great tunability. The strength of the PMA and
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the domain wall pinning energy landscape, along with other phenomena such as the DMI
[16; 20; 28], can be engineered by controlling parameters such as the layer thicknesses or
repeats [23; 29], the growth temperatures and pressures [29-31], the materials used for
capping or interlayers [16; 28], or by using implantation of charged ions [32]. These meth-
ods already provide a great degree of control over Pt/Co, however the properties are set by
growth conditions or are irreversible. Using piezoelectric materials to induce strain opens

the way for reversible tuning of some of the properties of Pt/Co thin films.

1.4 Voltage control of magnets via strain

Multiferroic heterostructures allow the properties of a ferromagnetic thin film to be con-
trolled by a voltage, often with strain as an intermediary. Ferromagnets have an electric
analogue in the form of ferroelectric materials, which can hold a remanent polarisation.
Many ferroelectrics are also piezoelectric: a voltage develops across them when they are
deformed and, conversely, applying a voltage will induce strain. Ferroelectric materials often
employed in multiferroic heterostructures include barium titanate (BTO), lead magnesium
niobate-lead titanate (PMN-PT) and lead zirconate titanate (PZT), which is often used
in transducers. Making layered structures of materials with different ferroic ordering al-
lows a wider range of properties to be exploited. Reviews on multiferroics and multiferroic
heterostructures [33; 34] give an overview of the range of approaches and coupling mech-
anisms employed. Strain control has been used to modify magnetic properties in a range
of magnetic materials, and while the majority of work in multiferroic heterostructures has
used magnets with in-plane anisotropy, strain control has also been demonstrated in a few

examples of systems with PMA.

1.4.1 Ferromagnets with in-plane magnetic anisotropy under piezoelectric

strain

Magnetic anisotropy and domain walls in in-plane magnetic materials can be manipulated
by strain. BTO exhibits a ferroelectric domain structure, which alters when an electric
field is applied. The changing domain pattern is associated with changes in the lattice
parameters of the material, thus a ferromagnet coupled to the BTO can be strained in
order to change magnetic anisotropy [35]. Applying an electric field to BTO with CoFe

grown on top, such that the stripe domains in the ferroelectric induced the same pattern
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in the ferromagnetic domains, caused rotation of the magnetisation, allowing removal and
reinstatement of the magnetic domain pattern and movement of domain walls [36]. Control
of domain wall motion via strain coupling has also been observed in FeGa on BTO [37]
and in FeGa coupled to piezoelectric transducers [38]. The magnetisation of spin valves
grown on a piezoelectric layer was controlled with electric fields via strain. By injecting a
single domain wall it was found that straining the spin valve increased the coercive field
and propagation field of the free layer [39]. Since the structure behaved like a domain wall
gate, the concept could be used to construct low power magnetic logic [39], or to pin and
de-pin DWs in racetrack memory [3].

Switching of small magnetic elements can be achieved using strain. Memory devices
using multiferric heterostructures with magnetic islands at the intersections of a grid of
ferroelectric material have been proposed [40]. Ni nanostructures grown on PMN-PT can
be switched by 90° through applied strain [41]. Strain control of small magnetic elements
may be useful for multiferroic data storage applications.

Progress has been made towards non-volatile control of magnetisation states in in-
plane magnetic systems. Electric fields applied to a PMN-PT/CoFeB structure can cause
magnetisation changes with loop-shaped hysteresis that remains after the field is removed
[42]. Non-volatile and reversible changes to in-plane magnetic anisotropy have been found
in PMN-PT/Ni, when the piezoelectric is operated in a regime with a remanent strain-state
[43]. Non-volatile systems where a strain-induced state persists without continued voltage

input to the ferroelectric could find applications as memory and data storage devices.

1.4.2 Ferromagnets with perpendicular magnetic anisotropy under piezo-

electric strain

Some of the multiferroic heterostructures studied have been engineered to have PMA. CoPd
alloys grown on PMN-PT exhibited changes in the shapes of hysteresis loops when voltage
was applied [44], show that straining the CoPd reduced its PMA. The nucleation and coer-
cive fields measured from hysteresis loops have also been shown to change in Pd/Co/CoFeB
structures on PZT under strain [39]. Changes in domain wall motion have been measured in
ferromagnetic semiconductors on piezoelectric transducers. In (Ga,Mn)(As,P) with PMA at
90 K [45], the mobility of current-driven domain walls was found to vary by 500 %. These
results show clear changes in the properties of PMA systems under strain from piezoelectric

materials. Given their widespread use as a model PMA system, particularly for domain wall
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motion studies, Pt/Co thin films have been chosen for this work. Piezoelectric transducers
provide a convenient route of inducing strain in order to tune the PMA of Pt/Co and to

allow for direct measurements of modifications to domain wall motion.

1.5 Thesis overview

This thesis describes experiments which measure magnetic properties of Pt/Co thin films
and how those properties change when strain is applied from a piezoelectric transducer.
This chapter has set out the motivation for this work along with the current state-of-
the-art. The following chapters will expand on this background by explaining the relevant
theoretical concepts (Chapter 2) and the experimental methods (Chapter 3) required for this
work. Chapter 4 describes the magnetic anisotropy measurements and results of the change
in magnetic anisotropy in Pt/Co/Pt under strain from biaxial and uniaxial piezoelectric
transducers. Chapter 5 gives details of the DMI measurements on Pt/Co thin films and
investigates the effect of strain on the DMI field. Chapter 6 shows how domain wall motion
in the creep regime is modified by strain, and explains the changes in the context of the
domain wall energy and structure. A summary of these results along with suggestions for

how the project might continue are given in Chapter 7.



CHAPTER 2

Theoretical background



2.1 Introduction

2.1 Introduction

In this chapter the physical concepts that underpin this work will be outlined. The concept
of magnetic anisotropy, which is central to the experimental results presented in later
chapters will be discussed, with particular emphasis on magnetoelastic anisotropy and the
magnetocrystalline anisotropy that gives rise to PMA in Pt/Co thin films. The structure
and energy of domain walls, along with domain wall motion in the creep regime will be

described.

2.2 Magnetic anisotropy

Magnetic materials are often easier to magnetise in some directions than others; less field
needs to be applied to saturate a magnet along an 'easy axis' than along a 'hard axis’. This
phenomenon is referred to as magnetic anisotropy.

The simplest form this takes is uniaxial anisotropy, where there is a single axis along
which the magnetisation preferentially points, and an additional energy cost for magnetisa-
tion pointing in any other direction. The angular dependence of the magnetic anisotropy

energy density of such a system is given by
Eyp = Kysin® 0 + Kosin® 0 + K3sin®0 + ..., (2.1)

where K1,K5 and K3 are the first, second and third order anisotropy constants and 0 is
the angle of the magnetisation from an appropriate crystallographic axis or the normal of a

thin film [46] (see Figure 2.1a). Limiting the expression to the lowest order term gives
E), = Ksin?#, (2.2)

which is sufficient to describe a uniaxial system with single easy axis (K > 0) or easy plane
(K < 0). Higher order terms can be included to describe other uniaxial magnetic energy
landscapes such as easy cone anisotropy (K; < 0, K2 > K;/2). Figure 2.1 shows the
shapes of the magnetic energy landscapes for isotropic (Figure 2.1b) and uniaxial systems
(Figures 2.1 ¢ and d). A more general form of the energy density can be used to de-
scribe systems with a principal anisotropy axis out-of-plane (k) and an additional in-plane
anisotropy (Kp)

Ey, = K sin? 0 + Krpsin® 0 cos(26), (2.3)

where ¢ is the in-plane angle (see Figure 2.1a).
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Figure 2.1: a) Schematic showing the geometry of PMA in a thin film (e.g. Pt/Co/Pt). Magnetic
anisotropy energy landscapes for b) an isotropic system, c) a single easy axis and d) an easy plane.

Parts b,c and d of this figure are reproduced from Ref. [46].

Contributions to magnetic anisotropy can come from a number of sources which include:
the geometry of the sample (shape anisotropy), the crystal structure (magnetocrystalline
anisotropy) and strain in the material (magnetoelastic anisotropy).

Shape anisotropy comes from the magnetic dipolar interaction. For most thin film
magnets, this results in the magnetisation preferentially lying in the plane of the film. Mag-
netocrystalline anisotropy relates to the symmetry of the crystal structure in a material and
its physical origin is the interaction of the crystal field and the spin orbit interaction, which
couples the spin and orbital motion of electrons. For bulk hcp cobalt, the magnetisation
tends to align along the c-axis, giving a uniaxial anisotropy as described by Equation 2.2.
For a material with a cubic structure, such as iron, the anisotropy takes on a cubic symmetry

with more than one easy axis.

2.2.1 Magnetoelastic anisotropy and magnetostriction

The elastic energy density can be expressed as

—-XeY y
E, = 26 (3cos?ar — 1) + ET (2.4)

for a polycrystalline material. The saturation magnetostriction constant is given by A, ¢
is the strain, Y is the Young's modulus and « is the angle between the tensile strain axis
and the magnetisation. Setting o = 6 (i.e. the easy axis and strain axis are aligned) and
equating the uniaxial anisotropy energy given in Equation 2.2 and the angular dependence

of the elastic energy gives the elastic contribution to the magnetic anisotropy energy:

-y
Ksin?0 = A

(3cos? o — 1),
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which reduces to
3
K., = 5)\5}/. (2.5)

This is the additional contribution to the magnetic anisotropy constant due to strain [47].
The effect is the inverse of magnetostriction, where magnetising a material along a certain
axis distorts the crystal field, causing a deformation. Minimising the elastic energy (Equation
2.4) with respect to strain and setting o = 0 gives the spontaneous magnetostriction £ = A
along the magnetisation axis. A magnetostrictive material will extend in the direction of
magnetisation if A is positive, or contract if A is negative. Similarly, following from Equation
2.5, an applied tensile strain will increase the magnetic anisotropy along the strain direction
in a material with a positive A\, and reduce the anisotropy for a material with a negative
A [46]. The magnetostriction constant is generally of the order of 1075 (-50 x10~% for
Co). The spontaneous strain along the direction of magnetisation will therefore be small

compared to the applied strain from piezoelectric transducers (~1-10 x10~%).

2.2.2 Perpendicular magnetic anisotropy

Some thin films have an easy axis perpendicular-to-plane, which often emerges from effects
at the interfaces. Thin film magnetic anisotropy is sometimes split into volume and interface

contributions Ky and Kg with the following expression,

K=Ky + %, (2.6)
where t is the thickness of the magnetic film. K3y contains magnetocrystalline and shape
anisotropy contributions, which are generally in-plane. For hcp Co the magnetocrystalline
anisotropy, defined from the c-axis, is 0.53 M.J/m? and the shape anisotropy is —1.2
M J/m3, using the value for bulk saturation magnetisation (see Section 2.2.3). Ky is the
surface anisotropy, which can be out-of-plane, depending on the interaction of the crystal
field and the spin-orbit coupling [46]. The balance of the surface and volume anisotropies
determines the strength and direction of the magnetic anisotropy.

In ultra-thin Co films there is an in-plane anisotropy contribution from the Co volume
and a perpendicular anisotropy contribution from the interfaces, which is magnetocrystalline
in origin. PMA in thin Co multilayers, often Pt/Co or Pd/Co, has been known for several
decades [17; 18] and evidence of strong contributions to PMA from the interfaces has been
demonstrated through X-ray magnetic circular dichroism (XMCD) studies [19; 48; 49].

Tight-binding models have been used to determine band structures of thin Co films and

10



2.2 Magnetic anisotropy

calculate the magnetic anisotropy [21; 50]. These calculations show that hybridisation
between Co and non-magnetic layers (Pt, Pd, or Au) along with spin-orbit coupling gives
rise to a perpendicular component to magnetic anisotropy at the interface. The spin-orbit
coupling in 3d transition metals such as Co is small, so it is treated as a perturbation. The
spin-orbit Hamiltonian is Hgp = &coL + S, where £, is the spin-orbit coupling constant
for Co, L is the orbital angular momentum and S is the spin angular momentum [50].

In Pt/Co multilayers, the PMA comes from hybridization of the Co 3d and Pt 5d electron
orbitals and spin-orbit coupling at the interfaces [19]. The perpendicular orbital moment of
interface Co atoms will be enhanced depending on the positions of certain states relative
to the Fermi energy. The hybridisation also modifies the band structure of Pt, resulting in
an orbital moment for the interface Pt atoms aligned parallel to the enhanced Co orbital

moment, further increasing the PMA [19].

2.2.3 Shape anisotropy

Shape anisotropy is the result of the magnetostatic interactions between magnetic dipoles.
The long-range nature of magnetostatic interactions means that the macroscopic magnet-
isation direction has an effect on the energy of a magnet. If the magnetisation is aligned
uniformly in a material there will be magnetic charges at the surfaces, which cost dipolar
energy given by the shape anisotropy energy density [46]

Ko = 521 3N) M2, (2.7)

where pg is the vacuum permeability, N is the demagnetising factor and M is the satu-
aration magnetisation. For a thin films N = 1, giving a shape anisotropy of —%HOMSQ,
which is equal to —1.05 MJ/m3 in a thin film of Co where M, is the value measured
in Chapter 3 (Mg =1.29 M A/m), or —1.2 M.J/m? using the value for bulk saturation
magnetisation of Co (M =1.4 M A/m). The magnetostatic surface charges in a uniformly
magnetised material give rise to a demagnetising field Hp = —N M, which acts in the
opposite direction to the magnetisation.

The energy cost associated with magnetostatic interactions can lead to formation of
magnetic domains. Breaking a uniformly magnetised thin film into domains with magnet-
isation in different directions reduces the demagnetising fields and magnetostatic anisotropy
energy. The interfaces between the regions of differently orientated magnetisation are do-
main walls, which have an associated energy cost. Domain formation is therefore a balance

between the magnetostatic anisotropy energy and the domain wall energy.

11
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2.2.4 The Stoner-Wohlfarth model

The Stoner-Wohlfarth model gives a simple description of the angular dependence of the
energy of a magnetic particle where the magnetisation rotates coherently as if it were one
macroscopic spin. The model gives a limited description of hysteresis loops and can be

applied in magnetic anisotropy measurements [46]. The Stoner-Wohlfarth energy density is
E = K.yysin® 0 — ugMH cos(¢p — 0). (2.8)

The first term is the effective anisotropy constant K.¢r = (K — %MOMSQ) comprising
the first order anisotropy constant and the demagnetising energy, the second term is the
interaction of the applied field H and the magnetisation. The angle from the film normal
to the magnetisation is 6, the angle from the film normal to the applied field is ¢z and
My is the saturation magnetisation. The shape of hysteresis loops can be derived from the
Stoner-Wohlfarth model, where the field needed to rotate and saturate the magnetisation
along the hard axis is the anisotropy field [51]

_ 2Keff

H .
F NOMS

(2.9)

The anisotropy field can be measured in a film where PMA dominates (K.sf > 0) by first
saturating the magnetisation along the easy axis and then applying a field along the hard
axis. So long as the magnetisation rotates coherently, the Stoner-Wohlfarth model can
be applied to measure Hy. The experimental details of the measurement are described in

Chapter 4.

2.3 Magnetisation reversal in perpendicular thin films

In a thin film with PMA, magnetisation reversal takes place by nucleation of a few reverse
domains, with domain walls separating the reversed and unreversed regions, followed by
expansion of the reversed domains. Magnetisation reversal can be studied by sweeping the
magnetic field to give a hysteresis loop or by nucleating a reverse domain then applying
a field pulse to move a domain wall and measuring its velocity. Magnetisation reversal
in a thin film can be characterised by a number of features: the nucleation field is where
domains nucleate and the magnetisation starts to reverse, the remanence is the proportion
of the saturation magnetisation remaining when no field is applied, and the coercive field is

the field at which the average magnetisation in the film is zero. Once reverse domains have

12
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Figure 2.2: Diagram showing the structure of a) right-handed Bloch, b) left handed Néel and ¢)
right handed Néel domain walls in PMA thin films.

nucleated in a PMA thin film, a propagation field must be applied in order to continue the

motion of domain walls.

2.3.1 Domain walls

A domain wall is the region between two domains of different magnetisation direction. In
PMA thin films these generally take the form of 180° walls where the orientation of moments
changes smoothly between positive and negative out-of-plane magnetisation. Figure 2.2
shows the two forms these walls take: Bloch and Néel.

An understanding of domain walls starts with the magnetic free energy in a uniaxial
system, which takes into account the exchange stiffness A, the saturation magnetisation, the
uniaxial anisotropy energy density and the demagnetising field. Starting from considering
the parameters (and their dimensions) that contribute to magnetic free energy, a length
emerges from the exchange stiffness and the effective magnetic anisotropy [13] to give the

wall-width parameter

(2.10)
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Figure 2.3: Plot showing the variation of out-of-plane magnetisation and width parameters of a
Bloch domain wall [46].

The actual width of a Bloch wall is better represented by the Bloch wall width

A
Kepp

Sp=m (2.11)

Figure 2.3 shows how the out-of-plane component of magnetisation varies through a domain
wall m(x/d) = —M,tanh(x) [46], and how this relates to the widths given in Equations
2.10 and 2.11.

