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Abstract

The increasing demand for greater storage densities poses constant chal-
lenges for the magnetic recording industry. The move to perpendicular
recording occurred recently as this provides one way of increasing the
storage density. For further advance in the technology it is important to
gain an understanding of the micromagnetic and microstructural prop-
erties of the materials used in the hard drive. The material used in the
write head is extremely important as the storage density is increased.
CoFe alloys are currently of interest as they have a high magnetic mo-
ment and therefore have the potential to write to the high anisotropy
materials required for writing at the high densities. Transmission elec-
tron microscopy is an ideal tool to gain such information as it provides

a way of extracting magnetic information of the nanometre scale and
structural information on the atomic scale.

Chapter 1 of this thesis provides an introduction to ferromagnetic ma-
terials and the magnetic energy contributions which are present. The
principles of magnetic recording are then discussed along with the ad-
vantages of switching to perpendicular recording. The requirements for
the write head material are discussed at the end of chapter 1 and a

review of previous work on CoFe materials is given.

The main experimental techniques used for the work in this thesis are
described in chapter 2. Firstly the sputter deposition of samples is
discussed along with the characterisation of the bulk films with a B-
H looper. A detailed description of transmission electron microscopy
(TEM) and the various imaging modes which have been used is given.
The Fresnel mode and the differential phase contrast (DPC) mode of
Lorentz microscopy have been used to study the magnetisation rever-
sal behaviour of the films and these are described. Electron energy loss
spectroscopy (EELS), which was used to investigate the elemental distri-

bution in the films, is also discussed. A dual beam SEM/FIB was used



to investigate the surface topology of the films and a brief description
of the instrument is given. The final part of chapter 2 deals with the
preparation of cross-sectional specimens with the encapsulation method

and the patterning of thin films with electron beam lithography for use
in the TEM.

By way of an introduction to the various reversal behaviour which is
observed within magnetic films two soft films, NiFeCuMo and CoFeB,

have been investigated. The results from these films are discussed in

chapter 3.

In chapter 4 results from four CoFe thin films are presented. While all
films were of similar total thickness, 50 nm, the differences were the
inclusion or otherwise of a seedlayer and the introduction of nonmag-
netic spacer layers to form laminate films. The detailed mechanisms for
easy and hard axis reversals of the films were investigated. As expected
cross-tie walls were observed in the films with thicker CoFe layers and
wall displacements were seen with the introduction of the spacer layers.
Magnetisation dispersion was reduced as multilayering was introduced
and a significant reduction in the grain size from 12.5+2.8 nm to 7.941.5
nm was observed. In the laminated films with three spacer layers defect
areas where the magnetisation distribution differed markedly from that
in the surrounding film were observed and the formation of 360 ° domain
walls was noted. Cross-sectional TEM showed that the layer roughness

increased throughout the film thickness and this was thought to be the
probable cause of the localised anomalies.

Chapter 5 follows on from chapter 4 with an investigation into the ori-
gin of the defect areas and 360° domain walls. The easy and hard axis
magnetisation reversals for four CoFe laminate films were investigated.
‘The main differences between these films and those investigated in chap-
ter 4 was the reduction in spacer layer thickness and variation of CoFe
layer thickness. In this case the presence of physical defects which sig-

nificantly influenced the reversal behaviour were noted. A high density
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of 360° domain walls which persisted up to fields of a few hundred oer-
steds were observed. The walls remained throughout reversal and the
likely processes which occur during the reversal are presented. A quan-
titative investigation with DPC revealed that although some of the 360°
domain walls exist in only one or two layers of the laminate films there
are occasions where the walls exist throughout the whole thickness of

the film. However, the end points of the 360 ° domain walls are still not
understood.

In an attempt to gain an understanding of the physical structure of the
defects and some insight into what happened where the 360° domain
walls ended, SEM, cross-sectional TEM and EELS have been carried
out and the results are presented at the end of chapter 5 and in chapter
6. The defects were found to originate from particles present on the
substrate before the deposition of the CoFe films. The identity of the
particles is still unknown, however, due to the regularity of the particles
they are thought to be caused from some process after the etching of
the substrate and not from handling. Cross-sectional TEM revealed the
spacer layers are effective at separating the magnetic layers although

there are some instances where the growth in one layer may be affected
by that in an underlying layer.

In chapter 7 the final experimental work which explores the reversal
mechanisms occurring in patterned films is presented. Rather than doing
the investigation on the complex CoFe multilayers, six permalloy shapes
with similar dimensions to a write head were studied. It was found that
pole tips with widths of 500 nm and 1 um were influenced significantly
by the reversal occurring within the whole shape. This study revealed
the obstacles which the CoFe films with well defined anisotropy have to

overcome when patterned down to write head dimensions.

Finally, the conclusions from the experimental studies are discussed in

chapter 8 along with future work which could be carried out.
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Chapter 1

Ferromagnetic thin films and their

use in magnetic recording

1.1 Introduction

Since IBM introduced the first disc drive in 1957 the storage density
has grown by a factor of more than two million [1]. The data storage
industry is constantly striving to maximise the storage in the smallest
area possible. At present lab demonstrations have shown densities of ~
200 Gbit/inch? and densities of 1 Tbit/inch? envisaged [2]. With this
increase in density there is a dramatic scaling down of critical dimensions

for recording heads and this leads to many design challenges.

For many years commercial disc drives have used the longitudinal mode
of recording. Whilst this mode of recording can still be used for stor-
age at high densities, it is approaching the superparamagnetic limit [3]
where spontaneous demagnetisation can occur. The magnetic recording
industry is now moving towards perpendicular recording which elimi-
nates head to head or tail to tail transitions between 'bits’. In this mode
the superparamagnetic limit is extended and higher storage densities can
be achieved as discussed in section 1.4.2. Toshiba recently released the

first commercial drive utilising perpendicular technology [4] with other
companies such as Seagate following them [5, 6).
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There are many challenges facing the industry with the move to perpen-
dicular technology. A critical challenge is developing the material used
in the write head. CoyFe;_, alloys have attracted a lot of interest as
they possess a high known magnetic moment at room temperature and
therefore are suitable candidates for writing to high coercivity materials.

The advantages of using CoFe are discussed further in section 1.5.1.

To introduce the research carried out this chapter deals with the basics

of ferromagnetism, magnetic recording and the use of CoFe as a write
pole material.

1.2 Ferromagnetism in Thin Films

Ferromagnets are materials which possess a non-vanishing magnetic mo-
ment in the absence of an applied field. Ferromagnetism originates from
the spin and orbital motion of the electrons within an atom inducing a
magnetic moment. Weiss [7] described the interaction between neigh-
bouring moments in terms of an internal molecular field, H,,, which
is directly proportional to the magnetisation, M. Heisenberg [8] then
showed the molecular field could be understood from quantum mechani-
cal exchange interactions between unpaired electrons on adjacent atoms
which promote the parallel alignment of the atomic moments. The en-
ergy associated with the exchange interactions is discussed further in
section 1.2.3. The exchange interaction is overcome at temperatures
above the Curie temperature, T,, where the material becomes param-

agnetic with randomly oriented atomic moments in the absence of an
applied field.

The maximum moment of a ferromagnetic material is known as the sat-
uration magnetisation, M,, and occurs when all the atomic moments are
aligned in the same direction by a high enough applied field. When the
field is removed the material may retain a net moment in the direction

of applied field. This moment is known as the remanent magnetisation,

2
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M;, and is usually considerably lower than M. The reduced moment
can be explained through energy considerations, as discussed in section
1.2.1, which cause the magnetisation to break up into uniformly magne-
tised regions known as domains. The total moment of the material is the
vector sum of the magnetic moments of the domains. In the presence of
an applied field the net magnetisation increases in the direction of the
applied field through either domain wall motion or coherent magnetisa-
tion rotation. It is possible to image and study the behaviour of domains
in response to an applied field through techniques such as magnetic force

microscopy (MFM) [9], the Bitter technique {10}, the Kerr effect [11] and
Lorentz microscopy [12].

1.2.1 Energy Terms in a Ferromagnet

There are many contributing energy terms which determine the total

potential energy of a ferromagnet. These include the Zeeman energy, the

exchange energy, the anisotropy energy, the magnetoelastic energy, the

magnetostatic energy and the domain wall energy; they are discussed in
sections 1.2.2 - 1.2.7. These terms dictate the micromagnetic behaviour

of the ferromagnet such as domain formation, magnetisation reversal and
hysteresis.

1.2.2 Zeeman Energy

The Zeeman energy is the energy within the specimen due to an external
magnetic field and is given by

E.=—po [, M -HdV (1.1)

where pg is the permeability of free space, H is the applied field and
V' is the sample volume. The applied field acts to align the magnetic
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moments along its direction and is the Zeeman energy is a minimum for

all moments aligned parallel along this direction.

1.2.3 Exchange Energy

The quantum mechanical exchange interaction between unpaired elec-
trons on adjacent atoms causes minimisation of the electrostatic energy
in the system and is responsible for the alignment of spin moments in a
magnetic material. If two interacting electrons are considered from the

Heisenberg approach [8], the exchange energy , e, can be described by:

Cex = —2Ji’jSi.Sj (12)

where J; ; is the exchange coupling constant and s; and s; are the atomic
electron spin moments. The overall exchange energy, E.., is found from
summing the local exchange energies over the whole system. In most

cases a nearest neighbour calculation is sufficient and the total exchange
energy can be found from:

Eez - —2.],',]'52 Z COSQbi,j (1.3)

1,
where S is the magnitude of the spin vector and cos¢; ; is the angle
between the spins ¢ and j. Thus for ferromagnetic materials where the
exchange constant J is positive, the exchange energy is minimised when

®i; = 0, i.e. for parallel spins. Hence, the magnetic moments of the
sample align to give a non-zero magnetisation.

1.2.4 Anisotropy Energy

Another term which contributes to the total magnetic energy of a fer-

romagnetic system is the anisotropy energy. Spin-orbit interactions are
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one source of anisotropy in single crystals and direct the magnetisation
along preferred crystallographic directions referred to as easy axes. The
directions which require the largest amount of work to align the mag-
netisation along are known as hard axes. The anisotropy is dependent

on the crystallographic symmetry of the material.

The anisotropy energy, Ej, of a hexagonal or uniaxial crystal such as Co

can be expressed as a series expansion:

By = [ (Ki(1- 03) + Ka(1 - 03)?) dV (1.4)

where K; and K> are anisotropy constants and aj is the direction cosine
with respect to the unique axis. There are three anisotropy possibilities
in hexagonal crystals. The first is when the easy axis prefers to lie parallel
to the anisotropy axis and occurs if K; is large and positive. However,
if K is large and negative, the easy axis prefers to lie perpendicular to
the anisotropy axis. The final case occurs when —2 < K;/Ky < 0 and

the magnetisation prefers to lie on a cone of angle 8 to the anisotropy
axis.

For a cubic crystal such as Fe the situation is more complicated due to

the higher degree of symmetry. The anisotropy energy in this case can
also be expressed as a series expansion:

Ep = / |K1 (afo3 + adaj + a3a}) + Kaaiada]] dV (1.5)

where a1, az and a3 are direction cosines along the crystallographic axes.
The integration is performed over the volume of the solid, although due
to thermal fluctuations the higher order terms average out and only the
first two terms generally need be considered. The anisotropy constant
K has the largest effect on determining the preferred crystallographic

direction. Common easy directions in cubic crystals are < 111 >, <
110 > and < 100 >.
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For the polycrystalline CoFe films investigated in this thesis an easy
direction has been induced by deposition in an applied field of ~60 Oe
(around the same order of magnitude to that used in previous studies
on high moment materials [13]). Variation in the easy direction due
to the orientation of individual crystallites causes fluctuations of the
magnetisation about the easy direction and this is seen as magnetisation

ripple [14, 15] and is discussed further in section 1.5.1.

1.2.5 Magnetoelastic energy and magnetostriction

Ferromagnetic materials can be subject to mechanical deformations un-
der an applied magnetic field or on ordering into domains when cooled
below their Curie temperature. The deformation arises from interac-
tions between neighbouring atomic moments and is known as the mag-
netostriction. The separation between the atomic moments due to mag-
netostriction changes with the magnetic field. The magnetostriction, A,
is defined as the fractional length change, §1/1, and the saturation value,

As, occurs when the magnetisation in the direction of the applied field is
equal to M.

The magnetoelastic energy is associated with the stress and the direction

of spontaneous magnetisation and can be expressed as

E, = / (%)\Sasinza) av (1.6)

where ¢ is the tension in the system due to the applied field and « is the
angle between the saturation magnetisation and o. A fuller description

of magnetostriction can be found in reference [16].
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1.2.6 Magnetostatic Energy

The magnetostatic energy, E,,, is partly responsible for the formation
of domains within a ferromagnet. It arises from the Coulomb interac-
tions between magnetic dipoles present in the specimen. Both an exter-
nal stray field and an internal demagnetising field are generated by the

magnetic charges. The potential of the stray field for a volume, V, and
surface area, S, can be expressed as

1 -V-M M-n
Oy = (/V v+ [ dS) (1.7)

where R is the position vector for the point in space where the field
from the charge is evaluated and n is the outward pointing unit vector,
normal to the surface. V-M is the magnetic volume charge and M - n

is the magnetic surface charge. The Stray field, H,, can then be derived
from

H,, = -V, (1.8)

The magnetostatic energy contributions can then be written as

_ Mo 2
En="5 [HZdv (1.9)

where p is the permeability of free space integrated over all space. The
extent of the demagnetising effect is strongly dependent on the sample
geometry, i.e. E,, decreases when the volume occupied by the stray
field decreases. Hence, by formation of domains, E,, is reduced and a
multidomain state, as illustrated in figure 1.1b-d, is preferred. However,
increasing the number of domains increases the exchange energy due to
the large angle between spins within the domain walls, thus the magne-

tostatic energy and exchange energy are in direct competition. The flux
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closure state, figure 1.1d, has minimal stray field and is the preferred

state when there is little or no Zeeman energy and anisotropy.

N A e

B ARTREEE
ZS

(b) (c) ()

Figure 1.1: Illustration of the stray fields generated in (a) single domain state, (b) and (c¢) multidomain
states and (d) a flux-closure state.

1.2.7 Domain Wall Energy

The transition regions which separate domains are called domain walls.
The magnetisation rotates coherently between the directions of magneti-
sation in neighbouring domains. There are various types of domain walls
as illustrated in figure 1.2. The occurrence of these walls is dependent on
sample thickness. In a Bloch wall (figure 1.2a) the magnetisation rotates
perpendicular to the plane of the surface and only occurs in thicker films
and bulk material [17] due to the surface magnetostatic energy. As the
film thickness is reduced and the magnetostatic energy becomes signifi-
cant Néel walls form (figure 1.2b). In this case the magnetisation vector
rotates within the plane of the film. The Néel wall has magnetostatic
charges on each of the wall surfaces within the film. As a consequence
of this, for a constant wall width, the magnetostatic energy is reduced
as the thickness decreases. In multilayer films Néel walls tend to be

attracted to each other and can form double walls as seen in chapter 4.

In bulk materials with uniaxial anisotropy in which Bloch walls oc-

cur, the energy associated with a domain wall, F,, and the domain

8
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wall width, 4, are determined by competing exchange interactions and
anisotropy. The anisotropy energy acts to decrease the wall thickness
as it is minimised by the moments aligning along the anisotropy axis
whereas the exchange energy prefers a wider wall since it is minimal when
neighbouring moments are parallel. In this case the domain wall width

is given by § = w,/FA.— where A is the exchange stiffness and K, is the
uniaxial anisotropy constant. For thin films where t < ,/% Néel walls
occur. The domain wall width scales with ,/Ai,d where K, is the stray

field exchange constant and is given by Ky = poM2/2. As Ky > K, §
for Néel walls is narrower than in a Bloch wall.

Another type of domain wall which is observed in ferromagnetic mate-
rials is the cross-tie wall (figure 1.2¢) [17]. This wall can form in films
where the thickness is in the transition region between the Bloch and
Néel walls. The magnetisation in a cross-tie wall rotates both in and out

of the plane of the film, i.e. a combination of Bloch and Néel type walls.
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Figure 1.2: Planar view schematic illustrations of (a) Bloch-type wall, (b) Néel-type wall, (c) Cross-tie
wall, (d) linear 360 ° domain wall and (e) 360° domain wall loop.

The last type of wall considered here is the 360° domain wall. The
magnetisation on either side of this type of wall lies in the same direc-
tion. Linear 360° domain walls (figure 1.2d) often form during reversal
sequences in thin films and there are several examples of this in chap-
ters 4 and 5. The linear walls can join up to form 360° domain wall

loops (figure 1.2e) which have been observed previously by TEM and
are particularly stable [18, 19).

1.2.8 Total Energy

The total magnetic energy of a ferromagnet can be found from summa-
tion of all the energy contributions,

10



Chapter 1: Ferromagnetic thin films and their use in magnetic recording

Etot = Ez+Eem+Ea+E)\+Em (110)

A magnetic system at any time tries to minimise Ey,. However, the mag-
netic configuration is dependent on the history of the particular sample
as the magnetic moments can get trapped at local energy minima and it
is common for domains to be present in minimum energy configurations.
The direction of the magnetic moments can be changed under an applied

field and hysteretic behaviour such as domain processes can occur.

Through calculation and minimisation of the total energy it is possi-
ble to model magnetic systems and predict the behaviour in response
to an applied field. There are many widely used micromagnetic pack-

ages based on finite difference [20] or finite element methods {21} which
enable modelling on the nanometre scale and can be useful in under-
standing experimental observation. For example Schrefl et al simulated
the formation and elimination of 360 ° domain walls in thin Co films [22]

which 1s relevant to the experimental observations in chapter 5.

1.2.9 Hysteresis Loop

The hysteresis loop for a magnetic material is a plot of the magnetisa-
tion, M, against the applied field, H. A schematic of a typical hysteresis
loop for a ferromagnet is shown in figure 1.3. When initially deposited,
the net magnetic moment for thin magnetic films is usually zero. On
application of a field the magnetisation then increases until saturation,
M;, is reached. This initial part of the hysteresis loop can only be repro-
duced if the ferromagnet is demagnetised. On reducing the applied field
to zero the magnetisation then reduces to a value M,, the remanence.
As the field is increased in the opposite direction the magnetisation goes

to zero when H = H,, the coercivity. Hysteresis loops for ferromagnets
are typically symmetric and centred about zero, as is the case for the
thin films investigated in this thesis.

11
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Figure 1.3: A typical ferromagnet hysteresis loop.

1.3 Principles of Magnetic Recording

Magnetic recording first began with Poulsen’s experiments in 1898 [23]
and over the past few decades there has been rapid advancement of the
technology. A schematic of the recording process is shown in figure 1.4.
In the recording system a current is generated in the write head by an
input signal which in turn generates a field from the head. This field
is then used to write the information to the magnetic recording media
and information is stored in binary form as a series of magnetic domains
known as 'bits’. The information can then be read back through sensing
the stray field from the transition regions between the bits. This is done

by the read head and the signal is then converted electronically to give
an output signal.

12
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output signal '\\ ) Input signal
= ampliﬁer«\\‘ - amplifier

Write Head

Track width

-

T Recording medium

Figure 1.4: Schematic diagram of the magnetic recording process

1.4 High Density Magnetic Recording

The growing demand for storage on servers and personal computers
means the industry is constantly striving to maximise the storage den-
sity. Storage densities are usually quoted in terms of areal densities, i.e.
bits per unit area, however, the areal density can also be considered in
terms of a track density (the number of tracks per unit width of the
film) and a linear density (the number of bits per unit length of track).

