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Summary

The work described in this thesis is focused on the fabrication and
understanding of the characteristics of small magnetic thin film elements and
ferromagnetic thin film magnetic force microscope (MFM) tips so as to
optimise the performance of the MFM used in our collaboration with a group
at Manchester Metropolitan University. The small elements which have
similar geometry as the magnetic film on the tip are studied in this thesis not
only because some properties they exhibit are beneficial for quantitative
MFM imaging but also because they enable the domain structure in the MFM
tip to be observed directly. The basic concepts of ferromagnetism are given
in Chapter 1, which serve as a starting point for further discussions.

Magnetic characterisations are performed using Lorentz microscopy in the
modified JEOL 2000FX CTEM/STEM and VG HB5 STEM. The imaging
formation of the Fresnel, Foucault and Differential Phase Contrast (DPC)
modes of Lorentz microscopies are discussed in Chapter 2. The principle of
MFM imaging technique and its basic instrumentation are also discussed
there.

Chapter 3 gives a detailed description of the specimen fabrication process
and some devices assisting the characterisations. The SizN, membrane is
discussed along with the photolithography technique. Electron beam
lithography as a major technique employed to define small element patterns
on SizN, membrane is described. The oblique thermal evaporation produces
MFM tips suitable for the MFM equipped with an interferometric detecting
system. The preparation of such tips for observation in the VG HB5 STEM
also forms a part of this chapter.

The main body of results is presented in Chapter 4 - 7. Chapter 4 focuses on
the anisotropy induced by oblique thermal evaporation in the rectangular
permalloy thin film elements. The nature of this anisotropy is investigated in
various magnetic states as well as through in-situ magnetising experiments.
In chapter 5, the stray field of the MFM tip is characterised experimentally
using MDPC imaging and compared with the computer simulated MDPC
images of a uniformly magnetised MFM tip. In chapter 6, magnetic structures
of permalloy and cobalt thin film elements fabricated on the SizN,
membranes to simulated the magnetic films on MFM tips are described.



Direct imaging of the domain structure in various states is presented along
with in-situ magnetising experiment. The characterisations of Nanoprobe™
and needle tips are presented in Chapter 7. The conclusions drawn from the
above projects and future work are given in Chapter 8.



Contents

Acknowledgements

Declaration
Summary

Chapter 1

Chapter 2

Ferromagnetism
1.1 Ferromagnetism and ferromagnetic materials
1.2 Energy of a magnetic body
1.2.1 Exchange energy
1.2.2 Magnetostatic energy
1.2.3 Anisotropy energy
1.3 Domain and domain walls in ferromagnetic
thin films
1.3.1 Review of domain structure research
1.3.2 Domain theory
1.3.3 Categories of domain walls in magnetic
thin films
1.3.4 Bloch wall
1.3.5 Neel wall
1.3.6 Cross-tie wall
1.3.7 Vortex wall
1.4 Hysteresis

Magnetic imaging of thin film specimens
2.1 Introduction
2.1.1 Optical techniques
2.1.2 Electron microscopy
2.1.3 MFM technique
2.2 Electron-specimen interaction
2.2.1 Lorentz deflection - a classical approach
2.2.2 Aharonov and Bohm theory - a quantum
mechanical approach

g W wWww = =

(o) JNS N S) |

© o ™

10
11
11

13
13
13
14
15
16
16

17



2.3 Lorentz microscopy in a CTEM
2.3.1 General principle of magnetic image
formation of a CTEM
2.3.2 Fresnel mode of Lorentz microscopy
2.3.3 Foucault mode of Lorentz microscopy
2.3.4 JEOL 2000FX CTEM/STEM
2.4 Lorentz microscopy technique in STEM - DPC
imaging mode
2.4.1 Image forming in a STEM
2.4.2 Classical description of the DPC mode
of Lorentz microscopy
2.4.3 MDPC mode of Lorentz microscopy
244 VG HB5 STEM and eXL acquisition
system
2.5 Magnetic force microscope (MFM)
2.5.1 Introduction
2.5.2 Basic principle and instrumentation of
MFM imaging
2.5.3 Instrumentation of MFM
2.5.4 Evolution of MFM tips

Chapter 3 Specimen Preparation and characterisation
3.1 Introduction
3.2 Materials studied in this work
3.3 SizN4 membrane substrate
3.4 Thermal evaporation of magnetic thin films
~ 3.5 Electron beam lithography
3.6 Fabrication of small element samples
3.6.1 Elements used in the investigation of
induced anisotropy by  oblique
evaporation
3.6.2 Simulated MFM tip elements

18

18
21
23
24

25
25

27
29

31
32
32

32
33
34

36
36
37
38
39
40
41

41
43



Chapter 4

3.7 Fabrication of MFM tips
3.7.1 Microlever™
3.7.2 Cleaning Microlevers™ and coating with
magnetic films
3.7.3 Preparation of MFM tip samples for
examination in the VG HB5 STEM
3.7.4 Preparation of MFM tip samples for
examination in the JEOL 2000FX
CTEM/STEM
3.8 Equipment used in magnetic characterisation
3.8.1 Magnetising stage
3.8.2 In-plane ac-demagnetising stage

Induced Anisotropy in permalloy thin film
elements by oblique incidence evaporation
4.1 Introduction
4.2 Physical characteristics of the elements
421 Elements evaporated at normal
incidence
4.2.2 Elements evaporated at 30° incidence
4.3 Schematic diagrams of some domain
structures
4.4 Magnetic study of elements evaporated at
normal incidence
4.4.1 As-grown state
4.4.2 Ac-demagnetised state
4.4.3 In-situ magnetising experiments
4.5 Magnetic study of AN2, AN4 and ANG6
elements evaporated at oblique incidence
4.5.1 As-grown State
4.5.2 Ac-demagnetised State
4.5.3 In-situ magnetising experiments
4.6 Magnetic study of AN1, AN3 and AN5
elements evaporated at oblique incidence
4.6.1 As-grown State
4.6.2 Ac-demagnetised State
4.6.3 In-situ magnetising experiments
4.7 Comparison and conclusion

45
45

46

47

48
49
49
51

53
53
54

54
55

55

58
58
59
61

63
63
64
66

67
67
68
69
71



Chapter 5

Characterisation of MFM tips using the MDPC
mode of Lorentz microscopy and computer
simulation
5.1 Introduction
5.2 Fabrication of MFM tip
5.3. Experimental study of physical
characteristics of tips
5.3.1 CTEM observation of whole-surface

coated tip
5.3.2 SEM observation of one-face coated
cobalt tip
5.4 Experimental MDPC imaging of one-face
coated tip

5.4.1 MDPC images of one-face coated tip
5.4.2 Analysis of the MDPC images using
arrow mapping method
5.4.3 Analysis of experimental MDPC images
using line tracing method
5.5 Models used in computer simulation
5.5.1 One-face coated models
5.5.2 Whole-surface coated tip
5.6 Details of the simulation
5.6.1 Brief description of the simulation
5.6.2 Calculation of components of the stray
field perpendicular to the electron beam
5.6.3 Calculation of Lorentz deflection angles
5.6.4 Conversion of Lorentz deflection angle
data to an image format
5.7 Simulation of MDPC images using the one-
face coated models
5.7.1 Simulated MDPC images
5.7.2 Analysis of the simulated MDPC images
using arrow mapping method
5.7.3 Analysis of simulated MDPC images
using line tracing method
5.7.4 Comparison between experiment and
simulations

80

80

81

83

83

84

84
84

85
86
90
90
92
94
94

95
97

97

98
98

98

99

103



Chapter 6

Chapter 7

5.8 Simulation of MDPC images using whole-
surface coated models
5.8.1 Simulated MDPC images
5.8.2 Analysis of MDPC images using arrow
mapping method
5.8.3 Analysis of MDPC images using line
tracing method
5.8.4 Comparison between whole-surface
coated models and one-face coated
models
5.9 Conclusion

Characterisation of elements simulating thin
films on MFM tips
6.1 Introduction
6.2 Cobalt elements
6.2.1 Physical characteristics of elements
6.2.2 Magnetic study of SIM1 element
6.2.3 Magnetic study of SIM2 element
6.2.4 Magnetic study of SIM3 element
6.2.5 Magnetic study of SIM4 element
6.3 Permalloy elements
6.3.1 Physical characteristics of elements
6.3.2 Magnetic study of SIM1 element
6.3.3 Magnetic study of SIM2 element
6.3.4 Magnetic study of SIM3 element
6.3.5 Magnetic study of SIM4 element
6.4 Conclusion and discussion

Characterisation of other types of MFM tip
7.1 Introduction
7.2 Investigation of Nanoprobe™ thin film tip
7.2.1 Tip fabrication
7.2.2 Physical characteristics
7.2.3 Magnetic study of as-grown state
7.2.4 Magnetic study of remanent state

106
106

107

107

110
111

112
112
113
113
113
116
119
120
122
122
122
125
126
127
127

130
130
130
130
131
131
131



Chapter 8

Appendix 1

Appendix 2

Appendix 3

Appendix 4

References

7.3 Investigation of needle tips

7.3.1 Tip fabrication

7.3.2 Characterisation of the needle tip
7.4 Conclusion

Conclusion and Future Work
8.1 Conclusion
8.2 Future work

Conversion of 16 bit grey scale image to 8 bit
grey scale image

BASIC program used to display electron beam
lithography patterns

BASIC program used to display results of
electron beam lithography

FORTRAN 77 program converting Lorentz
deflection angle data to 8-bit grey scale raw
date format image

132
132
132
133
135

135
138

141

143

146

151

153 .



Chapter 1 Ferromagnetism and Ferromagnetic Materials

Chapter 1

Ferromagnetism

1.1 Ferromagnetism and ferromagnetic materials

Ferromagnetic materials possess a temperature dependent spontaneous
magnetisation below the Curie temperature 6. One of their important
properties in practical applications is that they have large susceptibilities
(about 50 to 10,000) which enable high magnetic induction to be obtained
with only modest magnetic fields.

The behaviour of magnetic insulators can be understood by the Heisenberg
model (Heisenberg 1928) of quantum mechanics in terms of the interaction
of the magnetic moments associated with the spin and orbital motion of
electrons (Dirac 1929). The following four assumptions are usually used so
as to simplify the calculation.

(1) the exchange interaction J between electrons of the same atom is
omitted. J is also termed the exchange integral as expressed in (1.1).

(2) the form of the exchange interaction between any two electrons of
different atoms is the same over the whole system (Li 1985), i.e.

Jy= [0 @0, )0, )0 w)dr, (1.1)

where V(r;) is the Coulomb potential between electrons i and j, ¢ is the wave
function of the electrons. r;, r; are the position vector of electrons i and j

respectively. r; is the relative position of electron i and j and it is defined as
r.=r.—-r.
ij i i

(3) As J; depends on the overlay of the electron waves, it is a short-range
interaction. Therefore, J; can be approximated to the interaction between the

nearest neighbouring atoms.

(4) Jj is uniform in the system, i.e. J;=J
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Thus, the total interaction energy E., can be expressed as

E, - -%2& s, (1.2)

i#j

where 1/2 is due to the fact that the energy is shared by two electrons and
double counting must be avoided when summing over all the nearest
neighbour atoms.

Using this equation, magnetic materials are categorised into several groups
and two of them will be discussed here.

When J > 0 and S; =S;, the system is ferromagnetic and all the spins align

along the same direction so as to minimise the exchange energy. This will
give rise to spontaneous magnetisation. The spin configuration in this class
of material is shown in Fig. 1.1.

Fig. 1.1 Schematic drawing of the 1-D spin configuration in a
ferromagnetic material.

When J < 0 and S, =S; the system is antiferromagnetic and therefore each

spin moment is antiparallel to the neighbouring spins to reduce the exchange
energy. The spin configuration is displayed in Fig. 1.2.

Fig. 1.2 Schematic drawing of the 1-D spin configuration in an
antiferromagnetic material.
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In spite of the presence of spontaneous magnetisation, a block of
ferromagnetic material is usually not uniformly magnetised. This is due to the
fact that the interior of the block is divided into many magnetic domains
(discussed later in this chapter) each of which is spontaneously magnetised.
Since the direction of domain magnetisation varies from domain to domain,
the resultant magnetisation can be changed from zero to the value of
spontaneous magnetisation by applying an external magnetic field.

1.2 Energy of a magnetic body
1.2.1 Exchange energy

The exchange energy expressed by (1.2) describes the interaction between
neighbouring spin moments S; and S;. Bethe-Peierls-Weiss statistical
physics theory described the relation between the exchange integral J and
Curie temperature 6; (Weiss 1948)

J=0.54K8, (simple cubic lattice structure, S=1/2) (1.3)
J=0.34K®6, (body centred cubic lattice structure, S=1/2) (1.4)
J=0.15K®0, (face centred cubic lattice structure, S =1) (1.5)

where K is Boltzmann's constant (1.38 x 10® J/K). Hence the exchange
integral J could be determined experimentally by measuring the Curie
temperature of a magnetic material.

1.2.2 Magnetostatic energy

This energy arises from the interaction between the magnetic moment and
magnetic fields. The magnetic fields can be external (Heyq) or arise from
volume magnetic poles due to non-zero divergence of magnetisation and

surface magnetic poles due to a discontinuity of the magnetisation.

In the case of external field, the magnetostatic energy is
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EH = —NOIM. Hextdv (1 6)

In the case of demagnetising fields, the magnetostatic energy is

1

E, =——
2

uDIMoHddv (1.7)

where 1/2 arises due to the fact that this is the energy shared by two poles
and the integral is performed over both of them. Hy is the demagnetisation
field which originates from the contributions of the volume and the surface
poles. These contributions are expressed as the 1st and 2nd terms
respectively in the equation below

=L =, e
o= am m?:[;".!;c r~rf [Ve e M(r)]dv
1 deY(r—r.l) (1-8)
+Z’?ma£‘l[ﬁc r—ry [Mcr) e nee) s

body

r is the position vector of the point where the field is calculated, r' and r" are
the position vector of points inside and on the surface of the magnetic body
respectively. n is the unit vector normal to the surface of the body. This is
illustrated in Figure 1.3.

Fig. 1.3 Schematic diagram illustrating the definition of the terms
used in the calculation of Hy(r)
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1.2.3 Anisotropy energy

Another contribution to the total magnetic energy of a ferromagnetic body is
the anisotropy energy. This energy term is highly dependent on the
orientation of magnetisation with respect to certain preferred directions. Such
directions are normally termed the easy axes. The presence of the easy axis
can arise from a number of sources. Spin-orbit coupling results in
magnetocrystalline anisotropy while the growth condition of a sample may
give rise to texturing and thus induce an easy axis. More details of this topic
will be given in Chapter 5.

The mathematical expression of an uniaxial anisotropy energy to the 1st
order is

Ea = Ku sin? Y (1 _9)

where K, is the anisotropy constant of the material and vy is the angle which
the magnetisation makes with the easy axis.

Cubic anisotropy may also occur in a material of cubic crystalline structure.
The magnitude of this energy term is dependent on the angles which the
magnetisation makes relative to the three crystal axes.

1.3 Domain and domain walls in ferromagnetic thin films
1.3.1 Review of domain structure research

A magnetic domain is a region of material within which the magnetisation is
uniform and a magnetic sample usually comprises several domains. The
presence of ferromagnetic domain structures was first predicted by Weiss
(1907) in his famous paper on the hypothesis of the molecular field. The
energy stored in domain walls, which separate domains, was calculated by
Bloch (1932). This model will be discussed later in section 1.3.4. The
theoretical treatment of ferromagnetic domain structures was first tried by
Landau and Lifshitz (1935) and Lifshitz (1944) using energy minimisation
methods to predict domain structures. Domain structure was first indirectly
confirmed experimentally by Barkhausen (1919). His experiment was
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performed by studying the noise in the magnetisation process of a
ferromagnetic specimen and thus proved that the magnetisation process
consisted of many small discontinuous flux changes. The direct observation
of ferromagnetic domain structure was attempted by Bitter (1931 and 1932)
and independently by Hamos and Thiessen (1932). These researchers
applied a drop of ferromagnetic colloidal suspension, containing many fine
ferromagnetic particles, to the surface of a magnetic specimen and observed
the locations of the domain walls where the particles accumulated. More
recent domain structure studies and the techniques used will be given in
Chapter 2.

1.3.2 Domain theory

The energy of a magnetic body is the summation of the energy terms given
in section 1.2, i.e.

Etotal =Eex +Em +EH +Ea (1 10)

The magnitude of these energy terms depends on the orientation of the
magnetic moment at each point in the body as well as external magnetic
fields. The presence of domains is the result of the minimisation of the total
energy. The minimisation of exchange energy (1.2) favours a single domain
structure (Fig. 1.4) although this gives rise to a large magnetostatic energy.
Such a domain structure is one of the non-solenoidal domain structures
where the magnetisation distribution does not result in flux closure. By
contrast the minimisation of the magnetostatic energy (1.8) favours a
multidomain structure so as to form a solenoidal magnetisation configuration
(Fig. 1.5). The minimisation of anisotropy energy (1.9) simply favours a
magnetisation parallel to the easy axis (Fig. 1.6).
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+  + + o+ o+

Fig. 1.4 Single domain structure favoured by the minimisation of
the exchange energy. The symbols "+" and "-" on the surface
indicate positive and negative magnetic poles respectively.

<

Fig. 1.5 Solenoidal domain structure favoured by the minimisation
of the magnetostatic energy due to the surface poles Men.

_ > [+
Easy axis

T +
>

A +
M

7 +

- +

Fig. 1.6 Domain structure favoured by the minimisation of
anisotropy energy.



Chapter 1 Ferromagnetism and Ferromagnetic Materials

1.3.3 Categories of domain walls in magnetic thin films

The transition region between adjacent domains is called the magnetic
domain wall. One of the reasons that domain walls occur in thin films is that
they reduce the magnetostatic energy associated with surface poles. Domain
walls can be categorised according to the angle between the magnetisation
of the adjacent domains (e.g. 180° wall and 90° wall, etc.). On the other
hand, they also can be categorised according to the form of magnetisation
variation across the wall. The magnetisation within the wall may vary along
one direction such as in Bloch wall or Néel wall. They are therefore termed 1-
D (1 dimension) walls. In some other walls, such as the cross-tie wall and
vortex wall, the magnetisation varies along two directions and they are
termed 2-D walls. These walls are described in the following sections.

1.3.4 Bloch wall

Schematic drawings of Bloch walls are shown in Fig. 1.7. In diagram (a), the
magnetisation rotates around the negative X axis whereas in diagram (b) it
rotates around the positive X axis. However, as these cases give rise to
equal wall energy, they have equal chance to occur.