The energy density of a Bloch wall is

v =4\/AK,f;. (2.12)

The width and energy of a Bloch wall are determined by the relative sizes of the exchange
stiffness and the magnetic anisotropy. The exchange stiffness is related to the exchange
energy

By = —3> Jijsisj = /A(vs)%zv, (2.13)

ij

where s; and s; are adjacent spins, s = M /M, and J;; is the interatomic exchange
constant. The exchange makes magnetic inhomogeneities Vs, such as domain walls, ener-
getically unfavourable. This has the effect of widening the wall to reduce the angle between

adjacent spins. The effect of the anisotropy is to align spins along a certain axis (with no

preference to pointing either positive or negative), so a large anisotropy will make a domain

14



2.3 Magpnetisation reversal in perpendicular thin films

wall narrower to reduce the spins pointing along different axes. This competes with the

effect of exchange on the wall width, so further increases the domain wall energy.

2.3.2 Chirality in domain walls

Domain walls are chiral structures that can be left handed or right handed. Bloch walls
tend to contain sections of both chiralities, separated by so-called Bloch points, although
exceptions have been demonstrated where chiral Bloch walls are possible [52]. Néel walls
always have a chirality, and are magnetically charged (V - m # 0). The demagnetising
energy associated with Néel walls means that Bloch walls tend to be favoured [13]. This

energy is given by the shape anisotropy constant
Kp = $uoM2N, (2.14)

where N is the wall's demagnetising factor

B 4tIn 2

N
a5’

(2.15)

which depends on the thickness of the magnetic material ¢ [13; 53]. This means that the
energy penalty for Néel walls is less for thinner films and lower saturation magnetisation.
There is another phenomenon, the Dzyaloshinskii-Moriya interaction, which is now known

to affect the domain wall structure and make Néel walls more favourable [12-14].

2.3.3 The Dzyaloshinskii-Moriya interaction and domain wall energy

The Dzyaloshinskii-Moriya interaction (DMI) is an anisotropic exchange interaction which,
unlike the exchange term in Equation 2.13, gives rise to more complex spin structures by

favouring orthogonal alignment of spins [54]. The DMI exchange energy is given by

Epy =—131) D-s; xsj, (2.16)

ij
where s; and s; are adjacent spins, and D is the DMI vector. The DMI has been known
for some time as the mechanism by which certain magnetic phases arise [10; 11; 55], but
its relevance for domain walls in thin films has been recognised more recently [12; 14; 56].
The DMI depends on the spin-orbit interaction, and emerges in magnetic thin film
systems with ferromagnet-normal metal interfaces which lack inversion symmetry and in-

clude materials with significant spin-orbit coupling. Systems where surface induced DMI
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2.3 Magpnetisation reversal in perpendicular thin films

has been identified include layers of Fe on a W (110) surface [12], [Co/Ni] multilayers on
Pt (111) surfaces and Pt(111) with Ir interlayers [14], and Pt/Co/Pt [15; 16; 28; 57] and
Pt/Co/Ir tri-layers [16]. In perpendicular thin films, the DMI has the effect of an in-plane
field Hparr = 7D/ (2pu0Msd) (with D = | D] giving the strength of the DMI) acting within
the wall, which works to overcome the shape anisotropy favouring Bloch walls and make
Néel walls more favourable [13; 14]. Taking the DMI field and an applied in-plane field H,

into account, the energy of a domain wall is given by
Yow (Hy, ) = v + 2Kpd cos? 3 — wdpuoMy(H, + Hparr) cosp, (2.17)

where 1) is the in-plane angle of the magnetisation from the x-direction and ~ is the Bloch
wall energy given in Equation 2.12. This gives two different energies depending whether
the in-plane fields are sufficient to make the domain wall fully Néel, or if there is still some
Bloch component. For a DMI constant D > 45K p/m the wall takes the Néel form with
an energy of

yNw =7+ 2Kpdé — wépuoMs|H, + Hparrl, (2.18)

and for a DMI constant D < 40K p/m the wall can be intermediate, or Bloch if H, +
Hpprr =0, and has an energy of

§(mpoM;)?

H,+H 2, 2.19
Sk (Hy + Hpumr) ( )

YBNW =7 —

The transition to a Néel wall can also be given in terms of a critical field of H..;; =
|H, + Hparr| > 4Kp/(mpoMs) [12; 13; 15].

The structure, width and energy of a stationary domain wall depend on a number of
competing factors, including anisotropy and exchange energies and applied in-plane fields.
During magnetisation reversal in PMA materials, domain walls are moved by applying out-
of-plane fields to grow the reversed domains at the expense of domains with the opposite

magnetisation.

2.3.4 Domain wall motion

Domain wall motion driven by an applied magnetic field proceeds differently depending on
the strength of the driving field. Figure 2.4 shows the velocity regimes. At low fields there
are the creep [7; 8] and thermally assisted flux flow (TAFF) regimes [9]. These regimes
require thermal energy to move domain walls, so only occur above 0 K. At higher fields

domain wall motion becomes less dependent on thermal energy in the depinning regime,
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2.3 Magpnetisation reversal in perpendicular thin films

velocity

driving force

Figure 2.4: Domain wall velocity regimes are shown against driving force (magnetic field in the
case of magnetic domain walls) [7; 9; 22]. At low fields the motion is thermally assisted and only
present at finite temperatures, giving the creep and thermally assisted flux flow (TAFF) regimes.
At higher fields domain wall motion becomes less dependent on thermal energy in the depinning
regime and eventually shows a linear dependence on the driving field in the flow regime. The inset
shows the effect of Walker breakdown, where the magnetisation in the domain wall precesses above

the Walker field Hyy, reducing the velocity.

until it eventually shows a linear dependence on the driving field in the flow regime [7].
There is also a precessional regime above the Walker breakdown field, where the spins in
the domain wall precess and the velocity slows [22]. The creep motion regime is studied in

this work.

2.3.5 Domain wall creep motion

Domain wall creep is a phenomenon that occurs in many physical systems when a one di-
mensional elastic interface is driven through a two dimensional weakly disordered landscape
[7]. Creep motion in ultra thin magnetic films was demonstrated in Pt/Co/Pt in 1998 [§],
and this has since provided a model system for studying creep physics [25; 27].

Below a critical field (the depinning field Hg,p) the domain walls act as elastic strings

that can become pinned by peaks in the magnetic anisotropy energy landscape of the film,
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X

Figure 2.5: An energy landscape showing how a domain wall moves from one energy minimum to
the next in the creep regime. A small section of domain wall of length [,,; moves forward from
position Xpy1 to Xpwe. The motion is a thermally assisted jump over the local anisotropy energy
barrier of height U.

described by the pinning energy barrier U.. Fluctuations in thermal energy allow the domain

walls to overcome the pinning barriers. The velocity of a magnetic domain wall is described

1/4
v = v, exp l— Ue (Hdep) ] , (2.20)

by the creep law [7] as

kT \ H

where kT is the product of Boltzmann's constant and temperature. The numerical prefactor
v, is considered to be proportional to [, - the lateral length of the small section of wall
that undergoes a thermally assisted jump forwards prior to an avalanche where a wider
section of wall moves [26; 27]. Figure 2.5 shows a small section of wall moving between
two minima in an energy landscape.

The pinning energy U, gives an average of the energy barriers over the area swept out
by a domain wall. It is a measure of the variation of the anisotropy energy across a film
and can be used to characterise how magnetically smooth a film is. Typical values of the
pinning energy ratio U./kT are ~30 - 40 [22], but can be twice that [31] for rougher films

or as low as 6 [9] for smooth films with less pinning.
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2.4 Summary

2.4 Summary

The theoretical context for understanding the behaviour of the magnetic thin films studied
in this work has been introduced. These thin films have a magnetic anisotropy, which can
be related to their crystal structure, geometrical shape and mechanical strain. The spin-
orbit coupling and crystal field are important for determining the magnetic anisotropy in
Pt/Co thin films. Reversal of the magnetisation direction takes place through nucleation
of reverse domains and motion of domain walls. The structure and energy associated with
domain walls is determined by a balance of exchange, DMI and magnetic anisotropy energy
terms. The next chapters describe how some of these parameters can be measured, how

they are affected by applied strain, and how strain influences magnetisation reversal.
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CHAPTER 3

Experimental methods
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3.1 Introduction

3.1 Introduction

This chapter describes the methods and equipment used to fabricate and characterise the
samples studied in this work. Thin films were grown by dc magnetron sputtering. Ba-
sic characterisation of the films to determine layer thicknesses, saturation magnetisation
and the presence of PMA was carried out using X-ray reflectivity (XRR), superconduct-
ing quantum interference device vibrating sample magnetometry (SQUID VSM) and polar
magneto-optical Kerr effect (MOKE).

The samples studied in this work were all sputtered thin films of Ta/Pt/Co/X, where X
was either Pt, Ir or Ir/Pt. Ta was chosen as a buffer layer because it tends to form in a bcc
(111) texture, promoting smooth growth of the first Pt layer as a (111) textured fcc film,
which improves the PMA of the stack [19; 58; 59]. Some thin films were patterned into Hall
bar structures. Films were mainly deposited onto thin glass cover slips of 150 um thickness,
and a few films were deposited onto Si substrates with a thermally oxidised top layer. The
thin glass substrates were chosen so that these films could be bonded to piezoelectric
transducers and strained. Since glass has no crystalline structure, it should be isotropic
and transmit strain equally well for any in-plane axis. The voltage-strain characteristics of
the piezoelectric transducers were derived from changes to the resistance of patterned thin
films. PMA and domain wall creep velocity were measured as a function of strain using the

extraordinary Hall effect (EHE) and Kerr effect imaging respectively.

3.2 Sample fabrication and characterisation

3.2.1 DC magnetron sputtering

Samples were deposited by dc magnetron sputtering in a system equipped with 8 sources,
including two that are suitable for magnetic materials. The base pressure of the sputtering
system reaches 10~® Torr with use of a cryo-pump and liquid nitrogen shroud. Once the
system pressure is sufficiently low, Argon gas is introduced at a partial pressure of 2.4x 1076
Torr. A schematic of a magnetron gun is shown in Figure 3.1. The gas is ionised into plasma
by an electric field applied between the target and shield and the shape of the plasma is
controlled by permanent magnets. Argon ions strike the target, knocking atoms from the
material, which then impinge upon the substrate and surrounding areas so that a thin film

of the target material builds up [47]. Substrates are attached to a rotatable wheel, which
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3.2 Sample fabrication and characterisation

can be moved between guns containing different target materials to grow multilayer films.
Thicknesses of different layers are calibrated to deposition times for each gun by growing

bilayer repeats of material and measuring the thickness by X-ray reflectivity.

| I
_—

substrate Sputtered
target atom

A Ar
_ ft\ _

[~ Target (cathode)

Anode |

magnets

Figure 3.1: Schematic showing sputtering of target material onto a substrate using a dc magnetron

gun.

3.2.2 X-ray reflectivity

X-ray reflectivity (XRR) was used to calibrate the deposition rates of sputtered films. The
reflected X-ray intensity is measured over a 20/w scan at low angles. An example of XRR
from a [Co/Pt]x10 multilayer is shown in Figure 3.2. The data from a bilayer repeat
multilayer consists of an interference pattern of Bragg peaks with smaller Kiessig fringes
between them, which are both due to differences in path lengths of radiation reflected from
the interfaces in the multilayer. The position and separation in q space of the Bragg peaks
is inversely proportional to the bilayer period of the multilayer. The separation of Kiessig
fringes gives the total film thickness, since these fringes are caused by interference between
X-rays scattered from the top surface and the interface with the substrate. Knowing the
time each layer was deposited for, a rate can be calculated and used to determine the

thicknesses of other films.
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1 2 3 4 5 6 7 8
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Figure 3.2: An example of XRR from a Pt/[Co/Pt]x10 multilayer on a Si/SiOx substrate is shown
(black points) along with a fit to the data (red line) perfomed with the GenX fitting algorithm [60].
The thickness of each Pt layer was 3.5 nm and the thickness of each Co layer was 2.3 nm. The
counts per second (cps), normalised to the highest count rate around the critical edge, are shown

on a logarithmic scale.

3.2.3 Patterned films

Some of the thin films were patterned into Hall bar structures by optical lithography and
lift-off for experiments requiring electron transport measurements. The optical lithography
was done by colleagues at the University of Nottingham and the Hall bar structures were
deposited into at Leeds in the same manner used for growth of sheet films. The Hall bars
consist of a strip of material 50 um wide with three cross structures. Gold pads were
deposited on top of the ends of each of the arms of magnetic material to make it easier to
attach electrical contacts, which were made with aluminium wires by a wedge bonder. An

example of a patterned sample is shown in Figure 3.3.

3.2.4 SQUID VSM

The magnetisation of a Ta/Pt/Co(1.0nm)/Pt film was measured in an MPMS SQUID
VSM [61] at 300 K. In the SQUID VSM magnetic fields are applied to magnetise the
sample using a superconducting magnet. The sample sits within a set of detection coils,
which are inductively coupled to a SQUID. The sample is vibrated up and down within the

detection coils, where a current is produced due to the varying magnetic signal from the
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3.2 Sample fabrication and characterisation

Figure 3.3: Light microscope image of a patterned Pt/Co/Pt film. The Hall bar is on the left and
the structure on the right is a larger area of material suitable for electrical measurements, but also

useful for domain wall motion studies.

sample. The SQUID converts the current in the detection coils into a voltage, which is then
amplified. The time-varying voltage has a component that is proportional to the vibrat-
ing frequency, which is separated from the signal due to the sample magnetic moment by
lock-in amplifier techniques. The SQUID VSM measures the moment of the whole sample.
The Si/SiOx substrate gives a diamagnetic signal, which can be removed by subtracting a
negative linear component equal to the gradient of the data above the ferromagnetic sat-
uration field. An example of a hysteresis loop before and after the diamagnetic background
subtraction is shown in Figure 3.4a. The volume magnetisation is found by dividing the
moment of the saturated film by the volume of ferromagnetic material. To minimise the
uncertainties, particularly those associated with knowing the area of the film, five pieces of
a Ta/Pt/Co(1.0nm)/Pt film were measured individually. All the films were approximately
3 mm x 3 mm and the size was estimated from photographs of the samples against a
standard scale. The moment was plotted against the estimated Co volume. The gradient
of the least squares fit to the data, shown in Figure 3.4b, gives the magnetisation as (1.29
+ 0.08) MA/m.
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Figure 3.4: a) Moment versus applied magnetic field hysteresis loops are shown for a
Ta/Pt/Co(1.0nm)/Pt film on a thermally oxidised silicon substrate. The points are the data and
the solid line is the data with a linear background due to the diamagnetic substrate subtracted. b)
The saturation magnetic moment for films of the Ta/Pt/Co(1.0nm)/Pt film of different areas is
plotted against the volume of the Co layer. The magnetisation errors bars are from the standard
error in the measurement and are smaller than the data points. The solid line is a least squares
fit to the data, where the positive intercept with the moment axis demonstrates that there is an
additional magnetic moment due to Pt atoms in proximity to Co, and the gradient gives the Co
volume magnetisation as (1.29 + 0.08) M A/m.
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3.2.5 Piezoelectric transducers

Once suitable Pt/Co/Pt films deposited on thin glass substrates had been characterised,
they were attached to piezoelectric transducers for measurements of magnetic properties
under strain. The glass substrates of the thin films or Hall bars were bonded to transducers
using a two-part epoxy resin. To cure the resin the samples were heated in an oven to 80 °C
for 90 minutes. Two types of transducers (both available commercially from Piezomechanik
GmbH [62]) were used in this work: uniaxial and biaxial. Figure 3.5 is a schematic of the
two transducer types with Pt/Co/Pt Hall bars attached.

The transducers are made from PZT, a piezoelectric ceramic which generates a voltage
when the structure of the material is distorted [63]. The converse piezoelectric effect is
employed to strain the samples studied here; voltage can be applied to the transducers,
causing them to expand or contract. The expansion and contraction of the two types of
transducer are shown in Figure 3.6. The expansion is approximately linear with applied
voltage, so that a voltage can be applied to strain the material, then removed to return the
material to its original length. There is, however, a small hysteresis in the voltage strain
characteristics which can be seen in Figures 3.7 and 3.8.

The two types of transducer have different structures [64]. Uniaxial transducers are
made of thin layers of PZT with individual electrodes glued into a stack. The expansion
on application of positive voltage is perpendicular to the stack, along the long axis of the
uniaxial transducer. Biaxial transducers are made of a single piece of PZT, with electrodes
on two of the shorter sides. The expansion on application of positive voltage is along the
short axis of the biaxial transducers (see Figure 3.6).