In essence, to increase the areal storage density the bit size should be
reduced.

In this section various formats which have shown potential for high den-
sity magnetic recording are discussed.

1.4.1 Longitudinal Magnetic Recording

The longitudinal mode of magnetic recording is used in the majority of

current commercial hard disc drives. A schematic of a longitudinal write

13
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head is shown in figure 1.5. The head is a ring head and the magneti-
sation is written by the fringing fields from the head gap. This gives
a maximum possible write field of ~ M;/2 where M, is the saturation
magnetisation of the head [24]. The magnetisation of the bits lies in the
plane of the film which results in head to head and tail to tail transitions
between neighbouring bits and unfavourable demagnetising fields at the
transition regions. The data are read back by sensing the fields from the
transition regions. With continued growth in the areal recording density
there is a risk of spontaneous demagnetisation of the bits due to thermal

effects, this is known as the superparamagnetic effect and places a limit

on the maximum achievable areal density [3].

Other factors which can limit the storage density are media parameters
and write head characteristics. The demagnetising length is given by
M,t/H, [25] where M, is the remanent magnetisation, ¢ is the thickness
of the media and H, is the coercivity of the media. From the relationship
it can be seen that the demagnetising length is smaller for smaller t.
For greater areal densities smaller bit sizes are required which requires

a smaller demagnetising length, hence, constraints are put on the film
thickness.

Coils
«—

Recording field
4

Media

Figure 1.5: Illustration of a longitudinal ring head

14
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1.4.2 Perpendicular Magnetic Recording

Iwasaki and Nakemura [26] renewed interest in perpendicular recording
nearly 3 decades ago when they showed its potential for high density
recording. Figure 1.6 shows a schematic of the writing process in the
perpendicular mode of recording. In this mode the magnetisation of
the bits is written perpendicular to the plane of the media by the di-
rect field from the single pole head. The demagnetising effects which
limit the areal density in the longitudinal mode are eliminated. In fact
the demagnetising fields present in this mode support the opposite mag-
netisation of neighbouring bits [27] and therefore improve the thermal

stability. Hence the superparamagnetic limit is extended.

The soft underlayer (SUL), as illustrated in figure 1.6a, provides an ef-
ficient return path for the magnetic flux emitted from the pole tip. In
simple models the SUL can be considered as a mirror image of the head,
figure 1.6b and thus in a perfect situation could effectively double the
write field to ~ M, [28]. This enables writing to a higher coercivity
medium and therefore higher areal densities can be achieved thereby fur-
ther deferring the density at which the superparamagnetic limit comes
into effect. It is also worth noting the single pole head is more efficient
than the ring head used in longitudinal recording. This can be explained
through the mirror image model where for a vertical field generated by
a current in the real head there is an additional vertical field generated
by the mirror image head. Thus for a specific field the current required
in a single pole head is approximately half that required in a ring head.
Recent lab demonstrations using the perpendicular mode of recording
have shown storage densities of 245 Gbits/inch? and densities of 500
Gbits/inch® have been predicted with the new technology [29].

There are many other aspects which need to be considered for optimisa-
tion of the recording system. For example the shape of the write pole,

head flying height, signal to noise ratio and recording medium thickness

15
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30, 31, 32].
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Figure 1.6: Illustration of a perpendicular single pole head showing (a) the SUL and (b) the image
head.

1.5 Write Head Materials for Perpendicular Mag-
netic Recording

One of the main requirements for an effective single pole head is the
:apability to provide a large enough write field to record onto the high
coercivity media required for high density magnetic recording. Also, to
avoid the head retaining a remanent magnetisation which could disturb
previously written data, it is important for the material to have a low
coercivity and low remanence. FeN films have been pursued as possible
candidates as they have saturation flux densities of >2 T and are capable
of writing to media with coercivities up to ~5100 Oe [33]. Komuro et al.
(34] reported a saturation flux density of 2.8 T for a FesNs film. However
this value of saturation flux density has only been found in samples which
were grown by molecular beam epitaxy which is not practical for large
scale manufacture. CoFe alloys have also attracted significant interest
due to their large saturation flux densities. Some of the challenges with

the use of CoFe alloys for single pole heads are discussed in the following

16
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section 1.5.1.

1.5.1 CoFe as a Write Head Material

Co,Fej00—z alloys are currently the best potential candidates for perpen-
dicular recording heads. They possess a high saturation magnetisation,
oM, >2.4 T in the range 30<x<50 [35] where x is atomic percent, and
thus can write to the high coercivity media required for high density
magnetic recording. As deposited CoFe alloys characteristically show
isotropic behaviour with relatively large H, [36]. As mentioned in sec-
tion 1.5, a large H. is undesirable for a single pole write head and poses
a challenge if CoFe alloys are to be of any use. Previous studies of such

films have looked at the effect of various underlayers on the coercive field
[36, 37, 38, 39, 40, 41].

Sun and Wang found a reduction in H, for a FeCoN film with a NiFe
underlayer and proposed an exchange induced ripple reduction mecha-
nism in which the incoming FeCoN atoms are exchange coupled to the
NiFe during the deposition, thus benefiting from its intrinsic softness
and low anisotropy dispersion (37, 38]. Other authors also point out the
desirable effect of an underlayer though many with suitable attributes
are non-ferromagnetic, emphasising that exchange coupling is not the
only means by which H, can be reduced. For example, Platt et al [36]
described a reduction in coercivity from 150 Oe to 12 Oe when CoFe
was grown on a thin CoO layer, Jung et al [41] reported significant re-
ductions in H, for CoFe grown on a range of underlayers including Cu,
NiFe and Ru, and Katada et al [40] showed that underlayers of both
NiFe and NiFeCr could be effective. All three groups of researchers at-
tributed the lower H, to a change in film microstructure induced by the
underlayer. In particular the importance of reducing the grain size was
noted. Moreover, Jung et al [41] pointed out that the reduction in H,

was quantitatively consistent with Hoffman’s theory of magnetisation
ripple [15, 42].

17
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Magnetisation ripple is the name given to the small wave-like fluctuations
of the magnetisation direction that occur in thin ferromagnetic films
[15]. Its source is randomly oriented local anisotropies and, in the case
of CoFe films, the origin is the anisotropy of the crystallites themselves.
The axes of the crystallites are randomly oriented, in either 2- or 3-
dimensions, depending on whether the film is textured or not. According

to Hoffman'’s ripple theory, the wall coercivity in a polycrystalline thin
film is given by [41}:

S (D\'?1
H, x — —-) — 1.11
7 M, (W L ( )
Here S is a structure parameter given by K, D/ 12 Kj,eal is the local
anisotropy, n is the number of grains through the film thickness, D is

the mean grain diameter, M; is the saturation magnetisation, W is the
wall width, L is the coupling length parallel to the wall approximated by
(A/K;)'/? where A is the exchange constant and K; is the magnetocrys-
talline anisotropy constant. From the relationship it is evident that a
reduction in the mean grain size would indeed cause a reduction in the
coercivity. S is also important for determining the dispersion angle of
the ripple; a smaller S gives a smaller dispersion and the dependence on

n is particularly relevant here as laminated films are under investigation.

Vopsaroiu et al [43] recently investigated the effect of controlling the
grain size in CoFe films without seedlayers by a plasma sputtering pro-
cess. They reported a reduction in H. from 120 Oe to 12 Oe, a similar
result to those described above, and again related the improvement in
softness to a decrease in crystallite size. However, rather than using the
ripple theory, they argued that the variation of H, was well described
by the random anisotropy model [43]. In this model, for a mean grain
size D and exchange length L.;, the coercivity increases as ~ DY for
D < L, is independent of D for D ~ L., and decreases with 1/D

for grain sizes larger than the domain wall width. For the case where
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D < L. the intergranular exchange is significant and sudden changes
in the magnetisation at grain boundaries are prevented giving a more
uniform magnetisation whereas for D > L., local changes in anisotropy
from grain to grain can affect the magnetisation orientation and more
complex magnetisation distributions can occur. The results from Vop-
saroiu et al [43] showed that for grain sizes less than 15 nm the coercivity
was less the 25 Oe and for grain sizes in the range 15 nm to 26 nm the
coercivity remained almost constant at 120 Oe. Thus whilst discussion
continues on the precise mechanism by which H, is controlled in high
moment films of the kind used in write heads, it is generally agreed that

grain size is important and that a small mean value is desirable.

Another of the main concerns for films used in a single-pole writer is the
requirement for a remanent state which will not cause unwanted erasure
of recorded data. Previously it was shown through modelling that lami-
nating the pole tip gives near zero remanent field and therefore reduces
this so called erase-after-write (EAW) [44]. Subsequently Nakamoto et
al. demonstrated a significant reduction in head induced erasure by lam-
inating high moment CoFe with non-magnetic NiCr [45]. The dynamics

of laminated writers is also under investigation as it is desirable to reach
the non-erasing state quickly [46].

1.6 Summary

In this chapter the basics of ferromagnetism have been discussed along
with the use of ferromagnetic materials in magnetic recording. In section
1.4 various types of recording have been discussed and the promise of the
perpendicular mode for high density recording has been shown. Section

1.5.1 focused on the write pole material and discussed the benefits and
various challenges of the use of CoFe alloys.

The work in this thesis focuses on the magnetic and physical characteri-

sation of various CoFe thin films through the use of transmission electron
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microscopy. 1o gain a greater understanding of the properties of pos-
sible write pole materials the effect on the magnetic microstructure of
both seedlayers and spacer layers has been investigated thereby allow-
ing not only single layer but laminated CoFe films to be studied. The
instrumentation and experimental techniques are discussed in chapter
2. Chapter 3 introduces the magnetic characterisation of very soft thin
films through the Fresnel mode of Lorentz microscopy. The magnetic
and physical characterisation of various CoFe multilayers are presented

in chapters 4-6 and chapter 7 characterises patterned permalloy films.
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Chapter 2

Instrumentation and Experimental

Techniques

2.1 Introduction

This chapter outlines the various experimental techniques used. The
sputter deposition of the magnetic films investigated is detailed in sec-
tion 2.2. An overview of the electron microscope and the basic imaging
modes are presented in section 2.3 followed by a discussion of Lorentz mi-
croscopy and the implementation of the techniques in the Philips CM20
microscope in section 2.4. Sections 2.5 and 2.6 detail the analytical
techniques used to determine the physical microstructure of the films. A
brief description of a scanning electron microscope and focused ion beam
is given in section 2.7 The preparation of cross-sectional specimens for
the analytical investigations and the fabrication of elements by electron

beam lithography are then detailed in sections 2.8 and 2.9 respectively.
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2.2 Sample Preparation and Characterisation of

Films

2.2.1 Deposition of Thin Magnetic Films

One of the most commonly used methods for deposition of thin polycrys-
talline films is magnetron sputtering. Figure 2.1 shows a schematic of the
sputtering process. The deposition chamber is a diode plasma system
which is maintained under vacuum. The cathode is formed by the mate-
rial to be deposited, i.e. the target, and the substrate is placed onto the
anode. The plasma is generated by electrons from the cathode ionising
an inert gas, usually argon. The gas ions are then accelerated towards
the surface of the cathode and atoms from the target are ejected. These
atoms are then deposited on the substrate and other surfaces within the
chamber forming thin films. Gas pressure and power are important fac-
tors in determining the quality of the sputtered film as they control the
substrate temperature and sputter rate. For increased sputter rates a
magnetron is placed at the target trapping electrons above the target
thus increasing the collision rate with the gas atoms. The deposition
rate is also influenced by the distance of the substrate from the target.
Most systems used today have multiple targets which can be selected
without breaking the vacuum, therefore, multilayer films with high in-
terfacial quality can be produced. The thin magnetic films investigated
in this thesis were deposited in a multitarget magnetron system by Sea-
gate Technology, Ireland. The composition of the magnetic layers in all
films was CossFegs (written hereafter as CoFe). Only in one case was the
film a single magnetic layer; in the other films one or more seed and/or
spacer layers were also present. Seed layers were 1nm thick Nig, :Feq7s
(written hereafter as NiFe) and spacer layers were 1.5nm thick Al,Oj.
The CoFe and NiFe were deposited by DC magnetron sputtering whereas
the Al,Oj3 layers were deposited by RF sputtering. The RF mode pre-
vents charge build up on insulating targets by varying the bias applied
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across the anode to cathode at a high rate, thus this mode is used for
the deposition of oxide films. For the Lorentz microscopy studies the
films were deposited on SizN; membranes supported by Si with a 100
pm x 100 pm electron transparent window [1]. Such membranes are
suitable for direct use in the transmission electron microscope (TEM),
avoiding as they do the need to remove the film from a bulk substrate.
The films were also deposited onto Si substrates for the preparation of

cross-sectional specimens as detailed in section 2.8.
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Figure 2.1: Schematic illustration of sputter deposition.

2.2.2 Bulk Characterisation with the B-H looper

The B-H looper provides a non-destructive way to characterise the mag-
netic properties of whole 67 wafers. The looper described here is the
SHB109 model which was used to characterise the films deposited by
Seagate Technology, Ireland. There are two main parts which make up
the looper: one applies the magnetic field to the wafer and the other

monitors the magnetisation of the wafer in the magnetic field.

In the first part orthogonal fields are generated in the plane of the speci-
men with two pairs of Helmholtz coils. Combination of these orthogonal

fields can generate a magnetic field along any in-plane direction.

26



Chapter 2: Instrumentation and Experimental Techniques

The second part comprises of two highly sensitive pickup coils: a normal
pickup coil and a transverse pickup coil. The normal pickup coil is more
sensitive, thus measurements are usually taken with this coil and the

wafer is rotated through 90° between measurements of easy and hard
axis hysteresis loops.

The SHB109 looper has two coil assemblies: a large coil assembly which
has a maximum output field of 75 Oe and a small coil assembly which
can output fields up to 200 Oe plus a DC offset of 20 Oe. The large
assembly is used with a pickup capable of measuring 6” wafers and was

used for the B-H loop measurements in this thesis. The small assembly

is used for measurements on 3” silicon samples.

2.3 Transmission Electron Microscopy (TEM)

TEMs were first introduced in the 1930s to overcome the image reso-
lution of the optical microscope, which is limited by the wavelength of
light. Modern day TEMs provide spatial resolution on the atomic level
and are extremely versatile instruments for characterising a wide range
of materials. Along with structural information the TEM provides infor-
mation on the magnetic microstructure of materials through a technique

known as Lorentz microscopy which is discussed in section 2.3.5.

Three microscopes have been used for the work presented in this thesis.
For the magnetic work a modified Philips CM20 microscope was used
and for the conventional TEM imaging a FEI Tecnai 20 was used. The
analytical work was carried out on a FEI Tecnai F20 (S)TEM equipped
with a Gatan Enfina spectrometer with spatial resolution of ~0.2 nm.

The main components of the conventional TEM are discussed in the
following two sections.
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2.3.1 The Electron Gun

There are three types of electron source used in TEMs: thermionic, cold
field emission and Schottky field emission. Electrons are emitted from a
thermionic source when it is heated to overcome the workfunction of the
material, whereas a field emission source requires the application of an
electric field to overcome the workfunction and emit electrons. Either
tungsten filaments or lanthanum hexaboride (LaBg) crystals are used

as thermionic emitters due to their high melting point and low work

function and field emitters are fine tungsten needles.

The FEI Tecnai 20 microscope utilises a LaBg thermionic emitter. In
this case the source is bonded to a metal filament which is resistively
heated, thus indirectly heating the LaBg crystal until thermionic emis-
sion occurs at 1700 K. The emitted electrons are then accelerated by a
series of electrodes to gain a kinetic energy of 200 keV. A Wehnelt cylin-

der, positioned between the source and the accelerator stack, controls

the emission and focuses the electrons to a cross-over.

The source in a cold field emission gun (FEG) is biased negatively with
respect to two anodes. Intense electric fields are generated at the tip
by application of a positive potential to the first anode. This potential
is known as the extraction voltage as the fields generated enable elec-
trons to quantum mechanically tunnel out of the tip. The second anode
accelerates the electrons to their operating voltage and a cross-over is
formed by combination of the fields from both anodes. For field emission
to occur the tip must be in pristine condition, but even under UHV con-
ditions build up of contaminants still occurs. Thermally assisted FEGs
overcome this by moderately heating the tip to evaporate the contami-

nants. This also has the benefit of assisting the electrons in overcoming
the energy barrier.

In a Schottky field emission gun the tip is coated with another mate-

rial, e.g. zirconia (ZrO,), which acts to reduce the work function. The
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application of an electric field then gives the electrons enough energy to
overcome the workfunction and escape from the tip. Both the Philips
CM?20 and the FEI Tecnai F20 have Schottky field emission sources and
have operating voltages of 200 keV.

In both the thermionic and field emission cases a virtual electron source
is created from the first cross-over formed from the electron gun. The

characteristics of this virtual source dictate the brightness, 3, of the gun
which is given by:

41,

B = —_(Wdoao)2 (2.1)

where i, is the emission current, dy the virtual source diameter and oy
the convergence half angle. The virtual source size in the FEG is ~100x
smaller than in the LaBg thermionic gun. This results in a far greater
brightness in the FEG (of the order of 10'® A /m?sr compared to 10°
A /m?sr in the LaBgs gun). FEGs also have a smaller energy spread than
thermionic sources making them more suitable for applications such as
HRTEM and Lorentz microscopy which require a small coherent source.
Thermionic sources are more suitable for standard TEM as the greater

source size allows larger areas of the specimen to be illuminated without
the loss of intensity on the screen.

2.3.2 The Microscope Column

Electrons leaving the gun region pass into the microscope column. A
schematic illustration of a conventional TEM column is shown in figure
2.2. The illumination system consists of a range of lenses and aper-

tures which determine how the specimen is illuminated and the mode of
operation of the microscope.
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Figure 2.2: Simplified ray diagram for image formation in conventional TEM.

TEMs use magnetic lenses to focus and magnify the electron beam.
These consist of a polepiece made up of a soft, magnetic material with a
hole (or bore) drilled through it, copper coils which surround the pole-
piece and a lens body. There are usually two polepieces in one lens and
the distance between them is called the gap. The bore to gap ratio con-
trols the focussing action of the lens. A magnetic field is generated in
the bore when a current is passed through the coils and the lens body
provides a path for the magnetic field to flow through completing the
magnetic circuit. The user can control the strength of the field and

subsequently, through the Lorentz force, the path of the electrons by
changing the current through the coils.

In all three microscopes used for the work in this thesis there are two
main condenser lenses, C; and C,. The C; lens forms a demagnified
image of the gun cross-over and controls the beam diameter at the spec-
imen. The angular convergence of the beam is controlled by the Csy lens.

The condenser aperture strip lies below the condenser lens system and
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this allows further control over the illumination conditions. The aper-

tures range in size, typically from 20pm to 200pum. Inserting a smaller

aperture gives a beam with greater coherence, but lower current density.