7N 7T
RO || X

(@) (b)

I

Fig. 1.7 Schematic drawing of Bloch walls.

This type of domain wall has three important features:
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(1) The magnetic moments rotate gradually about the X axis in the YZ plane,
i.e. the magnetisation varies only along the X direction. Therefore it is
divergence free in the volume of the sample and the magnetic moments are
parallel to the Z axis in the centre of the wall.

(2) Magnetic free poles are present on both of the top and bottom surfaces
of the sample since the magnetisation is not parallel to the plane of the film
there, i.e. Men is not zero.

(3) Bloch walls usually occur in thick films as the relative importance of the
magnetostatic energy associated with the free poles on the Bloch wall
surface intersection decreases as the thickness increases.

1.3.5 Néel wall

Another type of domain wall was proposed by Néel (1955) and named after
him. A schematic drawing of the Néel well is shown in Fig. 1.8. The
magnetisation in the configuration (a) rotates around the negative Z direction
whereas it rotates around the positive Z direction in the configuration (b).
Both structures are equivalent and have equal chance to occur. This will be
mentioned again in the discussion of cross-tie wall.

NS

<P~
M

M ] M L «
R O| [OFO| /b
(a) (b)

Fig. 1.8 Schematic drawing of Néel walls.

In this model, magnetic moments rotate in the plane of the film (the XY
plane) about the Z axis. The magnetisation is parallel to the X axis in the
centre of the wall. Although no free poles are generated on the surface, the
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wall has non-zero divergence of magnetisation in the volume. Therefore,
Néel walls usually occur in thin films and are generally quite wide so as to
reduce the magnetostatic energy associated with the magnetic poles within
the wall.

1.3.6 Cross-tie wall

This type of domain wall was first observed by Huber et. al. (1958). The wall
is essentially a 180° wall with regions of altemately polarised Néel walls
separated by Bloch walls. The polarities of the Bloch walls are not defined as
it has been stated in section 1.3.4 that both polarities get an equal chance to
occur. The cross-tie line occurs at positions where non-closure
magnetisation is present whereas the circular Bloch lines occur in regions
where closure magnetisation is present. In the Néel wall, the magnetisation
varies along the Y axis while the magnetisation varies along the X axis in the
Bloch wall. Therefore, this is a 2-D wall. For permalloy, cross-tie walls usually
occur in 20 nm to 80 nm thick films as the result of the magnetostatic energy
associated with both volume poles in the Néel walls and surface poles on
Bloch walls. The schematic drawing of this type of wall is shown in Fig. 1.9.
More details of the theoretical treatment of the cross-tie domain walls can be
found in the work accomplished by Middelhoek (1963) and Kosinski (1977).
M
I

S
oloTclplOTo X
ARENPZAN

Circular Bloch line

~—
M

Fig. 1.9 Schematic diagram of cross-tie wall.
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1.3.7 Vortex wall

Another type of 2D domain wall is the Vortex wall which was proposed by
LaBonte (1969). A schematic diagram of the domain wall is given in Fig.
1.10. On the top and the bottom of the wall, the magnetisation is in the plane
of the specimen and rotates around the Z axis (Néel variation) whereas the
magnetisation rotates around the X axis along the X axis (Bloch variation).
The variation of the magnetisation at anywhere else is between the Bloch
variation and the Néel variation. The essence of such structure is that there
is little or no stray field (Hubert 1969).

//Z
X o

.
'
NN

Fig. 1. 10 Schematic diagram of Vortex wall.

1.4 Hysteresis

When an external field Hgy is applied to a ferromagnetic sample, the
magnetisation of the sample M is changed and finally reaches the saturation
magnetisation Mgy, Which is equal to the spontaneous magnetisation. If the
field is reduced, the magnetisation may again decrease, but usually does not
come back to the original value. Such an irreversible process of
magnetisation is called hysteresis. This phenomenon was first observed by
Warburg (1881). The presence of saturation magnetisation and hysteresis
are important features of ferromagnetic materials. A plot of the external field
against the magnetisation M of the sample is termed the hysteresis loop and
some essential characteristics of a sample can be deduced from its
hysteresis loop.

11
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M
l
|
|
|
|  Hext
O Hc Hsat

/

Fig. 1.11 Schematic diagram of a hysteresis loop.

A hysteresis loop is shown schematically in Fig. 1.11. The sample is initially
saturated at a field which is equal to or bigger than Hg,. While the external
field Hey is decreased to zero the magnetisation also decreases but only to a
positive value of M, rather than zero. If a negative field is applied from this
point, the magnetisation will be further reduced but still maintains a positive
value until Hey; reaches -H, where the magnetisation switches to the negative
direction. Applying an external field to —Hg, will saturate the sample along
the negative direction. Conventionally, H. and M, are termed coercivity and
remanent magnetisation respectively. The higher the H. is, the magnetically
harder a material is.

The hysteresis loops of a bulk sample, a thin film sample and a thin film
element may be different although they are the same material. This reflects
the complex nature of the magnetisation process. There have been a few
techniques which can be applied to investigate the magnetic characteristics
of a sample and they will be discussed in Chapter 2.

12
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Chapter 2

Magnetic imaging of thin film specimens

2.1 Introduction

The domain structure of a magnetic material provides important information
in the understanding of its magnetic properties. Any technique which can
extract such information is therefore of great utility and in this chapter the
principal techniques used to investigate magnetic domain structures are
discussed.

2.1.1 Optical techniques

Magnetic domain structures were first observed directly by Bitter (1931). In
his method, fine magnetic particles in the form of a colloidal suspension are
spread on the surface of a specimen and these accumulate at the regions
with strong magnetic field gradient such as Bloch domain walls. This is due
to the attractive force associated with the field gradient above these walls.
The resolution of this method is limited by the wavelength of the illumination.
Normally samples are required to have a flat polished surface for ease of
observation.

Two other techniques of light microscopy are based on Faraday and Kerr
magneto-optic (M-O) effects (Chikazumi 1964). Both detect the rotation of
the polarisation of plane polarised light upon interaction with a magnetic
specimen. The Faraday microscope utilises the transmitted light and
therefore the Faraday microscope can only be applied to optically
transparent specimens. The Kerr microscope utilises the reflected light and
the rotation of its polarisation. Thus Kerr microscopy is a surface technique
revealing only the surface domain structure of the specimen. The rotation of
the polarisation is usually smaller than 20 minutes of arc for the Kerr effect
and therefore a highly sensitive detection system is required.

The merits of these two sets of techniques are:

13
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(1) They are linear techniques, i.e. the change in the polarisation of the light
is a linear function of the specimen's magnetisation.

(2) They are capable of being used in in-situ magnetising experiments with a
large field applied (Rihrig et al. 1990, Rave and Hubert 1990).

Nevertheless, the resolution of the M-O techniques are still limited by the
wavelength of the light used although a 0.3 um resolution has been obtained
by Schmidt et al. (1985). Therefore these techniques are suitable for domain
observation where the domains are substantially larger than 1 um.

Early studies using the Kerr microscope were successfully performed by
Robert and Bean (1954) in the observation of the domain pattern on the ¢
plane of a thin MnBi single crystal specimen. It was developed later by Rave
et al. (1987) using a digital image processing method based on a
combination of longitudinal Kerr effect (the magnetisation is in the plane of
the incident light as well as the plane of the specimen) and transverse Kerr
effect (the magnetisation is perpendicular to the incident light but in the plane
of the specimen). This enables quantitative determination of the
magnetisation on the surface of the specimen. Faraday microscopy was
performed by Dillion (1958) and revealed the domain structure of a
transparent ferromagnetic garnet specimen. The interference contrast colloid
technique combining Kerr and Faraday effects with the Bitter pattern
technique has been performed by Hartmann (1987), which provides high
contrast images of the surface domain pattern and is suitable for both
transparent and opaque specimens. A laser magneto-optic microscope
(LAMOM) has been developed by Argyle and Herman (1986) and been
applied for domain studies in read/write heads for magnetic recording
devices (Herman and Argyle 1987). Clegg et al. (1990) also built a LAMOM
which can be used for either Faraday or Kerr microscopy and obtained high
quality domain patterns from a (YSmBi);(FeGa)sO,2 specimen.

2.1.2 Electron microscopy

Since Hale et al (1959) first performed the Fresnel mode of Lorentz
microscopy on a conventional transmission electron microscope (CTEM),
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other modes of Lorentz microscopy have been developed to investigate
different aspects of micromagnetic structures in thin film specimens
(Jakubovics 1975 & 1978). The principal merits of Lorentz microscopy
performed on a transmission electron microscope (TEM) or a scanning
transmission electron microscope (STEM) are that it has very high spatial
resolution and may be used for in-situ experiments (Hefferman et al. 1991).
In section 2.2, the basic magnetic interaction between electron and
specimen is described and serves as a starting point for further discussion of
the Fresnel mode of Lorentz microscopy in section 2.3.2, the Foucault mode
of Lorentz microscopy in section 2.3.3 and the modified differential phase
contrast (MDPC) mode of Lorentz microscope in section 2.4.

Another electron microscopy technique involves a scanning electron
microscope and a polarisation analysis detector (SEMPA) which can also be
used to investigate magnetic domain structure (Koike and Hayakawa 1984).
The basic principle of this technique is that the polarisation of the secondary
electrons generated in the SEM depends on the surface magnetisation of the
specimen and therefore the domain image is formed by detecting the
polarisation. This technique provides lateral resolution as high as 20 nm
(Allenspach 1994) and can be used in the characterisation of thick samples.
The disadvantages include its requirement for ultrahigh vacuum.

The electron holographic method devised in 1949 by Gabor is another
magnetic electron microscopy technique. Its basic principle is that a
magnetic specimen is illuminated by electron beams in an electron
microscope and the beams are modified in their phase on passing through
the specimen due to the Aharonov and Bohm effect (refer section 2.2.2).
This instrument also allows a reference beam to reach the detector plane
from free space. The resulting interference pattern is recorded and analysed.
A recent application of this technique to the observation of magnetic flux
lines was performed by Tonomura (1993) and the review of this technique
can also be found there.

2.1.3 MFM technique

The magnetic force microscope (MFM) built by Martin and Wickramasinghe
(1987) provides a powerful tool for high lateral resolution magnetic
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observations of surface domain structures. MFM images reflect the
interaction between the MFM tip and the stray field projecting from the
surface of the specimen. More details of the MFM technique can be found in
section 2.5. The advantages of the MFM is that no complex specimen
preparation is needed. However, the MFM technique today is not
quantitative.

2.2 Electron-specimen interaction

In this section, the basic principles underlying the interaction between
moving electrons and magnetic induction in a thin magnetic film are
discussed.

2.2.1 Lorentz deflection - a classical approach

An electron moving with velocity v in a magnetic induction B experiences a
force F and is therefore deflected from its original path. Such a phenomenon
is termed Lorentz deflection and F is termed the Lorentz force. The
mathematical expression for F is

F=-evxB 2.1)

Fig. 2.1 shows schematically this effect on electrons passing through a thin
film containing a 180° wall. In the region where the magnetisation is
constant, for a specimen of thickness t and saturation induction B,, the
Lorentz deflection angle B, due to the magnetisation in the specimen is given

by
B, =eB,At/h (2.2)
where A is the wavelength of the electron and h is Planck's constant.

Thus for a 50 nm thick specimen with saturation induction of 1.0 T, 200 keV
electrons suffer 0.03 mrad deflection. Such a Lorentz deflection angle is very
small compared to the 1st order Bragg diffraction angle, which is typically 10
mrad for a ferromagnetic crystal specimen.
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Ll
v\

Fig. 2.1 Schematic diagram showing the Lorentz deflection when
electrons pass through a magnetic specimen containing an 180°
wall.

As a general case, if the magnetic induction perpendicular to the electron
trajectory is By(x,z), the local Lorentz deflection angle can be calculated
using

eAB, (x)t

: (2.3)

B.(x)= %—Lzlsz(x,z)dz =

Where the integral is performed along the whole electron path which starts
from Z, and finishes at Z,. B,(x) is the average magnetic induction along the
electron trajectory.

1 e22 '
B,(x)=-[ B,(x.2)dz (24)

By(x,z) arises not only from the foil's magnetisation but also from any
magnetic stray field components perpendicular to the electron path. This

may arise from regions of non-zero VM and Men where n is the unit vector
of the specimen surface.

2.2.2 Aharonov and Bohm theory - a quantum mechanical approach

Aharonov and Bohm (1959) postulated that two electrons originating from
the same point have a phase difference in addition to the one arising from a

17



Chapter 2 Magnetic imaging of thin specimens

difference in their paths when they are brought together again after travelling
paths enclosing non-zero magnetic flux N (Fig. 2.2). This phase difference is

¢=2neN/h (2.5)

path of electron 1

Starting point& R Rejoining point

path of electron 2

Fig. 2.2 Schematic diagram showing the Aharonov and Bohm
effect. Electron 1 and Electron 2 suffer a phase difference when
their paths enclose a non-zero magnetic flux N.

Applying this to the case shown in Fig. 2.1, after passing through the film,
the electrons at two points with the x coordinates x; and x, have a phase
difference

o(x, —x,)=% B, (x)dx (2.6)

As far as magnetic imaging is concerned, a magnetic specimen is
considered as a pure phase modulator of the electron beam. Any amplitude
modulation which is due to the physical structure of the specimen is
neglected. The fundamental principle of all modes of Lorentz microscopy is
that they attempt to recover this modulated phase information. In the next
few sections, this theory is applied to explain the techniques of Lorentz
microscopy.

2.3 Lorentz microscopy in a CTEM
2.3.1 General principle of magnetic image formation of a CTEM

A schematic diagram of a CTEM is given in Fig. 2.3, indicating the important

18



Chapter 2 Magnetic imaging of thin specimens

instrumental components for magnetic imaging. The electron gun is the
source which generates and accelerates electrons to a certain energy. These
electrons are then brought to a selected area on the specimen by the
condenser lenses and upper objective lens. The lower objective lens is the
image forming lens and the intermediate lens is used to magnify this image.

v Electron Gun

Condenser Lens 1

Condenser Lens 2

Upper Objective Lens
Specimen
}X‘ Lower Objective Lens

Intermediate Lens

Image plane

Fig. 2.3 Schematic diagram of a CTEM illustrating the essential
instrumentation components.

As the electron source (filament) is usually very small in dimension and is
situated far from the specimen, the electron wave incident on the specimen
can be approximately treated as a plane wave exp(i2rkz) with the wave
number k defined as 1/A. On leaving the specimen, the electron wave
function ¥ is

¥(xy) = explio(x,y)]exp[i2nkz,] 2.7)

The first part of the equation is termed specimen transmittance f(x, y) with
¢(x,y) defined by equation (2.6). z, is the z axis coordinate of the specimen.
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In the back focal plane of the image forming lens (objective lens), the
electron disturbance g(ky.k,) can be described as the Fourier transform of the
specimen transmittance

g(k k,)=FT[f(x, )= [ £(x, y)expl-2mi(k x + k, y)ldxdy (2.8)

where FT indicates taking a Fourier transform of the function in brackets.

As all electron lenses suffer from aberrations and there may be a finite
defocus present, the electron wave expressed in the above equation is
further modified by a factor of t(k,, ky)

t(kx!ky) = A(kx'ky )C.»aCd (29)
m (C2 (k,”+ k,2)°

§, = exp|: > ! } (2.10)

¢y = exp[niAz?\.(kx2+ kyz)] 2.11)

A(ky, ky) is the pupil function which is uniform within the objective aperture
and zero elsewhere, {, is the contribution of the spherical aberration of the
objective Lens, {4 is the contribution of the defocus, Cs is the spherical
aberration coefficient and Az is the defocus.

For magnetic imaging the spherical aberration usually makes negligible
contribution to the final image (Chapman 1984). Hence (2.9) becomes

Ky ok, ) = Ay K, )G (2.12)

Therefore, in the image plane the wave function is the inverse Fourier
transform FT *of g(ky, ky)t(ky, k)

¥, (x,y) = FT*[g(k,.k,)t(k, . ,)]

= H gk, .k )k, k) exp[21ti(kxx + ky}’)]dkxdky (2.13)
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The intensity of the image I(x, y) is related to the wave function by the
following equation

I(xy) =% ()|’ (2.14)
Thus, the image is formed in the image plane. The above calculation
contains all the necessary information to discuss the principle of Lorentz
microscopy in a CTEM.

It is obvious that if t(kk,) is a constant, then ¥i(x, y) = f(x, y) = exp[ip(x,y)] so
that I(x,y) = 1 and there would be no contrast in the image plane. Magnetic
contrast is generated when t(kx,ky) is not a constant, e.g. the defocus Az 0
or objective aperture is used to modify the electron distribution in the back
focal plane (A(kkky) is not constant). These two cases give rise to the
Fresnel and Foucault modes of Lorentz microscopy respectively and they are
detailed through the next two sections.

2.3.2 Fresnel mode of Lorentz microscopy

A classical description of the Fresnel mode of Lorentz microscopy is
illustrated in Fig. (2.4). Electrons are deflected through an angle B, due to
the Lorentz force. The objective lens is focused on a plane either below or
above the specimen rather than on the specimen. Thus domain walls are
revealed as bright and dark bands due to the convergence or divergence of
the electron beam respectively whereas the domains appear as a uniform
background. Interference fringes can be observed in the bright band if the
electron beam is sufficiently coherent.

As the Fresnel image is formed by introducing a non-zero defocus Az, {4 is
not zero. Moreover, usually the objective aperture is not introduced in the
Fresnel mode (A(kwky) = 1 effectively). Hence, the electron intensity in the
image plane is

106,y) = FT*[atko k, )Galko k)

2 (2.15)
=|f(xy) ® exp[ni(x* +y*)/raz]
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here ® represents a convolution integral of two functions.

—— s T s — = — — T — . APlane

Electron Beams

\ ' .
A A .
N i .
' . . . v .
. [ . N , .
‘ o \ N ' 0
' . \ ’ ' .
l . . \ ’ .

7 T1 . . ! 0 g
. K . N | . .
. . G \ \ | ’ '

_ B Plane

Fig. 2.4 Schematic diagram of the Fresnel mode of Lorentz
microscopy. Domain patterns are obtained by focusing on either A
or B planes. 15 and Ig in the bottom diagrams represent the
intensities of electron wave in A and B planes respectively.