The specified voltage range of the transducers is -30 V' to 150 V. The uniaxial trans-
ducers are 9 mm long with a maximum expansion §I of 9 ym at 150 V, giving a maximum
uniaxial strain 61/l of 0.1 %. The biaxial transducers are 2 mm thick and expand by up to
2 wm at 150 V, giving a maximum uniaxial strain d¢/t of less than 0.1 %. These values are
the strain generated in a free transducer, but bonding the glass substrates to one side of
the transducers could have a clamping effect, limiting the maximum expansion. The strain
from the transducer might not be effectively transmitted through the layers of epoxy resin,
glass substrate and the Ta/Pt of the multilayer film to reach the Co. The next section
describes how the piezo-voltage to Pt/Co/Pt strain characteristics of the Hall bar samples

were measured.
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Figure 3.5: Schematic of biaxial and uniaxial piezoelectric transducers with Pt/Co/Pt hall bars
attached with epoxy resin. The principle strain axes are labelled, showing which directions the

transducers extend in under application of positive voltage to the leads.

3.3 Strain characterisation

The strain in a metal can be related to its change in resistance. The resistance R =
V/I of a Pt/Co/Pt Hall bar sample (shown in Figures 3.3 and 3.5) can be measured by
passing a current along the central bar and measuring the voltage between two parallel
cross structures. A current of 1 mA was applied from a Keithley 2601 and the voltage was
measured using a Keithley 182 nanovoltmeter. If the Hall bar is mounted on a uniaxial
transducer, applying a voltage to the piezoelectric increases the length of the central bar,
as shown in Figure 3.6a. Since the resistance of a wire of resistivity p, length [ and cross-

sectional area A is given by

l
R= %, (3.1)

a change in the length of the central bar will give a proportional change in its resistance,
measured using the geometry shown in Figure 3.6b. However, there are other geometrical
and physical effects when the bar is strained: the cross-sectional area may change by an
amount determined by Poisson’s ratio, v, and the resistivity may change as the structure of
the material is distorted. Starting by differentiating Equation 3.1, an expression relating the
dimension change and resistance change can be obtained, which takes account of changes

in p and A. Dividing through by R gives the following expression for the proportional
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Figure 3.6: a) Diagram showing the expansion and contraction of biaxial and uniaxial piezoelectric
transducers when voltage is applied. b) Hall bar geometry used for measuring strain from resistance

change.

change in resistance:
5£ ol A @

R | A + P
This can be written in terms of the proportional length change or strain € = 61/ as
R 1 0A op

Y ( Ag) + p= (3.3)

(3.2)

where the first term on the right is a factor describing the geometrical deformation Cyc, =
(1 —5A/(Ae)) and the second term on the the right is the strain coefficient of specific
resistivity C, = (0p/(pe)), which has been measured by Kuczynski [65] as 2.60 for Pt and
0.84 for Co. The strain in a strip of Pt/Co coupled to a transducer can then be found from

changes to the resistance
0R 1

f CYgeo + Cth/Co7
with Cypi/co = 1.72, taking the average of the Pt and Co values. All that remains is

€= (3.4)

to calculate the geometrical factors for uniaxial and biaxial transducers. The effects of

applying voltages to the biaxial and uniaxial transducers are shown in Figure 3.6.

3.3.1 Uniaxial transducers

For the uniaxial transducers the geometrical factor is found from

0A ot Sw
L=t metey = ey, (3.5)
Chcouni = (L — 6AJ(Ae)) = 1 + v + 1. (3.6)
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Figure 3.7: a) The resistance and b) the strain calculated from the resistance change of Pt/Co/Pt

Hall bars on uniaxial transducers is plotted against transducer voltage. The voltage was swept from
0V to-30 V then to 90 V and back to 0 V.

The Poisson ratio of the film is assumed to be v, = 0.36, an average between that of
bulk Co (0.33) and bulk Pt (0.39). The Poisson ratio of the transducers is assumed to be

vy = vy = 0.5. This gives an expression for the strain of

€p =

SR 1 SR
= 0282
R<(1+0.36+0.5)+1.72) 0287
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3.3 Strain characterisation

The strain in the y and z directions can be obtained from

1 1
- e = 3.8
I ” Ey ” €, (3.8)

Figure 3.7 shows the resistance and the calculated strain against applied transducer voltage
for uniaxial transducers with Ta/Pt/Co(t)/Pt Hall bars (t = 0.95, 1.0 nm). The meas-
urements show an elongation along x (the long axis of the transducer) and corresponding
compression out-of-plane. There is some small hysteresis in the strain, so that the strain for
a given transducer voltage is slightly different depending whether the voltage is being swept
up or down. Since the resistance was measured at room temperature with no control over
the ambient conditions, the difference in the initial and final resistance at 0 V is due to a
small temperature drift, where the size of the drift is consistent with a temperature change
of ~0.1 K in Pt at room temperature [66; 67]. The measurements were taken up to 90 V,
giving a maximum strain of ¢, ~ 7 x107% (or 0.07%), consistent with an estimated strain

in the transducer at this voltage of ~6 x107%.

3.3.2 Biaxial transducers

For the biaxial transducers the geometrical factor is found from

SA St ow 1
Coeoti = (1 — 54/ Ac) = yi (3.10)

The strain in the y and z directions can be obtained from

- 1 _ _1 —c.. (3.11)

Figure 3.8 shows the resistance and the calculated strain against applied transducer
voltage for biaxial transducers with Ta/Pt/Co(t)/Pt Hall bars (t = 0.85, 0.95, 1.0 nm). The
measurements show an elongation along z (out-of-plane) and corresponding compression
in-plane, and as with the uniaxial transducers, there is some small hysteresis. All three Co
thicknesses have a measured maximum strain of £, ~ 9 x10™* (or 0.09 %), consistent
with an estimated strain in the transducer at this voltage of 1 x1073. The closeness of
the estimated transducer strain to the measured Hall bar values shows that the strain is
transmitted very effectively with hardly any losses in all but one sample (uniaxial t = 0.9

nm).

30



3.4 Techniques for indirect measurement of perpendicular magnetisation

a ] —— Pt/Co(1.0nm)/Pt
1400: T huca ssmym
13954
9/1290_; && .
X 1285
12801

30 0 30 60 90 120 150
transducer voltage (V)

b 10
8_
< ]
O 6-
-— ]
X 4-
E 2- ,:,’;f:”" ——0.85nme ¢
m ] o, X'y
-b O_ A —0.95nm €8,
(/] 1 - e 1.0nme g
-2 \\
4 - \\
-4

30 0 30 60 90 120 150
transducer voltage (V)

Figure 3.8: a) The resistance and b) the strain calculated from the resistance change of Pt/Co/Pt
Hall bars on biaxial transducers is plotted against transducer voltage. The voltage was swept from
0 V to -30 V then to 150 V" and back to 0 V.

3.4 Techniques for indirect measurement of perpendicular mag-
netisation

To measure the change in room temperature magnetic properties of PMA thin films, two

techniques with sensitivity to perpendicular magnetisation were employed. The EHE and

polar MOKE are both indirect measures of the perpendicular component of magnetisation.

Both can be used to measure out-of-plane hysteresis loops and, if an in-plane field is applied
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Figure 3.9: A schematic of the set-up for EHE measurements. An electromagnet applies a field of
up to 0.9 T" and the sourcemeter passes a current through the sample while a nanovoltmeter reads
the voltage. The sample is mounted on a rotatable stage so that a field can be applied in-plane or

out-of-plane.

to rotate the magnetisation from the easy to hard axis, to measure the perpendicular
magnetic anisotropy field. MOKE can also be used to image magnetic domains using

wide-field Kerr microscopy.

3.4.1 Extraordinary Hall effect

The EHE, also called the anomalous Hall effect (AHE) is an electron transport technique.
The geometry of Hall measurements requires a current to be passed through a conducting
material and the voltage to be measured across the material, perpendicular to the current
flow. An out-of-plane magnetic field is applied, perpendicular to both the current flow and
voltage measurement. Up and down spins are scattered differently so that charge builds up
along the sides of a wire. A diagram of the equipment used to measure the EHE is shown
in Figure 3.9. The magnetic field is applied by a water-cooled electromagnet with iron pole
pieces, which can reach applied fields of 0.9 7. The sample is mounted on a rotatable
stage so that the field can be applied out-of-plane or in-plane. The current is sourced by a
Keithley 6201 or 2400 sourcemeter and a 182 nanovoltmeter reads the voltage. For each

measured point currents of +1 mA are passed through the sample and measured voltage,
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Figure 3.10: An extraordinary Hall resistance hysteresis loop of Pt/Co/Pt is plotted against applied
magnetic field. Applying fields well above the saturation field shows that the linear ordinary Hall
term in Pt/Co/Pt is very small — a least squares linear fit gives a gradient of (4.7+£0.2)x10-6Q/mT.

which is ~0.1-1mV in size, is converted to a resistance.

The Hall resistance can be expressed phenomenologically as
Ry = (ROHz—l-REMZ)/t. (3.12)

The first term represents the ordinary Hall effect, discovered by Edwin Hall in 1879 [68],
where R, is the ordinary Hall coefficient, which is linear in applied out-of-plane field H,. The
second term arises from the EHE, first measured by Hall just a few years later [69], which
is proportional to the out-of-plane magnetization M,, where Rg is the EHE coefficient.
Figure 3.10 shows an EHE hysteresis loop of a Pt/Co/Pt Hall bar up to large applied fields.
The slope due to the ordinary Hall effect is very small compared to the size of the EHE
signal, so has been neglected in any analysis [70].

In the ordinary Hall effect, charge carriers are deflected by a Lorentz force as they move
through the material in the perpendicular magnetic field. While the ordinary Hall effect
depends mainly on carrier density and is not limited to magnetic materials, the EHE only
occurs in ferromagnets and is still an area of active research [71]. Charge carriers with

opposite spin are scattered in opposite directions. They can be scattered by interactions
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related to their Berry's phase curvature, giving an 'intrinsic’ contribution, or by interactions
related to the disorder in the material, giving rise to the 'extrinsic’ contributions of skew-
scattering and side-jump. Skew scattering deflects an electron based on its spin-orbit
coupling with an impurity, while side-jump deflection is related to the electric fields seen
by electrons as they move towards and away from impurities [71]. Although the EHE is a
topic of research in its own right, here it has been used simply to give a measure of the
component of the magnetisation pointing out-of-plane. The perpendicular anisotropy has
been measured by monitoring the EHE signal as the magnetisation is pulled from out-of-
plane to in-plane. More details of this technique are given along with results in Chapter
4.
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3.4 Techniques for indirect measurement of perpendicular magnetisation

3.4.2 Magneto-optical Kerr effect

The Kerr effect, first observed in 1877 [72], is relevant for opaque materials such as metallic
thin films from which light can be reflected, but its discovery was preceded by Faraday's
measurement of the same effect in transmission in 1845 [73]. These effects are due to weak
coupling of the optical properties and magnetism of materials.

There are three possible geometries for measuring the Kerr effect: polar, longitudinal
and transverse [74]. The polar Kerr effect is sensitive to the out-of-plane component of
magnetisation and is present when light is incident at 0° to the surface normal. The longit-
udinal and transverse geometries require an angle of incidence ; > 0° and are sensitive to
in-plane magnetisation aligned with the plane of incidence, or perpendicular to it, respect-
ively. In the transverse geometry there is only a change in the reflectivity of the light with
magnetisation direction. In the polar and longitudinal geometries the light reflected from a
magnet has its polarisation rotated and gains an ellipticity.

Light penetrates a magnetic material to a depth equal to the skin depth - approximately
20 nm for metals. The velocity of light in a material can be expressed as v = (,uoe)_%,
so depends on the electrical permittivity of a material €. This is a tensor defined from
D; = €;;E; (where Ej represents the electric field component). For the case of the polar
Kerr effect, where the light is incident along the surface normal and the magnetisation is

also out-of-plane, the permittivity tensor is

1 iQym, 0
€=c¢|—iQym, 1 0|, (3.13)
0 0 1

where m,, is the out-of-plane component of the magnetisation and @)y is the Voigt material
constant, which is a perturbation on the permittivity related to the refractive index. The
small size of (J1y means that Kerr rotation is a small effect.

In a MOKE measurement, linearly polarised light, which can be decomposed into right
and left circularly polarised light, reflects from a magnet. The right and left circularly
polarised components have different refractive indices so propagate with different velocities
and are absorbed differently in the material. As the light propagates in the material, there
will be a rotation in the real part and a phase shift (ellipticity) in the imaginary part.

The Kerr effect is a result of spin-orbit coupling, but can be illustrated classically by
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Figure 3.11: The diagram shows the main optical and electronic components used for polar MOKE
measurements. The polarisation of light is rotated on reflection from a perpendicularly magnetised

thin film. The analyser is a polariser set at close to 90° to the first polariser.

expressing the dielectric displacement as
D =¢FE+iQym x E), (3.14)

where E is the electric field vector of the incident radiation and m is the unit vector of the
sample magnetisation [74]. The electric field of the incident light interacts with electrons in
the sample causing oscillating currents parallel to the polarisation. The Lorentz force mx E
in Equation 3.14 deflects the electrons, giving the currents a component perpendicular to
the magnetisation and polarisation directions, so that the electric field of the reflected light
is rotated and gains an ellipticity.

The magneto-optical Kerr effect has been used in this work to measure magnetic hys-
teresis loops and to image magnetic domains. Two separate sets of equipment were used:
a laser MOKE was used to take magnetic hysteresis loops for sample characterisation and
a Kerr microscope was used to image magnetic domains and take hysteresis loops. Both
were used in the polar MOKE geometry.

The basic anatomy of both the laser MOKE and the Kerr microscope is broadly the
same. A schematic of the laser MOKE, demonstrating the principle of the technique is
shown in Figure 3.11, while a schematic of the Kerr microscope and its optics is shown
in Figure 3.12. Light, from a HeNe Laser or white LED, passes through a polariser. The

linearly polarised light interacts with the electrons in a magnetised sample so that the
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Figure 3.12: The diagram shows the light paths and image formation in a Kerr microscope. a)
The light from the LED lamp passes through a polariser before being reflected through the objective
lens and onto the sample. At the aperture diaphragm the aperture is adjusted to select the region
of the polarisation cross needed for polar, longitudinal or transverse Kerr measurements. b) The
light reflected from the sample passes back through the objective and straight up to the analyser
and compensator before being detected by the CCD camera. The diagram is reproduced from Ref
[75].

reflected light has its polarisation rotated. The analyser (or analyser and compensator in
the case of the Kerr microscope) polarises the light at close to 90° to the initial polarisation,
thus isolating the signal due to the change in polarisation. The intensity of this signal is
measured by a photodiode detector or CCD camera. A MOKE measurement is sensitive to

changes in the magnetisation, rather than the absolute value of the magnetisation.

3.4.3 Laser MOKE

The laser MOKE (Figure 3.11) uses a HeNe laser with wavelength of 633 nm and a power
below 15 mW. The polariser is set to produce P-polarised light, with the electric field
vector in the plane of incidence. The components can be arranged to measure longitudinal

MOKE with the applied magnetic field in-plane and the angle of incidence at 6; ~ 30°. For
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Figure 3.13: a) Polar MOKE hysteresis loops of Pt/Co/Pt with varying thicknesses of Co. b)
The coercive fields of polar MOKE hysteresis loops of Pt/Co/Pt thin films are plotted to show the

dependence on Co thickness. The applied field is out-of-plane in each measurement.

this work polar MOKE was used with the field applied out-of-plane. A mirror directed the
polarised light through a hole in one pole piece of the electromagnet so that the light was
incident at #; = 0°. Magnetic fields of up to 600 mT can be applied by a water cooled
electromagnet with iron pole pieces. Reflected light passes through the analyser and is
detected by a photodiode. This produces a current, which is converted into an amplified

voltage signal by the amplifier. The signal can be read off from a voltmeter or recorded by
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a) béckground b) uhprocessed c) difference

Figure 3.14: A sequence of polar Kerr microscope images used to measure domain wall motion
are shown. a) An image of the initial domain wall position is recorded. b) A magnetic field pulse
(see inset) moves the domain wall and another image is recorded. c) The background image is
subtracted from the unprocessed image to give the difference image, in which the bright contrast
is the region swept out by the domain wall as it is displaced from left to right. In the first two
images the dark contrast signifies magnetisation pointing into the page and the bright contrast is

the reversed part of the film where the magnetisation is pointing out of the page.

the DAQ card of a computer to produce hysteresis loops.

The laser MOKE was used to characterise magnetic thin films. MOKE hysteresis loops
of Pt/Co/Pt thin films are shown in Figure 3.13a. These loops were used to assess the
thicknesses of Co required for PMA. The loops with Co thicknesses of t = 0.4 and 0.9 nm
are square and fully remanent at applied fields of 0 mT', demonstrating that these films
have PMA. The thicker film with t = 1.5 nm has very little remanence at 0 mT so has
in-plane anisotropy. PMA tends to decrease with increasing film thickness (see Chapter
4), and this is reflected to some degree in the trend of decreasing coercive field with film
thickness in Figure 3.13b. The thickness of Co in Pt/Co(t)/Pt films above which PMA no

longer dominates is around t = 1.1 nm.