In the conventional TEM the specimen is situated between the upper
and lower polepieces of the objective lens. This lens is the primary
imaging lens and determines the resolution of the microscope. It forms
the first intermediate image and has a magnification in the range 50 -
100 times. A mini-condenser (or twin) lens is used when the microscope
is operating in scanning TEM (STEM) mode where a probe size less
than 10 nm is desired. Its role is to focus the electron beam to a probe
at the specimen. For STEM imaging the electron beam is then rastered
across the specimen by using two sets of deflection coils which keep the
motion of the beam parallel to the optic axis. A series of intermediate
and projector lenses further magnify the image and project it onto the

phosphor viewing screen. The first intermediate lens is responsible for

selecting whether the microscope operates in an imaging or diffraction
mode.

In most modern microscopes images are recorded with a charge coupled
device (CCD) camera situated below the viewing screen. A scintillator
plate converts the electron image into a light image which is then trans-
ferred to the surface of the pixelated CCD through a fibre optic plate. To
control the exposure and prevent burning of the CCD array the electron
beam is blanked and unblanked for a specified time. The image data is
read out directly by computer allowing real time viewing and processing
of the data. It is still possible to acquire images with film, however,
the CCD camera is a far quicker way of recording images. Diffraction

patterns still tend to be recorded with film to prevent burning the CCD
array.
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2.3.3 Diffraction

Electrons incident on a crystalline specimen are diffracted from crystal-
lographic planes through Bragg scattering. These diffracted electrons
form a diffraction pattern close to the back focal plane of the objective
lens. By adjusting the post-specimen lens set up so that the back focal
plane of the objective lens acts as the object plane for the first interme-

diate lens the diffraction pattern can be viewed on the phosphor screen

(fig. 2.3(a)).

2.3.4 Bright Field and Dark Field Imaging

The simplest modes of operation in a TEM are bright field and dark
field imaging. In both modes the intermediate lens is adjusted so that its
object plane is the image plane of the objective lens. For the bright field
mode the image is formed by electrons from the central diffraction spot,
i.e. the direct electrons (figure 2.3b), whereas in the dark field mode the
scattered electrons form the image (figure 2.3¢). An aperture is inserted
into the back focal plane to select the electrons to form the image. The
contrast formed in the bright field image is from variations in electron
scattering across the specimen. The dark field mode can be performed
in two ways: either the aperture can be displaced from the optic axis
to a specific diffracted beam or the illumination can be tilted so that
the diffracted beam remains on axis. When the aperture is displaced
the selected electrons are off-axis and are subject to aberrations and it
can be difficult to focus the image. Hence, for the dark field imaging
carried out in this thesis, the electron beam has been tilted so that the
diffracted electrons travel down the optic axis and the aberrations are
avoided. The image formed in this mode is predominantly dark with

bright areas indicating crystallites whose orientation is appropriate for
excitation of the selected diffracted beam.
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Figure 2.3: Schematic of (a) diffraction, (b) bright field and (c) dark field imaging modes.

2.3.5 Magnetic Imaging

In Lorentz microscopy (2] image contrast is generated from the deflec-
tion of the electrons as they pass through a magnetic specimen. The

deflection is a consequence of the classical Lorentz force, Fy,, which is
given by:

FrL = —e(v x B) (2.2)

where e is the electron charge, v the velocity of the electrons and B
the magnetic induction (of the specimen). For electrons incident per-
pendicular to the specimen the deflection angle, Br, is proportional to
the integrated induction along the path of the electrons. The deflection

angle in the x direction due to the y component of induction, By, is
expressed as:

Br(z) = B nfte B,(z, z)dz (2.3)

e

where z and y are the directions in the plane of the specimen, A is the

de Broglie wavelength and h is Planck’s constant. For a uniform film of

thickness ¢ with uniform in-plane magnetisation and saturation magnetic
induction By, the deflection angle f; is given by
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_eBgtA

B A (2.4)

The Lorentz deflection is significantly smaller than that arising from

Bragg diffraction with typical deflections 1-100 urad compared to ~10
mrad for Bragg scattering.

Lorentz microscopy can also be considered from a quantum wave-optical
approach and this is necessary to extract the maximum quantitative in-
formation. From this approach the deflection of the electrons is replaced

by a phase shift, ¢, experienced by the electron waves when passing
through the specimen [3].

2meN
=—7 (2.5)

¢

where N is the magnetic flux enclosed by the paths of two electron rays.

The phase shift between two points, z; and z, can then be described by:

2me

To o0
¢(Ty —11) = e /xl /_OO By(z, z)dzdz (2.6)
which can be written as:
2 t To
¢(z2 —11) = _7rhe_ i By(z)dx (2.7)

Hence, it can be seen that the magnitude of the phase shift is propor-

tional to the integrated magnetic induction along the electron trajectory.

2.4 The Philips CM20

The Philips CM20 microscope has a column specifically modified for

Lorentz microscopy investigations [4]. The principal modifications to the
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column are the introduction of two super mini-lenses above and below

the objective polepieces and an increased gap (higure 2.4).

The objec-
tive lens is switched off to avoid significantly altering the magnetic fields
around and within the specimen. The mini-lenses act as the condenser
and imaging lenses allowing the specimen to be in field-free space and
the magnetic microstructure to be observed. The objective lens can,
however. be excited weakly to act as a source of magnetic field perpen-
dicular to the plane of the specimen. A component of field can then
be introduced in the plane of the specimen through tilting the specimen
in its holder: thereby in-situ magnetising experiments can be performed
5]. For the films investigated here vertical fields of typically 100 - 300

Oe were used. although the maximum field available is ~6300 Oe.

Optic axis

Conventional
lens windings

Upper
Minicondenser
(Lorentz lens)

Lens core

Pole piece

Objective Specimen rod

aperture blade

Lower
Minicondenser
(Lorentz lens)

Conventional
lens windings

Figure 2.4: Modified objective lens region in the Philips CM20 microscope.
2.4.1 Fresnel Imaging

The Fresnel mode of Lorentz microscopy is one of the most commonly
used techniques for imaging magnetic microstructure and is easy to im-
plement in the TEM. By over or underfocusing of the imaging lenses the
intensity distribution of electrons at a distance Az above or below the

specimen can be imaged [6]. Domain walls are revealed as narrow bright
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and dark bands on a near uniform background as illustrated in figure
9.5. The magnetic contrast can be inverted by changing from overfocus
to underfocus. In polycrystalline specimens magnetisation ripple is of-
ten seen within the domains themselves [7]. The ripple arises from the
variations in anisotropy, a consequence of the different orientations of
the individual crystallites. The ripple direction is known to be perpen-
dicular to the mean direction of magnetisation [8] and thus can be used

to orient the specimen in the microscope such that the applied field is

parallel to either the easy or hard axis of the film.

The Fresnel mode is a relatively quick and simple method of obtaining
good qualitative magnetic images. The main disadvantage of the tech-
nique is the limited resolution due to defocusing the imaging lens, at

best 30 nm; therefore this mode is most suited to imaging continuous

films.

Convergent Divergent

Figure 2.5: (a) Schematic ray diagram for image formation in the Fresnel imaging mode and (b)
Example Fresnel image. The yellow arrow indicates the magnetisation direction.

2.4.2 Differential Phase Contrast (DPC)

The differential phase contrast (DPC) [9] mode is a technique which
enables determination of the local direction and magnitude of the in-

plane component of magnetic induction and, as such, is more suitable
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for quantitative studies. It is a STEM technique in which the electron
beam is focused to a small probe and rastered across the specimen by a
set of scan coils. The electrons are deflected by the Lorentz force as they
pass through the specimen and form a cone which is then descanned by
a second set of coils and projected onto a quadrant detector as illus-
trated in figure 2.6. Due to the Lorentz deflections the projected cone
is not centred on the detector giving different signal levels from each of
the quadrants. Taking difference signals from opposite quadrants gives
a direct measure of orthogonal components of (37, therefore the compo-
nents of magnetic induction can be found and a complete map of the
in-plane induction from an untilted specimen can be built up. Summing
the signals from all four quadrants gives a bright field image of the speci-
men, thus structural and magnetic information can be compared directly.
The resolution of DPC imaging is dependent on the probe size which is
determined from the pre-specimen optics. In the Philips CM20 the reso-
lution is sub 10nm, significantly better than Fresnel imaging. However,
the alignment of the microscope for DPC is a lengthy procedure when
compared to that for Fresnel.

(a) (b)
- Probe forming aperture

X , J R

Scan coils

Specimen

‘ De-scan coils

\
\ \

lenses

Quadrant detector

Figure 2.6: (a) Schematic of image formation in DPC and (b) Example DPC images. The yellow
arrows indicate the direction of induction which the corresponding image is sensitive to.
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2.5 The FEI Tecnai 20

For the work in this thesis the FEI Tecnai 20 was primarily used for
conventional TEM. It is also capable of Fresnel imaging, although the

magnetic imaging in this thesis was mainly carried out in the Philips
CM20.

For the cross-sectional multilayer samples under investigation a double
tilt rod was used to ensure the sample was aligned such that the incident
electron beam was parallel to the layer interfaces. The rod enabled tilts

of +40° in the a-direction and +30° in the 3-direction as illustrated in
figure 2.7.

Figure 2.7: Schematic illustration of the Tecnai double tilt rod.

2.6 The FEI Tecnai F20

The FEI Tecnai F20 is a state-of-the-art nanoanalytical microscope with
complete digital control. The capabilities of the microscope include con-
ventional TEM, STEM, EDX and EELS. The column has been fitted

with a liquid nitrogen cold finger to reduce hydrocarbon contamination
during high resolution studies.

As in the FEI Tecnai 20 a double tilt rod was used to ensure the correct

alignment of the specimen with respect to the incident electron beam.
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2.6.1 STEM Bright and dark field Imaging

In the STEM mode electron detectors are used to form the images. These
act in a similar way to the apertures in CTEM allowing only specific
electrons to contribute to the image formation. For bright field images
the detector is centred on the optic axis allowing the direct beam to form
the image, thus bright field imaging in STEM produces similar images to
standard TEM bright field images. This is true provided the reciprocity
theorem holds, i.e. if the range of angular integration in the STEM
detector plane is the same as the beam convergence angle in CTEM.
For dark field STEM, annular detectors which surround the bright field
detector are used to collect scattered electrons, hence images are formed
from a large fraction of the annular range of electrons unlike in TEM
where only one specific reflection forms the image. In the FEI Tecnai
F20 there are two dark field detectors; an annular dark field (ADF)
and a high angle annular dark field (HAADF) as illustrated in figure
2.8. The ADF detector is mainly used for dark field STEM imaging.
The HAADF detector only collects those electrons which are scattered
through large angles, # > 50 mrads [10], therefore the contrast observed

in the images is dependent on the atomic number. Hence this technique
is often referred to as Z-contrast imaging.
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[
HAADF  ADF BF ADF  HAADF

Figure 2.8: Schematic illustration of STEM detectors on the Tecnai F20 where the collection angles
follow the following relationship 63 > 62 > 6,. The BF detector collects the direct electron beam and

low angle scattered electrons whereas the ADF and HAADF detectors collect those electron scattered
to higher angles.

2.6.2 Electron Energy Loss Spectroscopy (EELS)

In electron energy loss spectroscopy a monoenergetic electron beam is
fired at a thin specimen (the beam energy in the FEI Tecnai F20 is
200keV). The incident electrons can be inelastically scattered from the
atoms through excitation of inner shell electrons to unoccupied states
[11]. This process results in an ionisation edge in the energy loss spec-
trum at an energy equal to the binding energy of the shell, thus the edges
are characteristic of the material being investigated. An energy loss spec-
trum is obtained by measuring the energy distribution of the transmitted

electron beam and information on local chemistry and bonding can be
extracted from the resulting spectrum.

In the EELS spectrum there are two areas of interest: the low loss region
and the core loss region. The low loss spectrum contains the zero loss
peak which results from electrons having lost no energy and the plas-
mon peak where the electrons have lost energy from plasmon excitations
which are resonant oscillations of the valence electrons in a solid. The

core loss region contains the characteristic ionisation edges superimposed
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on a background of the form E™". Examples of typical low loss and core

loss spectra from the CoFe multilayer films are shown in figure 2.9.
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Figure 2.9: Example of an EELS spectra from the CoFe multilayer samples showing (a) the low loss
region and (b) the core loss region.

For EELS investigations the sample thickness is extremely important

and is limited to ~100 nm as the peak to background ratio rapidly

decreases with thickness. However, if the specimen is too thin there is
very little scattering and the signal to noise ratio is low. The probability
of multiple scattering increases as the thickness of the specimen increases.
The probability of a scattering event should obey Poisson statistics where

the probability of an electron undergoing n scattering events is given by
[11):

O S S

where t is the specimen thickness and Ay is the total mean free path.

Thus the specimen thickness can be found from the intensity relation-
ship:

t
Iy = Liexp <—)\—) (2.9)
T

where [ is the intensity of the zero loss peak and I, is the transmitted

intensity. It is also possible to extract quantitative information from the
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peak intensities through the following relationship:

Ie (A, @, 8) = Noy (8, a, 8) Iy (2.10)

where A is the width of an energy window, I and o) are the intensity
and cross-section for the energy window A. I; and o are functions of
the convergence, «, and collection, G, semi angles. The energy window
can be constrained by the presence of multiple edges in the spectrum.
This relationship allows atomic ratios for two elements, a and b, to be
calculated through the following equation:

Na, _ Ika (Aa,a,ﬁ) Oka (Aa,a,ﬁ) 511
Ny Iy (Av, a0, B) o (Ay, , B) (2.11)

For the work on the CoFe multilayers in this thesis this is useful in

determining if the relative composition of the elements varies throughout
the film.

2.6.3 The EELS spectrometer

The Tecnai F20 is fitted with a Gatan Enfina’™ parallel detection elec-
tron energy loss spectrometer. A schematic illustration of the spectrom-
eter is shown in figure 2.10. Electrons entering the spectrometer are fo-
cused by the quadrupole and sextupole lenses. They are then separated
out according to their energies by the magnetic prism and an energy
spectrum is formed. The quadrupole lenses increase the dispersion of
the spectrum before detection with a yttrium aluminium garnet (YAG)
scintillator coupled to a 1340 x 100 CCD camera. The dispersion can
be set to a range of values from 0.05 eV to 1.0 eV per channel. Typical
values used for the EELS work on the CoFe multilayers were 0.3 eV and
0.5 eV per channel, these settings ensured simultaneous detection of all

the elemental edges being investigated. Applying a voltage to the elec-
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tronically isolated drift tube enables an energy off-set of the spectrum

allowing correction of energy drift.

Objective plane of spectrometer

= Entrance aperture

Sextupole lens
Quadrupole lens

ﬂl {L |

v v

Electrically isolated drift tube CCD Camera

90° prism /

Magnetic sector

Quadrupole lenses

YAG scintillator

Figure 2.10: Schematic illustration of the main parts of the Gatan Enfina spectrometer.

2.6.4 Spectrum Imaging

It is possible to observe changes in local composition across interfaces
and grain boundaries through spectrum imaging. This is a scanning
technique which involves collecting spectra at points across a line or
area and produces a digital image in which every pixel corresponds to an
EELS spectrum. The data can be processed from the whole spectrum
image simultaneously allowing consistent analyses, such as elemental
profiles across the specimen, to be produced. A schematic illustration
of the 3D nature of spectrum images is shown in figure 2.11. Spectrum
imaging can be quite time consuming as it is a point by point technique.
Therefore, although it is possible to record spectra over an area it is

usual to record 2D line traces in which the dimensions are Az and AE.
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Figure 2.11: Schematic illustration of spectrum image acquisition.

Analysis of EELS data sets was performed using specialised software

within the Digital Micrograph?™ (DM) package as discussed in section
6.4.

2.7 The Scanning Electron Microscope and Fo-

cused Ion Beam System

A scanning electron microscope is capable of imaging the surface of ma-
terials. In this system an electron beam is focused by a series of apertures
and lenses and rastered across the specimen. Collection of the secondary
electrons, which are emitted as the electron beam interacts with the

specimen, enables an image of the specimen surface to be formed and
topographic information can be determined.

The focused ion beam (FIB) system is similar to the SEM in that it
rasters a beam across the specimen and an image can be formed from
the secondary electrons. Ions are field extracted from a liquid metal ion
source, commonly Ga*, and accelerated by an electric field. The ions are
then collimated and focused with a series of apertures and electrostatic
lenses. FIBs are most commonly used for milling materials, performing

tasks such as trimming of write heads for perpendicular recording [12]
and preparation of TEM specimens [13].
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Recent developments have seen the advent of dual-beam SEM /FIB sys-
tems. As the name suggests the system has both an electron beam and
an ion beam thus is capable of simultaneous imaging and milling. The
SEM/FIB work in chapter 6 was carried out on a FEI xT Nova Nanolab
200 SEM/FIB which enabled serial sectioning and imaging of the CoFe
films to be performed. The typical energy of the Ga™ beam is 30 keV
with beam currents ranging from 1 pA to 20000 pA. The best quoted
resolution of the Ga™ beam is 6 nm [14]. The electron beam is a FEG-
SEM column with an energy range of 500 eV to 30 keV. The instrument
also has the capability to deposit Pt by gas ion injection. This is useful

in protecting specific areas of the specimen before milling is performed.

2.8 Preparation of Cross-sectional Specimens

In order to look at materials in a TEM they must be electron transparent,
i.e. a maximum thickness of ~100 nm for 200 keV electrons. For the high
resolution studies of the magnetic films cross-sectional specimens need to
be thinned down to see what is happening through the multilayer stack.
An established encapsulation method which involves dimpling followed
by ion-milling to electron transparency was used here [15]. Electron
transparent regions are typically a few hundred nm. A schematic of a

cross-sectional specimen before and after ion beam thinning is shown in
figure 2.12.

Before lon beam thinning After lon beam thinning

Thin Film Substrate

Thinned area

Brass

Molybedenum

|
| I

Figure 2.12: Schematic illustration of a cross-sectional specimen
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2.9 Electron Beam Lithography and the Lift-off
Process

Although useful information is obtained from the characterisation of con-
tinuous films, characterising elements with similar dimensions to those
of a recording head provides a better indication of the behaviour of the
heads. For this reason patterned films were prepared by electron beam
lithography. This is a well established technique for defining very small
structures and a technique has been developed for the fabrication of
elements on SisN4 membranes for viewing in the transmission electron
microscope [1]. The electron beam is focused to a spot by a series of
magnetic lenses and scanned across the sample surface by deflecting the
beam and moving the sample stage under computer control. The pat-

tern to be written is designed with computer software then transferred
to the beam writer.

The basic steps involved in the lift-off process used to fabricate the pat-
terned structures are illustrated in figure 2.13. The sample is coated with
a material which is responsive to the electron beam known as a resist.
Polymethyl methacrylate (PMMA) is one of the highest resolution re-
sists [16] and was used here. In order for the deposited material to have
a clean separation from the resist an overhang profile is desired. This
is achieved by depositing two separated layers of resist with different
molecular weights. A higher molecular weight resist produces smaller
line widths for a give dose, thus by coating a higher molecular weight
resist on top of a lower molecular weight resist the overhang profile can
be achieved. Once the sample has been coated with the layer resist it is
exposed to the electron beam and the pattern is written. The material
is then developed in an isopropyl alcohol (IPA):methyl-isobutyl ketone
(MiBK) mixture to removed the exposed resist. The meta] is then de-
posited (a process known as metallisation) and the resist removed with

acetone. The metal which was on the resist is lifted-off and the desired
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pattern is left on the sample.

electron
beam
B sample
I bilayer resist
(a) (b) E] metal
(c) (d)

Figure 2.13: Schematic of the steps involved in the lift-off process. (a) the two layers of resist on top of
the sample, (b) the overhang profile created after e-beam exposure and developing, (¢) metallisation
and (d) after lift-off.
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Chapter 3

Characterisation of extremely soft

ferromagnetic thin films

3.1 Introduction

The magnetic anisotropy of thin films is important for the control of
magnetic properties and soft magnetic films have attracted a lot of in-
terest due to their applications in sensors. Previous studies have shown
it is possible to induce anisotropy during deposition of thin films [1]
or with a post-deposition anneal [2]. Egelhoff et al have looked at the

properties of as deposited alloy films and, of the films investigated, found
NizzFe14CusMoy had the softest properties [3].