It is obvious that (2.15) is a complicated expression and the relation
between I(x, y) and the deflection angle B, is usually not linear. The merit of
the Fresnel mode of Lorentz microscopy is its operational simplicity. The
drawbacks of this mode are that there is no information on the direction of
the magnetisation. Therefore, this imaging mode is usually used in the study
of domain walls and domain geometry.
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2.3.3 Foucault mode of Lorentz microscopy

The Foucault mode of Lorentz microscopy relies on the deliberate off-
centring of the objective aperture in the back focal plane of the image
forming lens to generate magnetic contrast. The classical explanation of this
imaging mode is given in Fig. 2.5. For such a specimen containing domains
with antiparallel magnetisations, two spots are observed in the back focal
plane due to the Lorentz interaction. By introducing the aperture as shown
with one spot obscured, only the electron beams with positive B, contribute
to the final image. Therefore, the domains with the (® magnetisation appear
bright whereas domains with the @) magnetisation appear dark.

L]

® | ® | ® Specimen

Obijective Lens

Objective Aperture

Image Plane

A\

Fig. 2.5 Schematic diagram of image forming in the Foucault
mode Lorentz microscopy. The objective aperture is off-centred to
obscure electrons coming through from @ domains so that they
appear dark in the image plane, whereas the electrons coming
through from (® domains can pass through the objective aperture
and give rise to bright regions in the image.
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In terms of wave theory, the pupil function used A(k,, ky) is not uniform in the
back focal plane. Moreover as the Foucault imaging mode is an in-focus
technique, Az = 0. Hence the expression for the intensity in the imaging
plane is

I(x,y) =[f(xy)® A(xy)|’ (2.16)
where A(x,y) is the expression of the pupil function in real space, i.e.

A(xy) =FT*[A(k, .k, )] (2.17)

The advantages of the Foucault mode over the Fresnel mode are that it can
provide the information on the orientation of the induction within specific
domains and additionally it is operated with the specimen in focus. However
this mode also suffers from the fact that there is no simple relationship
between the intensity in the image plane and the induction in the specimen.
Therefore, it is not a linear technique either.

2.3.4 JEOL 2000FX CTEM/STEM

In an ordinary CTEM, the objective lens is usually switched off while imaging
a magnetic specimen. The focusing function is performed by using a mini
objective lens which has weak field and is far below the specimen. This is
due to the fact that the field of the objective lens will usually affect the
domain structure of the sample. The drawback of switching off the objective
lens is that the resolution is decreased. The schematic diagram shown in Fig.
2.3 is actually based on the JEOL 2000FX CTEM/STEM. In this microscope,
the objective lens has been modified so that the stray field in the specimen
area is very small (Tsuno and Taoka 1983). Thus the objective lens may still
be used in the investigation of the magnetic specimen so as to achieve
better resolution.

This CTEM/STEM is one of the major characterisation instruments used in
this work. In order to get a good resolution, specimens are characterised
using an accelerating voltage of 200 kV. A condenser aperture with a
diameter of 120 um is used to help define electron beams. An objective
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aperture is built into the back focal plane of the objective lens to allow the
performance of the Foucault mode of Lorentz microscopy. Usually this
aperture is set in such a way that its diameter is 80 um.

2.4 Lorentz microscopy technique in STEM - DPC imaging
mode

2.4.1 Image forming in a STEM

A schematic diagram of a STEM is given in Fig. 2.6 with the electron gun on
the bottom of the diagram. The beam spray aperture prevents scattered
electrons from entering the probe forming lens. The probe forming lens
focuses electrons on the surface of the specimen and the position of the
probe is varied by exciting the scan coils. In this case, the angle of the probe
is defined by the size of the probe forming aperture. The electron wave is
modified by the specimen and then projected onto the detector where the
signal is acquired. The function of the descan coils is that in the absence of
the specimen, the bright field cone falls centrally on the detector. An image is
formed by collecting signals sequentially while the probe is rastering over the
specimen.

Supposing that the wave function of the electrons in the beam spray aperture

is Wo(kxky), the wave function on the specimen ¥ [xy,X,,y,] can be
expressed as the inverse Fourier transform of Wq(ky,ky).

W, XY, X0, Yo 1= FTT [ (K, K, )] (2.18)

Where (X,,Y,) is the central position of the electron probe on the specimen.
The specimen modifies the wave by a factor of the transmittance f(x,y) so
that after passing through the specimen the wave function becomes

‘I’(x,y,xo,yo)=‘P°(x,y,x°,y°)f(x,y) (2.19)

In the detector plane the wave function is the Fourier transform of
Y(X,Y,X,,Y,), i-e.

Wik, £, %,.5,)= FI¥(%.5.%,.5,)] (2:20)
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If the detector has a response function R(kyky) which depends on the
acquisition mode operated, the intensity of the detected signal is the integral
of |‘I’(kx,ky,x°,y°) *in reciprocal space.

" R(k,,k, )dk,dk, 2.21)

I(x,,3,) = [[|¥(k, K%, )

m Detector

N

N .
7 Image Forming Lens

Descan coils

Specimen

Probe Forming Aperture

Scan Coils

Probe Forming Lens
Beam Spray Aperture

Electron Gun

Fig. 2.6 Schematic diagram illustrating the image forming in a
STEM.
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2.4.2 Classical description of the DPC mode of Lorentz microscopy

The differential phase contrast (DPC) mode of Lorentz microscopy was
introduced by Dekkers and de Lang (1974) and subsequently applied to the
study of magnetic thin film specimens by Chapman et al. (1978). Unlike the
Fresnel and Foucault mode of Lorentz microscopy, the DPC mode of Lorentz
microscopy can only be operated on a STEM. The comparison of computer
simulated and experimental DPC images of magnetic force microscope tips
has been performed (McVitie et al. 1991) and their good agreement proved
that the DPC technique is a powerful tool for high resolution magnetic
studies.

In the schematic diagram of STEM (Fig. 2.6), electrons are focused to a
small probe with a probe angle 2a onto the specimen. Assuming that the
effective camera length of the image forming lens is L, the radius of the
bright field cone in the detector plane is La. Due to the Lorentz deflection,
this bright field cone is deflected a distance LpLto the right, resulting in an
asymmetry in the recorded signals of different quadrants. The detector is
highlighted in Fig. 2.7 along with the bright field cone on it.

Fig. 2.7 Highlight of the four quadrant detector and the deflected
bright field cone. The radius of the cone is La and it is deflected a
distance //\ to the right.
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We can chose a by varying the STEM set up. For DPC imaging, o is chosen
to be much bigger than B, so that the signal on the detector plane is

] X _

Li=1,= 7r(LTa)+§h§,_£,,_ p (2.22)
[ z(La)® S, |

I=1I,= %—% (2.23)

where p is the intensity of the electron beam and Sy is the area of the
hatched region in Fig. 2.7, which can be approximately expressed as

Shawen = 208, L’ (2.24)

Therefore the signal difference between the quadrants (A+D) and (B+C) can
be expressed as

(1, +1p)=(lg +15) =4aB, L*p (2.25)

The essence of this equation is that it indicates the DPC signal is
proportional to the Lorentz diffraction angle B, i.e. DPC Lorentz microscopy
is a linear technique.

In terms of wave-optic theory, the image formation of the DPC Lorentz
microscopy is explained using the equation (2.21). If R(kyky) is set to a
constant 1, then the sum signal is acquired. In this case, a bright field image
is obtained. On the other hand, if R(k,,ky) is set to be

1 k>0

2.26
-1 k, <0 ( )

R(kx,ky)={

then a DPC image is acquired. R(k,k,) can be chosen in many other ways
and thus the resulting DPC images can be used to map the magnetic
induction along a certain direction (mapping direction). This is shown in Fig.
2.8 for the example of a simple solenoidal domain structure. Using this 4
quadrant detector, 4 independent mapping directions can be obtained at 45°
intervals. Usually the magnetic structure of a specimen is determined by
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recording DPC images along two orthogonal mapping directions.

Specimen Electron Beam DPC Detector
P — Direction
' X! :
C| D
—>

(B+C)-(A+D) B-D (A+B)-(C+D) A-C
! S =\
Mapping directions

Fig. 2.8 Schematic diagram of the DPC images of a solenoidal
domain structure as shown in the top left corner using different
signal combinations (mapping directions).

2.4.3 MDPC mode of Lorentz microscopy

The theoretical explanation of the DPC imaging mode has been given by
Dekkers and de Lang (1974) in terms of the phase modification of the
electron wave. Their major conclusions are that the DPC image only
presents the phase modification information and the intensity is proportional
to the gradient of the phase modulation. Since the crystalline structure of a
specimen can also modify the phase of the wave, the acquired DPC images
comprise both the magnetic and crystalline information. The crystalline
contrast is "noise" from the view point of magnetic imaging and it is important
to reduce it so as to obtain a high quality magnetic DPC image. This is
accomplished using the modified differential phase contrast (MDPC) mode of
Lorentz microscopy.

Fig. 2.9 is a schematic diagram of a MDPC detector, which comprises a four-
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quadrant DPC detector surrounded by an annular detector. Chapman et al.
(1990) demonstrated that by acquiring MDPC images using the annular
detector, signals with medium band spatial frequencies can be significantly
suppressed while signals with low band spatial frequencies are almost
unaffected. Due to the fact that the crystalline signal has a medium band
spatial frequency and the magnetic domain structure has a low band spatial
frequency, the MDPC images achieve high signal to noise ratio (SNR).

Fig. 2.9 Schematic diagram of an 8 segment MDPC detector. Only
the E, F, G and H segments are used in the MDPC imaging mode.

The merits of DPC/MDPC imaging mode are:

(1) It provides quantitative information on induction components of each
domain perpendicular to the electron trajectory.

(2) The bright field image can be acquired simultaneously by collecting the
sum signal.

(3) To an excellent approximation, the contrast of the (M)DPC images is a
linear function of the Lorentz deflection angle f,.

(4) In the MDPC imaging mode, the SNR is improved for low band spatial
frequency signals compared to DPC imaging.
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2.4.4 VG HB5 STEM and eXL acquisition system

In the Solid State Physics group at the University of Glasgow, the MDPC
imaging mode is implemented on a VG HB5 STEM equipped with a field
emission gun and is usually performed with the acceleration voltage set at
100 kV. lllumination of the specimen in the STEM is normally controlled by
the two condenser lenses C1 and C2 and the objective lens. However, as the
field of the objective lens is strong (about 0.8T) which may affect the
magnetic configurations of the specimens investigated in this work, it is
switched off during the MDPC imaging. The magnification of the C1 lens is
bigger than 1 while the magnification of the C2 lens is 1, thus, in order to
obtain a small probe C2 is used as the probe forming lens. The probe angle
is defined by the selected area aperture and in this work it is set at 100 um
(diameter). Three post specimen lenses (P1, P2 and P3) are fitted in this
STEM which allow a wide range of camera lengths to be used. Such an
arrangement is extremely advantageous as it means that the size of the
bright field cone in the detector plane may be matched to the physical
dimensions of the detector. For the specimens investigated in this work, we
found by setting P1=6, P3=6 and P2 is switched off, high quality MDPC
images can be obtained. An Oxford Instruments eXL computer system is
linked to the STEM to collect signals from the MDPC detector and converts
them into images. Using such an acquisition system, signals can be acquired
from several channels simultaneously and usually three channels are used
to collect 2 orthogonal MDPC images and a bright field image. The final
images are formed normally by acquiring several frames and taking the
average of them. The advantage of doing so is that the random noise level is
reduced. The images can be in either 16 bit or 8 bit raw data format
(Appendix 1). However, if the 8 bit format is used, the average function is
disabled and therefore may result in noisy images. Hence, all MDPC images
in this work are acquired in 16 bit format.

In Chapter 5, MDPC images will be analysed quantitatively using commercial
software. As this software can only process 8 bit format images, it is
necessary that the original 16 bit format images are converted into 8 bit
format. The details about this process can be found in Appendix 1.
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2.5 Magnetic force microscope (MFM)
2.5.1 Introduction

The first magnetic force microscope (MFM) images were obtained by Martin
and Wickramasinghe (1987) from a magnetic recording head with the
instrument operated in static mode. The success of their instrument has
stimulated research in this field and MFM has been applied to study various
magnetic specimens.

In this section, the basic principle of the MFM will be discussed first in
section 2.5.2. This leads to the instrumentation requirement which is detailed
in section 2.5.3. The evolution of MFM tip from the bulk tip to the state-of-art
needle tip is given in section 2.5.4.

2.5.2 Basic principle and instrumentation of MFM imaging

The most important part of a MFM is the sensor, which is a flexible cantilever
spring incorporating a sharp tip at the end. While the tip is scanning over a
magnetic sample, it experiences a magnetostatic force F(r) due to its
interaction with the stray field of the sample. The most significant effects of
this magnetostatic interaction between the tip and the specimen's stray field
are

(1) The cantilever is deflected by the force. According to Hooke's law, the
magnitude of the deflection is a linear function of F(r). Thus MFM images
can be acquired by detecting the deflection of the cantilever while the
cantilever is scanning over the specimen. This is so called static mode
operation of a MFM.

(2) The resonance frequency of the cantilever is changed due to the force
gradient. Therefore, another type of MFM image can also be acquired by
detecting the amount of shift of the resonance frequency. Under such
condition, the MFM is operated in dynamic mode.
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2.5.3 Instrumentation of MFM

Fig. 2.10 illustrates the basic set up of a MFM. The sample is mounted on a
piezo scanner so that it can be moved in the X, Y and Z directions. This is
controlled by the voltage input U,, U, and U, respectively. The tip is set at a
short distance (flying height) from the specimen and the cantilever is
deflected; the resonance frequency is changed due to the tip-sample
interaction. Such changes are detected by the detector above the cantilever
so that output signal U, is generated. One part of U, is sent to the computer
to form the MFM image while the other part is sent back to the piezo scanner
to stablise the imaging condition according to Uget.

Uo
m Detector
Specimen
Ux ‘ z
Uz -
Y
+ Uset
Uy X
Piezo Scanner

Fig. 2.10 Schematic diagram of a basic MFM set up.

Several methods have been used in MFM to detect the interaction.
Tunnelling techniques utilise electron tunnelling between the cantilever and
an STM (Scanning Tunnelling Microscope) tip located behind the cantilever
to detect cantilever displacement; this has been used by Gritter et al.
(1988). One disadvantage of the tunnelling sensor is that the cantilever must
be conducting and be reasonably free of contamination so that a good tunnel
junction is formed. Optical detection is currently the most prevalent sensing
method for MFM and it can detect deflections in excess of 100 nm while the
tunnelling technique is restricted to below 1 nm. In the MFM which has been
built in our collaboration lab at the Manchester Metropolitan University, the
interferometric optical detecting system is used and the details will be
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discussed in chapter 5.

2.5.4 Evolution of MFM tips

Since the birth of MFM, several types of MFM tips have been successfully
employed. The first generation was the bulk tip which is fabricated from fine,
electrochemically etched ferromagnetic wires such as iron, nickel and cobalt
(Martin and Wickramasinghe, 1987), amorphous FeBSiC wires (liima and
Yasuda 1988) and nickel foil (Saenz et al. 1987). The merit of the bulk tip is
its simplicity of fabrication. The tip-sample interaction has been studied by
Rugar et al. (1990), Schénenberger and Alvarado (1990), Wadas and Griitter
(1989), Wadas and Guntherodt (1990) and Grutter et al. (1992). One of the
main conclusions of their work is that the best achievable resolution is limited
by the tip radius and the tip-sample separation (flying height of the tip). Thus
the magnetic volume of the tip plays a major role in determining the
resolution. As the bulk tip has a large magnetic volume, it suffers from
relatively low resolution compared with other types of tip. The MFM imaging
of thin film magnetic recording media was performed recently using a
tungsten bulk tip and it suggests that such tip is capable of observing 50 nm
details (Porthun et al. 1994).

Modern semiconductor technologies have allowed atomic force microscope
(AFM) sensors with tip radii around 20 nm to be fabricated. Usually the AFM
sensors are fabricated using non-magnetic materials such as SisN;. By
coating such AFM sensors with a thin layer of magnetic film, the second
generation of MFM tip - thin film tip is obtained. The study of such type of tip
will be discussed in Chapter 5. Magnetic thin film tips have substantial
advantages over bulk tips and they are listed below.

(1) As the magnetic film is usually thinner than 50 nm, the magnetic volume
of the tip is reduced and this is beneficial to high resolution MFM imaging.
The MFM imaging performed by Valera et al (1995) indicates that such a tip
has revealed domain structure with 30 nm details.

(2) The stray field of the tip is significantly reduced compared to a bulk tip

(Grutter et al. 1991) so that it is expected to be more applicable to the study
of soft magnetic materials.
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(3) Its magnetic properties can be controlled by choosing an appropriate
coating material.

The most recent development in the AFM tip fabrication is that non-magnetic
needles have been obtained using an electron beam induced deposition
(EBID) technique in a SEM (Fischer et al. 1993). The radius of such needles
can be as small as a few nm. It is expected that most future MFM tips will be
made by such tips coated with magnetic material. They are termed needle
tips although the magnetic coating is also a thin film. As the needles provide
an even sharper apex than the thin film tip, they have great potential for high
resolution MFM imaging. Initial Lorentz microscopy studies of such tips will
be detailed in Chapter 7.
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Chapter 3

Specimen preparation and characterisation

3.1 Introduction

The interests in regularly shaped magnetic thin film elements are twofold.
Firstly, they provide ideal systems for the theoretical investigations of
magnetic phenomena on small scales. The energies of various magnetic
configurations were calculated by Kittel (1946) in terms of domain boundary,
magnetostatic and anisotropy energies. It was found for sufficiently small
dimensions, the optimum structure consists of a single domain. More recent
theoretical study of the magnetising process in micron scaled permalloy
elements (~ 2 um long) was performed by Fredkin and Koehler (1990) using
micromagnetics. By assuming that external fields are applied along the long
in-plane axes of the elements, they determined the values of the fields where
domain nucleation and reversal occur. Rectangular elements on the scale of
about 10 pm with uniaxial anisotropy were simulated by Schmidts and
Kronmiller (1994). They calculated the remanent states for different ratios of
the anisotropy and magnetostatic energies so that the critical dimensions for
single domain elements were determined. Moreover the demagnetising
curves were also obtained. Secondly, on the experimental side, the small
elements have great potential to be used as magnetic storage media or
sensors. Lo et al. (1985) proposed that by utilising the “Y” shaped domain
wall structures in Ni-Fe thin film elements memory bits could be obtained and
the data rates of 50 ns coincident current write and a 250 ns non-destructive
read were achieved. In addition some thin film elements have been
sandwiched into spin valve reading heads and good experimental results
have been obtained (Tsang et al. 1994). '

The magnetic elements are usually fabricated using lithographic techniques.
Photolithography is the simplest one to implement and the magnetic
elements used in early experimental studies were produced by a
combination of photolithography and thermal evaporation or sputter etching
techniques (Huijer and Watson 1979). However, since the resolution of the
photolithography technique is limited by the wavelength of the light used to
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expose patterns, which is typically about several hundred nanometres, the
sizes of the elements were usually relative large. Electron beam lithography
uses accelerated electrons which have much shorter wavelength to define
the patterns. Therefore it has superior resolution and enables patterns with
in-plane dimensions of about 0.1 um (McVitie 1988) to be fabricated. In this
work, all the magnetic elements are fabricated using electron beam
lithography. The details of thermal evaporation, electron beam lithography
and fabrication of the small elements samples used in this work will be
discussed in section 3.4, 3.5 and 3.6 respectively.