3.4.4 Wide-field Kerr microscopy

The Kerr microscope was used to image domains, measure domain wall velocity and take
magnetic hysteresis loops. Hysteresis loops of the change in greyscale can be measured of
either the whole image or a selected region. The microscope has a moveable and rotatable
sample stage and interchangeable electromagnets powered by a Kepco power supply. The
perpendicular magnet coil is water-cooled with no magnetic core or pole pieces.

Figure 3.12 shows the path of the light from the white LED through the optics to the
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3.4 Techniques for indirect measurement of perpendicular magnetisation

sample and then to the camera. For polar MOKE, the centre of the polarisation cross (i.e.
light incident and reflected at 0°) is selected using the aperture. The greyscale images
recorded by the CCD camera contain information seen in standard light microscope images,
as well as a contribution to the intensity of light reflected from ferromagnetic material due
to the Kerr effect. Parts a and b of Figure 3.14 show Kerr images with contrast between
oppositely magnetised regions of a Pt/Co/Pt film with PMA.

To measure domain wall velocity, a domain is first nucleated and expanded with a
pulse of out-of-plane field. An image is recorded of the static position of the domain wall
(Figure 3.14a), then a magnetic field pulse is applied to move the domain wall and a second
image is recorded (Figure 3.14b). The difference between these two images (Figure 3.14c)
shows the region swept out by the domain wall. The average displacement (and associated
standard error) of the domain wall is measured in pixels and converted to a velocity using
a conversion from pixels to micrometers and the length of the field pulse. By taking the
difference between two images, any features not due to a change in the magnetisation are

removed and the contrast between domains is improved.
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3.5 Summary

Methods of preparation, characterisation and measurement of Pt/Co thin films have been
discussed. Thin films were deposited by dc magnetron sputtering, with some films pat-
terned into Hall bars. Thin films of Pt/Co were found to have PMA for Co thicknesses of
around 1.1 nm and below, and to have a magnetisation of 1.29 M A/m. Suitable thin films
were coupled to piezoelectric transducers and the strain in the Pt/Co versus the piezoelec-
tric voltage was characterised. The strain was transmitted effectively through the epoxy
resin and glass between the transducers and the thin films. PMA, perpendicular magnetic
hysteresis loops and domain wall velocity were measured for Pt/Co films with a range of
Co thicknesses on biaxial and uniaxial transducers. The following Chapters describe some
of these measurements in more detail and present results of the effects on the measured

properties of strain from the piezoelectric transducers.
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CHAPTER 4

Anisotropy change with strain in Pt/Co/Pt thin

films
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4.1 Introduction

4.1 Introduction

This chapter presents results of magnetic anisotropy change in ultra-thin Pt/Co/Pt un-
der strain from uniaxial and biaxial piezoelectric transducers. The magnetic anisotropy is
measured using a method based on the extraordinary Hall effect (EHE). The details of the
anisotropy measurements are described and the magnetisation dynamics during the meas-
urements are examined using Kerr microscopy. The effect of strain on the anisotropy of

Pt/Co/Pt is characterised and the magnetostriction constant is measured.

4.2 Samples

Ta(4.5nm)/Pt(2.5nm)/Co(t)/Pt(1.5nm) multilayers were deposited by dc magnetron sput-
tering onto 150 pm thick glass substrates at room temperature. The multilayers were
patterned into 50 pum wide Hall bars and the glass substrates with Hall bar devices on top
were bonded with epoxy resin to piezoelectric transducers. Hall bars with Co thicknesses of
t = 0.85, 0.95, 1.0 nm were bonded to biaxial transducers and Hall bars with Co thicknesses
of t = 0.95, 1.0 nm were bonded to uniaxial transducers. The samples for the uniaxial and
biaxial transducers were grown in different vacuum cycles. Figure 4.1 shows the sample
structure.

Voltages of between -30 V' and 150 V can be applied to the transducers to induce
strain. Applying a positive voltage to a biaxial transducer creates a biaxial compression
in the plane of the sample and a corresponding tensile strain out-of-plane. For a uniaxial
transducer at a positive voltage, the tensile strain is in the plane of the device along the x
axis, as defined in Figure 4.1. There is a corresponding compressive strain in the y and z

directions (see Chapter 3 for strain details).

4.3 Anisotropy Measurements

To assess the effect of piezo-induced strain on the magnetic anisotropy energy of the
Pt/Co/Pt films, measurements of anisotropy field were carried out by monitoring the EHE
signal during in-plane magnetic field sweeps. The size of the EHE resistance gives a measure
of the component of the magnetisation pointing out of the plane and can be used to
determine PMA [70]. The magnetic anisotropy field is the field required to coherently

rotate the magnetisation from the easy axis (out-of-plane) to the hard axis (in-plane). A

43



4.3 Anisotropy Measurements
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Figure 4.1: Schematic of a Hall bar on a transducer showing the sample structure and measurement

geometry.

low field range over which the magnetisation rotates coherently is demonstrated using Kerr
microscopy.

A schematic of the measurement geometry is shown in Figure 4.1. A current of 1 mA
was passed along the Hall bar (x) and the Hall voltage monitored in an orthogonal in-plane
direction (y) via one of the cross structures. To make a measurement, the plane of the
device was first precisely aligned to an in-plane magnetic field by rotating the sample around
the x axis until the Hall signal was as close to zero as possible during a field sweep along the
y axis, as shown in Figure 4.2. An out-of-plane field was then applied using a permanent
magnet to saturate the magnetisation of the Pt/Co/Pt. Following this, an in-plane field
was swept along the y axis from 0 mT to 700 mT and the Hall resistance measured as
the magnetisation rotated from out-of-plane (maximum Hall signal) to in-plane (zero Hall
signal). Figure 4.3 shows examples of the normalised EHE data obtained. Initially (up to 60
mT in the case of Figure 4.3) m, follows a parabola as expected if the magnetisation were
to rotate coherently. As the field increases beyond 60mT, m, deviates from the parabola,
as the magnetisation breaks up into domains. The magnetisation is eventually saturated
in the plane, and the path m, would have followed if the magnetisation had continued to
rotate coherently is rejoined. The low field regime (up to 60 mT') where the moment
rotates coherently is extrapolated, following the dashed lines in Figure 4.3, to obtain the
anisotropy field Hy, which is defined as the point where the extrapolated coherent rotation
crosses m, = 0. Proper alignment of the field to the plane of the device ensured that
the films were truly saturated along an in-plane axis, allowing for direct comparison of Hj
between samples.

Once the anisotropy field is known, the effective anisotropy constant can be calculated
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Figure 4.2: EHE resistance hysteresis loops of Pt/Co(0.95nm)/Pt on a uniaxial transducer are
shown with the magnetic field applied at a range of angles between out-of-plane § = 0° and
in-plane # = 90°. As the sample is tilted further towards an in-plane applied field, the out-of-
plane component of the field decreases giving rise to a smaller out-of plane component of the
magnetisation. When the sample is fully aligned to the in-plane field, the change in the Hall signal
over the field sweep is minimal. The large difference between 8 = 90° and § = 89° demonstrates

how sensitive the measurement is to misalignment.

from
1
Keff = §,UfoMsHk7 (41)

where M is the saturation magnetisation of the Pt/Co/Pt thin film, measured by SQUID
VSM as (1.294:0.08)x 105 A/m (see Chapter 3).

To understand the magnetisation dynamics during the EHE measurement process, the
same field protocol was applied to a Pt/Co(1.0nm)/Pt sample in a Kerr microscope (set
to be sensitive to the polar Kerr effect) while images were recorded. Figure 4.3 shows the
images taken at fields corresponding to the numbered items on the EHE plot. At 0 mT the
Kerr image is bright and uniform, showing that the magnetisation is saturated out-of-plane.
As the in-plane field is increased the image becomes darker due to the drop in the polar
Kerr signal as the m, component of the magnetisation gets smaller. The image remains
uniform, indicating that the magnetisation is rotating coherently. As the field is increased
further, this is no longer the case; the image now has bright and dark patches of ~2 um,

where small up and down canted domains have formed in order to lower the energy of
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Figure 4.3: Rotation of magnetisation in Pt/Co(1.0nm)/Pt on a uniaxial transducer from out-of-
plane to in-plane. The plot at the top of the figure shows the normalised EHE data representing the
out-of-plane magnetisation component m, (blue circles) and the in-plane component m, (solid or-
ange line) derived from this assuming that the total magnetisation m = \/W = 1 throughout
the measurement. The dashed lines are a simulation of coherent moment rotation for the m, (blue
dash) and m, (orange dash) components. The lower part of the figure shows Kerr effect images
(the scale bar on the right hand side is 10um) and cartoons of the magnetisation rotation process
corresponding to the numbered points in the plot. The magnetisation initially rotates coherently

before breaking into domains.

the system. The EHE signal drops more rapidly as more canted domains form, until the
in-plane field is strong enough to rotate the magnetisation of the whole system in to the
plane, shown by the image regaining uniformity. The images demonstrate that the low field

EHE does represent a coherent rotation of the magnetisation in the film.
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Figure 4.4: The normalised EHE signal in a Pt/Co(0.95nm)/Pt Hall bar on a biaxial transducer is
plotted against applied in-plane field, as the magnetisation is pulled from out-of-plane to in-plane,
with the transducer at a voltage of 0 V' (solid black line) and 150 V' (solid red line). The dashed
lines are extrapolated from the coherent rotation regime at low applied fields. The intercept of a

dashed line with a Hall signal of 0 gives the ainsotropy field.

4.4 Anisotropy change with strain

Strain adds a magnetoelastic contribution to the magnetic anisotropy. The anisotropy

constant change is expected to be
3
AK = §>\€Y’ (4.2)

where X is the magnetostriction constant, ¢ is the strain and Y is the Young's modulus.

The effect of strain from biaxial and uniaxial transducers is examined in this section.

4.4.1 Biaxial transducers

The biaxial transducers give a biaxial in-plane strain that can be thought of as a uniaxial
out-of-plane strain. Applying a voltage to these transducers is expected to produce a change
in PMA. Figure 4.4 shows the difference in the EHE during in-plane field sweeps between
the transducer at 0 V' and 150 V' for Pt/Co(0.95nm)/Pt. There is a clear reduction of
the anisotropy when 150 V' is applied. The measurement of anisotropy field was carried

out with the in-plane field applied along the y axis (90° to the current in the Hall bar)
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Figure 4.5: The magnetic anisotropy field is plotted against biaxial transducer voltage for
Pt/Co(t)/Pt thin films (t = 0.85, 0.95, 1.0nm). Each data point is the average of three meas-

urements and the error bars are standard errors on the mean values.

for transducer voltages beginning from 0 V, then going from -30 V to 150 V in 30 V'
steps, and returning to 0 V. The anisotropy field is plotted against transducer voltage
for Pt/Co(t)/Pt with t = 0.85, 0.95 and 1.0 nm in Figure 4.5. The anisotropy reduces
linearly with applied transducer voltage, showing a change of ~20 mT' over the available
voltage range for all three thicknesses of Co. The higher anisotropy for the compressive
out-of-plane strain at -30 V' confirms that the change is due to strain.

The magnetic anisotropy constants were calculated using Equation 4.1. The anisotropy
constant at 0 V/, shown in the inset of Figure 4.6, decreases as the Co layer thickness in-
creases, from (210 + 10) k.J/m3 for 0.85 nm and (134 + 8) kJ/m3 for 0.95 nm, to (98 +
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Figure 4.6: The change in the PMA constant K.y of Pt/Co(t)/Pt (t = 0.85, 0.95, 1.0 nm)
due to out-of-plane strain ¢, induced by biaxial transducers. The solid line is a fit of the data to
Equation 4.2. The inset gives the anisotropy constants of the three unstrained films against Co

thickness. The error bars in the inset are smaller than the data points.

7) kJ/m3 for 1.0 nm. The reduction in K, s indicates that the Co thickness consistently in-
creases, and that the sub-nanometer precision of the thickness scale is valid. The anisotropy
constants measured are consistent with 200 k.J/m? obtained previously for Pt/Co(1.0nm)
multilayers [18] and with 400 k.J/m3 obtained for Pt(4nm)/Co(0.5nm)/Pt(2nm) [32].
Figure 4.6 shows the change in the PMA of the Pt/Co/Pt plotted against the tensile
out-of-plane strain ¢, (see Chapter 3 for strain measurement details). The change per unit
of strain is the same for the three Co thicknesses. We find a magnetostriction constant of
(-3.5 £ 0.2) x107° from a least squares fit of the change in anisotropy to Equation 4.2
with Y taken to be the average of the Young's moduli of bulk Co and Pt (180 GPa) [18].
The measured magnetostriction constant is slightly lower than the bulk Co value of A =
-5 x107, and does not change with the Co thickness. The magnetostriction of CoPt alloys
falls from positive values at high Pt concentrations to negative values at low Pt concentra-
tions, coming close to -3.5x107° for a CoggPt1o alloy [76]. The negative magnetostriction

constant that we measure therefore indicates that there is little intermixing at the Pt/Co
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interface. In contrast to a study of Pt/Co multilayers by Hashimoto and co-workers, which
found a significant interface contribution to the magnetostriction [18], the independence
of the magnetostriction from the Co thickness shows that the Pt/Co/Pt magnetostriction
arises mostly from the bulk-like Co volume. The PMA and magnetostriction are both related
to the magnetocrystalline anisotropy energy, which arises from spin-orbit coupling and the
crystal field [19]. Strain distorts the electron orbitals of the Co atoms. The distortion in the
bulk-like Co orbitals has, in the Pt/Co/Pt measured here, a larger effect on the magnetic
anisotropy than the distortion of the hybridised Co 3d and Pt 5d orbitals that determine
the out-of-plane component of the anisotropy. Under piezoelectric strain, the out-of-plane

surface anisotropy remains the same, while the in-plane bulk anisotropy changes.

4.4.2 Uniaxial transducers

Uniaxial transducers induce an anisotropic in-plane strain, as well as a small out-of-plane
strain, in the Pt/Co/Pt. The anisotropy fields of the Pt/Co(t)/Pt (t = 0.95, 1.0 nm)
on uniaxial transducers were measured at transducer voltages between -30V and 90V, with
the in-plane magnetic field applied at a range of angles ¢ = 0° to 90° to the current
flow. Unlike the biaxial transducers, where the anisotropy field of the Pt/Co/Pt varies with
transducer voltage in the same manner regardless of the angle between the current and
the applied field, the change in anisotropy field for Pt/Co/Pt on uniaxial transducers is
different depending on the angle ¢. Figure 4.7 shows the measured anisotropy fields at ¢
= 0° and 90° for the two Pt/Co(t)/Pt samples on uniaxial transducers (t = 0.95, 1.0 nm).
The behaviour of the two films is similar — the measured anisotropy field reduces along ¢
= 0° and increases along ¢ = 90° as the transducer voltage increases.

The measured magnetic anisotropy constants K were calculated from the measured
anisotropy fields using Equation 4.1. The measured anisotropy constants, with the trans-
ducers at -30 V, 0 V/, 30 V, 60 V and 90 V, are plotted against cos(2¢) in Figure 4.8,
where ¢ is the in-plane angle from the direction of current flow in the Hall bars defined
in Figure 4.1. At 0 V the measured K is close to being constant with angle, so magnetic
anisotropy in the plane is low. Applying -30 V' causes the measured K to become slightly
larger along ¢ = 0° and slightly smaller along ¢ = 90°. When a positive transducer voltage
of 30 V is the applied, the measured K becomes slightly smaller along ¢ = 0° and slightly
larger along ¢ = 90°. Increasing the positive voltage increases the difference along these

two directions, until at 90 V' there is a strong variation in the measured K with angle.
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4.4 Anisotropy change with strain
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Figure 4.7: The measured magnetic anisotropy field is plotted against uniaxial transducer voltage
for Pt/Co(t)/Pt thin films (t = 0.95, 1.0nm). The solid shapes are the data taken with the in-plane
field applied along ¢=0° (as defined in the inset of Figure 4.4) and the open shapes are data taken
with the in-plane field applied along ¢$=90°. The error bars are derived from the errors on the least
squares fits to the raw data. The solid and dashed lines are linear, least squares fits to the solid and

open points, respectively.

Strain from the uniaxial transducers gives rise to an in-plane anisotropy in Pt/Co/Pt,
which would ordinarily have only PMA. In order to see how the PMA is affected, and to
find the magnitude of the induced in-plane anisotropy, the expression given in Equation 2.3
for the magnetic anisotropy energy density of a system with a secondary uniaxial anisotropy
axis is used. Setting 6 = 90° gives the anisotropy energy when the magnetisation has been
saturated in-plane

Ex,» = Kmeasured = K» + Kip cos(2¢), (4.3)

where K, is the PMA constant and K;p is the anisotropy constant in the plane.