As an introduction to the magnetisation reversal behaviour observed

in the soft CoFe films which make up the majority of this thesis, two
soft films which show comparatively simple reversal behaviour have been
investigated. The samples were deposited by magnetron sputtering, as
described in chapter 2, onto SisNy TEM membranes at the National
Institute of Science and Technology in the USA and are described below.

SF1: NizrFe;4CusMog 25 nm / Al,O3 2.5 nm annealed in a rotating field
of 200 Oe at 250° for 1 minute in air

SFQ: CO40F640B20 7.5 nm / A1203 2 nm not annealed
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The annealing step for film SF1 was carried out to stabilise the film,
i.e. to prevent easy and hard axes forming over time. Film SF2 was not
annealed to preserve the amorphous structure of the CoFeB as it was
unclear whether annealing would partially crystallise the film. The filins
have been investigated using the Fresnel mode of Lorentz microscopy

and with conventional transmission electron microscopy (CTEM).

3.2 Physical microstructure of NiFeCuMo and
CoFeB thin films

Figure 3.1 shows bright field TEM images and diffraction patterns of SF1
and SF2. It can be seen from the bright field TEM image and diffraction
pattern of SF'1 the film has a crystalline structure (figure 3.1a). Over 100
measurements of the grain diameter were made using the particle sizing
feature in the imaging software package Digital Micrograph?™ and the
mean grain size was found to be 9.5 nm with a standard deviation of
1.6 nm. The bright field TEM image of CoFeB indicates the structure
is amorphous as expected and this is backed up from the diffraction
pattern which shows diffuse rings. It is also worth noting, in figure 3.1b,
the presence of areas with black contrast of not dissimilar size to the
crystallites in SF1 can be seen. The cause of this is unclear, but it is

possible that there has been partial crystallisation of the film.
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Figure 3.1: (a) and (b) Bright field TEM images of NiFeCuMo and CoFeB respectively and (c¢) and
(d) corresponding diffraction patterns of NiFeCuMo and CoFeB.

3.3 Reversal mechanisms of NiFeCuMo and CoFeB
thin films

The evolution of the magnetisation distribution of the two films have
been investigated for orthogonal directions of applied field. The orthog-
onal directions were selected by varying the direction of applied field
in 30° increments until mostly rotational behaviour was observed. The
direction of applied field was then changed in 1° increments until purely
rotational behaviour was observed consistent with a hard axis reversal.
Images at various fields during the magnetisation reversal are

shown for
this direction of applied field and for the orthogonal dire

ction. The ap-
plied field and magnetisation directions are indicated by red and white

arrows respectively.

52



Chapter 3: Characterisation of extremely soft ferromagnetic thin films

3.3.1 Fresnel studies of NiFeCuMo

Reversal along the hard axis of SF1 is shown in figure 3.2. The out-
ward path (figures 3.2a-¢) and the return path (figures 3.2f-j) were in
agreement with reversal occurring entirely through magnetisation rota-
tion. Given that there are generally simple processes occurring during
reversal and assuming M o cosf, where 0 is the angle between the net
magnetisation direction and the applied field direction, the net moment
of the film can be deduced in each of the Fresnel images. This can then
be used to plot the M-H loops. The hysteresis plot, deduced from the
Fresnel images, is shown in figure 3.3 and is indicative of a hard axis re-

versal. The anisotropy field can then be found from the hysteresis loop
as shown in figure 3.3 and in this case is ~1 Oe.

Figure 3.4 shows the reversal along the easy axis (the orthogonal direc-
tion to the hard axis) of SF1. On decreasing the applied field the ripple
contrast was seen to increase (figure 3.4b). At -0.3 Oe regions of well-
defined magnetisation orientation separated by low angle domain walls
could readily be identified (figure 3.4c). A 180° domain wall, viewable in
a transitory manner on the screen but not captured by the CCD camera,
swept through effecting reversal leaving near-uniform magnetisation. An
image after reversal is shown in figure 3.4d. The magnetisation direc-
tion then rotated through ~ 8° (measured using Digital Micrograph?*)
as the field was increased to -4.7 Oe (figure 3.4e) and reversal was com-
pleted. In a typical easy axis reversal the ripple dispersion would increase
followed by a domain wall flashing through and a decrease in the ripple
dispersion. The rotation observed here is not typical of an easy axis re-
versal and the reason for it is still unclear. The return path was entirely

consistent with the outward path (figures 3.4f-j). The hysteresis loop for
this reversal, deduced from the images,
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EA

-0.6 Ce

Figure 3.2: Reversal along the hard axis of NiFeCuMo with red arrows indicating the direction of
applied field and the white arrows the magnetisation direction
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is shown in figure 3.5 and indicates a coercivity of ~0.4 Oe. As the out-
ward and return reversal were very similar the hysteresis plot has been
symmetrised so that a greater number of points are included in both
directions, thus allowing a better fit of the shape of the loop. The sym-
metrised hysteresis plot is shown in figure 3.6. The observation of dis-
tinct easy and hard axes is in contrast to the looper measurements which

were carried out immediately after deposition and indicated isotropic be-

haviour. This will be discussed further in section 3.4.
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Figure 3.3: Hysteresis loop calculated from the Fresnel images for the hard axis of NiFeCuMo
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Figure 3.4: Reversal along the easy axis of SF1, NiFeCuMo, with red arrows indicating the direction
of applied field and the white arrows the magnetisation direction
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Figure 3.6: Easy axis symmetrised hysteresis loop for SF1, NiFeCuMo.
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3.3.2 Fresnel studies of CoFeB

The second film studied was SF2, a CoFeB thin film. As with SF1 the ap-
plied field direction was varied until magnetisation processes consistent
with a primary axis was observed, in this case an easy axis magnetisation
reversal. The reversal along a this axis is shown in figure 3.7. As the field
was taken from +5.7 Oe to -0.8 Oe (figure 3.7a-c the ripple contrast in-
tensified. Reversal was effected by a highly mobile domain wall, observed
on the viewing screen, but not captured on the CCD camera, sweeping
through between -0.8 Oe and -1.0 Oe and reversal was completed (figure
3.7d). As the field was further increased to -5.0 Oe the ripple contrast
decreased in intensity as expected (figure 3.7¢). The return path was
entirely consistent with the outward path (figure 3.7f-j). The images are
consistent with an easy axis reversal. The hysteresis loop deduced from
the Fresnel images is shown in figure 3.8 and the symmetrised hysteresis

plot in figure 3.9. The coercivity suggested from the Fresnel study is ~
0.9 Oe.

The reversal along axis 2, the axis orthogonal to axis 1, is shown in figure
3.10. In this instance reversal initially proceeded through magnetisation
rotation when the field was taken from +5.7 Oe to -0.5 Oe (figure 3.10a-
¢). A domain wall, not captured on the CCD camera, swept through
as the field was taken to -1.0 Oe (figure 3.10d). At this point there has
been an over shoot of the magnetisation direction. On further increasing
the field to -5.0 Oe the magnetisation rotated back to the applied field
direction and reversal was completed (figure 3.10e). Again the return
path was in agreement with the outward path, although in this instance
the domain wall which effected reversal was captured on the CCD camera
(figure 3.10i). Figures 3.11 and 3.12 show the hysteresis plot deduced

from the images and the symmetrised plot respectively. The film reversed
at a similar field to axis 1, ~ 0.8 Oe.
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Figure 3.7: Reversal along axis 1 of SF2, CoFeB, with red arrows indicatin

3 ¥ g the direction of applied
field and the white arrows the magnetisation direction
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Figure 3.8: Hysteresis loop calculated from the Fresnel images for SF2, CoFeB, axis 1
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Figure 3.10: Reversal along axis 2 of SF2 with red arrows indicating the direction of applied field and
the white arrows the magnetisation direction
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Figure 3.12: Symmetrised hysteresis loop for SF2 axis 2
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3.4 Discussion

The Fresnel mode of Lorentz microscopy has provided insight into the

magnetisation processes occurring during reversal in NiFeCuMo and
CoFeB thin films.

For the NiFeCuMo film anisotropic behaviour was observed with an
easy axis coercivity of ~0.4 Oe. The hard axis reversal indicated an
anisotropy field of ~1 Oe. This is in contrast to the results of Egelhoff
et al [3] which indicated as deposited films of NiFeCuMo showed isotropic
behaviour with a coercivity of ~0.4 Oe. However, previous studies on
films (which, unlike SF1, have not been stabilised by an annealing step)
at NIST indicated that there was a loss of softness over time accompa-
nied by development of easy and hard axes [4]. This was thought to be
due to a room temperature annealing process akin to the well known
high-temperature process for setting the anisotropy of permalloy and
may be a possible explanation for the Lorentz microscopy results which
were carried out ~1 month after deposition due to microscope prob-

lems. Bright field TEM showed a polycrystalline structure with mean
grain size (9.5 £+ 1.6) nm.

The CoFeB film has an amorphous structure and again showed quite sim-
ple reversal behaviour. Although the reversal mechanism in orthogonal
directions differed, the film switched at the same field value indicat-

ing a coercivity of ~0.8 Oe and it was difficult to distinguish a strong
anisotropy axis in the film.

A significant difference between the two films investigated is the appear-
ance of the magnetisation ripple. This can be seen by comparison of
the hard axis magnetisation reversal of NiFeCuMo (figure 3.2) and the
reversal along axis 2 of the CoFeB film (figure 3.10). The appearance of
the ripple during the reversal of the NiFeCuMo film did not significantly
change whereas during the CoFeB reversal the magnetisation ripple be-

came less coherent as the field was reduced to 0 Oe. This is entirely
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consistent with the fact that the NiFeCuMo has a defined anisotropy
axis as opposed to the lack of anisotropy in the CoFeB film.

This chapter has shown some of the reversal mechanisms which can
occur in soft magnetic thin films and similar reversal processes to those
observed in both the NiFeCuMo and the CoFeB film are observed during

the reversal of soft CoFe films. Results from four initial CoFe based films
are presented in chapter 4.
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Chapter 4

Magnetic characterisation of CoFe

single and multilayer films

4.1 Introduction

To gain a greater understanding of the properties of write pole materials
the effect on the micromagnetic structure of a seedlayer, a spacer layer
and of laminating CoFe films has been investigated. Lorentz microscopy,
as discussed in chapter 2, has been used to observe the magnetisation
reversal processes of four CoFe films and cross-sectional transmission

electron microscopy (TEM) has been used to correlate the observations

with the physical microstructure.

Four films of similar total thickness, 50 nm, were investigated. In
all cases the composition of the magnetic layers was CogsFegs (writ-
ten hereafter as CoFe). Only in one case was the film a single mag-

netic layer; in the other three films one or more seed and/or spacer

layers were also present. Seed layers were Inm thick NigysFej7s

(written hereafter as NiFe) layers and spacer layers were of AlyOs,
1.5nm thick. The structure of the four films can be written as
CoFe (M1), NiFe/CoFe (M2), NiFe/CoFe/Al,03/NiFe/CoFe (M3) and
NiFe/CoFe/(Al;03/CoFe/NiFe)x3 (M4) as illustarted in figure 4.1 and
table 4.1. All layers were grown by sputter deposition; RF sputtering
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was used for AlbO3 and DC sputtering for CoFe and NiFe. For TEM
observations the films were deposited on ~50 nm thick SizN, membranes
supported by Si with a 100 pgm x 100 pm electron transparent window
[1]. A uniaxial anisotropy was induced in the films by depositing them

in a field of &~ 60 Oe, around the same order of magnitude as previous

studies on high moment materials [2]. Easy and hard axis hysteresis

loops for each film were determined using a SHB model 109 hysteresis

loop tracer operating at 50 Hz.

T

T

50 nm

50 nm
1 =L1 nm
" Al203
[ CoFe
NiFe
[l Substrate
1.5nm
22.5 nm 1.5 nm

10 nm

1nm 1 nm

(c) (d)

Figure 4.1: Schematic showing the structures of (a) CoFe (M1), (b) NiFe/CoFe (M2), (c)
NiFe/CoFe/Al,03/NiFe/CoFe (M3) and (d) NiFe/CoFe/(Al,0;/CoFe/NiFe)x3 (M4)

X Number Total
: ;Il:‘ne tT (::: ) tc(::) ‘::!::;e ts(:el::) Stizlal(l::)r :fu;‘;e;;
M1 50 50 1 - . 1
M2 51 50 1 1 = 2
M3 485 225 2 1 1.5 5
M4 485 10 4 1 15 1

Table 4.1: Reference table for film structures M1, M2, M3 and M4
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4.2 B-H looper measurements

Figure 4.2 shows the hysteresis loops from the B-H loop measurements
on the four films. The single CoFe layer film, figure 4.2a, showed near-
isotropic behaviour with a coercivity of 55 Oe as expected from previous
studies [3]. The other three films had well-defined uniaxial hysteresis
loops with easy axis coercivities of around 17 Oe, 5 Oe and 3 Oe re-
spectively, figures 4.2b-d. The widths of the hard axis loops decreased

through the series accompanied by some variation in their shape.

60 100

—EA
- HA —HA
-20 J 220
100 -60 20 20 60 100 100 80 20 20 80 100
H (Oe) H (Oe)

Figure 4.2: Easy and Hard axis B-H loops for (a) M1, (b) M2, (¢) M3 and (d) M4
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4.3 Easy and hard axis reversal mechanisms of

CoFe single layer films

TEM observation of the magnetisation reversal of film M1, the CoFe
single layer, is shown in figure 4.3. Magnetisation ripple is apparent in
all images and is of higher contrast and much more irregular than in
the other three films. These observations are consistent with a high de-
gree of magnetisation dispersion and an ill-defined uniaxial anisotropy
axis. Indeed, rather similar behaviour, consistent with the small differ-
ence between the easy and hard axis loops, was observed irrespective of
the direction of the applied field. In a typical reversal sequence, ripple
contrast intensified as the field was changed from a high negative to a
positive field (figures 4.3a-c). Thereafter, a domain wall, observable on
the microscope viewing screen but not captured using the CCD cam-
era, swept through and effected the magnetisation reversal. The ripple
intensity then decreased and magnetisation reversal was completed by

+76 Oe (figure 4.3¢). The return path is shown in figures 4.3f-j and was
entirely consistent with the outward path.
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Figure 4.3: Easy axis magnetisation reversal of M1, CoFe50 nm, w

ith red arrows indicating the
direction of applied field and the white arrows the mean magne

tisation direction.
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Quite different behaviour was observed for film M2, the NiFe/CoFe filin,
figure 4.4. Here the results more closely resembled those analysed in
some detail in a recent paper on ripple and wall structures in soft mag-
netic films [4]. The magnetisation ripple showed much improved reg-
ularity, greater transverse coherence and preferred directionality when
compared with film M1. Figure 4.4 shows the easy axis magnetisation
reversal. On reducing the field from +20 Oe to -3 Oe (figures 4.4a-b)
the dispersion increased and the formation of low angle domain walls
was observed. The ripple and wall contrast intensified as the field was
increased to -14 Oe (figure 4.4c). A 180° domain wall swept through be-
tween -14 Oe and -15 Oe (figure 4.4d). On further increasing the field to
-25 Qe slight magnetisation rotation was seen (figure 4.4e). The return
path followed not dissimilar processes. However, magnetisation rotation
was observed as the field was reduced to -3 Oe (figure 4.4f). After this,
domain walls formed (Figure 4.4g), albeit the walls were at different an-
gles from those encountered in the outward reversal. The reason for this
is still unclear. Changing the field by just 1 Oe led to a comparatively
complex domain structure (figure 4.4h). A wall swept through at +14
Oe (figure 4.4h). Here cross-tie domain walls (as discussed in chapter 1)

can be seen in accord with expectation for 180° domain walls in a soft

film of thickness 50 nm [5]. The green circles indicate vortex/cross-tie

pairs along the wall. The majority of the film had reversed by +15 Oe
(figure 4.4i) and reversal was essentially completed by +20 Oe (figure
4.4j). Thus the microscope observations predict a coercivity of 215 Oe,

consistent with the hysteresis loop measurements (figure 4.2b).

Next film M2 was oriented such that the field was applied parallel to
the hard axis. Figures 4.5a-e show the outward and 4.5f-j the return
reversal. On decreasing the applied field the ripple contrast increased
and by 0 Oe low angle domain walls formed (figure 4.5b). Regions with
well-defined magnetisation orientation could readily be identified by -3
Oe (figure 4.5c). In essence the magnetisation in some local areas of film

began rotating clockwise towards one easy direction whilst elsewhere the
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magnetisation rotated counterclockwise towards the other. At a field of
-3 Oe, the magnetisation, as gauged from the ripple directions in the
various domains, had rotated through approximately 45° so that the
resulting walls are 90° in character. Hence the magnetic moment in the
field direction was still ~70% of its initial value. Thereafter the walls
were swept away leaving near-uniform magnetisation at -8 Oe (figure
4.5d) whereafter further increase of field simply rotated the magneti-
sation towards the field direction (figure 4.5¢). The return path again
showed similar processes to the outward path (figs 4.5f-j). From the
corresponding hysteresis loop in figure 4.2b it is expected that reversal

proceeds slowly and then more rapidly, which is in agreement with the
Lorentz microscopy study.
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Figure 4.4: Easy axis magnetisation reversal of M2, NiFelnm /CoFe50nm, with red arrows indicating
the direction of applied field and the white arrows the magnetisation direction. The green circles
indicated vortex/crosstie pair along the crosstie domain wall. e
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EA

Figure 4.5: Hard axis magnetisation reversal of M2, NiFelnm

/CoFe50nm, with red arrows indicating
the direction of applied field and the white arrows the magne

tisation direction.
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4.4 Easy and hard axis reversal mechanism of the

CoFe bilayer system

The easy axis reversal of film M3, NiFe/CoFe/Al,O3/NiFe/CoFe, is
shown in figure 4.6. As before, the magnetisation ripple contrast in-
tensified as the field was changed from +35 Oe to +5 Oe (figure 4.6a-c),
indicative of the expected increase in dispersion as the switching field
was approached. At -3 Oe a highly mobile domain wall, not visible in the
images here, swept through leading to an abrupt reversal (figure 4.6d);
further field change led only to a reduction of ripple contrast as the local
magnetisation became better aligned with the field (figure 4.6e-f). The
return path (figure 4.6f-j) followed the same process with reversal occur-
ring by +4 Oe (figure 4.61), giving an easy axis coercivity of ~3-4 Oe
which is lower than the value given by the B-H looper measurements, i.e.
5.3 Qe (figure 4.2). This is most likely due to the hysteresis properties of
the microscope objective lens. The remanent state of the objective lens
depends on the recent excitation history of the lens. If the lens had not
been fully excited and fully turned off before performing the magnetisa-
tion experiments, the remanent state of the lens would be different than
that used to obtain a field calibration from the lens current, hence the

field values obtained for the coercivity would be inaccurate.