It has been discussed in Chapter 2 that Lorentz microscopies performed in
CTEMs or STEMs can provide superior resolution compared to optical
techniques; thus they are chosen to characterise samples in this work. Since
electrons can only travel a very short distance in a specimen due to the
scattering effect, it is necessary that the element is fabricated on a thin
support so that it can be imaged using CTEM or STEM. This is achieved by
using SizN, membrane substrates which will be described in section 3.3.

The magnetic force microscope (MFM) is also a powerful technique in the
characterisation of magnetic samples. The principle and instrumentation of
MFM has been given in Chapter 2. In this work, commercial Si;N, AFM
Microlevers™ supplied by Park Scientific Instrument are made suitable for
MFM study by coating with a thin layer of magnetic film. The coating and
cleaning processes as well as the preparation of MFM tip samples for
imaging in VG HB5 STEM and JEOL 2000FX CTEM/STEM will be detailed in
section 3.7. An in-plane ac-demagnetising stage and an in-situ magnetising
stage have been built and used in this work; they are detailed in section 3.8.

3.2 Materials studied in this work

Two magnetic materials are studied in this work: permalloy (Nig; sFe7.5) and
cobalt. They are investigated in the form of continuous thin films or patterned
thin films (thin film elements).

The reason for using permalloy is that it is a soft ferromagnetic material with

negligible crystalline anisotropy so that the domain structure is dominantly
determined by exchange energy and magnetostatic energy. Anisotropy
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energy may occur due to externally induced easy axes. Such an easy axis
can be induced by evaporating the sample at an oblique angle (Chapter 5) or
by applying an external magnetic field in the evaporation process (Rihrig
1994).

Permalloy elements with micron scale dimensions have been studied by
McVitie and Chapman (1988) using Lorentz microscopy. These elements
contain fully exchange coupled grains (Wong et al. 1992). They concluded
that the in-plane ratio (R) of dimensions of the element is an essential factor
determining the domain structure (McVitie 1988). The behaviour of the
permalloy elements in an external field was investigated by Hefferman et al.
(1991) by performing in-situ magnetising experiments. They found that while
R and the thickness were varied, the magnetising process could be
described by three different types of hysteresis loop.

Cobalt films are studied in this work because they represent a magnetically
harder ferromagnetic material. This is important for MFM application since
single domain tips with high coercivity are necessary for quantitative and
consistent MFM imaging (refer to Chapter 5). Previous studies of Co films
suggest that by varying the evaporation conditions micron sized elements
with reduced exchange coupling between grains can support a near uniform
magnetisation (Wong et al. 1992). Although this is achieved by using slow-
rate evaporation to degrade the deposition conditions and therefore induces
impurity atoms incorporated at grain boundaries, it serves as a useful means
to obtain a near uniform domain structure on the MFM tip (Chapter 5).

3.3 SisNs membrane substrate

Fig. 3.1 is the schematic diagram showing the profile (a) and top view (b) of
the SizN, membrane substrate. The 0.5 mm thick Si is used to support the
membrane which is a 120 um square. The PMMA layers on the SizN,
membrane are the electron resists where the patterns are defined during the
electron beam lithography process (Mackie 1984). In order that it can be
mounted into the specimen holders of the JEOL 2000FX CTEM/STEM
(Chapter 2), the in-plane dimension of the substrate is designed to be 2 x 2
mm as indicated in the diagram.
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High Mol. Wt. PMMA (40 nm)

Low Mol. Wt. PMMA (40 nm)
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Fig. 3.1 The schematic drawing of a SisNy membrane substrate.
(a) Profile. (b) Top view.

3.4 Thermal evaporation of magnetic thin films

Thermal evaporation is a well established technique for the deposition of thin
films. The instrumentation consists of essentially a material source, a
thickness gauge and a vacuum system. Usually resistive heating is used to
heat the material above its melting point so that atoms are emitted and
deposited on a substrate placed above it. The deposition rate (evaporation
rate) is controlled by adjusting the temperature, which in turn is controlled by
adjusting the electric current in the heating coils. In our system, the thickness
of the evaporated film is monitored dynamically by a quartz crystal during the
evaporation process. The quartz crystal’s resonant frequency is a linear
function of the film thickness deposited on it and is calibrated preceding the
experiments. All of the specimens used in this work are deposited in a
vacuum of 10®° mbar. No magnetic field is applied during the evaporation
although there are environmental magnetic fields, e.g. the earth’s field.

The substrate is usually mounted with its surface at normal incidence to the
source during evaporation and this is termed “normal evaporation”. The other
possible set up is that the surface of the substrate is not normal to the source
and this is termed “oblique evaporation”. The angle of incidence is defined as
the angle between the evaporation beam and the direction normal to the
substrate surface.
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3.5 Electron beam lithography

Electron beam lithography is a state-of-the-art technique for defining sub-
micron scaled samples. The principle of electron beam lithography is that the
electron resist is exposed in the volume where electrons are incident. This
exposed volume is removed while the unexposed area is kept after
developing when a positive electron resist is used. The material layer is
evaporated after the developing process and it covers the whole surface of
the substrate. The elements are preserved on the substrate by the lift-off
procedure which is usually performed by immersing samples in acetone to
dissolve the electron resist. Electron beam lithography with a positive resist
is illustrated in Fig. 3.2

The basic instrumentation required for electron beam lithography is a beam
writer which drives electrons to write patterns on the electron resist and a
computer control system. This computer control system builds an interface
between the beam writer and users so that it works according to the user’s
commands. The commands are usually written into files to minimise input
errors and allow performance of batch jobs. There are essentially two types
of file: pattern file and position file. The pattern file comprises the commands
which define the shape of patterns. Additionally, it also includes exposure
time which the beam writer should use to write patterns. The position file
comprises the commands instructing the beam writer where to write the
corresponding patterns defined in the pattern file. In this work, a Philips 500
SEM was modified as the beam writer and the computer interface was built
by the EBSS (Electron Beam Scanning System) software running in an IBM
PC compatible computer. Patterns are defined on the SizN; membrane
substrates (section 3.3) using 50keV electrons. More details of this Philips
500 SEM electron beam lithography system can be found in McVitie's PhD
thesis (1988).

40



Chapter 3 Specimen preparation and characterisation
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Fig. 3.2 Schematic diagram showing electron beam lithography
process with a positive resist.

Two programmes have been developed in this work to preview the pattern
design and the results of electron beam lithography. They are written in
BASIC language and detailed in Appendix 2 and 3 respectively.

3.6 Fabrication of small element samples

3.6.1 Elements used in the investigation of induced anisotropy by
oblique evaporation

Patterns used in this part of the project are basically rectangles with various
values of R and an anisotropy induced by the oblique evaporation termed the
oblique anisotropy. The motivation for varying the R of these elements is that
the shape effect is varied. Furthermore, the effect of the oblique anisotropy
on the domain structure of elements with different R is investigated. As the
domain structure of an element could be affected by some local mechanisms
such as a pinning centre, the magnetic study results of a single element may
not be identical to that of another although they are identical in dimensions.
Thus for a given R, a group of geometrically identical elements (at least 8
elements in a group) are fabricated as a check for reproducibility. Six
different groups of elements are fabricated and they are summarised in
Table 3.1. The separation between any two elements is at least 5 um and
previous studies (McVitie 1988) indicated that these elements are non-
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interacting.

Group Length (um) Width (um) R
AN1 3.73 1.02 3.7
AN2 4.00 0.92 4.3
AN3 3.73 0.79 4.7
AN4 4.00 0.72 5.5
AN5 3.73 0.50 7.4
ANG6 4.00 0.49 8.1

Table 3.1 The in-plane dimension of the elements used in the
study of the oblique anisotropy.

Permalloy as described in section 3.2 is used in this study. It is found that
when the oblique angle exceeds 30°, complete lift off of the excess permalloy
film may not be achieved. This is due to the fact that there is no cut-off
between the evaporated film on the PMMA layer and on the SizN,
membrane. Fig. 3.3 demonstrates this effect schematically. Thus an angle of
30° is chosen for the oblique evaporation.

In order that the thickness of the normal incidence elements is the
same as the oblique incidence elements, they are evaporated
simultaneously. The calibration of the quartz crystal indicates that films
are deposited at the rate of 0.1 nm/s and the thickness of the films is 25
nm. The orientation of the oblique incidence elements is illustrated in
Fig. 3.4. It indicates that the length of the AN1, AN3 and AN5 group is
normal to the evaporation beam while the width of AN2, AN4 and AN6
group is normal to the beam.
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Fig. 3.3 Obliquely evaporated magnetic thin film does not have a
cut-off and therefore causes difficulty in the lift-off process.
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]
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Fig. 3.4 Schematic diagram showing the orientation of each group
of elements during the oblique evaporation.

3.6.2 Simulated MFM tip elements

Fig. 3.5 is the schematic diagram of the top view of a one-face coated MFM
tip (section 3.7). The magnetic film is coated on a single triangular face of the
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pyramid as well as the whole of the cantilever. Although this forms a near
continuous film, the part nearest to the specimen during MFM imaging is
triangular in shape and this is the motivation for the design of elements for
comparison. By simulating the different geometries, it is hoped that we can
get an insight into the properties of the magnetic thin film on the tip.

Uncoated faces

Coated face
Cantilever

Magnetic film

Fig. 3.5 Schematic diagram of the top view of a one-face coated
MFM tip which shows the magnetic film on the pyramid tip and the
cantilever.

Four patterns (SIM1 to SIM4) are designed for this project and they are
shown schematically in Fig. 3.6. The cobalt and permalloy specimen are
fabricated using normal evaporation at a rate of 0.04 nm/s and 0.1 nm/s
respectively. The crystal gauge monitor indicated that 35 nm thick films were
deposited. In order to obtain non-interacting elements, they are separated by
10 pm from each other. The details of their physical structure can be found in
Chapter 6.
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Fig. 3.6 Schematic diagram of the SIM1 to SIM4 patterns.

3.7 Fabrication of MFM tips
3.7.1 Microlever™

The MFM tips used in this work are fabricated using commercial
Microlevers™ supplied by Park Scientific Instrument in California. Each
comprises a SigN, spring cantilever on a glass substrate with a Si;N, pyramid
etched at the end of the cantilever. The edges of the pyramid are 4 um and
each face makes an angle of 54.7° with the plane of the cantilever. This
Microlever™ is illustrated by the SEM image and the schematic diagram
shown in Fig. 3.7 and 3.8 respectively. The triangular shadow on the
cantilever is the result of the deposition of a magnetic thin film and will be
discussed in chapter 5.
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Fig. 3.7 SEM image of the pyramidal tip at the end of the Park
Scientific AFM Microlever™.

300 ~ 600 nm
;1.5 mm 54.7

antilever

@

Fig. 3.8 Schematic diagram of (a) the overview of the Microleverm
and (b) the tip at the end of the cantilever.

3.7.2 Cleaning Microlevers™ and coating with magnetic films

The Microlever™ was initially designed for atomic force microscopes. The
thin film MFM tip used in this work is obtained by coating a thin layer of
magnetic material on it. The Microlever™ is cleaned before evaporation by
holding the glass substrate with fine tweezers and dipping it into acetone. In
this process, the surface of the substrate must be perpendicular to the
surface of the acetone as the surface tension may deform the fragile
cantilever. Pure alcohol is not recommended to be used to clean the
Microlever™ as it leaves drying marks. The Microlever™ is then blown dry
using dry N2 gas to avoid the drying marks and dust contamination. The gas

flow should be applied obliquely to the surface of the substrate; otherwise it
will destroy the cantilever.
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The magnetic material can be coated on the whole surface or one face of the
pyramidal tip using normal or oblique thermal evaporation respectively as
illustrated in Fig. 3.9. 35 nm thick cobalt film is deposited with an evaporation
rate of 0.04 nm/s as our previous studies indicated the cobalt thin film
elements of similar dimensions, are capable of supporting near uniform
magnetisation (Wong et al 1992). The characterisation of such tips will be
detailed in Chapter 5.

Magnetic film _ __

Cantilever

Cantilever _ __

Evaporation Beam

Magnetic film

/)

Evaporation Beam

(a) | (b)

Fig. 3.9 Schematic diagram of coating magnetic film on (a) whole
surface of the pyramidal tip and (b) one face of the pyramidal tip.

3.7.3 Preparation of MFM tip samples for examination in the VG HB5
STEM

Modified differential phase contrast magnetic imaging is performed on the
VG HB5 STEM (Chapter 2). The specimen cartridge can only take samples
with in-plane diameter less than 3 mm. The dimension of the glass substrate
of the MFM tip is however 4 mm by 1.5 mm. Therefore, the substrate must
be broken into two halves so that one can be mounted into the cartridge.
This is accomplished by scribing the central line of the glass substrate using
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a fine diamond glass cutter. To avoid the substrate moving during the
scribing, it is stuck on a glass slide using a piece of double sided tape. Any
debris is removed by rinsing in pure alcohol. Before being mounted into the
cartridge, the sample is stuck on a 3 mm copper slot support using a small
drop of Ag dag so that it can be secured by the cartridge clip. It is necessary
that the sample is stuck on the side so that the cantilever does not block the
electron beam during the imaging of the tip. This is demonstrated
schematically in Fig. 3.10. In the normal room environment, it usually takes
about 1 hour for the Ag dag to dry and therefore the sample should be left
about 70 minutes before imaging to avoid contaminating the STEM.

Copper slot support

Fig. 3.10 Schematic diagram showing how to stick an MFM tip
sample on a copper slot support so that it can be imaged using
the VG HB5 STEM.

3.7.4 Preparation of the MFM tip samples for examination in the JEOL
2000FX CTEM/STEM

Foucault and Fresnel imaging are performed in the JEOL 2000FX
microscope (Chapter 2). One of the commercial specimen holders can
accommodate samples with in-plane dimension ~ 23 x 6 mm. This space is
sufficient for the mounting of the whole of the Microlever™, Nevertheless, the
tip sample is rather awkward to secure using normal procedures. Thus, a
copper piece is made to support the tip and this piece can be easily mounted
in the holder. As the cantilever and tip are opaque to 200 keV electrons, the
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specimen is stuck on the side so as to image the stray field projecting from
the tip (Chapter 5). Fig. 3.11 shows schematically the copper support and the
orientation of the sample secured with a drop of Ag dag.

Side view 1 mm

%
)
Copper support
I

7//{///////////////////////////////////////////////////4
% 2 mm %
1 %
Z | 4 mm Z
R /
/ /
Z : MFM tip sample Z
7 i %
T i

Top view

Fig. 3.11 Schematic diagram showing how to stick an MFM tip
sample on a copper support so that it can be imaged using the
JEOL 2000FX CTEM/STEM.

3.8 Equipment used in magnetic characterisation
3.8.1 Magnetising stage

The domain structure of a magnetic specimen reflects its magnetic history. In
order to get a complete understanding of its magnetic properties, the domain
structure at each stage of the magnetising process should be known. In the
CTEM/STEM, this requires that in-situ magnetising experiments be
performed. The commercial specimen holder has allowed specimen to be
characterised in various states, however it is not possible to apply a
magnetic field to the specimen once in the microscope. In order to overcome
this, a special in-situ magnetising stage has been designed by Dr Nicholson.
A photograph of this stage is show in Fig. 3.12. The sample is mounted
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between two coils made of silver wires wound round a magnetic core which
generates magnetic field in the plane of the sample. The magnitude of the
field is proportional to the supplied current which can be monitored and
controlled outside the microscope. The relation between them has been
calibrated using a Hall probe. It was found that the measurement was very
sensitive to the position of the probe. Thus it was performed by setting the
probe at the centre between the two coils where the specimens are
mounted. This stage is capable of supplying the maximum field of 100 Oe
with a step of 0.05 Oe. Moreover, it also allows the sample to be rotated
through a maximum angle of about 270° so that the field can be applied
along a chosen direction with respect to the specimen. This is especially
important in the work discussed in Chapter 5 as we need the magnetic field
to be precisely aligned with the edges of the small elements. The sample is
first securely mounted on a specially designed copper stub as shown in Fig.
3.13 using Ag dag. This ensures that the specimen is in the centre of the
stage. A pair of spring copper wire clips are built in the stage to secure the
stub.

%

Specimen Space

Fig. 3.12 Photograph of the magnetising stage used in the JEOL
2000FX CTEM/STEM.
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Fig. 3.13 Schematic diagram of the copper stub used to support
membrane samples.

3.8.2 In-plane ac-demagnetising stage

Ac-demagnetisation experiments are performed in the manner that a
specimen is subjected to an ac magnetic field with gradually decreasing
amplitude. The ac-demagnetisation allows the sample to explore different
energy states and the domain structure in the remanent state is expected to
reflect a minimum of energy and therefore is of particular interest.

A copper in-plane ac-demagnetising stage has been designed by Dr
Heyderman. It is illustrated schematically in Fig. 3.14. The copper stub
described earlier (Fig. 3.13) is used to support the specimen in the stage
while the stage is connected to a motor and spins in a magnetic field
produced by an external electromagnet. All samples investigated in this work
support magnetisation lying in the plane of the film. Thus the external field is
applied in the plane of the specimen to ac-demagnetise it. The in-plane ac
demagnetising experiment is performed by slowly increasing the external
field to the maximum of 8000 Oe before it is slowly decreased to zero while
the sample is rapidly rotated.
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Fig. 3.14 Schematic diagram of the in-plane ac-demagnetising
stage. The sample is secured by the screw.

52



Chapter 4 Induced anisotropy in permalloy thin film elements by oblique incidence evaporation

Chapter 4

Induced anisotropy in permalloy thin film elements by
oblique incidence evaporation

4.1 Introduction

Magnetic anisotropy is an important factor in the determination of magnetic
properties of materials. It can be induced by applying an external magnetic
field during deposition this defines a favoured direction of the magnetisation
(Wilts 1966). Cohen (1961) proposed that another type of anisotropy, which
is defined as "oblique anisotropy”, can be induced in continuous NigiFe,g thin
fims by performing thermal evaporation at oblique angles (Chapter 3). He
observed that the shape of the crystal grains is different from that of the film
evaporated at normal incidence (Chapter 3) and thus concluded this is
responsible for the presence of the oblique anisotropy. In order to discuss
this anisotropy, a term "oblique angle" is defined as the angle between the
evaporation beam and the direction normal to the surface of a substrate.
This term will be used throughout this thesis.