The measured anisotropy constants plotted against cos(2¢) in Figure 4.8 were fitted
with a least squares algorithm to Equation 4.3 to give the solid lines shown in the plots.
The gradient gives the in-plane anisotropy constant and the intercept gives the out-of-plane

anisotropy constant. The in-plane anisotropy energy contours, drawn using values from the
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Figure 4.8: Measured anisotropy constants for Pt/Co(t)/Pt hall bars on uniaxial piezoelectric
transducers set at voltages between -30 and 90 V' are plotted against cos(2¢), where ¢ is the in-
plane angle from the direction of current flow in the Hall bars. The Co thicknesses are labelled on
the plot. The points are the data and the lines represent least squares fits to the data of Equation

4.3 for each transducer voltage.

fits, are shown in Figures 4.9a and 4.10a for the Pt/Co(t)/Pt Hall bars with t = 0.95, 1.0
nm. Straining the Pt/Co/Pt induces an in-plane anisotropy K p of ~10k.J/m?; as tensile
strain is applied along x for positive transducer voltages, the energy cost of aligning the
magnetisation along x reduces, making this axis easier, while the y axis becomes harder
under a corresponding compression.

At 0V, the PMA constants were (88 & 1) k.J/m? for 0.95 nm and (41.3 & 0.9 )k.J/m?>
for 1.0 nm. These values are lower than the OV values for the samples on biaxial transducers,
but have a similar trend of decreasing anisotropy with increasing Co thickness. At positive
voltage the z axis is compressed and the PMA increases. In Figures 4.9b and 4.10b the
out-of-plane anisotropy constant increases with strain, but the change is smaller than the
change in in-plane anisotropy.

Plotting the change in the anisotropy constants AK, and AK;p against the strain
e, and ¢, allows for comparison with the magnitude of change in the PMA of Pt/Co/Pt
on biaxial transducers. Figure 4.11 shows this for the two thicknesses of Co studied (t =
0.95, 1.0nm), along with a line showing the result of the fit to AK, on the three biaxial
Pt/Co/Pt samples. The uniaxial data generally follow this line closely. The similarity of
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4.4 Anisotropy change with strain
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Figure 4.9: The in-plane and out-of-plane magnetic aniostropy energies, which were separated
by fitting the data in Figure 4.8, are shown for Pt/Co(0.95nm)/Pt on a uniaxial transducer at
voltages between -30V and 90V. a) The solid diamonds are the in-plane magnetic anisotropy energies
(Ex — K,) plotted against the angle of the applied in-plane field (¢=0° is the x axis and current
direction). The solid lines are extrapolated using parameters from fits to the measured anisotropy
data to Equation 4.3. b) The anisotropy constants extracted from the fits to Equation 4.3 are

plotted against transducer voltage.
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Figure 4.10: The in-plane and out-of-plane magnetic aniostropy energies, which were separated
by fitting the data in Figure 4.8, are shown for Pt/Co(1.0nm)/Pt on a uniaxial transducer at
voltages between -30V and 90V. a) The solid diamonds are the in-plane magnetic anisotropy energies
(Ex — K,) plotted against the angle of the applied in-plane field (¢=0° is the x axis and current
direction). The solid lines are extrapolated using parameters from fits to the measured anisotropy
data to Equation 4.3. b) The anisotropy constants extracted from the fits to Equation 4.3 are

plotted against transducer voltage.
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Figure 4.11: The changes in the magnetic anisotropy constants K, and K;p are plotted against

the strain in the z and x directions respectively for Pt/Co(t)/Pt on uniaxial transducers (t = 0.95,

1.0nm). The dashed line is the fit to Equation 4.2 from Figure 4.6 showing the change in magnetic

anisotropy for the Pt/Co/Pt on biaxial transducers for comparison.

the gradients of the data in the uniaxial plots to the gradient of the line from the biaxial

plot shows that the magnetostriction constant (derived from the gradient using Equation

4.2) is the same along the x, y and z axes (see Chapter 3 for strain measurement details).
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4.5 Summary

4.5 Summary

The magnetic anisotropy of Pt/Co/Pt thin films with PMA has been measured using a
method based on the EHE. The behaviour of the magnetisation during magnetic field
sweeps used for this measurement was characterised using Kerr microscopy. A coherent
rotation regime at low applied magnetic fields was identified, which can be fitted to extract
the anisotropy field.

Measurements of the change of magnetic anisotropy of Pt/Co/Pt under strain induced
by biaxial and uniaxial transducers showed that tensile strain along a given axis lowers
the magnetic anisotropy constant. The magnetostriction constant of Pt/Co(t)/Pt was
measured to be A = -3.5x107° on biaxial transducers for Co thicknesses of t = 0.85, 0.95,
0.1 nm. The change in magnetic anisotropy with strain was found to be due to bulk-
like Co atoms, rather than the interface with Pt. Measurements on uniaxial transducers
showed that the magnetostriction constant is isotropic and that an in-plane anisotropy can

be established under anisotropic in-plane strain.
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CHAPTER 5

Measuring the Dzyaloshinskii-Moriya interaction
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5.1 Introduction

5.1 Introduction

The Dzyaloshinskii-Moriya interaction (DMI) is an anisotropic exchange interaction that
promotes chiral spin structures such as Néel domain walls. In thin magnetic films with
PMA, the presence of a DMI term manifests as an effective in-plane magnetic field within
domain walls, perpendicular to the wall direction. The strength of the DMI field can be
measured by seeing changes in domain wall velocity under applied in-plane bias fields. This
chapter will describe the measurement technique and present results of DMI fields for thin
films of Pt/Co/X (where X is Pt, Ir or Ir/Pt) with a range of Co thicknesses. The effect
of using different out-of-plane fields to drive the domain walls and the effect of strain from

biaxial transducers on these measurements is also explored.

5.2 Measuring DMI using the creep regime

Measurements of DMI from the field driven expansion of bubble domains under applied
in-plane fields have been demonstrated in Pt/Co thin films by a number of different invest-
igators [15; 16; 28; 57]. In these studies the domain wall motion is in the creep regime, so
the domain wall velocity is expected to follow the creep law given in Equation 2.20 with a

modification I" from the domain wall energy in an in-plane field. The velocity is given by

U. (Hgep )1/4
! ”OeXpl k:T(H ’ (5.1)
where I' = 7733‘”(‘/;[[5;’;)0) is the ratio of the domain wall energy in an applied in-plane field

to the energy in zero in-plane field. The field-dependent domain wall energy term (given in
Equations 2.18 and 2.19) includes the DMI field and is different depending on whether the

domain wall is truly in the Néel configuration
YNw =+ 2Kpd — mépuoMs|Hrp + Hpil

or retains some Bloch character

§(mpoMs)?

H H 2,
SKp, (Hrp + Hpar)

YBNW =7 —

Figure 5.1a shows the magnetisation directions within different domain wall types, while
Figure 5.1b shows bubble domains expanding under applied in-plane fields, along with the

direction of the DMI field within the domain walls. For these measurements the field is
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5.2 Measuring DMI using the creep regime
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Figure 5.1: Bubble domains with magnetisation pointing up out-of-plane surrounded by a domain
with magnetisation pointing down into-plane. a) Diagrams of bubble domains with arrows showing
the magnetisation directions within domain walls of different structures. In Bloch walls the magnet-
isation points along the wall, in Néel walls the magnetisation is perpendicular to the wall. The Bloch
wall contains sections of both chiralities, whereas Néel walls are either left-handed or right-handed.
b) Kerr images of bubble domains used in DMI measurements. The central dark area is the original
reversed domain and the bright area shows the expansion of the bubble under a pulse of out-of-plane
magnetic field. The central image shows a symmetric bubble that has expanded with no in-plane
bias field, with black arrows showing the direction of the DMI field that acts on the magnetisation
within the domain walls to promote a Néel type wall. The images to the sides are bubbles that have

expanded under an in-plane field in addition to the perpendicular driving field.

always applied along the x axis and velocities are measured parallel and anti-parallel to
the field, as defined in the figure. The DMI field acts within a domain wall to promote
a Néel component in the wall magnetisation, as shown in Figure 5.1. If there is no DMI
(Hpmr1 = 0) the wall will be Bloch type at H;p = 0 with an energy v = 4,/AK_ ¢y, and
the variation of the factor I' and the velocity with H;p will be the same on the RHS and
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5.2 Measuring DMI using the creep regime

LHS of the bubble domain. For the case where Hppsr # 0, there is an effective in-plane
DMI field that acts exclusively within the domain wall, countering the shape anisotropy
Kp associated with Néel walls. The magnetisation within the wall will then have some
component that aligns to the DMI field. If the DMI field is large enough to fully overcome
the shape anisotropy Kp, the wall will be fully Néel type, with the wall magnetisation
arranged as in Figure 5.1.

Applying Hyp results in a different I' dependence for the RHS and LHS, depending
on the chirality of the Néel component in the wall. Since the DMI field points in opposite
directions on the LHS and RHS of the bubble domain wall, H;p+ Hpasr will vary differently
with Hyp for the RHS and LHS, causing T" and therefore the velocity to be different. For
a wall that is Bloch when no in-plane field is applied (Hpar = 0), the velocity versus
in-plane applied field curves will rise symmetrically around H;p = 0, since the Bloch-Néel

wall energy gives

§(mpoMs)? 2 d(mpo M;)?
_ CATPOTs) g — oy C\THOTs)
i sk, i) =7 8Kp

thus the curves for the RHS and LHS of the domain wall bubble will be the same. For a

(+Hrp)?,

wall with some Néel component at zero applied in-plane field (Hpasr # 0), the velocity
versus in-plane field curves will be shifted on the applied field axis by a value equal to the
DMI field, since

S(mpoM)? 2 8 (mpg M)
_ SVIHOMs) H _ Ao Ms)
Y R (—=Hip+ Hpur)® # Y

The shift will be in opposite directions for the RHS and LHS of the bubble domain since

(+Hip+ Hpur)?.

the DMI field points radially in or out so has the opposite sign on these two sides. Figure
5.2 shows how the velocity of the LHS and RHS walls of a bubble domain with some Néel
character depend on applied in-plane field. The curves are shifted in opposite directions
along the Hjp axis so that they are not symmetric around zero field. The DMI field is the
field where the velocity is lowest. The minima of both curves, LHS and RHS, are identified
by fitting the data to Equation 5.1 using the form with Bloch-Néel domain wall energy.
Where the data fit well to the model around the minimum (as in Figure 5.2) the DMI field
from the fit coincides with the minimum of the curve. The magnitudes of the values for
the RHS and LHS are averaged to give the magnitude of the measured DMI field and the
sign is determined by the direction of the shift of the RHS curve (positive when the RHS
minimum is at a positive in-plane applied field, and negative when the RHS minimum is at

a negative in-plane applied field).
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Figure 5.2: The magnitude of the domain wall velocity in Pt/Co(0.89nm)/Ir is plotted against
in-plane bias field for the right hand side (RHS) and left hand side (LHS) of the bubble domain
shown in the inset. The points are the data and the lines are least squares fits of the velocities at
low fields to the creep model given in Equation 5.1. The domain wall is driven by a perpendicular
field of puoH, = 11.2 mT. The bias field points towards the right of the inset for negative values
and to the left for positive values of uoHp. These directions and the directions of the DMI field
in the RHS and LHS domain walls are marked. The velocity error bars are the standard errors from

averaging three or more velocities.

5.2.1 Samples

The thin films studied in this section were deposited by dc magnetron sputtering onto thin
glass substrates and bonded to biaxial piezoelectric transducers, as described in Chapters
3 and 4. Four thin films were studied in order to examine the effect of different cap-
ping layers on the DMI, consisting of Ta(3.9nm)/Pt(4.2nm)/Co(t)/X, where X is Ir(6nm),
[r(0.3nm)/Pt(4.2nm) or Pt(4.2nm) with t = 0.89, 0.78 nm. The three Hall bar patterned
films (Ta(4.5nm)/Pt(2.5nm)/Co(t)/Pt(1.5nm) with t = 0.85, 0.95, 1.0 nm) used for mag-

netic anisotropy measurements in Chapter 4, were also measured.
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5.2 Measuring DMI using the creep regime

5.2.2 Experimental set-up and field alignment

A Kerr microscope was used to measure domain wall difference images, like those shown
in Figure 5.1b, where the bright contrast is the area swept out by an expanding bubble
domain. The dark area in the centre of this ring is the original reversed domain, while
the dark area around the outside of the bright ring is the unreversed magnetisation. The
out-of-plane fields needed to saturate the film, nucleate a reverse domain, then expand the
bubble were applied with a perpendicular coil wound around a water-cooled brass pillar on
top of which the sample was mounted. The top of the perpendicular coil and the sample
were positioned between the pole pieces of an in-plane magnet. To make a measurement,
the reverse domain is nucleated with just an out-of-plane field, then the in-plane field is
applied continuously while the out-of-plane field is pulsed to expand the bubble.

In order to ensure that there is no additional out-of-plane field component, the in-plane
bias field must be carefully aligned to the plane of the sample. A tilt of 0.1° gives an extra
contribution to pugH, of £0.2 mT at +£100 mT', so even with this small misalignment,
there is a difference in driving field of 0.4 mT" between positive and negative in-plane fields
of the same magnitude. Since velocity varies exponentially with H,, the resulting velocity
difference through a sweep of misaligned pgHrp can skew the shape of the curve, making
the minimum difficult to identify.

In some cases, the field can be aligned by the same method used to align to an in-plane
field for EHE measurements shown in Chapter 4. The in-plane field is swept while the out-
of-plane signal (in this case using the polar Kerr effect rather than the EHE) is monitored.
This is repeated with the magnet tilt adjusted until the change in signal during a field sweep
is minimised. This method is more difficult when using MOKE rather than EHE because
the Faraday effect in the objective lens gives a linear contribution to the signal that can be
significant, and varies as the in-plane magnet is moved during the alignment. It is also only
effective for films with an anisotropy field below the 280 mT available from the in-plane
magnet in this configuration. For most samples, the field was aligned by taking images of
the domain wall displacement at large positive and negative in-plane fields for a given driving
field and pulse time (e.g. poHrp = £80 mT, poH, = 10 mT pulsed for 1 s). The film is
aligned when the total displacement on both sides of the bubble (diptq; = drus + drus)
is the same for positive and negative puoHrp. Once the in-plane field is aligned the sample
is left in place and measurements of DMI can be done while varying parameters such as

driving field and transducer voltage.
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5.3 Effect on DMI of driving field and biaxial strain

The DMI field was measured for different driving fields and under strain from biaxial trans-

ducers to investigate the effect these parameters have on the measured DMI field.

5.3.1 Driving field

To measure the domain wall creep velocity, an out-of-plane field must be applied to drive
the domain wall motion. A Pt/Co(0.89nm)/Ir film on a biaxial transducer was measured
with different driving fields. Figure 5.3 shows velocity versus in-plane bias field on the LHS
and RHS of a bubble domain with four different driving fields between 10.06 and 11.21 mT.
Increasing the driving field increases the domain wall velocity, as expected from the creep
law (Equation 5.1), and also increases the steepness of the curve. The curves were fitted to
Equation 5.1 to identify the minima, which give the DMI fields at each out-of-plane driving
field. Figure 5.4 confirms that there is no significant change in the measured DMI field
with driving field. The mean value is poHparray = (16 & 1) mT, where the error is the
standard error.

For higher out-of-plane driving fields, the change of domain wall velocity with in-plane
bias field is more pronounced, meaning that the minimum of the curve might be easier
to determine, making higher driving fields better for measuring DMI. However, higher
fields increase the likelihood of nucleating other bubble domains in the field of view of
the microscope, so the driving field used must be a balance between being high enough
to produce a pronounced v versus H;p plot and not nucleating other domains which can
interfere with the initial bubble.

The velocity versus in-plane field curves in Figure 5.3 fit well to the creep model with a
Bloch-Néel wall energy around the minima, but deviate at higher fields. The creep model
gives curves that are always symmetric around the DMI field at the minimum, whereas the
measured curves appear tilted, with the velocity increasing much more steeply on one side
than the other. To further investigate the effect of the in-plane field on the domain wall
creep motion, the creep law was fitted to Inv versus (uon)_1/4 for each in-plane bias
field and the gradients (uoHdep)l/‘lUc/kT and intercepts of these are shown in Figure 5.5a.
These data are limited by only having four out-of-plane driving fields and not covering a
large range of velocities. However, the values of the creep parameters with no in-plane field
applied are consistent with values from fits over a much larger field range with velocities

spanning several orders of magnitude (see Chapter 6), so some tentative conclusions can
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be drawn from examining whether the parameters are affected by applying in-plane fields.

Both of the parameters vary in a very similar way with poH;p: they increase as the field
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Figure 5.4: The DMI field in Pt/Co(0.89nm)/Ir is plotted against different perpendicular driving
fields. The diamonds represent points taken before applying voltage to the transducer and the circle
is a point taken during a sweep of the transducer voltage from -30 V' to 150 V. Between measuring
the data for the open diamond point and the closed diamond points the in-plane field was re-aligned
to the sample plane. The error bars are from the spacing between data points on the v against
woHp plots. The solid line is the average DMI field taken over the black symbols and the dashed

lines show the standard errors on this value.

goes from negative, through zero, to positive, and the error bars are much larger at higher

—-1/4

fields. Figure 5.5b shows that the Inv versus (uoH,) plots for higher bias fields tend

to deviate from linear behaviour, suggesting a move away from the creep regime or a small

—1/4 plots

misalignment in the in-plane bias field. Since the kinks in the Inv versus (poH)
seem to turn the opposite way depending on whether the bias field is positive or negative,
a small misalignment of the field is the most likely cause. In Figure 5.4 there are two
values of DMI field measured at 10.06 mT, before and after realigning the in-plane field.
The difference between these points is small compared to the spread of measurements at
different fields and the error bars, showing that small differences in alignment do not change
the measured DMI significantly.