Figure 4.7 shows images of the reversal mechanism along the hard axis
of film M3. As the field was lowered to 47 Oe domain walls formed and
regions of differing magnetisation orientation were seen (figure 4.7b).
On further decreasing the field to -1 Oe the orientation of magnetisation
in neighbouring domains changed from 90° to 180° (figure 4.7c). At a
large enough field the domain walls were annihilated and reversal was
completed by -23 Oe (figure 4.7d-f). The return path was consistent
with the outward path with domain walls forming and remaining to +5
Oe followed by rotation of magnetisation (figure 4.7f-j). The images

suggest the film has near zero remanence which is inconsistent with the
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shape of the B-H loop in figure 4.2c. This can be explained by a slight
misalignment of the applied field with the hard axis direction in the B-H
Jooper measurement. Figure 4.8 shows the reversal mechanism with the
applied field ~ 1° from the hard axis. The reversal proceeded through
magnetisation rotation followed by a discrete jump in magnetisation as

a wall swept through at -5 Oe (figure 4.8c). Thereafter further steady

rotation with field completed the reversal process. This is in broad
agreement with the shape of the B-H loop, figure 4.2¢, which shows
a jump at ~5 Oe. From these results it is apparent that the shape of

the hysteresis loop is quite sensitive to orientation in the vicinity of the
hard axis.
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(d)

Figure 4.7: Hard axis magnetisation reversal of M3, NiFelmu/CoFe‘.-?‘Z.Snm/ Al>O31.5
CoFe22.5nm, with red arrows indicating the direction of applied field and the white a
netisation direction.
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(a) (b) (c) (d)

Figure 4.8: Magnetisation reversal of M3, NiFelm11/C0Fe‘22.5nm/A1203l.ﬁmn/NiFolmn/

CoFe22.5nm, 1° from the hard axis with red arrows indicating the direction of applied field and
the white arrows the magnetisation direction.

The convergent domain wall image (the one that appears bright against
the neutral background) is split in figure 4.7c. This is due to the layered
structure and shows that there is a small displacement of the domain
walls in the different layers; this has been seen before for Néel walls,
the wall structure expected given the reduced thickness of the individual
layers [6]. Figure 4.9 shows that the key to whether the Néel walls in the
two layers are displaced or superposed depends on their chirality with
respect to each other. In figure 4.9a the walls have the same chirality and
in figure 4.9b the walls have opposite chirality. Given that the walls were
formed during a hard axis demagnetisation process, walls of the same
chirality are expected with the magnetisation in the centre section of each
wall lying parallel to the initial applied field. Under these conditions wall
displacement leads to a lowering of energy in that magnetic charges of
the same sign are no longer directly above each other [6]. Had the walls
had different chiralities, superimposed walls would have been expected
as here charges of opposite sign in the two layers align closely. The
fact that splitting is not observed in divergent domain wall images at
the defocus value used is simply a consequence of the greater width of
the wall image [7]. By changing from underfocus to overfocus divergent
wall images become convergent domain wall images and vice versa. In

this way it can be shown that all walls formed during the hard axis
demagnetisation are displaced from each other.
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(b)

Figure 4.9: Schematic diagram showing (a) displaced and (b) superposed Néel walls.

4.5 Easy and hard axis reversal mechanism of the

CoFe quadrilayer system

The final film to be studied was M4, NiFe/CoFe/(Al,O3/NiFe/CoFe)x3.
The easy axis reversal for the film is shown in figure 4.10. In a similar
fashion to the previous film the magnetisation ripple contrast intensified
as the switching field was approached and a highly mobile domain wall
swept through effecting reversal at -2 Oe (figure 4.10d); subsequently

there was a reduction in the ripple contrast. Figure 4.11 shows the

application of the field along the hard axis of M4. In this case reversal
proceeded entirely through magnetisation rotation. At zero field, the
magnetisation had rotated through 90°, which is wholly consistent with

the narrow B-H loop shown in figure 4.2d.

Whilst the behaviour described above was observed for most areas of
this film, a small number of regions in these quadrilayer films showed
markedly different behaviour during reversal. The images in figure 4.13
show a typical reversal with the field applied parallel to the easy axis
in one of these regions. A complex domain structure formed and its oc-
currence in the same location on repeating the magnetisation cycle sug-
gested some kind of defect must be present. However, standard bright
field images, which reveal the crystallite structure, taken from regions

where the anomalous magnetic behaviour was observed were indistin-
guishable from the rest of the film (figure 4.12).
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Figure 4.10: Easy axis magnetisation reversal of
NiFelnm/CoFelOnm/(Al;031.5nm/NiFelnm/ CoFelOnm)x3, with red arrows
direction of applied field and the white arrows the magnetisation direction.
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Figure 4.11: Har(.J axis magnetisation reversal of M4, NiFelnm/CoFelOnm /(Al2031.5nm /NiFelnm/
CoFelOnm)x3, with red arrows indicating the direction of applied field and the white arrows the
magnetisation direction. > s the
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Moreover, despite the formation of the localised domains, reversal oc-
curred as in previous cases by a highly mobile domain wall sweeping
through the film at a field ~-3 Oe (figure 4.13c-d). One further un-
usual feature was observed, this being the formation of a zigzag 360°
domain wall that was annihilated by a field of +30 Oe (figure 4.13i).
Once again, repetition of the cycle confirmed that 360° domain walls
frequently formed close to the region of anomalous behaviour. Compar-
ison of the contrast of the 360° domain wall with other walls suggested
that it did exist throughout the whole thickness of the laminate. Quite
similar zigzag 360 © domain walls occurring at specific sites within a film

have been observed previously in permalloy multilayer films 6].

(b)

Figure 4.12: TEM images of M4 (a) at a region without a defect (b) at defect region

Magnetisation reversal for fields parallel to the hard axis at the same
defect region is shown in figure 4.14. Here, the formation once again
of a localised complex domain wall structure was observed; again this
was sometimes accompanied by the formation of 360° domain walls.
However, reversal a few microns from the defect region was primarily

through magnetisation rotation. Figures 4.14f-j show the return path
was consistent with the outward reversal.
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Figure 4.13: Easy axis magnetisation reversal of M4, NiFel11111/CoFe101nn/(A12031.5mu/NiFelmn/
CoFelOnm)x3, at a defect region with red arrows indicating the direction of applied field and the

white arrows the magnetisation direction. The green circle indicates a 360° domain wall.
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Figure 4.14: Hard axis magnetisation reversal of M4, NiFelum/CoFel()mn/ (Al2O31
CoFelOnm)x3, at a defect region with red arrows indicating the direction of appli
white arrows the magnetisation direction.
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4.6 Cross-sectional TEM of the CoFe films

In an attempt to gain insight into the origin of both the anomalous be-
haviour and the reason why. that aside, there was a general improvement
of properties with increasing lamination, cross-sectional specimens of
NiFe/CoFe and NiFe/CoFe/(Al,03/NiFe/CoFe)x3 were prepared. Typ-
jical bright field images are shown in figure 4.15. Columnar growth within
the CoFe layers is observed in both cases. For the single layer with seed
layer film grains tended to extend throughout the entire thickness. Over
five hundred measurements were taken and the grain size calculated us-
ing the particle sizing facility in Digital Micrograph?™ . This requires
thresholding of the contrast within the image which is a matter judge-
ment and optimum levels for smaller grains differ from the larger grains.
To include all grains the threshold was set for larger grains then these
were subtracted from the image and thresholding was set again and a
sccond grain size measurement performed. The mean grain size was
found to be 12.5 nmm with a standard deviation of 2.8 nm. By contrast,
in the multilayer the location of grain boundaries in different layers was
apparcntly uncorrelated, and the mean grain size (again calculated from
fifty measurements) was significantly smaller at 7.9 nm with standard
deviation of 1.5 mmn. The exact distribution of the grain sizes depends
on the size and distribution of the bins [8], therefore, it is often difficult
to determine, although, the results were not in disagreement with the
approximate log-normal distribution reported by Vopsaroiu et al. [9].
In the laminated film the roughness of the spacer layers noticeably in-
creased with distance from the substrate. Forty measurements of the
distance from the boundary region of the spacer layer to a reference line
at the substrate were made. From the measurements the rms roughness
value of the third spacer layer was found to be 0.9 nm with a maximum
value ~1.6 nm. This is significantly greater than the rms roughness
value of 0.3 nm of the first spacer layer with maximum values ~0.6 nm.

Earlier studies on Fe-Cr superlattices showed a similar scaling of rough-
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ness and established that it is strongly affected by the growth conditions

(10, 11]. The implications of the increase in roughness are discussed in

the following section.

(a) (b)

Growth
direction

10nm

10nm

Figure 4.15: Bright field TEM image of (a) NiFelOnm/CoFe500nm and (b) NiFelOnm/CoFel00nm /
(Al,0315nm/NiFel Onm /CoFel00nm)x3

4.7 Discussion

The Fresnel mode of Lorentz microscopy provides a detailed description
of the magnetisation processes occurring during the reversal of four dif-
ferent CoFe thin films. Furthermore it has been shown how the various
reversal mechanisms are consistent with the different shapes observed in

the hysteresis loops from B-H loop measurements.

Quite different magnetisation distributions in single layer films with and
without a seedlayer were observed emphasising once again the impor-
tance of the seedlayer if films with a well defined anisotropy axis and
comparatively low coercivities are required. Indeed, our results on sin-
gle layer films are qualitatively consistent with those discussed at some
length in section 4. The measured grain size of the NiFe /CoFe film was
12.5 nm whilst H. was 17 Oe. This is in very good agreement with the

results of Vopsaroiu et al. [9], who found that films with a mean grain

size less than 15 nm had coercivities of 25 Oe or below.

The move to multilayer films led to an overall improvement in the shape

of the hysteresis loops and, aside from the anomalous regions of figures

87



Chapter 4: Magnetic characterisation of CoFe single and multilayer films

4.13 and 4.14, this was accompanied by generally simpler and more reg-
ular magnetisation distributions evolving during the observed reversals.
That different wall types were observed, with in some cases walls in
different layers being modestly displaced from each other, is not a new
observation and can be understood from comparatively simple energy

considerations (see, for example, references [5] and [6]).

The laminated films are superior on two counts. They have smaller mean
crystallite sizes which is one contributing factor to their lower coerciv-
ities. However, as equation 1.11 makes clear, the number of grains in
the thickness of the film is a further factor that must be taken into ac-
count. Figure 4.15 shows that the position and orientation of crystallites
in individual layers are uncorrelated and the effect of this is to lower
the effective value of the local anisotropy, whether its source is mag-
netocrystalline or magnetostrictive. Again with reference to equation
1.11, Ko is replaced by Kjoe/n'/? so that when this and the lower
grain size are taken into account we expect that the coercivity of the
NiFe/CoFe/(Al;03/NiFe/CoFe)x3 film, when compared to that of the
NiFe/CoFe film, will be lower by a factor of (7.9/12.5)%/2/2 ~ 4. This is
in very reasonable agreement with experiment where the coercivities of
the two filins are =~ 17 Oe and ~ 3 Oe respectively. It should be noted
that the good agreement with the Hoffmann theory does not imply that
the random anisotropy model is incorrect. The data are too sparse for a
detailed comparison to be made and in any event the main focus of this

study is to gain insight into microscopic magnetisation processes, not to
compare different models of the coercivity.

A minor disadvantage of increasing the number of layers is that the
moment of the film decreases as a greater proportion of the volume is
occupied by the spacer layers. More serious, however, is the introduction
of localised magnetic behaviour of the kind seen in figures 4.13 and 4.14.
Whilst such regions occupied a very small fraction of the total film vol-

ume and, as such, were undetectable in the hysteresis loops, their effect
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would be very marked in any device that contained such defective ma-
terial. The cross-sectional images of figure 4.15 offer clues as to how the
anomalous behaviour arises and suggest that the effects are likely to be
confined to the upper layers where the roughness is greatest. It is clear
that there is little local variation in the thickness of the spacer layers
so that the top surface of one magnetic layer and the bottom surface
of the layer immediately above have very similar profiles. With such

conformal roughness Néel coupling between the layers is expected, the
coupling ficld H, being given by (12, 13]

72 h? (—27r\/2tspacer)
= = ]\16; 4 4.1
H'H \/2 t(v()FPA : eTp A ( )

Here A and A are the lateral length scale and the amplitude of the rough-
ness, topacer ad teope are the thicknesses of the spacer and CoFe layers
and M, is the saturation magnetisation. Here the major contributing
factor is the magnetostatic energy. Examination of figure 4.15 suggests
that the lateral variation is on the scale of the crystallite diameter so
) can be taken as the mean grain size. ForpugM; ~ 2.4T and the rms
roughness values given previously, Hy at the third spacer layer is ~100
Oc which is an order of magnitude greater than the value of =11 Oe at
the first spacer layer. The coupling between the layers, even across the
first interface, is hence considerably greater than the observed switch-
ing fields and is consistent with the observation that the layers reverse
together. Morcover, significantly greater fields than 100 Oe can be ex-
pected where the local roughness is greatest and it is highly possible

that these provide the necessary stabilisation of the complex magnetic
structures observed in figure 4.13.

To investigate the complex reversal mechanisms observed in the laminate
films, further multilayer films were deposited. The effect of varying the
CoFe layer thickness and of lowering the spacer layer thickness to 1.25

nm has been investigated through Lorentz microscopy and conventional
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TEM and is discussed in chapter 5.
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Chapter 5

Investigation of 360° domain walls

in CoFe multilayer films

5.1 Introduction

To investigate the origin of the complex domain walls previously found
in sample M4 (scction 4.5) further samples were deposited under the
same deposition conditions described in chapter 4. Lorentz microscopy
was carried out to investigate the magnetic microstructure of the films
and their reversal behaviour. The films have been studied with Fresnel
imaging, DPC imaging, conventional TEM and EELS with the aim of
gaining a greater understanding of the origin and stability of the complex
domain walls.

The main difference between the film structures and sample M4 was
a reduction in the Al,Ojy layer thickness from 1.5 nm to 1.25 nm. To
establish whether the CoFe thickness had an influence on the presence of
the defect regions, laminated films with 5 nm, 10 nm and 22.5 nm CoFe
layers were deposited. A bilayer film with 10 nm thick CoFe layers was
also deposited to establish whether the defect regions were only present

in the quadrilayer samples. The film structures are detailed in figure 5.1
and table 5.1.
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1.25 nm
1.25 nm 225 nm
10 nm
1 nm = mALO,
[0 CoFe
(a) (b) NiFe
] Substrate

125 nm
nm
nm

1.25 nm
Im nm

1 nm

(c) ' (d)

Figure 5.1: Schematic illustration of (a) M5, (b) M6, (¢) M7 and (d) MS

. oFe Number Total
ome | tom) | tim) | 1CEFe | number
M5 4775 10 4 11
M6 87.75 225 4 11
M7 23.25 10 2 S
M8 27.75 5 4 1

Table 5.1: Description of samples M5, M6, M7 and M8. All four films have a 1 nm NiFe seed layer
and 1.25 nm Al,O3 spacer layer.
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5.2 B-H looper measurements

The hysteresis loops from the B-H looper measurements are shown in
figure 5.2. All four films had well-defined uniaxial hysteresis loops of
similar shape. The easy axis coercivities were 4 Oe, 4 Oe, 6 Oe and 3
Oe respectively, figures 5.2a-d.

(a) (b)

40 10
o H.40e |

S
20 :i: —EA
30 J — A
40 -10
100 B0 20 20 60 100 -100  -60 -20 20 60 100
H (Oe) H (Oe)
(€) 4 (d) 5
10

- EA -10 e EA
- HA | —HA
10 20
100 60 20 20 60 100 -100 60 -20 20 60 100
H (Oe) H (Oe)

Figure 5.2: Easy and Hard axis B-H loops for (a) M5, (b) M6, (¢) M7 and (d) M8

5.3 Observation of stable 360 ° domain walls

A high density of structural defects, different from the magnetic defects
observed in the quadrilayer film in chapter 4, were observed in three of
the films. These defects had a significant influence on the magnetisation
reversal and are discussed later in this section. 360 ° domain walls, which
persisted to high fields, formed in all the films. In a continuous film the
existence of 360° domain walls does not have significant implications if
resent in a device such as a recording head the performance would be
significantly hampered. That the 360° are of finite length is down to

pinning by some inhomogeneity and investigations into the end points
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of the walls is carried out later in this chapter and chapter 6. To estab-
lish how the 360° domain walls form, a full reversal of the bilayer film,
M7, from a state without any 360° domain walls is presented initially.
Thereafter typical reversal sequences along the easy and hard axis of the

four films over a field range of ~ 10 H,, where H. is the coercivity, are

given.

Figure 5.3 shows the outward part of an easy axis reversal of M7 followed
by images taken at the end points of repeated magnetisation cycles. A
field > 700 Oe was applied to the film to wipe out the 360 ° domain walls
(figure 5.3a). During the initial part of the reversal the ripple intensified
as expected (figure 5.3a-c). A highly mobile domain wall, not captured
on the CCD camera, swept through effecting reversal and 360° domain
walls formed. An image at -7 Oe after reversal has occurred is shown
in figure 5.3e. On repeating the reversal to £46 Oe 360° domain walls
frequently remained. Figures 5.3e-o show the end points of the reversal
with the coloured ovals indicating examples of 360 °© domain walls which

remained during at least one cycle of the magnetisation reversal.

Further discussion of film M7 is presented later in this section. The
results from film M5 will be presented now as this film more closely

resembles the laminated film in chapter 4 which initiated this study.

96



Chapter 5: Investigation of 360 ° domain walls in CoFe multilayer films

. .
.

+46 Oe

-46 Oe

Figure 5.3: Easy axis magnetisation reversal of M7, NiFelnm/CoFelOnm/
Al;031.5n1m /NiFelnm/CoFel0nm, showing repeated end points of a magnetisation cycle. Red
arrows indicate the direction of applied field and the white arrows the magnetisation direction. The
coloured ovals highlight 360° domain walls which remain throughout at least one cycle of reversal.
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Figure 5.4 shows the magnetisation reversal of Mb),

NiFel/CoFel0/(Al;031.25/NiFel/CoFel0)x3, close to the easy axis.
This film is the same as the previous quadrilayer film in chapter 4 other
than for thinner Al;O3 layers. Reversal occurred by a domain wall
sweeping through the film between +2 Oe and +3 Oe (figure 5.4d-e).
The return path (figure 5.4{-j) showed similar behaviour with a domain
wall sweeping through between -2 Oe and -3 Oe (figure 5.4h-i). The
coercivity suggested from the images is 2-3 Oe which is comparable
to the value of 3 Oe from the B-H loop (figure 5.2a). The blue circles
in figure 5.4a indicate examples of the structural defects. Bright field
images of typical defect sites present in films M5 and M7 are shown in
figure 5.5 and further discussion of the physical structure of the defects
is given in section 5.5. 360° domain walls were observed and these
persisted up to high fields similar to those seen in the reversal of film
M7 (figure 5.3). Minor loops, not starting from a fully saturated state,
of the four filins are presented to investigate the reversal behaviour of
the domain walls. 360° domain walls were present from the start of the
minor casy axis loop (figure 5.4a). Somec of the domain walls appear
to terminate at the defect sites although this is not always the case.
The 360° domain walls aligned with the hard axis often have a zigzag
folding which concurs with the observations in film M4 (section 4.5).
An example of such a wall is indicated by the yellow oval in figure 5.4b.
This zigzag folding has been observed previously for permalloy films
(1, 2]. The green oval in figure 5.4c indicates a 360 ° domain wall. When
the 180 °© domain wall which effects reversal sweeps through (figure 5.4d)
the 360° domain wall is not annihilated, but the contrast is reversed
and the wall persists throughout the rest of the magnetisation cycle.
This minor loop of the magnetisation cycle was repeated several times

and, as scen in film M7 (figure 5.3), 360° domain walls always remained
after reversal.
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Figure 5.4 Easy axis magnetisation reversal of M5, NiFelnm/CoFelOnm/
(Al203 Nike CoFe )x3 with red arrows indicating the direction of applied field
nM the whintv arrows the magnetisation direction. The green circles highlight a 360° domain wall
which remains throughout reversal.
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Figure 5.5: Bright field TEM images showing typical defect areas in films (a) M5 and (b) M7.