The oblique anisotropy in 30 nm thick continuous permalloy (NigzsFe175)
films has been studied. These films are evaporated at 30° and 80° incidence
without heating the substrate. Fig. 4.1a is a bright field image recorded from
the film evaporated at 30° incidence. The evaporation direction is deduced
from the shadow of a piece of debris and indicated by an arrow. Lorentz
microscopy is used to characterise the magnetic configuration in the film and
it is found that the as-grown and ac-demagnetised states support similar
domain structures. This configuration is demonstrated by a Fresnel image in
Fig. 4.1b, which is recorded from the ac-demagnetised state of the film.
Basically, it comprises large-scaled domains separated by cross-tie walls.
The magnetisation is perpendicular to the evaporation beam, indicating the
induced easy axis is in this direction.

The permalloy film deposited at 80° incidence is investigated using the

Foucault mode of Lorentz microscopy and its domain structure is displayed
by a pair of Foucault images in Fig. 4.2a and b. They suggest that the film
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Fig. 4.1 (a) Crystalline image of the continuous permalloy thin film
evaporated at 3(f incidence. The arrow indicates the projection of
the evaporation beam in the film plane, (b) Fresnel image of the
continuous permalloy thin film in the ac-demagnetised state. The
arrows indicate the direction of the magnetisation.



Fig. 4.2 (a) & (b) Foucault images of the domain structure in the
ac-demagnetised state of the continuous permalloy film
evaporated at 80° incidence. The arrows indicate the mapping
directions, (c) Crystalline image of the specimen. The arrow
indicates the projection of the evaporation beam in the film plane.
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supports domains with magnetisation predominantly parallel to the X axis as
indicated in the figure. Magnetic ripple is also present, indicating a small
degree of divergence in the direction of the magnetisation. The bright field
image shown in Fig. 4.2c suggests that the projection of the evaporation
beam in the film plane is also parallel to the X axis. Thus, the induced easy
axis in the film evaporated at 80° incidence is parallel to the projection of the
evaporation beam in the film plane. This is in good agreement with Cohen's
work (1961).

The aim of this work is to investigate the induced anisotropy in rectangular
permalloy elements evaporated at 30° incidence. This angle was chosen due
to problems associated with lift-off operation in the lithography process as
discussed in Chapter 3. The elements are defined using patterns AN1 to
ANG6 and evaporated to a thickness of 25 nm. In order to investigate the
effect of the induced anisotropy, geometrically identical elements are
fabricated using normal incidence evaporation and studied for comparison.
The physical characteristics of the elements are investigated using bright
field imaging and electron diffraction techniques (section 4.2). The domain
structures of these elements are characterised using the Foucault mode of
Lorentz microscopy and drawn schematically in section 4.3. The study of the
elements evaporated at normal incidence is presented in section 4.4
whereas the study of the elements evaporated at the oblique incidence is
presented in section 4.5 and 4.6. The above studies are performed on the
JEOL 2000FX CTEM/STEM (Chapter 2) at 200 kV. The ac-demagnetised
state of the specimen is obtained utilising the in-plane ac-demagnetising
stage (Chapter 3). The major irreversible changes in domain structure are
identified by performing in-situ magnetising experiments using the in-situ
magnetising stage (Chapter 3). The conclusion of the investigations are
drawn in section 4.7.

4.2 Physical characteristics of the elements
4.2.1 Elements evaporated at normal incidence
The electron diffraction pattern of these elements consists of uniform rings,

indicating that the elements comprise a polycrystalline structure with
randomly orientated grains. Fig. 4.3 is a bright field image recorded from a
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Fig. 4.3 Bright field image of a thin film element evaporated at the
normal incidence.
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corner of an element. The grains are clearly visible and their dimensions are
in the range of 5 ~ 10 nm. This image also shows that the element has well
defined edges.

4.2.2 Elements evaporated at 30° incidence

The electron diffraction patterns and bright field images of the elements
evaporated at 30° incidence are similar to those of the elements evaporated
at normal incidence. Furthermore, there is no visible difference in their
crystalline structures in the scale at which the imaging is performed. This is
different from the study performed by Cohen (1970) as he found that the
oblique evaporation results in the formation of crystalline chains or columns
depending on incidence angles. A reason may be that our elements are
evaporated at a substrate temperature much lower than that used in his
experiment (200°C).

4.3 Schematic diagrams of some domain structures

Six types of domain structure are observed in this study. They are
demonstrated by schematic diagrams in Fig. 4.4 to Fig. 4.9 and the
directions of magnetisation are indicated by arrows. In this chapter, V
represents the total volume of an element while V| represents the volume
occupied by the component of magnetisation parallel to the long in-plane

axis of the element. A term Q_ is defined as the ratio of V_ to V, i.e.
QL = VL /V.

Fig. 4.4 Schematic diagram of type 1 domain structure. This is a
non-solenoidal domain structure.

Type 1 domain structure has three domains as shown in Fig. 4.4. The central
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section is a large domain uniformly magnetised along the long in-plane axis
of the element. At either end of the element, a triangular domain occurs. This
triangular domain has a component of magnetisation normal to the edge of
the element so that Men=0 (n represents the unit vector normal to the
surface of the element). Therefore, magnetic poles occur on the edges. Type
1 structure is a non-solenoidal domain configuration.

Fig. 4.5 Schematic diagram of type 2 domain structure. This is a
non-solenoidal domain structure.

Type 2 domain structure (Fig. 4.5) comprises three sections. The centre of
the element is a domain magnetised parallel to the long in-plane axis of the
element. At the ends, four domains form a partial flux closure structure and
the domain wall separating it from the central section is usually curved,
indicating there may be volume magnetic poles due to VeM=#0. The
magnetisation in the end structure is parallel to the nearest edges, i.e.
Men=0. Thus there are no surface magnetic poles present. Type 2 domain
structure is also a non-solenoidal configuration.
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Fig. 4.6 Schematic diagrams of type 3a and 3b domain structures.
They are solenoidal domain structures.

Type 3a and type 3b domain structures (Fig. 4.6) are solenoidal. They
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support triangular domains at the end of the element magnetised parallel to
the edges. In the central section, domains are separated by a cross-tie wall.
Therefore, in these configurations Men=0 so that there are no surface
magnetic poles present. Type 3a structure is different from type 3b structure
in the number of cross-tie lines present.

- N\ —

|

PR

Fig. 4.7 Schematic diagram of type 4 domain structure. It is a
solenoidal domain structure.

Type 4 solenoidal domain structure shown in Fig. 4.7 consists of 4 domains
magnetised along the short in-plane axis of the element and 6 domains
magnetised along the long in-plane axis of the element. In such a
configuration, a domain magnetised along the short in-plane axis and a
domain magnetised along the long in-plane axis are always separated by a
90° wall. However, a wall between two domains magnetised along the long
in-plane axis is of the cross-tie type. As the magnetisation is always parallel
to the nearest edge, Men=0 so that there are no surface magnetic poles
present on the edges.

Fig. 4.8 Schematic diagram of type 5 domain structure. It is a
solenoidal domain structure.

Type 5 domain structure is a solenoidal structure as illustrated by Fig. 4.8.
The shape of the domains magnetised along the long in-plane axis is
triangular. However, the domains magnetised along the short in-plane axis
can be either triangular at the extremities or diamond-shaped in other
regions. Therefore, a wall separating a domain magnetised along the long in-
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plane axis and a domain magnetised along the short in-plane axis is always
of the 90° type. Another characteristic of such domain structure is that the
magnetisation is parallel to the edges so that surface magnetic poles do not
occur.

Fig. 4.9 Schematic diagram of type 6 domain structure. It is a
solenoidal domain structure.

The type 6 domain structure (Fig. 4.9) supports triangular domains
magnetised along the long in-plane axis of the element. The domains
magnetised along the short in-plane axis can be both trapezoidal and
hexagonal at the end and in the centre of the element respectively. Thus, a
wall between two adjacent domains magnetised along the short in-plane axis
is always of the 180° type although a wall between a domain magnetised
along the short in-plane axis and a domain magnetised along the long in-
plane axis is always of the 90° type. Such a configuration is a solenoidal
structure and there are no surface magnetic poles present on the edges of
the element.

4.4 Magnetic study of elements evaporated at normal
incidence

4.4.1 As-grown state

Foucault imaging of the elements suggests that 2 types of domain structure
are supported and they are summarised in Table 4.1. As a number of
elements are fabricated for a given ratio of in-plane dimensions R and they
may support different domain structures due to local inhomogeneity, the
proportion of each domain structure is given in the last column.
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Element Domain structure Number of element
AN1 (R=3.7) Type 3a 2/8
Type 2 6/8
AN2 (R =4.3) Type 2 15/15
AN3 (R=4.7) Type 2 8/8
AN4 (R =5.5) Type 2 15/15
AN5 (R =7.4) Type 2 10/10
ANG6 (R =8.1) Type 2 10/10

Table 4.1 Domain structures supported by the as-grown state of
the elements evaporated at normal incidence. A rate m/n means
m out of a total of n elements support the particular domain
structure stated in the second column of the same row.

Fig. 4.10 demonstrates a pair of Foucault images recorded from an AN1
element. This is a typical type 3a domain structure and the schematic
diagram is shown in Fig. 4.6. However, it is observed that the cross-tie wall is
slightly deformed, indicating that there is some local inhomogeneity present.
Apparently, there is debris present and a piece of debris is observed in the
region where the cross-tie wall is bent. Therefore, it may be a pinning centre.

Fig. 4.11 shows a pair of Foucault images recorded from an AN4 element.
which supports type 2 domain structure. Such a domain configuration is also
observed in other elements.

As the as-grown state of the element is a unique state determined by the
history of the sample, it may not be reproducible. The ac-demagnetised state
of the element is a low energy state and the study of it is given in the next
section.

4.4.2 Ac-demagnetised state
The investigation of the ac-demagnetised state of the elements indicates that

they support identical domain structures as in the as-grown state (Table 4.1).
However, the curved cross-tie wall in type 3a domain structure supported by
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Possible pinning point

Fig. 4.10 Foucault images of the as-grown state of an AN1
element evaporated at the normal incidence. This is the type 3a
solenoidal domain structure.

Fig. 4.11 Foucault images of the as-grown state of an AN4
element evaporated at the normal incidence. This is the type 2
non-solenoidal domain structure.
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the as-grown state of the AN1 element is straight now. This suggests that the
local inhomogeneity has been overcome by the ac-demagnetising field. It is
also found that the central sections of the elements supporting type 2
domain structure are magnetised along either direction parallel to the long in-
plane axis of the element, indicating both configurations are equal-energy
states. As type 2 and type 3a structures are supported by the ac-
demagnetised states, they are low energy and reproducible domain
configurations.

The permalloy used in this study has a low value of magnetocrystalline
anisotropy so that the anisotropy energy can be taken as zero. Thus, the
energy terms in the element studied in this section are magnetostatic energy
and exchange energy. The magnetostatic energy is a result of the presence
of magnetic poles. The non-zero divergence of the magnetisation (V ¢M # 0)
gives rise to volume magnetic poles while Men=0 gives rise to surface
magnetic poles. The exchange energy is determined by the orientation of
magnetic moments (Chapter 1) and it is usually associated with the presence
of domain walls. A domain structure in an element is a result of the trade off
between these energy terms, which is usually called the shape effect.

This shape effect has been the subject of a study for permalloy elements of
60 nm and 20 nm thick (McVitie 1988). For those with R of 4 or less,
solenoidal domain structures were observed like those of type 5 for example.
Elements with R greater than 4 supported non-solenoidal structures such as
the type 2 configuration, which significantly has a much shorter total length of
domain wall compared to the type 5 structure. This illustrates the balance
between magnetostatic energy and exchange energy.

For an element with small R, solenoidal domain structures are favoured as
they reduce magnetostatic energy and the domain wall length is short so that
the resultant exchange energy is limited. Previous work conducted by
McVitie (1988) and Hefferman (1991a) on permalloy elements with thickness
of a few hundred angstroms indicated that R = 4 is approximately the ratio of
in-plane dimensions separating the solenoidal structure from the non-
solenoidal structure. The AN1 element studied in this section has a R = 3.7.
As this value is close to 4, it is reasonable that this element can support both
type 2 non-solenoidal structure and type 3a solenoidal structure depending
on its history.

60



Chapter 4 Induced anisotropy in permalloy thin film elements by oblique incidence evaporation

The shape effect in elements with different R is demonstrated quantitatively
by the measurements of Q_ (Table 4.2), which are obtained from type 2
domain structure. For type 3a domain structure in the AN1 element, Q_ is
0.81. It is noticed that Q is always greater than 0.5. This confirms that for
these elements, magnetisation parallel to the long in-plane axis of the
element is favoured by the shape effect. It is also apparent that Q, increases
monotonically as R increases, indicating the magnetisation parallel to the
long in-plane axis is more favoured by increasingly acicular elements. More
detailed discussion on this issue will be given in Section 4.7.

Element AN1 AN2 AN3 AN4 ANS ANG6
(R=37)|(R=4.3) | (R=47)| (R=5.5) | (R=74) | (R=8.1)
Q 0.74 0.79 0.83 0.85 0.88 0.90

Table 4.2 Q. measured from type 2 domain structure of the
elements evaporated at normal incident.

4.4.3 In-situ magnetising experiments

Remanent states of these elements are produced by magnetising them in a
—8000 Oe field directed parallel to the long in-plane axis and then reducing
the field to zero. This is the state from which the in-situ magnetising
experiment starts. Initially, the external field Hoy is directed towards the
positive direction; while it is increased, domain wall movement and
nucleation are observed. In order to identify these major irreversible changes
in domain structure, the elements are consistently monitored using the
Foucault mode of Lorentz microscopy. Since this study is performed on a
group of elements for each given R, it is expected that for different elements
there are small differences (usually in the range of 2 to 5 Oe) in the
magnitude of the critical field whereby the irreversible changes occur.
Therefore, a critical field is given at which the irreversible changes have
taken place in at least 80% of the elements with the same R. The net

magnetisation parallel to the long in-plane axis of the element is defined as
M=(V,-V.)/V where V, and V. represent the volumes occupied by
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domains which are magnetised along the positive and negative directions
respectively.

The Foucault images recorded from the remanent states of the elements
indicate that they support type 2 domain structure (Fig. 4.5) and the central
domains are magnetised along the negative direction. The net magnetisation
in this state is termed —M,. As the behaviour of these elements is similar
during the in-situ magnetising process, the major irreversible changes in
domain structure are shown in Fig. 4.12 by a series of Foucault images
recorded from the AN2 element. The principle of such an imaging mode
indicates that in an image mapped along the positive direction, bright, grey
and dark regions represent domains magnetised parallel, normal and
antiparallel to the positive direction respectively. As Hqy increases, domains
with magnetisation parallel to the field direction expand whereas domains
with magnetisation antiparallel to the field direction shrink. In addition, the
volume of the domains with magnetisation normal to the field direction also
increases. Although these elements still support type 2 domain structure, the
net magnetisation increases slightly.

A concertina domain structure (Hefferman 1991a) occurs in the AN1, AN2,
AN3 and AN4 elements when Hg is close to coercivity H., i.e.
H,. =H. - AH=H,_ where AH is a small positive field. A schematic diagram
of the concertina structure is given Fig. 4.12. As brightness variation is
observed in the central section, the magnetisation is no longer uniform there;
instead a considerable component of magnetisation has been introduced
perpendicular to the long in-plane axis of the element. Thus, the net
magnetisation is further increased to a negative value -M._. The concertina
structure is not observed in the AN5 and AN6 elements during the
magnetising process.

Once H, exceeds the coercivity H, (H,,, =H, + AH=H,,), the magnetisation
in the central section suddenly switches to the positive direction and type 2
domain structure is restored. In the Foucault image mapped along the
positive direction, it can be observed that most of the volume of the element
is bright, indicating positive magnetisation. The consequence of this
switching is that the net magnetisation jumps abruptly to a positive value M.

Further increase of Hyy from Hc, to 100 Oe results in negligible changes in
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Fig. 4.12 Foucault images showing the irreversible changes in the
domain structure of the elements evaporated at normal incidence,
(a) Remanent state (Het = 0). (b) Concertina domain structure
(Hext = He). (c) Type 2 domain structure (Hex = HeY). (d) Schematic
diagram of the concertina domain structure.

Mc+

He  Hext

-Mc-

Fig. 4.13 Schematic drawing of the type A hysteresis loop. Points
(a), (b) and (c) refer to the magnetic states shown in Fig. 4.12.
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domain structure and net magnetisation. The reduction of Hey from 100 Oe
to O results in a reduction of net magnetisation although type 2 domain
structure is maintained. The net magnetisation in this state is M,.

The above major irreversible changes in domain structure are illustrated by a

schematic hysteresis loop shown in Fig. 4.13 and it is termed a type A
hysteresis loop. The parameters of the hysteresis loop H,, M,, M. and M,

are different for different elements and summarised in Table 4.3.

H; (Oe) M, M. M.
AN1 (R=3.7) 28 0.62 0.31 0.82
AN2 (R = 4.3) 29 0.63 0.32 0.83
AN3 (R =4.7) 32 0.73 0.42 0.89
AN4 (R = 5.5) 34 0.74 0.42 0.90
AN5 (R =7.4) 47 0.82 0.57 0.91
AN6 (R = 8.1) 48 0.84 0.63 0.93

Table 4.3 Parameters of type A hysteresis loops, which are
obtained from the elements evaporated at normal incidence.

4.5 Magnetic study of AN2, AN4 and AN6 elements
evaporated at oblique incidence

In Chapter 3, it has been described that the long in-plane axes of the AN2,
AN4 and AN6 elements evaporated at 30° incidence are normal to the
evaporation beam. Therefore, according to the studies of the continuous film
evaporated at the same oblique angle (section 4.1), an easy axis parallel to
the long in-plane axis is induced in the elements.

4.5.1 As-grown state

The domain structures supported by the elements are summarised in Table
44,
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Element Domain Structure Number of element
AN2 (R =4.3) Type 1 15/15
AN4 (R =5.5) Type 1 14/15
Type 2 1/15
ANG6 (R = 8.1) Type 1 10/10

Table 4.4 Domain structures supported by the as-grown state of
the AN2, AN4 and AN6 elements evaporated at oblique incidence.
These elements possess an induced easy axis parallel to their
long in-plane axis.