For the velocity on the LHS of the bubble domain the creep parameters are almost
constant with in-plane fields between -0.05 1" and 0.03 7', while the RHS parameters vary

greatly over this range. The differences between the parameters on either side of the bubble

and across applied bias fields may be caused by significant variations in the local pinning
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Figure 5.5: Domain wall creep parameters and velocities (taken from Figure 5.3) in
Pt/Co(0.89nm)/Ir are shown. a) The domain wall creep parameters (the gradients
(uoHdep)1/4Uc/kT and intercepts Invg) from linear least squares fits to the natural logarithm
of the magnitude of the domain wall velocity Inv versus the out-of-plane field (uoH,)~/* (where
uoH, = 11.21, 10.92, 10.63, 10.06 mT) are plotted against in-plane bias field. b) Examples of the
Inv versus ,LL()H;I/4 plots for a range of in-plane fields on the RHS and LHS of bubble domains.

energy landscape. The regions where bubbles are most likely to nucleate at low out-of-plane
fields tend to be rich in defects. As the bubble expands and the domain wall moves through
the film it will be pinned more strongly and move more slowly in some areas, and can be
seen to move faster in other areas. The in-plane field determines how far a domain wall
moves for a certain field pulse, so that at higher in-plane fields the wall moves through

more of the film, sampling more pinning sites, and close to the DMI field the wall moves
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less far, sampling less of the film. These variations in pinning around the domain nucleation
site, along with the different distances moved by the domain walls give an explanation for
the observed variation of creep law parameters with in-plane bias field. Since the creep law
seems to hold for applied in-plane bias fields close to the minima of the v versus uoHrp

plots, the measured DMI fields should be unaffected by deviations at higher applied fields.

5.3.2 Biaxial strain

The effect of strain from the transducer on the DMI measurement of Pt/Co(0.89nm)/Ir was
investigated. Figure 5.6 shows the velocity versus in-plane bias field on the LHS and RHS
of a bubble domain with the transducer at -30, 0, 100 and 150 V. The driving field was
10.6 mT for all the data points in these plots. The effect of strain from the transducer is to
increase the domain wall velocity for both sides of the bubble (this effect will be discussed
in detail in Chapter 6). There is a small increase in the velocity change with in-plane field
under tensile out-of-plane strain, but the minima of the curves do not change significantly.
Figure 5.7 shows the DMI fields identified from the curves plotted against applied transducer
voltage. The changes in the v versus pgHyp plots under strain are similar to the changes
seen for different fields, with no significant differences in the measured DMI fields. The
average DM field for different strains is uoHparray = (15 + 2) mT, which is consistent
with the average over different driving fields shown in Figure 5.4 (noHparraw = (16 + 1)
mT).

The v versus Hrp curves for Pt/Co(0.89nm)/Pt were also measured under strain. Figure
5.8 shows the v versus pugH;p curves with the biaxial transducer at 0 and 150 V. The
data in 5.8a and b were taken in different sessions so the alignment and in-plane direction
of the bias field may be different, causing a small difference in velocity at uoHrp = 0 mT.
The same difference in features can be seen here as in Pt/Co(0.89nm)/Ir: the curve shifts
up as the velocity increases under strain, the difference at higher in-plane fields is more
pronounced, but the velocity minima are in the same positions, giving the same DMI field.

These measurements show that the DMI field can be measured from the velocity minima
of v versus pugHp curves with no significant influence from out-of-plane driving field, and

that the DMI field is not affected by strain from the biaxial piezoelectric transducers.
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Figure 5.6: The magnitude of the domain wall velocity in Pt/Co(0.89nm)/Ir is plotted against
in-plane bias field for a) the right hand side (RHS) and b) the left hand side (LHS) of a bubble
domain. The thin film is bonded to a transducer to which voltages of between -30 V' and 150 V'

have been applied to induce strain. The domain walls are driven by a perpendicular field of ugH, =
10.6 mT'. The points are the data and the lines are least squares fits of the velocities at low fields

to the creep model given in Equation 5.1.
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Figure 5.7: The DMI field in Pt/Co(0.89nm)/Ir is plotted against applied transducer voltages.
The diamond represents a point taken before applying voltage to the transducer and the circles are
points taken during a sweep of the transducer voltage from -30 V to 150 V. The error bars are
from the spacing between data points on the v against poHrp plots.The solid line is the average

DMI field taken over the black symbols and the dashed lines show the standard errors on this value.
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Figure 5.8: The magnitude of the domain wall velocity in Pt/Co(0.89nm)/Pt is plotted against
in-plane bias field for the right hand side (RHS) and the left hand side (LHS) of a bubble domain.
The domain walls are driven by a perpendicular field of pgH, = 14.4 mT. a) The RHS and LHS are
plotted together against a large range of bias fields. b) The RHS and LHS are plotted on separate
axes to compare the effect of holding the transducer at 0 V' and 150 V. The points are the data and
the lines are least squares fits of the velocities at low fields to the creep model given in Equation 5.1.
Since the data do not fit well to the model, the DMI field is taken at the centre of the minimum in

the velocity curve.
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Figure 5.9: The magnitude of the domain wall velocity in Pt/Co(0.78nm)/Ir is plotted against
in-plane bias field for the right hand side (RHS) and the left hand side (LHS) of a bubble domain.
The domain walls are driven by a perpendicular field pugH, = 11.5 mT. The points are the data and
the lines are least squares fits of the velocities at low fields to the creep model given in Equation
5.1.

5.4 Effect on DMI of varying Co thickness and capping layers

The DMI field was measured in Pt/Co thin films with different Co thicknesses and capping
layers. The asymmetry between LHS and RHS velocity is discussed for the different films

and the domain wall structure (Bloch or Néel) is deduced.

5.4.1 \Velocity versus bias field curves and velocity asymmetry

Domain wall velocity versus in-plane field curves were measured for Pt/Co(0.89nm)/X for
X=Ir, Ir/Pt and Pt, and for Pt/Co(0.78nm)/Ir. The films capped with Ir or Ir/Pt exhibit
very similar behaviour. The v versus pgHrp curves shown in Figures 5.2, 5.9 and 5.10
all have the RHS minimum at negative puoH;p and the LHS minimum at positive puoHpp,
giving a positive sign to the DMI. All the curves fit well to Equation 5.1 at low fields, with a

smooth and approximately parabolic shape, although they are not quite symmetric around
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Figure 5.10: The magnitude of the domain wall velocity in Pt/Co(0.89nm)/Ir/Pt is plotted against
in-plane bias field for the right hand side (RHS) and the left hand side (LHS) of a bubble domain.
The domain walls are driven by a perpendicular field pgH, = 9.5 mT. The points are the data and
the lines are least squares fits of the velocities at low fields to the creep model given in Equation
5.1.

their minima (i.e. one side of the curve rises away from the minimum faster) and they
deviate from the fitted model at higher applied in-plane fields.

The domain wall velocity versus in-plane field curves for Pt/Co/Pt films differ from
the films capped with Ir. The RHS and LHS curves for Pt/Co(0.89nm)/Pt both have an
approximately flat region centred close to uoHrp = 0, and above +5 m[T the velocity
increases almost linearly. The patterned Pt/Co(t)/Pt films (t = 0.85, 0.95, 1.0 nm) have
v versus poHyp curves (shown in Figure 5.11) that vary in shape, but with all the curves
rising steeply away from zero on one side of the minimum (rising at positive field for the
LHS and negative field for the RHS) and the velocity remaining low with increasing field on
the other side. This feature is particularly marked in the t = 0.85 and 0.95 nm films. The
creep model fits well for the t = 0.85 nm Co film over most of the measured field range,
while the t = 0.89, 0.95 and 1.0 nm Co films do not follow the model well. Comparing the
shapes of velocity versus in-plane field curves for the thin films with the values for measured

DMI fields shown in Figure 5.12, the films with larger DMI (the Ir and Ir/Pt capped films
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Figure 5.11: The magnitude of the domain wall velocity in patterned Pt/Co(t)/Pt films (t is
marked on the plots) is plotted against in-plane bias fields for the right hand side (RHS) and the left
hand side (LHS) of bubble domains in small areas of sheet film in a and b, and domains expanding
along the Hall bar in c. The domain walls are driven by perpendicular fields of a) uoH, = 14.4
mT, b) poH, = 10.6 mT and c) uoH, = 11.2 mT. The points are the data and the lines are least
squares fits of the velocities at low fields to the creep model given in Equation 5.1. Where the data
does not fit well to the model (Co 0.95 nm and Co 1.0 nm) the DMI field is extracted as the field

where the velocity is lowest.
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and the t = 0.85 nm Pt capped film) behave as the creep law in Equation 5.1 predicts

more closely and over a larger field range.
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Figure 5.12: The DMI field in Pt/Co(t)/X (X = Ir, Pt or Ir/Pt) is plotted against Co thickness ¢.
The error bars are from the spacing of the field steps in the v versus pgHyp plots in the case where
the curve minima are easy to define. In cases where the minima were hard to define the error bars
are enlarged to reflect the ranges over which the minima could be positioned. The data points are

labelled with the structures of the thin films.

The difference in the RHS and LHS velocity versus in-plane field curves can be studied
further through the asymmetry, which is defined as the difference over sum of the RHS and

LHS velocities
4 — URHS — VLHS

= , (5.2)
VYRHS + VLHS

where vprs and v g are the magnitudes of the domain wall velocities on the RHS and
LHS of the bubble. These velocities can also be calculated from the creep law (Equation
5.1) in order to fit the data to the model. The asymmetry eliminates symmetric effects from
other properties of the film, such as the creep parameters (the gradient (uoHdep)1/4Uc/kT
and intercept Invg) in the case where these are constant across the film and with applied
in-plane fields, or where the RHS and LHS values have the same dependence on applied

in-plane field.
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Figure 5.13 shows the asymmetry for Pt/Co/Pt, Pt/Co/Ir and Pt/Co/Ir/Pt films. The
asymmetry for Pt/Co(0.85nm)/Pt has a negative slope at low field then saturates at a = 1
at high fields, fitting well to the model derived from the creep law. The asymmetry for
Pt/Co(0.89nm)/Pt is close to zero (meaning that vrrs and vy s are similar) for positive
applied fields, but increases away from pgHjpp = 0 at first for negative fields, then saturates
at a =~ 0.3 at a field close to the minimum in the LHS velocity versus in-plane field curve.
Since the asymmetry is close to zero, suggesting a very low DMI, the data do not fit well
to Equation 5.2. The asymmetry of the t = 0.95 and 1.0 nm Pt capped films has a similar
shape to the t = 0.85 nm. The asymmetry fits well to Equation 5.2 at low fields, but for
higher fields it saturates below a = 1. For the Ir and Ir/Pt capped films, the asymmetry
fits well to the model for low fields, but reaches a maximum at approximately twice the
DMI field, then reduces at higher positive or negative fields until the velocity on the RHS
and LHS becomes similar around the limit of the measured field, even changing sign again
in some measurements.

The differences between the measured asymmetry and the model based on the creep
law suggest that the creep parameters change with field, as seen in Figure 5.5, or that there
is some deviation from creep motion of 180° domain walls at high fields due to canting of
the domain magnetisation or to Walker breakdown. However, the equations fit the data for
low fields around the minima of the velocity versus in-plane field curves, showing that the
model holds for the applied fields used to measured the DMI.

The variation of shapes exhibited by the v versus pugHrp curves reflects the different
curves measured by other investigators in similar thin films [15; 28; 57]. Most studies
including v versus pgH;p measurements have employed similar methods to that used here,
taking the DMI from the minima in the curves, or fitting the expression given in Equation
5.1 to the data, although some have suggested alternative forms for the domain wall energy
used in I' [77; 78]. Not all features in the different v versus poHrp curves have been
explained by this simple model, which assumes that the in-plane field does not cant the
magnetisation in the domains, and that the creep parameters (Invy and the creep gradient)
remain the same under applied in-plane field. Lavrijsen et al. have demonstrated for
Pt/Co/Pt thin films [28] that the creep parameters can vary sharply even at small applied
in-plane fields, and that the corresponding velocity versus in-plane field curves can take on
forms that vary greatly from what is expected from the model, with peaks in the velocity

near to H;p = 0.

75



5.4 Effect on DMI of varying Co thickness and capping layers

e C0 0.85nm Pt
s Co 0.89nm Pt
= Co 0.95nm Pt

= Co 1.0nm Pt
¢ Co0.78nm Ir
= Co 0.89nm Ir/Pt
. s Co0.89nm Ir
1.0- ' ' ' 1
0.5] W ]
£ 00 oo, *ee,
QJ L2
c -0.5
£ -1.01 ]
>
(7]
o

50 0 50 -100-50 0 50 100
HH. (mT)

Figure 5.13: The asymmetry between right hand side (RHS) and left hand side (LHS) velocity
(Equation 5.2) is plotted against in-plane bias field for Pt/Co/X films capped with Pt (right of
figure), Ir or Ir/Pt (left of figure). The capping layers and Co thicknesses of the films are given in
the legend and the t = 1.0, 0.95, 0.85 nm samples are patterned, while the rest are sheet films.
The points are the data and the lines are least squares fits to the creep model using Equation 5.2

where the velocities are calculated from Equation 5.1.
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5.4.2 DMI fields and domain wall structure

The measured DMI fields for the films capped with Ir, Ir/Pt and Pt are plotted against Co
thickness in Figure 5.12. Following Hrabec et al. [16], films capped with Ir and Ir/Pt have
a positive DMI field, while films capped only with Pt have a negative DMI field. There is a
slight trend in the Pt capped samples for smaller DMI fields at higher Co thicknesses. The
Co thickness affects the strength of the PMA in Pt/Co films, shown by Figure 5.14a where
the effective anisotropy constant is plotted against Co thickness for the films capped with
Ir, Ir/Pt and Pt. The PMA was measured with polar MOKE and an in-plane applied field,
using a similar procedure to that described in Chapter 4. The PMA generally decreases
as Co thickness increases, and films capped with Ir or Ir/Pt have larger PMA than films
capped with only Pt. Figure 5.14b shows the absolute value of the DMI field plotted
against the effective anisotropy constant. The size of the DMI field is generally larger for
films with higher PMA, although the trend is not strong. Some correlation between DMI
field and PMA might be expected, since both are determined by the spin-orbit interaction
and depend strongly on the Co interfaces.

A positive DMI promotes Néel walls with left-handed chirality, while a negative DMI
promotes Néel walls with right-handed chirality. To fully transform a wall from Bloch to

Néel, the wall shape anisotropy Kp must be overcome, requiring an in-plane field of

41K 2uoMstIn 2
poHerit = polHrp + Hpar| > —2 = Ho 5 :
TM, w20

(5.3)

Figure 5.15 shows this critical in-plane field and the absolute values of the measured DMI
fields plotted against the ratio ¢/0. The domain wall width ¢ was calculated from ¢ =
\/ A/ Kcyr, where the exchange stiffness A = 22 pJ/m is taken from a calculated value for
a similar Pt/Co(0.8nm)/Pt film in Ref. [22]. All except the Pt/Co(0.85nm)/Pt Hall bar
have DMI field values below the critical field, meaning that without applying an in-plane
bias field the DMI field is insufficient to make the domain walls fully Néel, so they remain
Bloch-like. The Pt/Co(0.85nm)/Pt DMI field value sits just above the critical field so
should be fully Néel, although it should be noted that the minima in the v versus poHrp
curves for this sample were particularly difficult to determine, making the uncertainty in
the DMI field large. Figure 5.15 shows that films with larger Co thicknesses or narrower
domain wall widths require higher DMI fields for Néel walls to be possible. The Pt/Co films

studied here are likely to have Bloch walls with a Néel component, or pure Bloch walls.
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Figure 5.14: a) The effective anisotropy constants K.y of Pt/Co(t)/X (X = Ir, Pt or Ir/Pt) thin
films are plotted against Co thickness ¢t. b) The absolute value of the DMI field in Pt/Co(t)/X
is plotted against K.yr. The data points are labelled with the Co thicknesses in nm and capping
layers of the thin films.
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Figure 5.15: The critical in-plane field needed to transform a domain wall from Bloch to Néel type
(Equation 5.3) is plotted against the ratio of film thickness to wall width ¢/§. The DMI fields for
Pt/Co/X thin films with X = Ir, Ir/Pt or Pt are also shown, plotted against ¢/ with the transducer
at 0 V (black diamonds) and at 150 V (red lines). Films with data points in the grey region of the
graph have measured DMI fields which are too small to give walls that are fully Néel. The data

points are labelled with the Co thicknesses in nm and capping layers of the thin films.
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5.5 Summary

The DMI field has been measured for thin films of Pt/Co(t)/Ir (t = 0.78, 0.89 nm),
Pt/Co(t)/Ir/Pt (t = 0.89 nm) and Pt/Co(t)/Pt (t = 0.85, 0.95, 1.0 nm). The velocity of
domain walls on the right and left sides of bubble domains was measured under in-plane bias
fields, and the DMI fields were extracted from the minima of these curves. The curves had
different shapes and opposite asymmetry for films capped with Ir or Ir/Pt and films capped
with Pt. All the films with Ir had a positive DMI field and the films capped with only Pt
had a negative DMI field. A large enough positive DMI would give left-handed Néel walls
and a large enough negative DMI would give right-handed Néel walls, although all but the
Pt/Co(0.85nm)/Pt film had values of DMI field that were too small to fully transform the
domain walls to Néel-type, so retain a predominantly Bloch-like form or have a combination
of Bloch and Néel components. It was found that applying voltages to transducers coupled

to the thin films to induce strain did not have a measurable effect on the DMI fields.
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CHAPTER 6

Magnetisation reversal and domain wall velocity

change with strain in Pt/Co thin films
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6.1 Introduction

In Chapter 4, it was shown that the magnetic anisotropy of Pt/Co(t)/Pt with t = 0.85-
1.0 nm can be modified by 10 k.J/m? by an out-of-plane tensile strain of 9x10~* from
a biaxial transducer. In this chapter, the effect of strain, and the resulting anisotropy
change, on magnetisation reversal is investigated. Strain-induced changes in magnetic
anisotropy energy and hysteresis loops have been studied by other investigators in hybrid
piezoelectric/ferromagnet heterostructures where the magnetic layer has either in-plane
[36; 42; 43; 80-83] or perpendicular [39; 44; 84] magnetic anisotropy. Control of domain
walls using the strain from a piezoelectric has been studied at room temperature in materials
with in-plane anisotropy including FeGa thin films [82] , CoFeB [36] and CoFe [39] , and
in (Ga,Mn)(As,P) with PMA at 90 K [45].