The hard axis magnetisation reversal of M5 is shown in figure 5.6. The
reversal proceeded through magnetisation rotation as expected from the
previous study of the quadrilayer film in chapter 4. Again 360° domain
walls were observed during the reversal. The green ovals in figure 5.6
highlight two of the 360° domain walls. During the reversal the walls
take on a zigzag folding as the magnetisation aligns along the easy axis,
i.e. at 0 Oe applied field (figure 5.6¢). In figure 5.6d the 360 ° domain wall
contrast has reversed, seen from the black contrast at the top compared

to the initial white contrast at the top. The return path is entirely

consistent with the outward reversal.
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EA

Figure 5.6: Hard axis magnetisation reversal of M5, NiFelnm/CoFelOnm/
(Al2031.5/NiFelnm/CoFelOnm)x3 with red arrows indicating the direction of applied field
and the white arrows the magnetisation direction.

The green circles highlight a 360° domain wall
which remains throughout reversal.
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The next film to be studied was M6,
NiFel/CoFc22.5/(A1,031.25/NiFel/ CoFe22.5)x3, ie. a quadrilayer
film with thicker CoFe layers. Again the presence of physical defects
throughout the film was observed. A typical easy axis reversal is shown
in figure 5.7. The formation of a complex domain wall structure not
dissimilar to that observed in the quadrilayer film in chapter 4 is seen at
+3 Oe (figure 5.7¢). Reversal occurred by a 180° domain wall sweeping
through the film at +5 Oe. The angle of the wall was disturbed in
the vicinity of the defect region as seen in figure 5.7d. By +46 Oe the
complex domain wall at the defect region no longer remained. The
return path showed similar processes with reversal occurring between -3
Oec and -5 Oc. 360° domain walls some with zigzag folding, similar to
those observed in the film with thinner CoFe layers formed after reversal
(figure 5.71). By -49 Oe very few 360° domain walls remained (figure
5.7j). Again a number of 360° domain walls formed during reversal.
The coercivity indicated from the images is 4-5 Oe which is consistent

with the value of 4 Oc from the B-H loop measurement (figure 5.2b).

Reversal along the hard axis of M6 is shown in figure 5.8. Figures 5.8a-
¢ show the outward reversal and figures 5.8f-j the return reversal. On
decreasing the applied field to -13 Oe domain walls orthogonal to the
ficld formed and regions of differing magnetisation orientation were seen
(figure 5.8b). At 0 Oe the orientation of magnetisation in neighbouring
domains was ~ 180° (figure 5.8¢c). This suggests a narrower loop than
found from the B-H looper measurements (figure 5.2b). At +7 Oe the
domain walls no longer remained and the reversal continued through
magnetisation rotation (figures 5.8d and e). The return path proceeded
via magnetisation rotation. The modest asymmetry in the reversal sug-

gests there may be some small unidirectional coupling present which
encourages rotational behaviour in one direction.
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(e)

Figure 5.7 Easy axis magnetisation reversal of Ms6, NiFelnm/CoFe22.5nm/
(Alg();,l.-'mn1/NiFolnm/CoFef."Z..'mm)x3 with red arrows indicating the direction of applied

field and the white arrows the magnetisation direction.

103



Chapter 5: Investigation of 360 ° domain walls in CoFe multilayer films

EA

Figure 5.8: Hard axis magnetisation reversal of M6, NiFelnm/CoFe22.5nm/
(A12()3l.-'mm/NiFvlmn/(‘an’.".’.:’uuu)xB with red arrows indicating the direction of applied
field and the white arrows the magnetisation direction.
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Figure 5.9 shows a minor loop from the easy axis magnetisation reversal
of M7 which was discussed previously (figure 5.3). As in the quadrilayer
film 360 ° domain walls were initially present for the minor loop reversal.
As before. on repetition of a magnetisation cycle, there were instances
of the domain walls remaining throughout reversal. The green oval indi-
cates an example of such a wall. The ripple intensified and some of the
360 ° domain walls began to separate as the field was taken from +46 Qe
to -6 Oc (figure 5.9a-c¢). A domain wall swept through and the majority
of the film reversed at -7 Oe (figure 5.9d). The return reversal is con-
sistent. with the outward reversal and is shown in figure 5.9f-j. In this
instance the wall which effects the reversal was captured on the CCD
camera (figure 5.9h) and the complexity of the domain structure during

reversal can be scen. The images agree with the coercivity value of 6 Oe
from the B-H loop (figure 5.2¢).

Figure 5.10 shows the hard axis reversal of M7. The outward (figures
5.10a-c¢) and return (figures 5.10f-j) reversals were in agreement. Reversal
occurred via magnetisation rotation with short lengths of domain wall
occasionally forming between the defect sites, figures 5.10g and h. The

rotational behaviour agrees with the shape of the B-H loop in figure 5.2¢.
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Figure 5.9: Easy axis magnetisation reversal of M7, NiFelnm/CoFelOnm/
Al;031.5nm/NiFelnm/CoFel0Onm, with red arrows indicating the direction of applied field and

the white arrows the magnetisation direction. The green circles highlight a 360° domain wall which
remains throughout reversal.
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EA

Figure  5.10: Hard axis magnetisation reversal of M7,  NiFelnm/CoFelOnm/

Al031.5nm/NiFelnm/CoFelOnm with red arrows indicating the direction of applied field and
the white arrows the magnetisation direction.
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The final film investigated was M8, another quadrilayer film with 5 nm
CoFe layers. The majority of the film looked clean without any defect
regions. However. 360 ° domain walls frequently formed during reversal
and they were often zigzag in form when aligned along the hard axis.
The easy axis reversal with a 360 ° zigzag domain wall initially present
is shown in figure 5.11. The ripple contrast intensified as the field was
taken from +45 Oe to -1 Oe (figures 5.11a-c). A domain wall swept
through between -1 Oe and -3 Oe wiping out the zigzag 360° domain
wall and a new 360 ° domain wall formed (figure 5.11d). In this case the
360 ° domain wall was aligned closer to the easy axis, therefore, did not
have a zigzag folding. The ripple intensity then reduced as the field was
taken to -33 Oc (figure 5.11e). The behaviour shown in the images is in
agreement with the shape of the B-H loop (figure 5.2d). The return path
shows the formation of 360° domain walls after reversal (figure 5.11i).

The domain walls in this case lie close to the easy axis and thus are
straight.

The hard axis reversal of M8 at a 360° domain wall is shown in figure
5.12. As the field is reduced from 432 Oe to +10 Oe the magnetisation
rotates (figures 5.12a and b). By 0 Oe the magnetisation lies along the
casy axis and the 360° domain wall has changed from a zigzag form to a,
straight form (figure 5.12¢). Reversal continues through magnetisation
rotation and the magnetisation direction is reversed by -26 Oe (figure
5.12d). The 360° domain wall returns to a zigzag form when the mag-

netisation is aligned along the hard axis (figure 5.12e). The return path
is in agreement as shown in figures 5.12f-j.
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EA

Figure 5.11: Easy axis magnetisation reversal of MS, NiFelnm/CoFe5nm/
(Al;031.5nm/NiFelnm /CoFefnm)x3 with red arrows indicating the direction of applied field
and the white arrows the magnetisation direction.
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Figure 5.12: Hard axis magnetisation reversal of MBS, NiFelnm/CoFeSnm/
(Al2031.5um/NiFelnm/CoFefnm)x3 with red arrows indicating the direction of applied field
and the white arrows the magnetisation direction.
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The schematic diagrams in figures 5.13 and 5.14 show the likely mech-
anism by which the 360° domain walls remain during reversal. This
is most easily understood by considering the hard axis reversal (figure
5.13). First a small offset between the hard axis and the direction of
applied field is assumed to determine the direction of preferred rotation
for each magnetisation vector. As the field is reduced from a saturated
state towards 0 Qe the magnetisation direction rotates as illustrated in
figure 5.13b. At 0 Oe the magnetisation now lies parallel to the easy axis
resulting in head to head and tail to tail transitions within the wall (fig-
ure 5.13¢). This is highly energetically unfavourable, therefore, the wall
compensates by taking on a zigzag folding (figure 5.13d). By applying
a small reverse ficld the magnetisation starts to rotate to align with the
field (figure 5.13¢). Here the bottom part of the wall (point q in figure
5.13d) disappears as the magnetisation is progressively aligned in the
same dircction. However, this is not the case for the magnetisation at
the top part of the structure (point p in figure 5.13d). In this instance a
tail to tail formation occurs (point r in figure 5.13¢) and the magnetisa-
tion rotates through 360° within the wall. Applying a high enough field
results in a new 360 ° domain wall forming (figure 5.13f), hence, in the

Fresnel images the 360 ° domain wall contrast thereby reverses (see for
example figure 5.6).

A similar process occurs during the easy axis reversal as illustrated in

figure 5.14. Again it is assumed there is a small offset between the

applied field direction and the easy axis to determine the direction of
preferred rotation for each magnetisation vector. From the remanent
state (figure 5.14a) as a small reverse field is applied the magnetisation
rotates towards the applied field direction (figure 5.14(b)). At a high
enough applied field a new 360° domain wall forms at the top part of
the original wall and the bottom part of the wall disappears. A new

360° domain wall with reversed contrast is seen in the Fresnel images
(figure 5.14(c)).
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5.4 DPC investigation of the 360 ° domain walls

To gain some quantitative insight into the 360° domain wall structures
DPC imaging was carried out on films M5 and M7 (the films which had
the greatest occurrence of 360° domain walls). The results from the

bilayer filin, M7. are presented first as this is the simpler case.

Figure 5.15 shows DPC images of the outward path of an easy axis
reversal of M7. similar to the reversal observed in Fresnel image sequence
in figure 5.9. Images showing the orthogonal components of induction,
taken simultancously from the same area, at various fields during the
magnetisation reversal are shown. The red and yellow arrows indicate
the direction of induction which the images are sensitive to and the
direction of the applied field respectively. A 360° domain wall which
was initially present is indicated by the green oval at +27 Oe. As the
previous Fresnel studies showed the reversal is effected by a 180 ° domain
wall sweeping through at ~7 Oe (figure 5.9). In this instance the wall
was captured during the reversal and can be seen sweeping through at

-6 Oc and -7 Oec. It is indicated by the blue oval at -7 Qe.

Processing of the images using Digital Micrograph™ allows a, compar-
ison of the signal profile across the 360° and 180° domain walls to be
made. Thus it is possible to determine whether the 360° domain wall
exists in all the layers or, as suspected, only in one of the layers. The
signal profile across the 180 ° domain wall is shown in figure 5.16 and the
profile across the 360 ° domain wall is shown in figure 5.17. Comparison
of the signal variation indicates the signal from the 360° domain wall is
~1/2 the signal from the 180° domain wall. Given that the 180 ° domain
wall exists in the whole thickness of the structure, this suggests the 360°
domain wall only exists in one of the CoFe layers in the bilayer film.
This is illustrated in figure 5.18 which shows schematically the signals

generated from a 180° and a 360° present in one or both layers of the
bilayer film.

113



Figure 5.15: DPC image sequence during an easy axis reversal of M7, NiFelnm/CoFelOnm/
Aly O3 /NiFe /CoFe
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Figure 5.18: Schematic diagram of the signal generated from (a) 180° domain wall, (b) 360° domain

wall present in 2 layers and (c¢) 360° domain wall present in 1 layer of a bilayer film. Domains are
indicated in red and blue and the domain wall regions in green.
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Figure 5.19 shows a set of DPC images from film M5. In this instance the
180° domain wall which effects reversal has been captured. The green,
blue and red ovals indicate examples of 360° domain walls. The wall
indicated by the green oval can be seen in figure 5.19(b) as it lies along
the direction of induction to which this image is sensitive. However, it
can not be seen in figure 5.19(a) as it lies orthogonal to the direction of
induction to which this image is sensitive. For the same reason the wall
indicated by the blue wall can be seen clearly in figure 5.19(c), but is
less obvious in figure 5.19(d). Parts of the complex 360° domain wall
structure indicated by the red oval in figure 5.19(d) have similar signal
level to the uniformly magnetised material which has reversed suggesting
that this particular domain wall extends throughout the whole thickness
of the laminate. Again the images have been processed with Digital
Micrograph?™ allowing comparison of the signal profiles from the 180°
and 360° domain walls. The signal profiles from the most prominent
part of this complex 360° domain wall and the 180° domain wall are
shown in figures 5.21 and 5.20. The profiles show that there are similar
contrast changes from both the 180° domain wall and the 360° domain
wall. This suggests a similar signal is generated by both the 360° and
180° walls. Given that the 180 ° domain wall exists throughout the whole
thickness of the film, then the 360 ° domain walls also extend throughout
the whole thickness of the film. However, in the DPC images there are
instances of 360° domain walls which have a lower contrast and thus do
not exist in all layers of the laminate. An example of this is the 360°
domain wall indicated by the green oval in figure 5.19. The signal profile
for this domain wall is also shown in figure 5.20. In this case the signal
level is significantly less than that from the 180° domain wall and it is
likely the wall only exists in two of the magnetic layers at most. The
wall indicated by the blue oval also generates a significantly lower signal
(figure 5.22) indicating this wall is probably only present in two of the
magnetic layers. A schematic illustration of the signal generated from a

360 ° domain wall present in one and two layers of the quadrilayer film
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5.5 Physical microstructure and elemental compo-

sition of planar samples

An enlarged bright field TEM image of a defect from film M5 is shown
in figure 5.24. The image shows the defect has an annular appearance
in TEM and the crystallites in the centre of the defect appear similar to
those in the rest of the film. From the appearance it is unclear what has
caused the defect and investigation with a surface imaging technique is

required to determine the topology of the defect. This will be discussed
in section 6.2

Figure 5.24: Bright field TEM image of a defect showing the visible crystallites within the annular
defect.

To investigate whether there are any compositional differences between
the defect regions and the regions without any defects, electron energy
loss spectroscopy (EELS) has been carried out. Spectrum images were
taken across two of the defect sites. HAADF images of the two areas
with defects are shown in figures 5.25a and b with the spectrum image
line traces indicated by the green lines. For each area core loss and low

loss spectra were collected at ~5 nm intervals across the spectrum image.
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This was done using a fast beam switch which allowed low loss and core
loss spectra to be collected from the same area under the same electron
optical conditions. Hence, deconvolution of the core loss spectra with
the low loss spectra allowed removal of plural scattering effects from the
core loss edge shape. The spectra included the O K-edge, Fe Lo s-edges
and Co Ly s-edges which have edge onsets of 532 eV, 708 eV and 738 eV
respectively. A dispersion of 0.5 eV /ch was used to allow simultaneous
collection of the edges of interest. Processing of the data was performed
using the microscopy software package Digital Micrograph™ . A back-
ground of the form AE™", where A and r are constants and E is the
energy, was fitted to the region immediately preceding the O K-edge
and subtracted from the core loss parent spectrum image to give a sec-
ond spectrum image. Figure 5.25¢ shows spectra taken from points a, b
and ¢ in the background subtracted spectrum image 1 and figure 5.25d
shows the spectra for spectrum image 2. From the relative peak heights
of the O, Fe and Co it appears that the defects are oxygen rich. This is
most apparent at the edge of the defects (point b in figures 5.25a and b)
where the Fe and Co peaks are significantly less intense when compared

to the arcas without defects (point a in figures 5.25a and b).

Deconvolution of the background subtracted core loss spectrum image
with the low loss spectrum image was performed to remove plural scat-
tering ceffects. A signal window of 50 eV was then set and the area under
each edge integrated to give an intensity map of each element. This en-
abled the element profiles across the spectrum images to be determined.
Figures 5.26 and 5.27 show the element profiles across spectrum image
1 and 2 respectively. The element profiles show the presence of oxygen
is greatest at the edges of the defects. There is arguably an increase of
Fe and Co at the edge of the defect, this is most apparent in figure 5.27.
Although this is not as obvious as the increase in the O signal. This
suggests it is likely that an oxide of Fe or Co is present. The t/\ for
each spectrum image was calculated from the low loss spectrum image

using equation 2.9. To show how the thickness varies across the spec-
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trum image the resulting ¢t/ profile is also shown on figures 5.26 and
5.27. This confirms the defect sites are thicker than the uniform film
with the centre of the defect =~ 50 nm thicker than the rest of the film.
However, the increase in t /) in the centre of the defects is not due to the
oxygen and has not been explained by the EELS results. The Fe and
Co signals appear suppressed in the defect region. However, the element
profiles have not been normalised to the zero loss peak and it is likely

the Fe and Co signals have been depressed by extra scattering.
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5.6 Discussion

The Fresnel mode of Lorentz microscopy again provided a detailed in-

sight into the magnetisation reversal mechanisms of the four laminated

films.

Defect sites which affected the magnetisation reversal were observed in
films M5. M6 and M7. 360° domain walls formed during the easy axis
and hard axis reversals in all four films. This has been observed previ-
ously during an casy axis reversal by Heyderman et al [1] and during a
hard axis reversal by Feldtkeller [3, 4]. In some cases the ends of the walls
were pinned at defects which were visible in bright field TEM images.
However. there were also instances where the 360 ° domain walls did not
end at the physical defect sites. This is similar to the observations in the
multilayer film in chapter 4 where the pinning sites were not visible in
HRTEM. However, it is entirely possible that magnetic inhomogeneities
exist within the films. This would concur with the earlier studies of
Heyderman et al and Puchalska [1, 2, 5, 6] who attributed the formation
of the 360° domain walls to a Bloch line in a 180° Néel wall moving in

an applied casy axis ficld being trapped at some inhomogeneity in the
sample.

The results of Heyderman et al [1] showed that the 360° walls in multi-
layer films were crased by the passing 180 ° domain wall and new walls
formed at different locations in the film. Although this is the case in
some instances here, in films M5 and M7 360° domain walls frequently
remained at the same position throughout reversal (figures 5.3, 5.4 and
5.6). These films had the largest density of defects and some walls per-
sisted up to fields of a few hundred oersted suggesting the end points of
the walls are very strongly pinned. Schrefl et al [7] simulated the for-
mation and annihilation of 360° domain walls and found for a defect of
10 nm an external field of 280 Oe is needed to eliminate the 360° wall

showing that the defects are indeed strongly pinned. It has also been
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shown by Berkov et al [8] that the annihilation field of the pinned walls
is strongly dependent on the defect geometry. When aligned along the
hard axis the 360° domain walls took on a zigzag folding (see for ex-
ample figure 5.12). This has again been observed previously and can be
explained in terms of an equilibrium between the wall length and specific
wall energy 2. However, the fact that the 360° domain walls remain
after reversal is a new observation and the likely processes which occur

during the hard axis reversal have been discussed and are illustrated in

figure 5.13.