Fig. 4.14 displays a pair of Foucault images of type 1 domain structure
recorded from the AN4 element. Brightness variations due to stray field have
been observed at the end of the element during the experiment, indicating
that there are magnetic poles on the edges of the element. This is why we
propose that the magnetisation has a component normal to the surface at
the end of the element in the schematic diagram (Fig. 4.4). The type 2
domain structure is supported by only one of the AN4 elements and
demonstrated by the Foucault images in Fig. 4.15.

4.5.2 Ac-demagnetised state

The ac-demagnetised state of the elements is the same as the as-grown
state. Therefore, both type 1 and type 2 domain structures are stable and
reproducible states. Although the AN2, AN4 and AN6 elements evaporated
at normal incidence have the same geometry as the elements studied in this
section, they support different domain structures. This reflects the effect of
the induced anisotropy.

In type 1 domain structure, Men =0, i.e. there are surface magnetic poles.
The curved domain walls may also result in volume magnetic poles due to
VeM=0. Since the magnetisation in the end domains has a component
normal to the direction of the induced easy axis, there is also a energy
contribution from the induced anisotropy. Therefore, the total energy of the
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Fig. 4.14 Foucault images of a type 1 domain structure. They are
recorded from the as grown state of the AN4 element evaporated
at oblique incidence. This element comprises an induced easy
along the long in-plane axis of the element.

Fig. 4.15 Foucault images of a type 2 domain structure. They are
recorded from the as grown state of the AN4 element evaporated
at oblique incidence. This element comprises an induced easy
along the long in-plane axis of the element.
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type 1 domain structure is the sum of surface magnetostatic energy, volume
magnetostatic energy, exchange energy and anisotropy energy.

In type 2 domain structure supported by the normal incidence elements, the
magnetisation is parallel to the edges at the end of the elements. Hence,
there is no surface magnetostatic energy contribution. Furthermore, since
the elements are evaporated at normal incidence, the anisotropy energy is
zero. Therefore, the total energy in the type 2 domain structure is the sum of
volume magnetostatic energy and exchange energy.

The length of domain walls in the type 2 structure is longer than in the type 1
structure which may give rise to higher exchange energy and volume
magnetostatic energy. Clearly the presence of the induced anisotropy
favours the type 1 structure in which there is a large domain magnetised in
the easy axis direction with the walls at the end to reduce the volume
magnetostatic and exchange energy contributions.

One of the AN4 elements evaporated at the oblique incidence also supports
the type 2 domain structure. However, the comparison between Fig. 4.11
and Fig. 4.15 indicates that the volume of the uniformly magnetised section
in the centre of the element evaporated at the oblique incidence is larger.
Therefore, it is expected that the Q, is different and this is also an effect of
the induced easy axis. Q_ is measured from these elements and summarised
in Table 4.5. The detailed discussion of Q,_ vs R in terms of shape effect and
induced anisotropy will be given in section 4.7.

Element AN2 (R =4.3) AN4 (R =5.5) AN6 (R =8.1)

Q, 0.93* 0.96*, 0.94** 0.98*

* measured from type 1 domain structure.

** measured from type 2 domain structure.

Table 4.5 Q, measured from the ac-demagnetised state of the
AN2, AN4 and AN6 elements evaporated at oblique incidence.
These elements comprise an induced easy axis parallel to the
long in-plane axis.
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4.5.3 In-situ magnetising experiment

The in-situ magnetising experiments start with the remanent state produced
in the same manner as described in Section 4.4.3. It is observed that only
type 1 domain structure (Fig. 4.4) is supported in this state and the net
magnetisation is a negative value —M,. While the external field is applied, the
domain wall movement and magnetisation reversal are observed. The
occurrence of the irreversible changes in domain structure is similar in these
elements and is illustrated by the Foucault images recorded from the AN2
element in Fig. 4.16.

Initially, the external field is applied antiparallel to the magnetisation in the
central section of the elements which has been magnetised along the
negative direction. While the field increases, the domain at the end of the
element expands slightly although the element still comprises type 1 domain
structure. As a result of that, the net magnetisation M also increases. At
H,.. =H.., brightness variation due to the deviation of magnetisation from the
long in-plane axis direction is present in regions close to the end structure.
However, the magnetisation throughout the central section is still reasonably
uniform. The concertina structure which was present in the element
evaporated at normal incidence (Fig 4.12) is not seen here. This may be due
to the fact that the induced easy axis is parallel to the long in-plane axis thus
makes the component of magnetisation normal to the easy axis energetically
unfavoured. Such a domain structure is demonstrated by the schematic

diagram shown in Fig. 4.16 and the net magnetisation in this state is still a
negative value -M.._.

As soon as the external field exceeds H., the magnetisation in the central
domain suddenly switches to the positive direction. In the meantime, the
shape and the magnetisation of the end domains are also changed as
demonstrated by Fig. 4.16¢c. A consequence of these irreversible changes is
that the net magnetisation jumps from the negative value —M.. to a positive
value M,,.

It is found that the maximum field 100 Oe supplied by the in-situ magnetising

stage is not sufficient to saturate the elements as domains are still visible at
the end of the element. When the field is removed, the resultant state is also
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Hext =0 Hext = Hc- Hext = He+

Fig. 4.16 (a) Foucault images showing the remanent state (Hext =
0) of the AN2 element evaporated at the oblique incidence, (b)
Foucault images showing the domain structure of the AN2
element evaporated at oblique incidence at Hed = Hc (c)
Schematic diagram demonstrating irreversible changes in domain
structure that occurred during the in-situ magnetising process.
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type 1 domain structure although the magnetisation in the central section is
reversed compared to the initial state. The behaviour of the elements during
these in-situ magnetising experiments can also be represented by the type A
hysteresis loop shown schematically in Fig. 4.13. The parameters of the
hysteresis loop are measured from each element and summarised in Table
4.6.

Element H. (Oe) M, M.. M.,
AN2 (R =4.3) 53 0.90 0.80 0.93
AN4 (R =5.5) 58 0.94 0.85 0.95
ANG6 (R=8.1) 82 0.98 0.90 0.98

Table. 4.6 Hysteresis loop parameters of the AN2, AN4 and AN6
elements evaporated at oblique incidence. These elements
possess an induced easy axis parallel to the long in-plane axis.

4.6 Magnetic study of AN1, AN3 and AN5 elements
evaporated at oblique incidence

The AN1, AN3 and AN5 elements studied in this section are evaporated with
their short in-plane axis normal to the evaporation beam. Therefore, they
have an induced easy axis parallel to the short in-plane axis in contrast to the
elements studied in the previous section. As a consequence, they possess
different magnetic properties which will be investigated in this section.

4.6.1 As-grown state

Four types of domain structure are observed in these elements (Table 4.7).
Basically, they are solenoidal configurations comprising regularly shaped
domains. Foucault images of these domain structures have been recorded
and the results are summarised below.
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Element Domain Structure Number of element
AN1 (R =3.7) Type 6 8/8
AN3 (R=4.7) Type 5 8/8
ANS5 (R=7.4) Type 3b 9/10
Type 4 1/10

Table 4.7 Domain structures supported in the as-grown state of
the AN1, AN3 and AN5 elements evaporated at oblique incidence.
They have an induced easy axis parallel to the short in-plane axis
of the element.

The Foucault images of type 3b, type 4, type 5 and type 6 domain structures
are given in Fig. 4.17, Fig. 4.18, Fig. 4.19 and Fig. 4.20 respectively. The
major features of these domain configurations have been described along
with their schematic diagrams in Section 4.3.

4.6.2 Ac-demagnetised state

The Foucault mode of Lorentz microscopy studies of these elements suggest
that the AN1 and AN3 elements support the same domain structures as in
the as-grown state. However, the AN5 element in the ac-demagnetised state
only supports type 3b domain structure. Thus type 3b, type 5 and type 6
domain structures are the reproducible magnetic configurations of these
elements whilst type 4 structure may be a result of the unique history of the
element. Q_ is measured from these reproducible structures and
summarised in Table 4.8.

Element AN1 (R=3.7) AN3 (R=4.7) AN5 (R=7.4)

Q. 0.31 0.50 0.71

Table 4.8 Q, of AN1, AN3 and AN5 elements evaporated at
oblique incidence.

Previous studies have indicated that the major domain structure supported

by AN1, AN3 and AN5 elements evaporated at normal incidence is type 2
non-solenoidal structure, which is due to the shape effect. The elements
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Fig. 4.17 Foucault images of the type 3b solenoidal domain
structure. It is recorded from an AN5 element evaporated at
oblique incidence.

Fig. 4.18 Foucault images of the type 4 solenoidal domain
structure. It is recorded from an AN5 element evaporated at
oblique incidence.



Fig. 4.19 Foucault images of the type 5 solenoidal domain
structure. It is recorded from an AN3 element evaporated at
oblique incidence.

Fig. 4.20 Foucault images of the type 6 solenoidal domain
structure. It is recorded from an AN1 element evaporated at
oblique incidence.
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studied in this section have identical geometry to those elements but they
support solenoidal domain structures. The probable reason is that there is an
extra energy term - anisotropy energy, which also plays an important role.
Therefore the final magnetic state of the element is determined by the trade
off between the shape effect and the anisotropy. The measurements of Q_
(Table 4.8) provide important information on the induced anisotropy, which
will be extracted in the conclusion section by the comparison of Q_ between
elements evaporated under different conditions.

4.6.3 In-situ magnetising experiment
4.6.3.1 AN1 and ANS3 elements

For the AN1 and AN3 elements evaporated at oblique incidence, this
experiment starts from the remanent state, which is produced by applying a
—8000 Qe field along the long in-plane axis of the element. The occurrence
of irreversible changes in domain configuration in both elements is similar
and it is illustrated in Fig. 4.21 by the Foucault images recorded from the
AN1 element. The schematic hysteresis loop is drawn in Fig. 4.22. Since the
type B and type C loops were observed by Hefferman et al (1991b), this new
loop is named the type D loop.

The remanent states are type 6 and 5 domain structures for the AN1 and
ANS3 elements respectively, which are the same as the structures in their ac-
demagnetised state. While the external field is increased to 100 Oe, instead
of being saturated, both elements comprise type 2 non-solenoidal domain
structure (Fig. 4.21a). From this state, the external field is reduced gradually,
but there are no significant changes in domain structure so that the net
magnetisation is almost unchanged. A solenoidal domain structure is
restored as soon as the field is reduced to less than H, and this structure is
demonstrated by the schematic diagram (Fig. 4.21b). This results in an
abrupt reduction in the net magnetisation to M,. When the field is removed,
the element supports a solenoidal structure (Fig. 4.21c) with a non-zero
magnetisation M.

After Hqy is reduced to zero, the direction of the external field is reversed. As
the field is decreased, the solenoidal domain structure is gradually changed
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(©)

(d)

Fig. 4.21 Foucault images recorded from the ANT1 element
evaporated at oblique incidence during the in-situ magnetising
experiment, (a) Hedt = 100 Oe. (b) Hext= H2 - AH. (c) Hext = 0. (d)
Hext= - H1+AH. The major irreversible changes can be described

by a type D hysteresis loop.

M +

M2

Fig- 4.22 Schematic diagram of a type D hysteresis loop.
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to another solenoidal domain structure shown in Fig. 4.21d and the net
magnetisation is also decreased to -M,.. The magnetisation process in this
field range consists of lots of small changes in domain structure. Once the
field exceeds —H4, the type 2 non-solenoidal domain structure occurs with
the central section magnetised along the negative direction. In this state, the
domain structure is similar to the reversed type 2 domain structure at Hey =
100 Oe and the net magnetisation is measured to be —M,, . Further reduction
in Hex down to —100 Oe does not result in significant changes in domain
configuration although the net magnetisation decreases slightly due to
expansion of domains magnetised parallel to the external field.

When the external field is increased from this state up to 100 Oe, the
magnetisation process follows a similar path as shown by the hysteresis
loop. The hysteresis loop parameters of these two elements are different and
are summarised in Table 4.9.

_Element Hi1 Hz Mi. Mi+ Mz M:

AN1(R=3.7) | 48 30 0.53 0.79 0.33 0.20

AN3 (R=47) | 53 20 0.30 | _0.89 0,25 015

Table 4.9 Hysteresis loop parameters of the AN1 and AN3
elements evaporated at oblique incidence. The induced easy axis
in these elements is parallel to the short in-plane axis.

4.6.3.2 AN5 elements

For the AN5 elements evaporated at oblique incidence, the in-situ
magnetising experiment starts from the remanent state. The Foucault mode
of Lorentz microscopy suggests that type 2 domain structure (Fig. 4.5) is the
only configuration supported by the element.

Starting from the same type of domain structure as that of the AN5 element
evaporated at normal incidence, the in-situ magnetising of the AN5 element
evaporated at the oblique incidence consists of similar irreversible changes.
Thus, it can also be described using a type A hysteresis loop. Table 4.10
summarises the parameters of the hysteresis loop.
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Element H. (Oe) M, M. M.

AN5(R=7.4) | 45 0.82 0.50 0.91

Table 4.10 Hysteresis loop parameters of the AN5 element
evaporated at oblique incidence. The induced easy axis in this
element is parallel to the short in-plane axis.

4.7 Comparison and conclusion

The characterisation of the elements evaporated at normal incidence
suggests that the shape effect is an important factor in determining domain
structure. For the elements with R > 4 (AN2 to AN6), the shape effect results
in type 2 non-solenoidal domain structure as a low energy state. For the
elements with R close to 4 (AN1), the shape effect results in both type 3a
solenoidal and type 2 non-solenoidal domain structures. In conjunction with
McVitie (1988) and Hefferman's work (1991a) on 20 nm and 60 nm thick
permalloy elements, it is expected that the shape effect favours solenoidal
structures as low energy states for the 25 nm thick permalloy elements with
R < 4. Therefore, 4 is roughly the value of R determining whether the
element supports solenoidal or non-solenoidal domain structures at this
thickness.

The study of the continuous thin film evaporated at oblique angles suggests
that an easy axis is induced in the element perpendicular to the evaporation
beam for 30° incidence evaporation. In the AN2, AN4 and AN6 elements, it is
parallel to the long in-plane axis whilst it is parallel to the short in-plane axis
in the AN1, AN3 and AN5 elements. For geometrically identical elements,
the shape effect is the same. However, as the elements evaporated at the
oblique incidence comprise an easy axis, there is an extra term - anisotropy
energy - contributing to the total energy so that the final domain structure is
the co-effect of the shape and induced anisotropy. As a result of that, they
are expected to support different domain structures from the elements
evaporated at normal incidence. This has been observed by using the
Foucault mode of Lorentz microscopy.
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Q. has been measured from each element in the ac-demagnetised state. By
plotting Q, vs R for the elements evaporated under the same condition, the
shape effect is demonstrated. Moreover, by comparing the plots of elements
with and without an induced easy axis, the effect of the induced anisotropy is
extracted. This is demonstrated in Fig. 4.23

1.0F

U

QL

0.6 F
0.5F
0.4F

0.3 F

—&— ANT1 to AN6 elements evaporated at normal incidence.

—iA— AN2, AN4 and AN6 elements evaporated at oblique incidence with the
induced easy axis parallel to the long in-plane axis of the element.

—— AN1, AN3 and AN5 elements evaporated at oblique incidence with the

induced easy axis parallel to the short in-plane axis of the element.

Fig. 4.23 Dependence of Q. on R, reflecting the effect of the
shape and the induced anisotropy.

Fig. 4.23 consists of three monotonically increasing curves as R increases.
For the elements evaporated at normal incidence, Q_ is always > 0.5,
suggesting that the shape effect prefers magnetisation parallel to the long in-
plane axis to magnetisation parallel to the short in-plane axis. The induced
easy axis in the AN2, AN4 and AN6 elements evaporated at oblique
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incidence is parallel to the long in-plane axis, Thus, it favours magnetisation
in this direction. This is an effect similar to the shape effect. Thus, in these
elements, the induced anisotropy cooperates with the shape effect and
increases Q,. However, in the AN1, AN3 and AN5 elements, the induced
anisotropy favours magnetisation parallel to the short in-plane axis so that it
favours the magnetisation 90° from the long in-plane axis. Thus, it competes
with the shape effect. As a consequence, the volume occupied by the
component of magnetisation parallel to the long in-plane axis is reduced,
resulting in the reduction of Q,. These expectations are confirmed by Fig.
4.23.

For elements without the induced anisotropy, the total energy E;y, consists
of magnetostatic energy Emsg and exchange energy E. only. For elements
with the induced anisotropy, the total energy consists of Epag + Eex + Ex,
where Ei is the anisotropy energy. A resultant domain structure is a local
minimum of the total energy. By comparing Q_ of the AN1, AN3 and AN5
elements with induced easy axis to those without it, a "balance" between the
induced anisotropy and the shape effect is demonstrated.

0.45
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AQL
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Fig. 4.24 Reduction in Q, for AN1, AN3 and AN5 elements after
inducing the anisotropy.
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AQ, is the difference in Q_ between AN1, AN3 and AN5 elements with and

without the induced anisotropy. Fig. 4.24 shows that for AN1, AN3 and AN5
elements AQ, decreases monotonically with increasing R. Since AQ,
reflects the effect of the extra energy term E; while Eiyy reaches a local
minimum, this figure indicates that the importance of the induced anisotropy
becomes less for increasingly acicular elements.

The induced anisotropy and the shape of the element also have an effect on
the in-situ magnetising process. This is discussed below.

H. is a key parameter quantifying the magnetic "hardness" of a
ferromagnetic sample and its relation with R provides information on how it is
affected by the shape effect and induced anisotropy (Fig. 4.25). For the
element evaporated at normal incidence, it is noticed that H. increases
monotonically as R increases, indicating that the element becomes
magnetically harder. Significantly, the AN6 elements possess a coercivity of
20 Oe higher than the AN1 elements. This is attributed to the increased
importance of the shape effect.

The H; vs R curve of the elements with the induced easy axis parallel to the
long in-plane axis is also a monotonically increased curve, demonstrating the
shape effect. Nevertheless, it is noticed that this curve is always higher than
that of the elements without the induced easy axis and the difference in the
coercivity of the AN6 elements is 34 Oe, i.e. a 50% increase in coercivity has
been obtained. This suggests that the "hardness" of the elements is
increased by the induced anisotropy.