This chapter presents the changes in magnetic hysteresis loops of patterned Pt/Co/Pt
multilayers under strain from biaxial transducers. The effect of strain from biaxial trans-
ducers on domain wall velocity in Pt/Co/X sheet and patterned films, where X is Ir, Ir/Pt
or Pt, is investigated and discussed in the context of the structure and energy of domain

walls.

6.2 Magnetisation reversal hysteresis loops in Pt/Co/Pt

The magnetisation reversal was studied by magnetic hysteresis loops using EHE and MOKE.
The samples were Ta(4.5nm)/Pt(2.5nm)/Co(t)/Pt(1.5nm) (t = 0.85, 0.95, 1.0, 1.1 nm)
multilayers, deposited onto 150 pum thick glass substrates and patterned into 50 um wide

Hall bars, and bonded with epoxy resin to biaxial piezoelectric transducers.

6.2.1 EHE hysteresis loops

The magnetisation reversal was first studied with EHE hysteresis loops. For Co thicknesses
t of 0.85 nm, 0.95 nm and 1.0 nm, the EHE signal was monitored while an out-of-plane
magnetic field was swept from -30 mT to +30 mT and back, with a step size of 0.5 mT
around the magnetisation reversal. The 1.1 nm Hall bar was measured with 5 mT" magnetic
field steps around the coercive field, between -100 mT" and +100 mT'. Figure 6.1 shows
the hysteresis loops of the Pt/Co(t)/Pt Hall bars on biaxial transducers. For Co thicknesses
t of 0.85 nm, 0.95 nm and 1.0 nm the hysteresis loops exhibit the square shape typical

of an easy axis loop in a PMA material, with full remanence at 0 m/I" and sharp switching
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Figure 6.1: Normalised EHE hysteresis loops of Pt/Co(t)/Pt on biaxial transducers at 0 V' (t =
0.85, 0.95, 1.0, 1.1 nm). The magnetic field is applied perpendicular to the plane of the sample.

over a small range of applied field (1 mT or less). The coercive field at 0 V' decreases as
the Co thickness increases, with values of 11.7 mT’, 10.2 mT and 9.1 mT for the t = 0.85
nm, 0.95 nm and 1.0 nm respectively. For 1.1 nm of Co, the hysteresis loop has a much
lower coercive field of 4.5 mT and is not fully remanent at 0 mT’, showing that it is at the
reorientation transition between out-of-plane and in-plane magnetic anisotropy.

EHE hysteresis loops were taken with the biaxial transducers at a range of voltages
between -30 V' and 150 V. The coercive fields were found at each voltage and the mean
was taken over 5 magnetic field cycles. Figure 6.2 shows that the coercive fields of the
four Pt/Co/Pt Hall bars decrease as a function of transducer voltage. The change in
Pt/Co(0.85nm) /Pt with voltage is very small at only -0.15 mT', whereas the change for
the thickest film Pt/Co(1.1nm)/Pt is much larger at -0.9 mT. Figure 6.3 shows that
the absolute change in coercive field is proportional to the film thickness, with a larger
reduction in coercive field as the films become thicker. The changes in coercive field
are small compared to field step sizes, which contributes to some deviation from linear
behaviour. The percentage change of 20 % in Pt/Co(1.1nm)/Pt is considerably larger than
the change in the other three samples, which are all below 5 %.

When a voltage is applied to the biaxial transducers, the hysteresis loops of the three
thinner Pt/Co/Pt samples remain square and fully remanent at 0 mT', with the nucleation

field shifting by approximately the same field as the coercivity. The thicker Pt/Co(1.1nm)/Pt
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Figure 6.2: The coercive field of Pt/Co(t)/Pt on biaxial transducers measured using the EHE is
plotted against transducer voltage for t = 0.85, 0.95, 1.0, 1.1 nm.The error bars are standard errors

from averaging the coercive fields of 5 hysteresis loops All four panels have the same y scale.

becomes more canted as well as narrower when a positive voltage is applied to the trans-
ducer (Figure 6.4a). The squareness, measured as the ratio of the remanent EHE signal to
the saturated EHE signal R,¢,,/ Rsat, is shown as a function of transducer voltage in Figure
6.4b. The remanence reduces by 31% between 0 V' and 150 V, reducing the squareness
from 0.65 of the saturated value to 0.45.
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Figure 6.3: The absolute change and percentage change in the coercive field of Pt/Co(t)/Pt on
biaxial transducers is plotted against Co thickness. The change is measured by EHE with out-of-

plane applied magnetic field, between transducer voltages of 0 V and 150 V.
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Figure 6.4: a) Out-of-plane EHE hysteresis loops of Pt/Co(1.1nm)/Pt on a biaxial transducer set
at 0 V and 150 V. b) Squareness of the EHE hysteresis loops (from extraordinary Hall resistances
Ryem/Rsat) is plotted against transducer voltage for Pt/Co(1.1nm)/Pt on a biaxial transducer.
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6.2.2 MOKE hysteresis loops

EHE hysteresis loop measurements showed how the coercive field and remanence of Pt/Co/Pt
in the intersection of the Hall crosses changes as the PMA is modified by strain. Hyster-
esis loops were also measured using the Kerr microscope in polar MOKE configuration,
with the biaxial stressors at 0 V' and 150 V. These measurements were taken over the
regions used for domain wall velocity measurements in Pt/Co(t)/Pt (t = 0.85 nm, 0.95
nm and 1.0 nm), to give the values of coercive field which will be used in Section 6.3.1
to calculate the domain wall pinning energy ratio. The sizes of the measured areas were
up to 1.5x1.5 mm?, in contrast to the smaller regions of 20x50 pm? at the Hall cross
intersections measured using the EHE. The field was swept between -30 m1" and +30 mT
with a field step size of 0.1 mT around the magnetisation reversal. The hysteresis loops
are shown in Figure 6.5a and the coercive fields and changes between 0 V' and 150 V' are
shown in Figure 6.5b. The coercive fields decrease with Co thickness but are higher than
those measured using EHE. The difference between the two methods (EHE and MOKE) is
due mainly to the difference in size and position of the measured area - the EHE samples
only the area of the Hall bar between the arms used to measure the EHE voltage, whereas

the Kerr microscope measures a much larger area.
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Figure 6.5: a) Out-of-plane hysteresis loops measured using the Kerr effect are shown for
Pt/Co(t)/Pt on biaxial transducers at 0 V' (solid lines) and 150 V' (dashed lines) for Co thick-
ness t of 1.0 nm (red), 0.95 nm (green) and 0.85 nm (blue). b) Coercive field change and coercive
field of Pt/Co(t)/Pt plotted against Co t. The coercive field poH, is the mean of the values from

5 field cycles and is shown at 0 V' (filled shapes) and 150 V' (open shapes).
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6.2.3 Pt/Co/Pt hysteresis loops under strain

Studying the magnetisation reversal through EHE and MOKE hysteresis loops shows that
tensile out-of-plane strain of £, = 9x10~* from a biaxial transducer reduces the coercivity of
the Pt/Co/Pt with PMA by up to 5 %. The coercive field of Pt/Co/Pt at the reorientation
transition between in-plane and out-of-plane magnetic anisotropy changed by 20 % and its
remanence changed by 31 %.

The changes presented here can be compared to changes in hysteresis loops under
strain of similar materials on piezoelectric substrates. Yang et al. [83] found changes in the
coercive field and remanence of hysteresis loops from a CoPt alloy with in-plane aniostropy
on a piezoelectric PMN-PT substrate which gave a biaxial strain of 0.17 %. With the field
applied in-plane, the change in the coercivity was 26 %, which is slightly higher than the
largest change seen here, and the change in the remanence was approximately 10 %, which
is less than the change in the Pt/Co(1.1nm)/Pt Hall bar. Changes in the squareness of out-
of-plane hysteresis loops from CoPd on piezoelectric substrates have been reported [44; 84].
In out-of-plane hysteresis loops of CoPd on PZT, which, like those for the Pt/Co(1.1nm)/Pt
Hall bar, are not fully remanent, there is a maximum change in squareness between 0.9 and
0.6. Out-of-plane hysteresis loops of CoPd on PMN-PT change from being almost fully
remanent with a squareness just below 1.0 to a squareness of 0.2. Lei et al. [85] studied the
out-of-plane hysteresis loops of a PMA Pd/Co/Pd/Co/Pd/CoFeB/Pd multilayer on PMN-
PT. The already low coercive field reduced by ~50 % and the nucleation field changed
from ~1.5 mT to ~0.1 mT when the maximum strain was applied.

The changes in the hysteresis loops of Pt/Co/Pt are generally smaller than previously
reported changes for similar materials under piezoelectric strain. Comparing the results of
Pt/Co/Pt, CoPt and CoPd, the largest changes in the magnetisation reversal under strain
are seen in thicker films (the thicknesses of the CoPt and CoPd alloys are well above the
Pt/Co/Pt thicknesses) with low magnetic anisotropy, coercivity or remanence.

The reduction of the coercive field under tensile strain in Pt/Co/Pt may be the result of
two effects: the smaller nucleation field seen in the hysteresis loops, or a change in domain
wall motion under strain. The following section investigates how the domain wall velocity

in Pt/Co thin films is affected by PMA changes under strain.
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Figure 6.6: Domain wall velocity v plotted against applied out-of-plane field u,H for unstrained
Pt/Co/X (black shapes) and Pt/Co/X under tensile out-of-plane strain induced by applying 150 V'
to the piezoelectric transducers (red shapes). The Co thicknesses and the capping layers are given

in the legends.

6.3 Effect of strain on domain walls in Pt/Co

The magnetisation reversal was investigated further by studying domain wall creep velocity
using wide-field Kerr microscopy. The thin films studied in this section were deposited by dc
magnetron sputtering onto thin glass substrates and bonded to biaxial piezoelectric trans-
ducers. Four sheet thin films were studied, consisting of Ta(3.9nm)/Pt(4.2nm)/Co(t)/X,
where X is Ir(6nm), 1r(0.3nm)/Pt(4.2nm) or Pt(4.2nm) with t = 0.89, 0.78 nm. Three
Ta(4.5nm)/Pt(2.5nm)/Co(t)/Pt(1.5nm) films with t = 0.85, 0.95, 1.0 nm, patterned into
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Hall bar structures, were also measured.
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Figure 6.7: The natural logarithm of v plotted against ., H ~'/* (out-of-plane field) for unstrained
films of Pt/Co/X (black shapes) and Pt/Co/X films under tensile out-of-plane strain induced by
applying 150 V' to the biaxial transducers (red shapes). The Co thicknesses and the capping layers
are given in the legends. The lines are least squares fits of the data to the creep law (Equation
2.20).

A short magnetic field pulse is used to nucleate a reverse domain, which occurs repeat-
ably at the same few nucleation sites, and for patterned films can be either in the Hall
bar or in a small region of sheet film. Nucleation occurs at a few sites and the domains
expand so that an approximately straight domain wall moves into the field of view of the
microscope [8]. An image is recorded, then another magnetic field pulse is applied to move

the domain wall. Another image is recorded and the difference between the two images is
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6.3 Effect of strain on domain walls in Pt/Co

used to extract the distance the domain wall travels. This is divided by the length of the
magnetic field pulse and the resulting velocity can be plotted against driving field. The
uncertainties in the velocity values are derived from the standard errors in repeat readings
of the distance the domain wall moves or the uncertainty due to the resolution of the image
where that is larger. The lengths of the field pulses, defined at the full-width-half-maximum,
were between 200 ms and 20 s. The rise time was estimated by measuring the domain wall
velocity for a range of pulse lengths from 1 s to 20 ms. When the pulse length approaches
the rise time, the time over which the magnetic field ramps up to the maximum applied
value becomes significant, so that the distance moved by the domain wall during the rising
and falling edges of the applied field pulse contributes to a difference in the measured ve-
locity compared to values measured with longer pulse lengths. Increases in velocity values,

above the uncertainties in the measurement, gave 100 ms as the estimated rise time.

6.3.1 Domain wall creep motion in Pt/Co

The field driven domain wall creep velocity was measured in Pt/Co on biaxial transducers.
Figures 6.6 and 6.8a show that the domain walls travel faster for a given field when 150 V'
is applied to the transducer. Plotting the natural logarithm against poH /4 in Figures 6.7
and 6.8b shows that the data are linear, confirming that the motion is in the creep regime
for all the Pt/Co Hall bars and sheet films studied. The data in Figures 6.7 and 6.8b were
fitted to the creep law (Equation 2.20) with a least squares method.

Domain wall creep parameters under strain

The creep parameters can be extracted from fits to the creep law. The intercept of the
fit with the vertical axis is In v, and the gradient of the line is the product MOH;e/;Uc/kT.
Figures 6.9 and 6.11a show how In v, changes with transducer voltage for the sheet films
capped with Ir, Ir/Pt or Pt, and for the Pt/Co(1.0nm)/Pt Hall bar, respectively. Figures
6.10 and 6.11b show how the creep gradient changes with transducer voltage for the sheet
films capped with Ir, Ir/Pt or Pt, and for the Pt/Co(1.0nm)/Pt Hall bar. Figure 6.12 shows
the creep intercept Inv, and gradient for the Pt/Co/Pt Hall bars against Co thickness for
0 V and 150 V. The magnitudes of the intercept and gradient do not show a clear trend
with Co thickness but there is a significant difference between the samples capped with Ir
or Ir/Pt and those capped only with Pt. The intercepts and gradients of the Pt capped
samples are approximately double that of those capped with Ir. This suggests that the
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Figure 6.8: a) Domain wall velocity v plotted against out-of-plane applied field 1, H and b) natural

logarithm of v plotted against ., /4. Both plots show data for unstrained Pt/Co(t)/Pt (black
open shapes) and Pt/Co(t)/Pt under tensile out-of-plane strain induced by applying 150 V to the
biaxial transducers (red solid shapes), for t = 0.85 (circles), 0.95 (squares) and 1.0 nm (triangles).
The lines in b are least squares fits of the data to the creep law (Equation 2.20).

samples capped with Ir are more magnetically smooth than the films with Pt directly on
top of the Co layer. This difference in pinning can also be seen in the Kerr microscope
images. Generally the domain walls appear smoother for films with higher anisotropy and
for films capped with Ir. Films with lower anisotropy tend to have increased wall roughness,

with most domains having cauliflower-like edges, such as in Figure 5.1, and some of the Pt
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capped films having domains with ragged, sometimes almost dendritic edges. The creep
parameters are not strongly affected by strain: there is no measurable systematic change

in these parameters with biaxial transducer voltage.
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Figure 6.9: The creep parameter Inwvy derived from fits to the creep law (Equation 2.20) of
data shown in Figure 6.7 is plotted against applied transducer voltage for Pt/Co(t)/X on biaxial

transducers. The Co thicknesses and the capping layers of each of the films are given in the legend.
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Domain wall pinning under strain

Since we do not have a direct measure of 119Hgep, the pinning energy ratio U./kT is
extracted by assuming that Hg., = H. (measured by MOKE for the Hall bar samples
only). This assumption accommodates a change with strain of Hye, (proportional to the
change in H.), although a comparison of the values of poH. (Figure 6.5) to the range of
applied fields driving domain wall velocity (Figure 6.8a) shows this estimate of Hye, to be
too low; poH, is within the range of fields that drive creep motion. The estimate of Hye,
produces an increased U./kT', but allows for a shift in Hg, under strain equal to the shift
in H.. Figures 6.11 and 6.12 show the values of U./kT for the Pt/Co/Pt Hall bars. At 0
V it is found to be 69 + 2 for 0.85 nm, 87 £ 2 for 0.95 nm and 87 = 1 for 1.0 nm. As
these values are artificially inflated by the estimate of Hy,, they are somewhat larger than
values found in similar polycrystalline Pt/Co/Pt films [22], and in epitaxial Pt/Co/Pt films
[31].