DPC imaging has revealed that some of the 360° domain walls exist in
all of the magnetic layers and some in only one or two layers. When a
360° domain wall is present in one layer a compensating wall can form
in the neighbouring magnetic layer. Heyderman et al [1] showed the pos-
sibility of a 3607 or a 0° compensating domain wall for the case where
the original domain wall is inclined at 45 to the domain magnetisation
direction. Using their arguments we consider compensating walls in-
clined at 07 to the magnetisation direction as would be the case for film
M5. Figure 5.28 shows a schematic of the compensating walls. From the
diagram it is evident that total charge compensation is achieved when
the wall is aligned parallel to the magnetisation direction. Hence, it is
still unclear why the signal level from the 360 ° domain wall in the DPC
investigation is lower than would be expected for a wall present in two

layers when compared to the signal from the 180° wall in film M5 (figure
5.20).

(a) o o o o o
(b) o o o (X (]
(c) o o i o o

Figure 5.28: Schematic illustration of (a) 360° domain wall, (b) 360° compensating wall and (c) 0°

compensating wall. The red areas indicate the domains and the green areas indicate the domain wall
region.
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Although the Lorentz microscopy investigation has revealed interesting
properties of the four laminated films, the origin of the defect sites is
still not understood. Therefore. in an attempt to gain further insight
into the physical and elemental structure SEM of the planar samples
has been carried out along with HRTEM and EELS investigations of
cross sectional specimens. The findings from these studies are presented

in chapter 6 and all discussion of the physical characterisation is left

until section 6.5.
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Chapter 6

Structural properties of the CoFe
thin Films

6.1 Introduction

This chapter investigates the physical and elemental structure of the
CoFe laminate fillms in an attempt to establish the origin of the defects
observed in chapter 5. SEM of the planar samples of film M5 has been

carricd out. to gain greater knowledge of the surface topology of the
defects.

Further cross-sectional TEM has been carried out on the laminate films
to investigate the film growth. Bright and dark field TEM imaging
and EELS were performed on two laminate films, M5 and M9. There
structures are described below.  The magnetic behaviour of film M5
has been discussed in detail in chapter 5. However, film M9 is thick
and not electron transparent when viewed in plan view, therefore the
magnetic properties have not been investigated. However, the structure
of film M9 is a more realistic example of the structures used in magnetic

recording heads and thus the physical and elemental properties have
been investigated.
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M5  NiFelum/CoFelOnm/(AloO31.25nm/NiFelnm/CoFel0nm)(x3)
M9  NiFelnin/CoFe22.5nm/(Al,O31.5nm/NiFelnm/CoFe22.5nm)(x7)

6.2 SEM of film M5

Figure 6.1a and b show SEM images taken, at two magnifications, of the
surface of film M5. Both images show the defects appear hemispherical
and are thicker than the rest of the film. Typically the defects are 50
nm - 100 nm in size which agrees with the TEM results (section 5.5).

To investigate whether the defects were present before the film deposition
or if they had been caused during the deposition a dual beam FIB/SEM,
as described in chapter 2, was used. A protective platinum bar was
deposited on top of the defects. Next the gallium ion beam was used
to cut a trench through the area on which the platinum bar had been
deposited. The clectron heamn was then used to image the area whilst
slices were cut away from the trench until a defect was found, a technique
known as serial sectioning [1, 2. SEM images taken from the cross
sectioned defects are shown in figure 6.1c and d. The image shown in
figure 6.1¢ was taken immediately before breaking into the defect. Here
the structure of the quadrilayer film and the substrate can be seen as
indicated on the image. Figure 6.1d shows an image taken at the centre
of a defect. This shows the presence of a hemispherical particle on the
substrate, hence the defects are caused by some process before the film
is deposited.  The film grows on top of the particle, but there is an
indent at the edge of the particle. This is seen in the surface images as

a deficiency of inaterial around the defects (figure 6.1a and b).
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(b)

Edge of defect

,.\

- CoFe laminate

Figure 6.1: (a) and (b) SEM image of the surface of M5 showing the defects, (c) and (d)

cross-sectional
SEM images of the defects showing the multilayer film on top of the defect.
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6.3 Cross-sectional TEM of CoFe thin films

In an attempt to identify the particles which are present on the substrate
TEM cross sections were prepared with the encapsulation method. Due
to the low sampling of this method no defects were found; however,
imaging and analysis was carried out to investigate the growth of the
CoFe filns. The dual beam FIB would have enabled preparation of a

cross-section through a defect. However, time limitations meant this was

not possible.

Figure 6.2a and b show a bright field image of M5 and a dark field image
of the same area. taken from part of the (110) diffraction ring. Unlike the
bright ficld image, the dark field image allows determination of whether
the grains have the same crystallographic orientation. The red ovals in
figure 6.2a and b indicate an example of grains in different layers which
may have the same orientation.  Whilst this is not immediately obvi-
ous from the bright field image, the dark field image clearly shows both
grains are diffracting strongly in the same direction. In the samples in-
vestigated there were a few instances of this where the grain growth does
appear to have been affected by that in underlying layers. However, the
occurrence of this was not as frequent as first thought from the bright
ficld immages of the cross-sectional samples. An example of such an area
is given in figure 6.2c and d which show bright and dark field images of
M9. Here the red ovals indicate areas in the bright field image in which
it appears the grains are ‘talking’ to each other, but in the correspond-
ing dark ficld image it can been seen that the grains do not have the
same crystallographic orientation. The dark field imaging has revealed
that although the grain boundaries in subsequent CoFe layers may occur
at the same point the grains are in fact in different orientations. From
close inspection of several dark field images it was found that approxi-

mately 0.5% of grains appear to have a similar orientation to those in
the underlying layer.
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It is also worth noting the roughness level of the spacer layers noticeably
increases with distance from the substrate. As in film M4, section 4.6,

there is evidence that the roughness is caused by grains in underlying
CoFe layers.

Figure 6.2

(a) BFTEM and (b) DFTEM of M5, f\'iF(‘lmn/('oF('lUmu/(

Alg();;'l.‘2:’)11111/N'1Fe1nm/
CoFelOnm)x3 (c) BFTEM and (d) DFTEM images of M9,
NiFelnm /CoFe22.5um /(Al;O31.5nm/NiFel nm/ CoFe22.5nm)x?7.



Chapter 6: Structural properties of the CoFe thin Films

6.4 EELS investigation of CoFe laminate films

Electron energy loss spectroscopy of the cross-sectional specimens has

been carried out to profile the elemental distribution throughout the

laminated CoFe films.

An EELS spectrum image has been collected to produce an array of
spectra corresponding to different points across a line trace in film M5.
The energy range and dispersion were set to include the Fe ; Co and Ni
Loy edges. Figure 6.3a shows a HAADF image indicating the spectrum
image region of M5 and figure 6.3b the spectrum image line trace. In

6.3a the roughness of the spacer layers, similar to that in film M4 in

chapter 4. can be seen.

The spectrinn line trace was taken from substrate to surface with points
every 1 nm and probe diameter ~0.6 nm. This was poor sampling and
retrospectively it would have been more sensible to select a probe di-
ameter of at least the step size. The data was processed using a built
in quantification function in Digital MicrographTM . Here a background
window and signal window were set for each edge. As the edges of in-
terest lie close to each other the background window was limited to 40
eV and the signal windows were limited to 50 eV. The area under each
edge was then integrated to give an intensity map of each element, thus
the clement profiles across the spectrum image were determined. Figure
6.3¢ shows the element profiles across the spectrum image. The element
profiles have been normalised individually and are plotted against an ar-
bitrary scale, hence the exact composition can not be determined from
the plot. The Fe and Co signals agree with each other quite well apart
from the top CoFe layer where the Co signal falls off sharper than that of
the Fe. This implies the surface layer which can be seen in the HAADF
image has a greater Fe content and may be due to an Fe oxide layer. At
the first seedlayer, indicated by number 1 in figure 6.3c, the Ni peak ap-

pears wider than in the subsequent seedlayers, numbered 2-4. It should
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To investigate whether there is a tailing of the Ni peak a further spectrum
image has been taken from film M5 with more closely spaced points.
The start energy of the spectrum was changed to include the oxygen
K-cdge and the dispersion was set at 0.5 eV /channel. Typical EELS
spectra taken from points along the spectrum image at the CoFe layer,
the NiFe sced layer and the Al,O3 spacer layer are shown in figure 6.4.
An unexpected edge is present immediately before the Fe Lj 3 edge and
can be seen most clearly in the spectrum taken from the spacer region
(figure 6.4¢). It is thought that this edge may be due to fluorine which
may have been present in the glue used in the cross-section preparation.
Also it is worth noting the relative Fe to Co content appears to increase
in the spacer layer when compared to the CoFe layer and the seed layer
spectra. This can be seen from the relative peak heights in each of the
spectra. This agrees with the element profiles in figure 6.3¢ where the

Co drops off further than the Fe at the spacer layers.

A spectrum line trace was taken across the top spacer layer as indicated
in the HAADF image in figure 6.5a. Spectra were taken every 0.2 nm
across the spectrun image with a probe diameter of ~0.6 nm. Figure
6.5h shows the resulting spectrum line trace. The element profiles for O,
Fe, Co and Ni were then extracted from the spectrum image as before
using Digital Micrograph?™ . The profiles, normalised as before, are
presented in figure 6.5¢. In this spectrum image the tailing of the Ni
peak is not as obvious. The reason for this remains unclear and may
have been a one-off. However, the data again suggest there may be an
increase in the Fe to Co ratio at the spacer layer. The presence of oxygen

through the whole spectrum image is most likely due to surface oxidation
of the metal layers.
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Filin M9 has been investigated in a similar fashion to film M5. However
in this case the spectrum image was taken over an area as indicated
in the HAADF image in figure 6.6a. As before, the energy range and
dispersion were set to include the O K-edge and the Fe, Co and Ni Lo
edges. A spectrum was taken every 0.3 nm over an area of ~ 12.5 nm by
1.5 nm. Quantification of the data gave an element map for each of the
edges of interest over the spectrum image area. The elemental maps are
shown in figure 6.6b. The profiles across each of these maps have been
taken and the normalised profiles are shown in figure 6.6¢c. The O signal
is greatest in intensity at the spacer layer, but is always present. This
is most probably from surface oxidation of the cross-sectional specimen.
In this instance the Ni peak appears asymmetric with a steeper slope at
the AL Oy /NiFe interface than the NiFe/CoFe interface. The Ni FWHM
is ~2.5 nm and the AlbO3 FWHM is ~3 nm which is in agreement
with the width measurement from the HAADF image. Both layers are
substantially wider than the thickness expected from the deposition.
This is most. probably due to the roughness of the spacer layers, although
the asynmumetry in the Ni peak suggests there may be some diffusion of Ni
in the Cole layer. That the Fe profile matches the Co profile the whole
way through the spectrum image is surprising. It is expected that the Fe
signal shonld increase when compared to the Co signal at the seedlayer,

but this is not the case here and can not be explained. Again neither

the Fe or Co signal drop to zero at the spacer layer.
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6.5 Discussion

Following the results from chapter 5, this chapter explored further the

physical structure of the CoFe laminate films.

The TEM and EELS investigation of the planar samples revealed the
defects have an annular appearance (section 5.5) and were thicker in the
centre. However, the origin of the increase in thickness was not apparent
from these studies. Investigation with SEM has shown the defects are in
fact approximately hemispherical. A deficiency of material can be seen
around the edge of the defects in the surface SEM images. However, the
cross-sectional images show there is no deficiency. This can be explained
from the weaker secondary electron signal from this area. The annular
appearance of the defects in the TEM images is still puzzling and cross-
seetional TEM images are needed to investigate the film structure at the
edge of the defects. That the defects are oxygen rich around the edge

was revealed from the EELS studies and suggests these areas are prone
to oxidation,

The dual beam FIB proved a useful tool in cross sectioning the defect
arcas with the Ga ion beam whilst imaging with the electron beam si-
multancously. This cnabled the centre of the defects to be found and
revealed they were caused by the presence of a particle on the substrate
before the laminate film was deposited. The identity of the particles is
still unclear and cross-sectional TEM was carried out in an attempt to
detect a defeet region. As the dual-beam FIB is a new tool at Glasgow,
time restraints meant preparing cross-sections with the FIB could not be
carried out. However, specitnens were prepared using the encapsulation
method deseribed in section 2.8, With the encapsulation method it is
not. possible to be specific about the area which is thinned to electron
transparency. This along with the low sampling of the technique meant

the chances of finding a defect region were small and indeed none were
found.
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The cross-sectional TEM did, however, allow the structure of the film
to be studied. As seen in chapter 4 section 4.6 there was an increase
in the spacer roughness with distance from the substrate and it can be
attributed to the grains in the underlying layers. This roughness is not
unusual in sputtered multilayered films and there have been several in-
vestigations into understanding the roughness (3, 4, 5] and optimising the
deposition conditions to minimise it. The dark field observations have
confirined that the spacer layers are effective at breaking up the growth
between the CoFe layers throughout the majority of the film, although

there are occasional instances where the grains may be connected across
two layers.

The EELS studies have suggested there may be a tailing of the Ni into
the CoFe or it may just be from the roughness. Previous studies on
spin valve materials have studied the diffusion of Ni into CoFe layers
[6] which implies diffusion in the case of the laminate films is entirely
plausible. Although there are still many unanswered questions from the
EELS results it was noted that the Fe and Co signals do not drop off
to zero at the spacer layers and the Co does not drop off to zero at the
seed layer. Tt is thought this is most likely due to the roughness of the

interfaces which was observed in both BFTEM and HAADF images.

Although the cross-sectional TEM study was unsuccessful in finding a
defect, it is suggested that the particles which are responsible for the
defects occur from some process carried out after the TEM membranes
have been etehed, but before deposition. As the particles are 50 nm - 100
mn in size and are regularly dispersed across the substrate it is unlikely
they are due to handling. Preparation of cross-sectional specimens of
the defeets with the dual beam FIB is required to gain more information
and will be discussed in section 8.3. Preliminary results from studies of
this kind suggest there may be an oxide of silicon present, although the

data are by no way conclusive and thus have not been presented here.

The SEM results showed the filin growth was significantly disturbed by
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particles present on the substrate and hence it is expected the local
magnetisation around the particles is disturbed. It is thought this dis-
turbance provides the necessary pinning sites for the 360° domain walls
observed in chapter 5. In chapter 4 the termination points of the 360°
domain walls were attributed to the roughness of the space layers and
this is thought to be the case for the instances where the 360° domain
walls terminate at non defect sites in chapter 5. It is suggested that the
walls which are present throughout the whole thickness of the laminate
terminate at the structural defect sites and it is these strongly pinned
walls which remain throughout the magnetisation reversals. For the in-
stances where the walls exist in one or two layers at most it is likely the
termination sites are due to the roughness and the walls are confined to
the uppermost layers where the roughness is greatest. The structural
characterisation of the laminate films has revealed the nature of the pin-
ning sites, however, further micromagnetic calculations similar to those
carried out by Schrefl et al [7] are required to gain a greater understand-

ing of the micromagnetic hehaviour at the termination points. This will
be discussed in section 8.3.
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Chapter 7

Patterned soft magnetic films

7.1 Introduction

The studies in chapters 4 to 6 on the continuous films have provided use-
ful and interesting information on the magnetic and physical properties
of the CoFe films. However, it is of technological interest to investigate
how the films would behave when patterned down to a shape and size

sitnilar to that of a perpendicular recording write head.

As the write head is miniaturised to accommodate the increase in areal
density, there are many factors in the design which need to be taken into
account. Previous studies have investigated the effect of trailing shields
on the write field [1, 2, 3]. As mentioned in chapter 1, the remanent
field of the write head is also an important factor and various aspects of
the writer geometry have been studied to achieve lower remanence [4, 5,
6]. Other groups have focused on the pole-tip geometry, in particular,
interest has been given to the effects of the geometry when writing at
skew (7, 8, 9]. Trapezoidal geometries have been proposed to alleviate
the problem of interaction with previously written data when the write
pole is skewed with respect to the track direction [10]. Gao and Bertram
[11] modelled the write field of a tapered-neck pole and compared it to
various other pole designs. They found the tapered-neck pole achieved

much larger write ficlds and field gradients than those without a tapered-
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neck.

Here the interest lies in understanding the micromagnetic processes oc-
curring during the reversal of six “head” shapes. The “pole tip” width
has been varied for shapes with and without a tapered-neck; the geome-
tries are given in section 7.2. This chapter reports preliminary studies of
patterned permalloy films. Permalloy was chosen as it is isotropic, thus
allowed observation of the effect of the shape anisotropy on the reversal
of a film without a well defined anisotropy axis. Time limitations meant

the CoFe films studies in the previous chapters have yet to be patterned.

7.2 Fresnel Studies of Patterned Permalloy films

Six head shapes have been patterned by electron beam lithography and
lift-off (as described in section 2.9) and a 30 nm permalloy film deposited.
Each shape has been investigated using the Fresnel mode of Lorentz mi-

croscopy. A schematic diagram showing the shapes and their dimensions
is given in figure 7.1.

(a) 10um (b) 10um (c)
¢ ey -

10xm

D

10um 10um

Tum

10um 10um

— e gm
100nm

A ym _ B um

1zm

Figure 7.1: Schematic diagram of head shapes (a) Hi, (b) H2, (c) H3, (d) H4, (e) H5 and (f) H6.
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The evolution of magnetic microstructure has been investigated for the
applied field directed parallel to the “pole tip”. Images at various fields
during the magnetisation reversal are shown. The applied field and mag-

netisation directions are indicated by red and white coloured arrows re-

spectively.