The in-situ magnetising experiment performed on the AN5 element with an
induced easy axis along the short in-plane axis can also be described using
a type A loop. The coercivity of those elements is 45 Oe in contrast to H, =
48 Oe for the AN5 element evaporated at normal incidence. Thus, the
induced anisotropy reduces the coercivity due to the orientation of the easy
axis being orthogonal to the direction of magnetisation favoured by the
shape effect. However, the reduction in H, is only about 7%, which is much
less than the increase caused by the induced anisotropy in AN6 elements.
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—&— AN1 to AN6 elements evaporated at normal incidence.
—a&— AN2, AN4 and AN6 elements evaporated at oblique incidence with an

easy axis parallel to the long in-plane axis of the element.

Fig. 4.25 Characterisation of the magnetic hardness of the
elements.

For elements evaporated at normal incidence, each stable domain structure
in the magnetising process is a minimum energy state of E,, +E, +E,,
where Ey is the Zeeman energy (Chapter 1). For the elements with induced

anisotropy, the magnetising process is determined by local minimisations of
Erag + Eex T Ex +Eq -

The in-situ magnetising experiments show that the effect of E_,, +E,, +E,

results in type A loop for the normal incidence elements. For elements with
the easy axis parallel to the long in-plane axis, magnetisation in this direction
is always favoured by the induced anisotropy. The experiment suggests that
the type A loop is also the result of balance among the above energy terms.
The AN1 and AN3 elements with the induced easy axis parallel to the short
in-plane axis have maximum anisotropy energy when the magnetisation is
parallel to the long in-plane axis. Therefore, it is expected that they support a
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different hysteresis loop and this has been confirmed by the experiment. For
the AN5 element with the induced easy axis parallel to the short in-plane
axis, the extra energy term Ex does not result in a different type of hysteresis

loop. This may be due to the fact that the magnitude of E is relatively small
comparing to E_, +E, +E,.

Despite the fact that type A loops are supported by elements with and
without the easy axis parallel to the long-plane axis, some differences are
found when details of the loops are considered. These are discussed in
terms of shape effect and induced anisotropy in the following few
paragraphs.

The relation between the remanent magnetisation M, and R is demonstrated
in Fig. 4.26. For the elements evaporated at normal incidence, the remanent
magnetisation increases monotonically as R increases. This is similar to the
relation between Q_ and R although M, is measured in the remanent state
whilst Q_ is measured in ac-demagnetised state. The dependence of the
shape effect on R also results in the increasing of M, for the elements
evaporated at the oblique incidence as demonstrated by the other curve in
Fig. 4.26. It is found that the M, vs R curve of the elements with the induced
easy axis parallel to the long in-plane axis is higher than that of the element
without the induced anisotropy. This reflects a "cooperative" effect of the
induced anisotropy.
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—&— AN1 to ANG elements evaporated at normal incidence.
—a— AN2, AN4 and ANG6 elements evaporated at oblique incidence with an
easy axis parallel to the long in-plane axis of the element.

Fig. 4.26 Dependence of M, on R, demonstrating the effect of the
shape and induced anisotropy on hysteresis loops.

The slope of the loop between -H, and H, can be quantified by (M, -M__)/H,
and (M,, —M,)/H.. The less these terms are, the more square the hysteresis
loop. Hence, their relation to R shows how shape effect changes the shape
of the loop. The plots of (M,-M_,)/H,vsR and (M,,-M,)/H,vsR are
shown in Fig. 4.27 and Fig. 4.28 respectively. It is observed that for the
elements without the induced anisotropy, these two parameters decrease
monotonically as R increases. Therefore, the shape effect causes the
hysteresis loop to be more "square" in increasingly acicular elements. For
the element with the induced easy axis parallel to the long in-plane axis, the
plots also monotonically decrease due to the shape effect. However,
compared with the plots of the elements without the induced anisotropy, this
curve is lower, indicating that the induced anisotropy increases the
"squareness" of the hysteresis loop.
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Fig. 4.27 Plot of (M,-M_)/H,vs R demonstrating how the
hysteresis loops are affected by the shape and the induced
anisotropy.

78



Chapter 4 Induced anisotropy in permalloy thin film elements by oblique incidence evaporation

0.008
0.007 }
. 0.006 |
| i
8 0.005}
i 0.004 F
= 0.003}
t L
= 0.002
0.001 }
i \
0.000 | N ] , | - | . ] ) le
3 4 5 6 7 8

—&— AN1 to ANG elements evaporated at normal incidence.
—a&— AN2, AN4 and AN6 elements evaporated at the oblique incidence which
comprise an easy axis parallel to the long in-plane axis of the element.

Fig. 4.28 Plot of (M,, —M,)/H_ vs R demonstrating how the hysteresis loops
are affected by the shape and the induced anisotropy.

The studies described in this chapter have shown the effect of shape and
induced anisotropy in permalloy thin film elements. The explanation of the
results are also given in terms of energy minimisation, which provides an
insight into the behaviour of the elements.
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Chapter 5

Characterisation of MFM tips using the MDPC mode
of Lorentz microscopy and computer simulation

5.1 Introduction

An MFM image is formed by detecting the interaction between an MFM tip
and the stray field of a magnetic specimen. Thus the image is highly
dependent on the magnetic structure of the tip and it is important that this is
known and stable if the MFM image is to be interpreted quantitatively.
Recently, commercial MFMs have been available, such as the instruments
made by TopoMetrix (Loh et al. 1993) and NanoScope (Digital Instruments
1994). Using these instruments, MFM images have been taken from
recording media samples and display image contrast with good resolution (<
50 nm). Due to the fact that most of MFM tips are too small in dimension (<
100 nm in the apex region) to be imaged using Kerr or Faraday microscopy
(Chapter 2) and opaque for Lorentz microscopy, direct characterisation of
their domain structure is still a problem. Thus, the tip-sample interaction is
not well understood and quantitative interpretation of the images is limited.

In our collaboration with the group at Manchester Metropolitan University, an
MFM has been built (Valera et al. 1995, Valera and Farley 1995) and we are
concerned with characterisation of the tip. This MFM uses one-face coated
cobalt MFM tips made from Park Scientific Microlevers™ (Chapter 3) and
high resolution (about 30 nm) domain pattems have been obtained from
recording media samples (Chapter 6). This MFM will be called "our MFM"
throughout later chapters in this thesis. As the aim of this research is to
improve the quantitative aspect of MFM imaging, it is necessary that the tip is
characterised both physically and magnetically. This work is accomplished
by combining experimental characterisations and computer simulations,
which will be detailed in this chapter.

In section 5.2, the fabrication of MFM tips suitable for our MFM is discussed.

The MFM tips investigated in this chapter are coated with cobalt film on the
whole surface or one face of the pyramid. The physical characteristics of the
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tips are first studied using a Philips SEM515 at 30 kV so as to examine the
topography of the deposited magnetic film. Then high magnification TEM
studies are performed in a JEOL 2000FX CTEM/STEM (Chapter 2) at 200
kV whereby the crystalline structure of the film at the end of the tip and the
radius of the apex are investigated (section 5.3). Such studies are essential
as those parameters are important in determining the resolution of an MFM
(Gritter et al. 1992, Schénenberger and Alvarado 1990, Wadas et al. 1990).
Although the magnetic film on the tip is thin enough to be imaged using the
CTEM/STEM, the pyramid and the cantilever are too thick so that the tips are
effectively opaque for Lorentz electron microscopy. Therefore rather than
trying to image the magnetic structure in the film directly it is necessary to
examine the stray field, produced by the magnetisation configuration in the
tip, which extends beyond the edges of the film. In section 5.4, this stray field
is investigated using the MDPC mode of Lorentz electron microscopy
performed on an extended VG HB5 STEM at 100 kV (Chapter 2). The tip is
magnetised in an 8000 Oe magnetic field directed towards the apex of the tip
prior to the MDPC imaging and it is expected that the remanent state of the
cobalt thin film on the tip supports a well defined magnetic state.

As the stray field reflects the interior magnetic configuration of the tip, the
MDPC images of a uniformly magnetised tip are simulated and compared
with the experimental MDPC images. The simulation models and details of
calculation will be given in section 5.5 and 5.6. The one-face coated tip and
the whole-surface coated tip are simulated in section 5.7 and 5.8
respectively. Image processing allows quantitative information to be
extracted from these images and it is accomplished by using DIP (Digital
Image Processing) program performed on an IBM PC and by intensity line
tracings.

5.2 Fabrication of MFM tip

In Chapter 3, normal and oblique evaporation techniques have been
described. Coating the Microlevers™ with magnetic thin films using these
methods results in whole-surface and one-face coated MFM tips
respectively.
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Fig. 5.1 is an SEM image recorded from a whole-surface coated tip. It is
obvious that the cantilever has been deformed significantly through an angle
of 21.0° £0.5°. This may be due to the stress imposed by the evaporated
magnetic film.

2. 21.0°+0.5°

g D —— . - -

Fig. 5.1 SEM image of the whole-surface coated MFM tip.

In our MFM, a laser interferometric detection system is used to sense the
displacement of the tip in the Z direction as a result of the interaction
between the tip and samples (Beaumont et al. 1994). Fig. 5.2A illustrates
how this system works with a straight cantilever while Fig. 5.2B indicates the
unsuitability of a deformed cantilever for this detection system.

Interferometric
Interferometric Detector
Detector

Detection Reference
Detection Reference Beam Beam
Beam Beam r—

o Riv e

D R x': """""""""" N

Z
Straight Cantilever ); y Deformed Cantilever
(A) X (B)

Fig. 5.2 Schematic diagram of the interferometric detection system
used in our MFM.

Fig. 5.2 illustrates the static operation mode of an MFM (Chapter 2). One
laser beam is focused on a point R while the other one is focused on the
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back of the pyramid tip (point D). Since R is far away from the tip (DR is
usually longer than 100 pm), the displacement of R is negligible and
therefore the laser beam incident on the cantilever at R is used as a
reference beam. The deflected cantilever results in a phase difference
between the detection and reference beams. A gold thin film has been
coated on the back of the cantilever so that these two laser beams are
reflected back into a phase detection system where the displacement at D is
measured (Fig. 5.2A). However, when the cantilever is deformed as shown in
Fig. 5.2B, the detecting beam is reflected outside of the detector so that the
displacement is not detectable. Hence, such a deformed cantilever is not
suitable for use in our MFM.

This problem is overcome by coating the Microlevers™ with cobalt films at
oblique angles (Chapter 3). In this experiment, the cantilever is tilted through
an angle of about 55°, i.e. the evaporation beam is normal to one face of the
pyramid. SEM imaging of such MFM tips suggests that the cantilever is
straight now and this may be due to the increased mobility of evaporated
atoms at an oblique incidence angle so that the stress is relieved. A further
advantage of doing this is that the magnetic film is limited predominantly to
one face of the pyramid, which is beneficial for high resolution MFM imaging
(Grutter, 1994). A thin layer of carbon is coated afterwards using thermal
evaporation to prevent the sample from electrically charging in electron
microscopes.

5.3 Experimental study of physical characteristics of tips
5.3.1 CTEM observation of whole-surface coated tip

Since the physical characteristics of the apex region in the MFM tip are
essential in determining the resolution of the MFM imaging, they are of
particular interest. Fig. 5.3 is a bright field image recorded from the whole-
surface coated tip. Three regions are observed: the central SisN, pyramid,
the cobalt thin film and the outermost carbon film. The cobalt film is found to
be in good contact with both the SizN, pyramid and carbon film. MFM
imaging performed using such tips indicates that consistent imaging
conditions have been obtained even after the tips crash on specimens. The
thickness of the cobalt film is measured to be 35 + 5 nm, which is in good
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Fig. 5.3 TEM image of the whole-surface coated cobalt tip.
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Fig. 5.4 SEM image of the one-face coated cobalt tip. The tip is
viewed from the top of the pyramid.
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agreement with the evaporation design of 35 nm. The radius of curvature of
the cobalt film at the apex is measured to be 25 + 5 nm and this may be a
reason why the resolution of our MFM is restricted to about 30 nm.

5.3.2 SEM observation of one-face coated cobalt tip

The top view of the one-face coated tip is shown in Fig. 5.4. In this SEM
image made using secondary electrons, the cantilever is imaged as a
uniform surface whereas the pyramidal tip is represented by a square region
at the end of the cantilever. The bright cross within the square represents the
edges of the pyramid and the projection of the evaporated beam on the
cantilever plane is indicated by arrows. It can be seen that there is a
triangular region on the cantilever next to the edge of the pyramid. This can
be explained using the schematic drawing of the set up for the oblique
evaporation (Chapter 3). It indicates that the evaporated atoms are partially
blocked by the pyramid resulting in an uncoated region on the cantilever.
Fig. 5.4 proves directly that the cobalt film is predominately coated on one
face of the pyramid and the whole of the cantilever (except for the triangular
region). Furthermore, by measuring the dimensions of the triangular shadow
and the pyramid, the oblique angle used during the evaporation is calculated
to be about 55° which is in good agreement with the evaporation set up. The
other SEM image showing the topography of this tip is displayed in Fig. 3.7.
In that image, the apex region of the pyramid is found to be almost
contamination free although several clusters of debris are observed on the
cantilever. Nevertheless, as they are far away from samples during MFM
imaging, they have negligible effect.

5.4 Experimental MDPC imaging of one-face coated tip

5.4.1 MDPC images of one-face coated tip

A pair of experimental MDPC images are shown in Fig. 5.5. The contrast in
the images due to the stray field reflects the interior domain configuration of
the tip and is important in terms of understanding the tip-sample interaction.

Since the stray field around the apex region of the tip is essential for MFM
imaging, the STEM is set up to image this region so as to reveal details of
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Fig. 5.5 Experimental MDPC images of the one-face coated tip.
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Fig. 5.6 The coordinate system used in line tracings.
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the stray field. The images suggest that in a region around the end of the tip
the configuration of the stray field is qualitatively symmetric about the Y axis
which is defined in Fig. 5.6. However, the stray field in other regions is not
symmetric. Moreover, the contrast variation is smooth along the edges of a
region at the end of the tip, which extends to approximately 0.5 pm from the
apex whilst abrupt contrast variations are observed in other regions. They
indicate that rather than the whole of the tip, probably only a small volume in
the apex is uniformly magnetised.

5.4.2 Analysis of the MDPC images using arrow mapping method

Two terms "grey level" and "signal level" are used in this thesis when
discussing MDPC images. The grey level G(X,Y) is the brightness of a pixel
(X,Y). In an 8 bit image (Appendix 1), a grey level of 128 represents zero
Lorentz deflection. The signal level I(X,Y) is proportional to the Lorentz
deflection angle and related to the grey level by

I(X,Y)=G(X,Y)-128 (5.1)

Therefore, in an MDPC image, the signal levels of two pixels reflect the
relative magnitude of the Lorentz deflections. The actual value of the signal
level is a function of many parameters of the STEM and acquisition system,
e.g. probe current, gain and offset setting of the amplifier etc..

The linearity of the MDPC signal levels to Lorentz deflection angles enables
quantitative analysis to be performed and two means are used in this study.
The first one uses arrows to demonstrate the stray field and is termed the
arrow mapping method. The other one uses the plot of the signal level in the
above experimental MDPC images or directly Lorentz deflection angles
calculated using simulation models (later sections) against the distance from
the apex of the tip to illustrate the decay of the stray field. It is termed the
line tracing method.

The basic principle of the arrow mapping is to represent the magnitude and

direction of the Lorentz deflection at a point using the length and orientation
of an arrow respectively. If we assume that the signal level is I(X, Y) at a
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pixel (X, Y) in an MDPC image mapped along the X direction and it is Iy(X, Y)
in an image mapped along the Y direction at (X, Y), the total signal is

I0X,Y) =1L (X,Y) +1,° (X, Y))"2 (5.2)

The direction of the stray field is described by the angle 6 measured from the
X axis. This value can be calculated using the following equation

8(X,Y)=tan'[1 (X,Y)/1,(X,Y)] (5.3)

The DIP program performs the above calculations and plots the arrows. The
length of the arrow at (X, Y) is determined as a linear function of 1(X, Y) and
it points to the direction which makes an angle 6(X, Y) with the X axis.

The result of the arrow mapping performed on the pairs of experimental
MDPC images is given in Fig. 5.7. It confirms that in the region at the end of
the tip the stray field is symmetric about the Y axis. Furthermore, the
maximum stray field occurs in this region with a strong Y component and
decays rapidly as the distance from the tip increases. Some asymmetry in
the stray field is observed in regions other than that around the end of the
tip. This may be due to the magnetisation across the whole of the tip not
being uniform.

5.4.3 Analysis of experimental MDPC images using line tracing method

Line tracing is a method of analysing variation of a quantity along a particular
direction. By plotting the magnitude of the MDPC signals or Lorentz
deflection angles calculated using the models, the decay of the stray field is
demonstrated graphically. Another merit of this method is that it also allows
analytical interpretations of data such as curve fitting to be attempted.

The line tracing is performed along the X and Y axes which are defined in
Fig. 5.6. Along the X axis, it starts from X=-130um and finishes at
X =130um; this line is defined as line 1. Since the signal level is zero within

the tip, line tracing along the Y axis is performed only along the positive Y
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Fig. 5.7 Arrow mapping result of the experimental MDPC images
recorded from the one-face coated cobalt tip.
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axis from the origin (end of the tip) to the bottom border (Y = 1.15 um) and
this line is defined as line 2.

The decay of the Y component of the stray field along line 2 is demonstrated
in Fig. 5.8. Since the tip is mounted on a spring cantilever which may vibrate
under the influence of environment noises, it is very difficult to keep the tip
still during the image acquisition which usually takes more than 1 minute to
acquire a frame of MDPC image. Thus, all the MDPC images shown in this
chapter are acquired without subsequent averaging. The drawback of doing
this is that SNR is reduced so that the plot is less smooth.

Curve fittings have been performed using several functions such as
exponential function Y =ae™, power function Y=aX" and polynomial

function Y=ZaiXi and indicate that a function in the form of
i=0

I, (Y)=a-bIn(Y+c) is the best to describe the experiment data. By

adjusting a, b and c, the best fit is achieved at a=1196, b=27.34 and
¢ =0.026um. The reason that there is a constant c is that the line tracing
starts at Y = 0 which is a singularity point for the logarithm function and we
can avoid this problem by introducing ¢. As an obvious limit of this function,
l,(Y) becomes negative at Y > e*® —c =Y,, which is not true in the real case.
However, since Y, =152um, the function is valid in the region where the
line tracing is performed. The fitted curve is indicated by a dotted line in the
figure and in good agreement with the plot of the experiment plot.

A term "decay distance" D is defined as the distance from the origin, where
the signal level is 1/e times as high as the highest signal level (at the origin).
This term quantifies how rapid the stray field decays. According to the best-fit
function for 1,(Y) described above, D is calculated to be 0.32 um.
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Fig. 5.8 Line tracing along line 2 in the experimental MDPC image

mapped along the Y direction. The dotted line is the fitted curve
using |, (Y) =1196 — 27.34In(Y +0.026) .