There is very little variation in the pinning energy between 0 V' and 150 V in any
of the three Hall bar Co thicknesses. Figure 6.12 shows the pinning energy ratio U./kT
as a function of Co thickness in the strained and unstrained Pt/Co/Pt. It is difficult to
completely exclude a change in the pinning energy or Invg as a function of strain because
the velocity change data is taken over limited magnetic field ranges. However, given the
size of the uncertainties and the variation in the gradient and intercept, in order to be
unresolved by the measurements any change would have to be limited to just a few percent
of the 0 V' value, which is much lower than the changes in domain wall velocity shown in
the next section.

Although there is no measurable effect on the domain wall creep parameters, Figures
6.6 and 6.8a show a distinct increase in the domain wall velocity under strain from biaxial
transducers. The creep parameters are related to the microstructure of the magnetic thin
films, so any changes in that structure when the film is strained must be small in com-
parison to the overall change in the magnetic anisotropy energy. The gradient of the Inwv
creep slope is related to the height of the pinning energy barriers that the wall encounters
as it moves through the film. The insensitivity to strain of the pinning in Pt/Co with
PMA contrasts with studies of ferromagnetic/piezoelectric heterostructures with in-plane
magnetic anisotropy where the pinning of domain walls was found to be important in con-
trolling magnetisation reversal via strain [39; 82]. Changes in pinning have also been found

in multilayers where the PMA is controlled by direct application of voltages across a stack
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Figure 6.10: The creep parameter /LoHalle/;lUc/kT derived from fits to the creep law (Equation
2.20) of data shown in Figure 6.7 is plotted against applied transducer voltage for Pt/Co(t)/X on
biaxial transducers. The Co thicknesses and the capping layers of each of the films are given in the

legend.

containing a ferromagnet/oxide interface such as Pt/Co/AlOx [86; 87]. This mechanism
for modifying PMA involves charging at the Co/oxide interface, rather than accessing the
properties of bulk-like Co atoms, as found here for strained Pt/Co/Pt.

If the domain wall pinning is not affected significantly in Pt/Co thin films on biaxial

tansducers, it suggests that the roughness of the magnetic anisotropy energy landscape is
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Figure 6.11: Parameters derived from fits to the creep law (Equation 2.20) of the creep data at a
range of transducer voltages are plotted against transducer voltage for Pt/Co(1.0nm)/Pt on biaxial
transducers. The plots show a) the intercept Inv,, b) the gradient MOH;C{;Uc/kT and c) the ratio
of the pinning energy to the thermal energy U./kT.

not strongly influenced by strain, rather the height of the energy landscape is reduced as
a whole when tensile out-of-plane strain is the applied to the Pt/Co thin films. The next

section explores the effect of this change on the domain wall velocity.

6.3.2 Changes in domain wall velocity under strain

The domain wall velocity of Pt/Co thin films increases when positive voltage is applied

to the transducers to given tensile out-of-plane strain. Figure 6.13 shows the change in
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Figure 6.12: Parameters derived from fits to the creep law (Equation 2.20) of data shown in
Figure 6.8 are plotted against Co thickness t for Pt/Co(t)/Pt on biaxial transducers at 0 V' (black,
open diamonds) and 150 V' (red diamonds). The plots show a) the intercept Inv,, b) the gradient
MOH1/4UC/kT and c) the ratio of the pinning energy to the thermal energy U./kT.

dep
domain wall velocity from 0 V' when -30 V', 50 V', 100 V" and 150V are applied to Pt/Co/X
thin films where X is Ir, Ir/Pt or Pt. Figure 6.14 shows the velocity changes under strain
from applying 150 V' to the biaxial transducers of the Pt/Co(t)/Pt Hall bars (t = 0.85,
0.95, 1.0 nm). All films show some variation within the velocity change at a given voltage,
but the velocity change is otherwise constant with applied out-of-plane field. The values
for the mean velocity changes across the applied field ranges are shown in Figure 6.15 for
the Pt/Co/X sheet films and Figures 6.14 b and c for the Pt/Co/Pt Hall bars. When

the applied transducer voltage is negative, the velocity tends to reduce, and when the
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Figure 6.13: The percentage change between 0V and -30 V, 50 V, 100 V/, 150V of the creep
velocity of domain walls in Pt/Co(t)/X on biaxial transducers is plotted against applied out-of-plane
magnetic field. The points are the data and the solid, coloured lines are guides to the eye at the

mean velocity changes. The plots are labelled with the Co thicknesses and the capping layers.

applied transducer voltage is positive the velocity tends to increase, matching the sign of
the changes in magnetic anisotropy due to strain in Pt/Co/Pt. Plotting the velocity change
against transducer voltage for the sheet films and the Pt/Co(1.0nm)/Pt Hall bar shows that
the creep velocity changes linearly with transducer voltage and tensile out-of-plane strain.

There is generally an increase in the maximum change in velocity with Co thickness,
correlated with larger percentage changes in velocity for films with lower initial K7y at 0
V. The films capped with Ir or Ir/Pt have the lowest velocity changes at between 10 and
20 %, while the largest increases are in the Pt/Co(0.89nm)/Pt sheet film (50 %) and the
Pt/Co(1.0nm)/Pt Hall bar (90 %).

These results can be compared to changes in creep velocity due to direct voltage applic-

ation across Pt/Co/GdOx, where the mechanism for modifying PMA is related to charging
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Figure 6.14: a) The percentage change between 0V and 150V of the creep velocity of domain
walls in Pt/Co(t)/Pt (t is given in the legend) on biaxial transducers is plotted against applied
magnetic field. b) The mean (across the applied field range) of the percentage change in velocity

plotted against Co thickness t. c¢) The mean percentage change in the domain wall velocity in

Pt/Co(1.0nm)/Pt is plotted against transducer voltage. The error bars are the standard errors on
the mean values.

at the Co/oxide interface. The change in velocity was of comparable size to changes in
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Figure 6.15: The mean percentage change (taken over the range of applied fields) from 0 V' of
the creep velocity of domain walls in Pt/Co(t)/X on biaxial transducers is plotted against applied
transducer voltage. The Co thicknesses and the capping layers of the films are given in the legend

and the error bars are the standard errors on the mean values.

Pt/Co under strain, but was not constant with applied field, dropping from ~35 % at low
driving fields and low velocities to ~15 % at high driving fields and high velocities [88].
Other systems based on voltage gating and interface charging of Co based multilayers have
reported doubling of domain wall velocity [89], decreases of 10 times the ungated velocity
[87] and changes in velocity of up to an order of magnitude [86]. The velocity changes in
Pt/Co under strain are small compared to the changes from interface charging. However,
the maximum strain from the piezoelectric transducers is small at ~0.1 %, so it might be
possible to further increase the velocity changes if a higher strain could be produced.

The domain wall velocity change shows some correlation with both K.;r at 0 V' and
|oHparr|, with higher velocity changes when both parameters are low. Figure 6.16 shows
the velocity changes at 150 V' plotted against the initial (0 V') K.¢s and the absolute value
of the DMl field. As discussed in Chapter 5, K7 and jioH pps; show some weak correlation,
since they are both derived from spin-orbit coupling at the Co/heavy metal interfaces. There
are differences in how the velocity change depends on K.rf and |uoH parr|, which suggests

that both parameters have an effect on how the domain wall velocity behaves under strain.
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To understand this further, the domain wall energy and structure, which depend on both

K¢y and poHppsr will be discussed.

a
toof 2 peto e
= 80 " Picag s
‘; m Pt/Co/Pt
53 60 .
>
40| 1
= 20
q [] |-¢-|'_<>_|
100 200 300 '4Qp " 500
K_(0V) (kd/m”)
b 400! +
X 80]
> .
53 60- ;
>
3401 ;
% 20_ 19 ——
1 ——
0 . . . . .
0 5 10 15 20 25

4o Hopl (MT)

Figure 6.16: The percentage change of domain wall velocity in Pt/Co(t)/X between 0 V' and 150
V applied to the biaxial transducers is plotted against a) the effective magnetic anisotropy at 0 V'
and b) the absolute value of the DMI field. The film structures for both plots are given in the legend

of a and the Av/vgy error bars are the standard errors on the mean values.
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Figure 6.17: The energies of domain walls in Pt/Co(t)/X thin films (t = 0.78, 0.89 nm) and
Pt/Co(t)/Pt Hall bars (t = 0.85, 0.95, 1.0 nm) are plotted against Co thickness t. For comparison,

the energy has been calculated for walls that are fully Bloch, fully Néel or a combination (B-N),
although the lowest energy wall type is favoured in each sample. The data points are labelled with

the capping layers.

6.3.3 Domain wall structure and energy

The modification of PMA under tensile out-of-plane strain affects the domain wall velocity
through changes to the structure and energy of the domain wall. As the tensile strain
increases and the PMA is reduced, the domain wall width increases and the domain wall
energy decreases. Therefore, reduced PMA lowers the energy barrier to elements of the
film reversing as the domain wall moves, so for lower K, there is a lower nucleation field
and a higher domain wall velocity for a given out-of-plane magnetic field. The lower the
initial PMA at 0 V, the larger the percentage change in domain wall velocity, which explains
the general trend of larger velocity changes for thicker films, but is not sufficient to fully
account for some of the variation seen between samples.

The structure and energy of a domain wall are influenced by the DMI as well as the
PMA. In Chapter 5 it was shown that most of the thin films studied in this work are not
pure Bloch walls, and have some Néel-like component. Figure 6.17 shows the energies of

Bloch, Bloch-Néel and Néel domain walls for each of the thin films. In order to minimise the
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energy of the system, the lowest energy wall type is favoured. Only the Pt/Co(0.89nm)/Pt
sheet film and the Pt/Co(1.0nm)/Pt Hall bar have calculated wall energies where Bloch
is the lowest energy wall type, while for all others Bloch-Néel is favoured (or Néel for the
Pt/Co(0.85nm)/Pt Hall bar). Figure 6.18 shows that the percentage change in domain
wall velocity at 150 V is linear with the domain wall energy, and with the change in domain
wall energy, for all Pt/Co films where Bloch-Néel or Néel wall types are favoured. The
Pt/Co(0.89nm) /Pt sheet film and the Pt/Co(1.0nm)/Pt Hall bar have domain wall velocity
changes that are considerably higher, at 50 % and 90 % change respectively, showing that
the velocity of fully Bloch domain walls is more sensitive to strain-induced changes in the

PMA than that of other wall structures.
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Figure 6.18: The percentage change of domain wall velocity in Pt/Co(t)/X between 0 V' and 150
V applied to the biaxial transducers is plotted against a) the calculated domain wall energy at 0 V/

and b) the estimated change in the domain wall energy between 0 V' and 150 V. The film structures

for both plots are given in the legend of a.

105



6.4 Summary

6.4 Summary

In summary, lowering the PMA with strain from biaxial tranducers reduces the coercivity
of out-of-plane hysteresis loops and increases the domain wall creep velocity of the Pt/Co
thin films by between 10 % and 90 % in the range of fields applied. Plotting the domain
wall velocity curves as Inwv versus MoHd_e;/4 shows that the domain wall motion is in the
creep regime for all measurements. Fitting the creep law to the data showed no measurable
changes in the creep parameters (Inwvg and the pinning energy), which limits any changes
caused by strain to below a few percent of the unstrained values. This shows that although
the magnetic anisotropy energy landscape of a Pt/Co film is lowered by strain, it is not
distorted significantly.

The proportional size of the change in domain wall velocity with strain depends on the
domain wall structure and energy. Pt/Co films with lower PMA at 0 V' generally have lower
domain wall energy and show a higher percentage change in domain wall velocity under
strain. Within the set of films with a DMI field large enough to give the domain walls some
Néel-like component, the domain wall velocity change is linear with domain wall energy
and with domain wall energy change under strain. The films with the lowest DMI, which
favours pure Bloch walls, have higher domain wall velocity changes with strain, with the

velocity in Pt/Co(1.0nm)Pt almost doubling under strain from the biaxial transducer.
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CHAPTER 7

Conclusions
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The effect of piezoelectric strain on the magnetic properties of thin films of Pt/Co has
been explored. The context of the work and the theoretical concepts behind it have been
explained and the relevant experimental methods have been described. The results of exper-
iments investigating the magnetic anisotropy, DMI and magnetisation reversal of strained
and unstrained Pt/Co thin films have been presented.

Thin films of Pt/Co can have in-plane or out-of-plane magnetic anisotropy depending
on the balance of in-plane bulk magnetocrystalline anisotropy and the surface magneto-
crystalline anisotropy, which is derived from spin-orbit coupling at the Co interfaces. Co
is a magnetostrictive ferromagnet which can be strained to induce changes in its magnetic
anisotropy. Pt/Co/Pt thin films were found to have PMA below a Co thickness threshold
of 1.1 nm. The PMA of Pt/Co thin films increases as the Co thickness decreases. Out-
of-plane strain of 9 x10~* from biaxial piezoelectric transducers modified the PMA of
Pt/Co/Pt thin films by 10 kJ/m3. The magnetostriction constant of Pt/Co/Pt was found
to be -3.5x107°, and did not vary between films with different Co thicknesses, indicating
that the anisotropy change was due to the bulk-like Co atoms. OQut-of-plane hysteresis
loops of Pt/Co/Pt on biaxial transducers were fully remanent at zero applied field for Co
thicknesses below 1.1 nm. The coercive field increases as Co thickness decreases and the
change in coercive field with applied biaxial strain is larger for films with thicker Co. Uni-
axial transducers were used to give an in-plane strain in Pt/Co/Pt thin films, which causes
a small modification to the PMA and induces an in-plane anisotropy.

The DMI was measured from domain wall creep velocity versus in-plane bias field curves
in Pt/Co thin films capped with Ir, Ir/Pt or Pt. Films capped with Ir or Ir/Pt were found
to have positive DMI fields and films capped with Pt only were found to have negative
DMI fields. From the perpendicular anisotropy constants and DMI fields, the domain wall
energies could be calculated and the wall structures could be determined. The films capped
with Ir or Ir/Pt did not have DMI fields of sufficient magnitude to overcome the domain wall
shape anisotropy and become fully Néel, so take an intermediate form with some Bloch and
some left handed Néel component. Of the films capped only with Pt, one film has domain
walls of an intermediate form with some Bloch and some right handed Néel component,
one has a DMI field just above the threshold necessary for fully Néel walls to form and two
films have DMI fields low enough that the domain wall energy favours a Bloch structure.

Domain wall creep motion was studied in Pt/Co thin films capped with Ir, Ir/Pt or Pt

on biaxial transducers. The domain wall creep velocity of the Pt/Co thin films changed by
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between 10 % and 90 % when 150 V' was applied to the transducers to give an out-of-plane
tensile strain of 9 x10~%. The domain wall motion was found to be in the creep regime
for all of the measurements. The creep parameters (In vy and the pinning energy) were not
found to change significantly when voltage was applied to the transducer, showing that the
magnetic anisotropy energy landscape of the a Pt/Co film is lowered, but not distorted by
the tensile out-of-plane strain.

The change in domain wall velocity under strain varied linearly with domain wall energy
at 0 V, and with the domain wall energy change, for Pt/Co films with DMI fields large
enough to give the domain walls some Néel-like component. For these films the change in
domain wall velocity was below 40 %. Two of the Pt/Co/Pt films did not fit the same trend
with domain wall energy and had much higher domain wall velocity change under strain
(50 % and 90 %). These films had DMI fields low enough that the domain wall energy
favoured a Bloch structure.

Domain wall creep velocity in Pt/Co thin films with PMA can be modified with strain
by an amount related to the proportional change in the energy of the domain wall. The
energy of a Bloch domain wall depends only on the magnetic anisotropy constant and the
exchange stiffness, while the energy of walls with some Néel component also depends on
the DMI field. Strain modifies the PMA of the Pt/Co but doesn't affect the DMI, therefore
the velocity of Bloch walls is more sensitive to strain than Néel walls.

To continue the work of this project, one could extend the investigation of the effect
of strain on field driven domain wall motion beyond the creep regime, or investigate the
effect of strain on current driven domain wall motion. The effect of strain from uniaxial
transducers on the DMI field as the in-plane anisotropy is modified could be studied.

Strain from piezoeletric transducers is a convenient way of using strain to tune the
parameters of Pt/Co thin films. Multiferroic heterostructures that combine piezoelectric
materials with PMA thin films have potential as devices for technological applications as
well for studying the physics associated with magnetisation dynamics and magnetic domain

walls.
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