Figure 7.2 shows the reversal of H1 which has a pole tip width of 100
nm. As the field is reduced from +130 Oe to 416 Oe the magnetisation
takes on a C-state shape (figure 7.2b). At 0 Oe the magnetisation is
almost in a flux closure state in the main body of the element, although
a 1807 cross-tiec domain wall has formed (figure 7.2c). The cross-tie
domain wall forms as it is harder to reverse the magnetisation close to
the edge of the element. As the field is applied in the opposite direction
the domain which has its magnetisation direction along the applied field
direction grows at the expense of the other domains (figure 7.2d). By -32
Oc the cross-tie domain walls no longer remain and the majority of the
shape has reversed. Here the magnetisation has taken on a flower state
where the magnetisation at the edges of the element points in opposite
directions in an attempt to minimise the energy (figure 7.2e). However,
the magnetisation within the tip has not reversed at this field indicating
the tip has not been influenced significantly by the reversal in the 10
pm square. By -132 Oc the tip has reversed as seen from the white line
on the bottom and the black line on the top in figure 7.2f. A schematic
diagram of the two possible magnetisation orientations is shown in figure
7.3. This illustrates only the magnetic phase whereas the Fresnel images
have both magnetic and electrostatic phase contributions and amplitude
contrast. The return path is shown in figures 7.2g-1 and follows similar
processes to the outward reversal with a flux closure state forming at

0 Oc (figure 7.2i) and the tip switching between +36 Oe and +130 Oe
(figures 7.2k and 1).
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+130 Qe

Figure 7.2: Fresnel reversal of H1. Red and white arrows indicate the direction of applied field and

magnetisation direction respectively. The Black arrows indicate the

the tip

(a)

A

(b)

magnetisation direction within

Figure 7.3: Schematic illustration of the Fresnel intensity in the tip of H1.
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The outward reversal of H2 is shown in figures 7.4a-f and the return
reversal in figures 7.4g-1. This shape has a pole tip width of 500 nm.
As the field was reduced from 4198 Oe to +6 Oe domain walls formed
separating regions of differing magnetisation direction (Figures 7.4a-c).
A domain wall which is pinned at the corner of the tip can also be seen as
indicated by the green arrow in figure 7.4b. By 0 Oe the magnetisation
had approximately formed a quasi-flux closure state. However, similar
to H1. a cross-tic wall remained (figure 7.4d). In this case the reversal
in the tip oceurs over a similar field range to the rest of the shape. In
figure 7.4d it can be seen that the magnetisation within the tip is in a
flux closure state which is perfectly acceptable for a rectangular shape
at (0 Oe applied field. A schematic illustration of the flux closure state
is given in figure 7.5. Increasing the field to -31 Oe pushed the vortex in
the main body of the shape out and the majority of the shape reversed.
The majority of the tip has also reversed at this point and a domain
wall is now pinned at the opposite corner of the tip as indicated by the
green arrow in figure 7.4e. On further increasing the field to -202 Oe the
remaining domain walls were pushed out leaving the element, uniformly
magnetised. The return path is reasonably consistent with the outward
path (figures 7.4g-1). However, the reversal in the tip does not go via a
flux closure state indicating this structure can support different domain
structures within the tip. Similar to the outward reversal, a domain wall
which is pinned at the corner of the tip can be scen (figure 7.4i) as the
tip switches this domain wall moves to the opposite corner of the tip

(figures 7.4i-j). The shape becomes uniformly magnetised as the field is
increased to +198 Oe (figure 7.41)
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Figure 7.4: Fresnel reversal of H2. Red and white arrows indicate the direction of applied field and
magnetisation direction respectively.

Figure 7.5: Schematic illustration of the Fresnel intensity in the tip of H2 at 0 Oe applied field.
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The magnetisation reversal of H3 is shown in figure 7.6. In this case the
pole tip width was 1 um giving a square tip. The reversal in the bulk of
the shape proceeded in a similar fashion to H2 with an approximate flux
closure state forming at 0 Oe (figure 7.6d). Figure 7.7 shows a schematic
illustration of the flux closure state within the tip. Again domain walls
which are pinned at the corners of the tip were observed during the
reversal as indicated by the green arrows (figures 7.6¢, e, i and k). In the
outward reversal at 0 Oe domain walls can be seen at both corners of
the tip (figure 7.6d). Cross-tie domain walls were again observed as the
walls were pushed towards the edge of the element (figure 7.6d, e and
k). The reversal of the tip occurred over a comparable field range to the

main body of the shape with a flux closure state occurring in both the

outward and return reversals (figures 7.6d and j).
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Figure 7.6: Fresnel reversal of H3. Red and white arrows indicate the direction of
magnetisation direction respectively. The Black arrows indicate the
the li])v

applied field and
magnetisation direction within

Figure 7.7: Schematic illustration of the Fresnel intensity in the tip of H3.
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The next shape to be studied had a ‘tapered-neck’ and a tip width of 100
nm. The outward reversal is shown in figures 7.8a-f. As the magnetisa-
tion was taken from +198 Oe to +6 Oe domain walls formed separating
regions of differing magnetisation direction. At 0 Oe the domain struc-
ture is quite complex. however, the magnetisation is approximately in a
flux closure state (figure 7.8d). As the applied field is taken to -13 Oe
the majority of the film has reversed. However, the light domain wall
which is observed in figure 7.8e is pinned at the tip. By -202 Oe the do-
main walls have been pushed out and the shape is uniformly magnetised
(figure 7.8f). The return reversal (figure 7.8g-1) is in agreement with the
outward reversal, although the remanent state is less complex (figure
7.81) and in this case the dark domain wall is pinned at the tip (figure
7.8k). It is also worth noting a greater number of cross-tie/vortex pairs

appear in the cross-tie domain walls as they are pushed towards to the
edge of the shape (figures 7.81 and j).

H5 is a similar shape to H4, but with a pole tip width of 500 nm. The
reversal for this shape is shown in figure 7.9. During the reversal similar
processes occurred in the main body of the shape to those observed in
H4. Domain walls formed as the field was reduced from +198 Oe to
+6 Oc (figure 7.9a-¢) and the magnetisation attempted to reach flux
closure by 0 Oc (figure 7.9d). However, the reversal in the tip region
was similar to shapes H2 and H3 with domain walls being pinned at
the corners of the tip. In the outward path after reversal there are still
domain walls present within the tip (figure 7.9¢). However, in the return
reversal (figures 7.9¢-1) there is complete domain collapse within the tip
after reversal (figure 7.9k). Again the cross-tie domain walls became

more complex the closer they were to the edge of the shape (figures 7.9
and j).
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Figure 7.8: Fresnel reversal of H4. Red and white arrows indicate the direction of applied field and

magnetisation direction respectively.



Chapter 7: Patterned soft magnetic films

A

Figure 7.9: Fresnel reversal of H5. Red and white arrows indicate the direction of applied field and

magnetisation direction respectively.
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The final shape to be investigated was H6 which had a tapered-neck and
a 1 um pole tip width. The magnetisation reversal followed very similar
processes to those in H5 as shown in figure 7.10. As the field was reduced
from +198 Oe to 0 Oe domain walls formed and the magnetisation in
the main body of the shape reached a flux closure state, albeit a slightly
more complex state than in the reversal of H5 (figures 7.10a-d). Again
domain walls which were pinned at the corners of the tip were present
(figures 7.10d and e). At -13 Oe cross-tie domain walls still remained
(figure 7.10e). Again increasing the field to -202 Oe pushed out the
domain walls and the shape was uniformly magnetised (figure 7.10f).
Figures 7.10g-1 show the return path of the reversal and are consistent
with the outward path. That the cross-tie domain walls have a greater

number of cross-tie/vortex pairs when they are closer to the edge can

also be scen in this reversal sequence (figures 7.10j and k).
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Figure 7.10: Fresnel reversal of H6. Red and white arrows

indicate the direction of applied field and
magnetisation direction respectively.
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7.3 Discussion

An insight into the processes occurring during the magnetisation reversal

of six patterned shapes has been provided through the use of Lorentz

INiCTOSCOPy

The reversal of the main body of H1, H2 and H3, three head shapes
without tapered-necks, followed similar processes with the magnetisation
attempting to reach flux closure at 0 Oe applied field. However the
roversal in the tip region of each of the three shapes differed. For H2
and H3 the magnetisation reversal within the bulk of the shape was
influenced by the tip and domain walls were pinned at the corners of the
tip. However. this was not the case for H1 which had the smallest pole

width. i.e. 100 nm. Here the tip switched at a higher field and had no
significant. influence on the reversal in the larger square.

There was a similar trend with H4, H5 and H6, the shapes with tapered-

necks.  The main body of the shapes again attempted to reach flux

closure at. 0 Oc applied ficld although in this case, as a result of the
geometry, the quasi-flux closure states were slightly more complex than
those observed in the shapes without tapered-necks. That a greater
nnmber of cross-ties were present in the domain walls closer to the shape
edge is a consequence of the magnetisation attempting to minimise the
energy by shortening the distance between the cross-ties. During the
reversal of H4 a domain wall was trapped at the base of the tip. However,
it. is suspected this may occur within a similar shape which did not have
a tip, hence it is doubtful the tip has a significant effect in the case of
H4. In H5 and H6 domain walls were pinned at the corner of the tip and
after reversal the walls switched to the other corner of the tip which is

similar to the reversal processes occurring in shapes H2 and H3.

In shapes H2 and H5, those with ”pole-tip” widths of 500 nm, different

domain structures were observed in the tip region during the outward

and return reversals. This is consistent with previous studies which
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have shown various domain structures can be supported by rectangular
elements [12. 13, 14]. That different configurations are observed sug-
gests the reversal processes occurring within these geometries are rather
uncontrolled which is undesirable for a write head. However, these pro-

cesses occurred in an isotropic permalloy film and not in a film with well
defined anisotropy.

As mentioned in section 1.5 in chapter 1, it is important for the pole-tip
to have a low coercivity and low remanence to avoid writing unwanted
data. This is not the case for the pole-tips which pin the domain walls
during reversal. Previous studies found through modelling that magneti-
sation rotation yields the fastest head field reversal [4, 15] and as seen
in chapter 4 continuous films with an induced anisotropy do reverse via
magnetisation rotation along the hard axis. The results in this chapter
show the effect the shape anisotropy has on the reversal of a well be-
haved soft. isotropic film and what the induced anisotropy films have
to overcome. Clearly further studies are required to determine how the
magnetisation reversals of the CoFe laminated films with well defined

anisotropy are influenced by the head shape. This will be discussed in
section 8.3,
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Chapter 8

Conclusions and Future Work

8.1 Introduction

In this thesis the reversal mechanisms occurring in soft magnetic thin
filins have been investigated extensively along with the physical mi-
crostructure. The bulk of the work focused on CoFe films which have
applications in perpendicular write heads. Various single layer and lam-
inate films were investigated which allowed the effect of including seed
and spacer layers on the film properties to be studied. The majority of
the micromagnetic characterisation was carried out in a TEM and many
interesting features of the films were discovered such as complex defect
regions and 360° domain walls in the laminate films. The physical mi-
crostructure was also characterised with a TEM which revealed features
such as the mean grain size of the filins and a significant roughness level
in the laminate layers. The TEM investigations also revealed a large
density of defeets within the laminate films, the origin of these has been

investigated using EELS and SEM although the exact cause was not
determined.

Magnetising experiments on a patterned permalloy film were also per-
formed. This enabled the effect of the shape anisotropy on the reversal
processes of a soft, isotropic magnetic thin film to be examined. How-

ever, the CoFe films were not patterned due to time restraints. Thus the
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effect of the shape on the reversal processes in a film with well defined

anisotropy has still to be investigated and will be discussed further in
section 8.3.

8.2 Conclusions

Chapter 3 explored the reversal processes occurring in two very soft mag-
netie thin filins, a crystalline NiFeCuMo film and an amorphous CoFeB
film. For both films relatively simple reversal behaviour was observed
although the NiFeCuMo filin showed a well defined anisotropy whereas it
proved difficult to distinguish a preferred axis in the amorphous CoFeB
film. The differences in the magnetisation ripple of the two films were
also noted and the results were consistent with a preferred anisotropy
axis in one film and a lack of anisotropy in the other film. The rotational
behaviour and formation of domain walls during the reversal of the two
films served as an introduction to the processes occurring during the

magnetisation reversal of the CoFe films which are investigated through
the rest of the thesis.

Studies on four initial CoFe films were discussed in chapter 4. The films
differed by the inclusion or otherwise of seedlayers and spacer layers.
Here the majority of the work was carried out using the Fresnel mode
of Lorentz microscopy and a detailed study on the reversal behaviour of
the filims was presented. That the inclusion of a seedlayer significantly
altered the magnetisation distribution and reduced the coercivity was at-
tributed to a reduction in grain size. Laminating the fils significantly
reduced the coercivity to ~3 Oc and purely rotational behaviour, similar
to that of the films in chapter 3, was observed during the hard axis rever-
sal. The B-H loops of the laminate films showed superior coercivities and
reversal properties. Whilst the TEM investigations revealed a smaller
mean crystallite size, which is a contributing factor in the lower coer-

civity, arcas which showed complex localised magnetic behaviour were
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also observed. Normal TEM imaging revealed nothing unusual about

these arcas and SEM showed no signs of surface defects. Cross-sectional

TEM showed significant conformal roughness throughout the laminate
and it was surmised that the complex magnetic domains are stabilised at
the roughest points where coupling fields much greater than 100 Oe are
likely. The presence of 360° domain walls during the easy axis reversal
of the gquadrilayer film were also observed and again nothing unusual

about the end points of the walls could be detected with conventional
TEM unaging.

Further studies of laminate films were carried out with the aim of gaining
a greater understanding of the localised complex behaviour and the 360°
domain walls. The results from these investigations were presented in
chapter 5. The majority of the filins investigated here all had structural
defects present which had significant effect on the reversal behaviour of
the films. The in-situ magnetising experiments revealed a far greater
density of 3607 domain walls than in the laminated film in chapter 4.
These persisted up to fields greater than 700 Oe and remained through-
out. reversal which was unexpected. It was also noted that the domain
walls were straight when aligned along the easy axis, but took on a zigzag
folding when aligned along the hard axis. This was discussed and the
reversal mechanism for the walls was proposed. Although there were
instances where the end points of the domain walls were located at the
structural defeets there were also occasions where this was not the case
and, as in chapter 4, normal TEM imaging revealed nothing unusual
about the end points of the walls. However, it is likely that all 360°
domain walls are associated with some inhomogeneity at the end points
which disturbs the magnetisation configuration enough to pin the wall.
It. may be possible to model the micromagnetics and this is discussed
in section 8.3. Quantitative studies with DPC were carried out on the
laminate filins and it was discovered that some of the 360° domain walls
were present through the whole thickness of the laminate, although some

were confined to one or two layers. It is likely they are confined to the
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uppermost layers where the roughness level is greatest.

The physical characterisation of the defects was presented in both chap-
ter 5 and chapter 6. Conventional TEM followed by SEM of the struc-
tural defects revealed there were particles present on the substrate be-
fore the CoFe films were deposited. This caused a raised area in the
filn which had a deficiency of material around it. The area around the

defects was found to be oxygen rich and indeed the whole defect may
be oxygen rich, however, as normalisation with the zero loss peak was
not. carried out this may be surface oxidation. In an attempt to discover
the identity of the particle and gain a greater understanding of the film
growth cross-sectional specimens were prepared. The conformal rough-
ness observed in chapter 4 was again apparent here. Bright and dark
ficld imaging revealed the spacer layers were effective at breaking up the
growth across the majority of the film. Spectrum imaging with EELS
revealed a possible tailing of the Ni into the CoFe layer, although this
may be due to the roughness of the spacer layers. However, no defects
were found in the cross-sectional specimens and the origin of the particles
on the substrate remain unknown at this stage. The structural defects
are ideal sites to capture a Bloch line moving in a 180° Néel wall and

provide the stabilisation necessary for the 360° domain walls to form.

The magnetisation processes occurring during the reversal of the CoFe
continious films are interesting and aid the understanding of the mi-
cromagnetic structure. However, from an industrial point of view it is
important. to investigate the processes occurring in patterned shapes of
similar dimensions to perpendicular write heads as this will aid under-
standing when shape anisotropy and stresses become involved. Chapter
7 focused on initial studies from patterned permalloy shapes and thus
enabled a soft, isotropic filin to be investigated. The results showed the
processes occeurring in two sets of shapes, those with tapered-necks and
those without. It was discovered for the “pole tip” widths of 100 nm

the reversal processes occurring within the tip were not significantly in-
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fluenced by the reversal in the main body of the shape. However, wider
“pole tip” widths of 500 nm and 1 pm did influence the reversal and
the 500 nm tips were capable of supporting different domain structures
within the tip. These observations are highly undesirable for a write

head and show the obstacles which the CoFe films with well defined

anisotropy face.

To summarise. the main findings in this thesis have emphasised how im-
portant it is to have smooth interfaces in multilayered magnetic films.
That magnetic defects occur when there is a high degree of roughness
wonld have major implications if present in films used for device applica-
tions. The effect of physical defects on the magnetisation processes which
oceur during reversal showed the importance of having clean substrates
when considering film deposition. Some interesting properties of 360°
domain walls were also revealed and there may be implications for some
future device applications which require domain wall pinning. Finally
the patterning of permalloy films to write head shapes revealed how the

shape anisotropy effects the reversal behaviour and the challenges which
oFe films have to overcome.

8.3 Future Work

Possible future work to aid the understanding of the defects observed in

chapters H and 6 is detailed in this section along with further studies on
the CoFe filins.

From the results in chapter 6 it is clear the dual beam FIB/SEM could be
used to prepare TEM cross-sectional specimens of specific areas. There-
fore the structural defects observed in the laminate films in chapters 5
and 6 could be cross-sectioned. This would allow EELS to be performed
and the identity of the particles which are present on the substrate could
be found. It May also be possible with the dual beam FIB/SEM to pre-

pare cross-sectional specimens from the complex magnetic defect regions
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which were observed in chapter 4. This would require initial identifica-
tion of the defect areas using the compu-stage on the FEI Tecnai F20.
It would then be possible to deliberately contaminate the sample to pro-
vide markers at a measurable distance from the area of interest. This
would enable identification of the magnetic defect area when the sample
is transferred to the FIB/SEM. Analytical investigations of the cross-
sectional samples would allow the growth of the films at these points to

he investigated and may provide information as to the origin of defect

areas.

The reversal behaviour of the 360 © domain walls which were observed in
the laminate films in chapters 4 and 5 is reasonably well understood, how-
ever. the end points which pin the walls are not. It would be worthwhile
carrying out micromagnetic modelling of these to aid understanding,
This is by no means an casy calculation and the initial input parameters
would need to be considered carefully. For example whether a structure
similar to the defects observed in chapter 5 should be included and per-

haps initial studies should consider single layer films before moving onto
the more complex laminate films.

To further the studies of how the shape anisotropy of the write head
effects the reversal, the CoFe films from chapter 4 should be patterned
into shapes similar to those investigated in chapter 7. Fresnel studies of
the patterned shapes will reveal how filins with well defined anisotropies
behave in an environment where there is a complex stress distribution.
In Chapter 4 the displacement of walls between layers within the bilay-
cred films was observed and it would be of interest to see if such walls
occur within the fillms when patterned down and if so how the walls
behave when there are other stresses present. The investigation of the
patterned CoFe films would also reveal whether the purely rotational
behaviour observed for the continuous quadrilayer film in chapter 4 still

occurred when the sample was patterned down and if any complex lo-
calised behaviour was present.
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From a technological point of view it is important to establish whether
the domain structures within the tip are reproducible at 0 Oe applied
field or if the behaviour in the CoFe films is similar to that observed for
the permalloy film in chapter 7 where variable, uncontrollable processes
occurred. This would relate to the remanent state of the head and the
crasc-after-write phenomena which was mentioned in chapter 1 section
1.5.1. Another possible investigation would be to vary the angle of the
“tapered-neck”™ and the height of the “pole tip” to determine how they
offect the reversal. This may aid in optimising the geometry of the
writer as the areal storage density is increased further. Another issue
which deserves attention is the concern that there are areas within the
pole tip in which the flux is channelled down. To this end it would be
worthwhile investigating the flux emitted out of the tip of the patterned
Cole shapes using DPC. However, this is quite a complex experiment as
the stray field from the tip would have a significant effect and separating

out the various field contributions would prove timely.

Other possible studies involve varying the materials used in the laminate
filins. for example the use of Ru as a spacer layer or Cu as a seed layer.
Interest lies in how the different layers effect the grain growth, i.e. are
there alternative materials which give a smaller grain size or smoother
interfaces. Also how are the magnetisation processes occurring during
reversal effected and are there better alternatives for perpendicular writ-

ers than the CoFe laminate films investigated in this thesis.
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