The distribution of the Y component of the stray field along line 1 I(x) is
shown in Fig. 5.9. Curve fittings have been attempted using various functions
discussed before for the whole plot and for each half of the plot on either
side of the Y axis. Nevertheless, none of them gives a satisfactory result.
There are a number of possible explanations. Firstly, the experimental plot
comprises significant noise which makes the fitting more difficult. Secondly, it
is possible that 1,(X) can not be approximated to an analytical function due to
the complexity of the integral of Lorentz deflection (Chapter 3). Another
possibility is that the best-fit function is in a form other than the above
functions. Therefore, a curve is drawn manually through the mean points of
the zigzag shaped plot. It shows that the stray field decreases monotonically
on either side of the Y axis as IX| increases.

It is apparent that the plot is approximately symmetric about the Y axis
between X =-0.5 pm and X = 0.5 pm although the whole of the curve is not
symmetric. Using this fitted curve, the decay distance D is measured to be
0.37 um and 0.25 um on the right and left hand side of the Y axis
respectively.
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Fig. 5.9 Line tracing along line 1 in the experimental MDPC image
mapped along the Y direction. The fitted curve is indicated by the
bold line.

For the MDPC image mapped along the X direction, the line tracing along
line 1 is shown in Fig. 5.10. It is observed that the shape of the plot is slightly
irregular and comprises a degree of asymmetry. Furthermore, the SNR is the
lowest among the three plots. Therefore, the attempt to fit the plot with the
functions was not successful and a curve is drawn manually to show the
trend of the stray field. The decay distance on either side of the Y axis is
beyond the region of the MDPC imaging thus not given here.
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Fig. 5.10 Line tracing along line 1 in the experimental MDPC
image mapped along the X direction. A curve (bold line) is fitted to
the line tracing data.

5.5 Models used in computer simulation
5.5.1 One-face coated models

Computer modelling is performed to simulate the stray field of an idealised
single domain structure in the tip. As the SizN, tip is pyramidal, the magnetic
film on one face of the tip is simplified to a triangular plate which is uniformly
magnetised. The Z axis is perpendicular to the film and the Y axis is pointing
to the apex in the plane of the plate. The orientation of the magnetisation is
assumed to be parallel to the Y axis as shown in Fig. 5.11. In this diagram,
faces 1 and 2 are the interfaces between the magnetic film and the free
space while face 3 is the interface between the magnetic film on the tip and
the magnetic film on the cantilever (tip-cantilever interface). The point T
represents the apex of the tip whereas the origin of the absolute coordinate
system O (section 5.6.2) is set at the centre of the plate. Since the edges of
the real tip are equal in length, the edges of the triangular face in the plate
are also assumed to be equal in length.
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Fig. 5.11 Schematic diagram of the triangular plate with a uniform
magnetisation.

The areal density of magnetic poles ¢ due to the discontinuity of
magnetisation on an interface can be calculated using the equation

c=Men (5.4)

Where n is the unit vector which is normal to the interface and points to the
outside of the magnetic volume. In Fig. 5.11, the magnetic pole areal
densities on the interfaces are

c,=0, =|M|/2 (5-5)

Gy =—[M| (5.6)
In the above discussion, it is implied that the magnetisation is not continuous
on the tip-cantilever interface. Hence this model simulates the one-face
coated tip with an isolated triangular magnetic film and is named model 1.
On the other hand, as there is no physical discontinuity between the film on
one face of the tip and the film on the cantilever, it is possible that the
magnetisation in the tip extends to the film on the cantilever. In this case, the

magnetic pole on the tip-cantilever interface may be approximately zero, i.e.

G, =0 (5.7)
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Therefore this model simulates the one-face coated tip with continuous
magnetisation and is named model 2.

5.5.2 Whole-surface coated tip

A schematic diagram of the whole-surface coated MFM tip is shown in Fig.
5.12. In this diagram, point T is the apex and plane ABCD is the base of the
tip on the cantilever. M is the centre of plane ABCD. The origin of the
absolute coordinate system (section 5.6) is set at the middle point of line TM
with the Z axis perpendicular to plane TEF. The magnetic films on the tip and
their magnetisation are illustrated schematically in plane TGH (Fig. 5.13).
The magnetisation is assumed to be in the plane of the films and parallel to
the lines GT, ET, HT and FT on the faces of ADT, ABT, BCT and CDT
respectively. As a result of the discontinuity of the magnetisation, magnetic
poles occur on the 4 interfaces between these films, which are in planes
TAC and TBD. Fig. 5.14 is a schematic diagram demonstrating a plane
parallel to the base of the tip. In this plane, the 4 interfaces are shown as
diagonals. The magnetic pole densities on these faces can be calculated
using equation (5.4). Here we still have two models depending on whether
there are magnetic poles on the tip-cantilever interfaces or not. Using the
same ideas as in the one-face coated models, model 3 and model 4 are
developed to simulate the whole-surface coated tip with discontinuous and
continuous magnetisation in the tip-cantilever interfaces respectively.
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4

Fig. 5.12 Schematic diagram of a whole-surface coated MFM tip.

Fig. 5.13 Schematic diagram of plane TGF in the whole-surface
coated tip.
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Fig. 5.14 Schematic diagram of a plane parallel to plane ADCB in
the whole-surface coated tip.

5.6 Details of the simulation
5.6.1 Brief description of the simulation

The principle of the MDPC mode of Lorentz microscopy discussed in
Chapter 2 indicates that the MDPC signal is a linear function of components
of the Lorentz deflection angle B,. Therefore, the MDPC images of the MFM
tips are simulated by calculating the Lorentz deflection angles then
converting them to an image format. In this work, the Lorentz deflection
angle data are calculated in an 8 x 8 um frame which consists of 256 x 256
pixels with the base of the tip on the top border. All the programs are written
in FORTRAN 77, compiled and run on an IBM 3090 mainframe computer
incorporating the NAG library.

The simulation procedure involves the following three steps and they are
detailed in the following sections.

(1) Calculation of the components of the stray field perpendicular to the
electron beam.

(2) Calculation of the Lorentz deflection angles by integrating electron-field
interaction over the electron trajectory.
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(3) Conversion of the Lorentz deflection angle data to an image format.

5.6.2 Calculation of components of the stray field perpendicular to the
electron beam

McVitie (1988) quoted formulae which can be used to calculate the stray field
of a uniformly magnetised parallelepiped with magnetic poles on a face. In
order to simplify the calculation, in this work the origin of the coordinate
system S' is set at the centre of a charged plane ABCD in Fig. 5.15 where
magnetic poles occur.

Y' /'r'
D
l Ol C Xl
|
|
[
A 2'/ v |B
/L____________.
/
/
/
/

Fig. 5.15 A local coordinate system S'.

In the models considered, there may be several charged planes. For
example there are 3 charged planes in model 1 so that there are 3
coordinate systems in which the stray field H'(r') of each charged plane is
calculated. Therefore, S' is named the local coordinate system.

The calculation of the areal density of the magnetic poles in each model has

been described in section 5.5. It is assumed that the magnetisation M is 800
emu/cm?, the thickness of the magnetic film is 35 nm and the geometry of
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the tip is exactly the same as the specifications of the Microlever™ (Chapter
3).

According to the principle of the MDPC technique, the Lorentz deflection
angles should be calculated in a coordinate system which only depends on
the location and orientation of the MDPC detector. This is the absolute
coordinate system S which has been defined for each model in section 5.5.
The position vector of a pixel is r in S which is usually different from the
position vector r' of the same pixel in S' unless S and S' are coincident.
However, the equations are based on the local coordinate systems. Hence a
shifting operation T and a rotation operation R are performed. By using the
shifting operation, r' can be calculated from r so that H'(r') is calculated in S'.
Since the X' and Y’ directions in S' are not necessarily parallel to the X and Y
directions in S respectively, the R operation is performed on H'(r') to obtain
the components of H(r) in S which are perpendicular to the electron beam.

If we suppose that the position vector of the origin O' of a local coordinate
system is r, in S, then the above steps can be described mathematically
using the following equations

H()=H[R(-n;,-1,,-1)T,)r] (5.8)
H(r) =R(ny,n,,ms )H'(r") ‘ (5.9)
1 0 0
R,(n,)=|0 cosn sinn,
0 -sinn, cosn, (5.10)

cosn, 0 —sinn,
R,(m)=| 0 1 0
sinn, 0 cosn, (5.11)

cosn, sinn, O

Ry(n,)=|—sinn; cosn, O
0 0 1 (5.12)
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Where n4, nz,and nz are the angles through which the coordinate system S'
has to be rotated around its own X', Y' and Z' axes respectively so that it can
be coincident with S. After these operations, the stray field of each of the
charged planes is calculated in the absolute coordinate system. The total
stray field of the tip is then obtained by adding them together.

5.6.3 Calculation of Lorentz deflection angles

The Lorentz deflection angle consists of two orthogonal components B,(X,Y)
and B,(X,Y) and they can be calculated using the equations given in Chapter

2. As the MFM tip is imaged using 100 keV electrons in the experiment, the
wavelength A is 0.0037 nm.

Since the dimension of the simulated object is very small and the fact that
the magnetic field decays rapidly with distance, the extension of the stray
field in the Z direction is limited. Therefore, Z, and Z, are approximated to 6
um and -6 pm. The integral is solved using the n-point Gaussian quadrature
numerical method (NAGFLIB 1983, Davis 1967) as specified in the NAG
library.

5.6.4 Conversion of Lorentz deflection angle data to an image format

The simulated MDPC images are obtained by linearly converting the Lorentz
deflection angle data into the 8 bit grey scale image format. A pixel where
the Lorentz deflection is zero will have a grey level of 128 while a pixel with
the maximum Lorentz deflection angle (B)max Will have a grey level of either
255 or 0 depending on whether the deflection angle is positive or negative.
More details of this image format are given in Appendix 1. The equation used
to accomplish this conversion is

G.(X,Y) =128+ X Y) (5.13)

IBmaxI
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By (X,Y)

G, (X, Y)=128+222
B (5.14)

The Lorentz deflection angles are calculated along two orthogonal directions
simultaneously. The images mapped along the X and Y directions are
converted from the deflection angle data using the same ‘Bmax which is

obtained by means of surveying the Lorentz deflection data of both
components using the FORTRAN 77 program shown in Appendix 4.

5.7 Simulation of MDPC images using the one-face coated
models

5.7.1 Simulated MDPC images

The MDPC images simulated using model 1 and model 2 are given in Fig.
5.16 and Fig. 5.17 respectively. As the tip is experimentally opaque to 100
keV electrons, the signal level of the tip region is set to be 0 during the
simulation so as to make it consistent with the experiments. It is observed
that the stray field configurations of both models are symmetric about the Y
axis. Apparently the X component of the Lorentz deflection angle is relatively
strong along the edges of the tip whereas the Y component of the deflection
is strong at the end of the tip. These characteristics are what we expected
from the input and are similar to that of the experimental MDPC images
qualitatively. Compared to the MDPC images of model 2, the MDPC images
of model 1 comprise higher contrast along the edges, especially in regions
close to the tip-cantilever interface. This reflects the effect of the negative
poles on the interface.

5.7.2 Analysis of the simulated MDPC images using arrow mapping
method
Fig. 5.18 and Fig. 5.19 are the arrow mapping results of the MDPC images

simulated using model 1 and 2 respectively. The length of the arrows
indicates that in both cases the strongest Lorentz deflection occurs at the
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Fig. 5.17 MDPC images simulated using model 2.
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Fig. 5.18 Arrow mapping of the MDPC images simulated using model 1.

11
1 1

n
9HH f m |
Jl.'fgls ﬁ-l E h

=

vy
L
o=

w0

Al
29

2
| f ]
i’: if llg Il
H 11 I111j
x 1
oo
. il ¢ 11
1 si Il I H I
1M1 11H1 E;

Fig. 5.19 Arrow mapping of the MDPC images simulated using model 2.
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end of the tip and decays in both the X and Y directions. This is in
accordance with the experimental result.

Fig. 5.18 suggests that the stray field is also strong at the corners on the tip-
cantilever interface and the stray field forms a flux closure configuration
there. This is due to the fact that there are negative poles on the tip-
cantilever interface. Another effect of these negative poles is that they
reduce the stray field from the positive poles and consequently makes the
stray field decay more rapidly than in model 2.

5.7.3 Analysis of simulated MDPC images using line tracing method

In this section, the line tracings are again performed along line 1 and line 2
as defined in Fig. 5.6.

The decay of the Y component of the Lorentz deflection along line 2 are
illustrated by Fig. 5.20. Curve fittings of these data have been performed and

it is found that the plots can be described by functions in the form of
B,(Y)=a-bin(Y+c). The fitting parameters for each model are given in

Table 5.1.
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Fig. 5.20 Line tracings along line 2 in the MDPC images simulated
using the one-face coated models and curve fittings. These
images are mapped along the Y direction.

a b C

Experiment |,(Y) 11.96 27.34 0.026
Model 1 B,(Y) | 2.15x10° | 2.436x10°® 0.031
Model 2 B,(Y) | 4.43x10° | 2.569x10° 0.031

Table 5.1 Parameters of curve fittings. The unit for ¢ is um. The
unit for a and b is rad.

Fig. 5.20 shows that the fitted curves are almost coincident with the
modelling results. This verifies that the curves are good fits of the data. The
maximum Lorentz deflections occurred at Y = 0 are 1.13 x 10 rad and 1.39
x 10 rad for Model 1 and 2 respectively and they decay along the Y axis.
The decay distance is measured according to the modelling data and
summarised in Table 5.2
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Dy (um) Dy (um)
Experiment 0.37 (Right) 0.32
0.25 (Left)
Model 1 0.37 0.36
Model 2 0.70 0.73
Model 3 0.64 0.62
Model 4 0.86 0.78

Table 5.2 Parameters measured using line tracing method. D, and
D, represent the decay distances of B, along line 1 and line 2

respectively.

Fig. 5.21 demonstrates the line tracing results along line 1 in the MDPC
images which are mapped along the Y direction. They confirm quantitatively
that the Y component of the stray field is symmetric about the Y axis as we
expect from the models. They also suggest that the Y component of the stray
field of model 2 is always stronger than that of model 1. Although these two
curves can not be fitted with the functions, they demonstrate how this
component of stray field decays along line 2 and allow decay distance of
both models to be measured (Table 5.2).
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Fig. 5.21 Line tracings along line 1 in the MDPC images simulated
using the one-face coated models. These images are mapped
along the Y direction.

The line tracing results along line 1 in the MDPC images mapped along the
X direction are given in Fig. 5.22. It is obvious that the X component of the
Lorentz deflection By is anti-symmetric about the Y axis in both models. Since
the decay distance is beyond the range of the line tracing, it can not be
measured. Nevertheless, the figure indicates that the stray field of model 1
decays more rapidly than that of model 2. The maximum By are 5.29 x 10°°
rad and 5.60 x 107° rad for model 1 and model 2 respectively.
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Fig. 5.22 Line tracings along line 1 in the MDPC images simulated
using the one-face coated models. These images are mapped
along the X direction.

5.7.4 Comparison between experiment and simulations

It has been stated earlier that we are interested in MFM tips which are
uniformly magnetised towards the apex and this motivates the computer
simulation of the uniformly magnetised tip. By comparing the experiment
images with simulated images, we can have an insight into the domain
structure in the tip and the stray field it generates. This helps us to
understand the tip-sample interaction in MFM imaging.

The computer simulations indicate that for the uniformly magnetised tip the
distribution of the Y component of the stray field is symmetric about the Y
axis whilst the X component is anti-symmetric. However, the study of the
experimental images and line tracings along line 1 suggest that both
components of the stay field are asymmetric about the Y axis over the whole
of the imaging area, which is different from the modelling results. Therefore,
the whole of the tip is not in a single domain state even after application of
an 8000 Oe magnetic field. The simulated MDPC images indicate that the
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variation of the signal level is smooth along the edges of the tip. In the
experimental MDPC images, some abrupt changes in the signal level are
observed along the edges. Moreover, these abrupt changes do not occur in
places which are symmetric about the Y axis. This suggests that the
magnetic pole density ¢ is not uniform on the edges. Since c =Men and n is
constant on a flat surface, the change in ¢ reflects a non-uniformity in the
component of magnetisation normal to the edges. Another possible reason
for the sudden changes in signal level is the presence of volume magnetic
poles due to non-zero divergence of the magnetisation (VeMz0).
Nevertheless, it also leads to the same conclusion that the magnetisation is
not uniform in the whole of the tip.

For an MFM tip, it is usually the apex region that dominants the interaction
with samples and determines the MFM imaging resolution. Although the
whole of the tip does not support uniform magnetisation, some information
about the domain structure at the end of the tip can be extracted. As far as
the single domain models are concerned, the strongest stray field occurs at
the end of the tip, which is the same as the experimental result. Moreover,
both the experimental MDPC imaging and the quantitative analysis indicate
that a region of about 0.5 um in radius around the end of the apex comprises
the similar stray field distribution as the simulation. As the domain structure
at the end of the tip has the most important impact on the stray field in this
region, it suggests that the end of the tip may comprise uniform
magnetisation. In addition, it is apparent in the experimental MDPC images
that no abrupt variation in signal level occurs along the edges of an apex
region which extends up to about 0.5 um from the apex. According to the
computer simulation result, this is what we expected from a uniformly
magnetised region. Therefore, it confirms that the end of the tip does support
uniform magnetisation and the size of such a region is about 0.5 pm.

Since the whole of the tip does not support uniform magnetisation, it would
be interesting to know what differences and similarities it makes in terms of
the stray field compared to a uniformly magnetised tip which has been
simulated using model 1 and model 2. The above comparison has presented
some of the major differences to lead us to the conclusions on the domain
structure in the tip. More quantitative information on this aspect can be
gathered and the impact of the negative poles on the tip-cantilever interface
can be found out by studying the line tracing results.
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The line tracing of the Y component of the stray field along line 2 suggests
that both the experimental data and the modelling data can be described
using functions in the form of Y=a-bin(X+c) and the value of the
parameters are listed in Table 5.1. It has been pointed out that the curve
fitting is performed on the signal level and Lorentz deflection angle for the
experiment and simulations respectively. Since the MDPC signal level is a
linear function of the Lorentz deflection angle, the modelling data can be
scaled linearly according to the fitted curve of the experimental data so that
they have the same maximum MDPC signal level (Fig. 5.23). An apparent
indication given by the figure is that the Y component of the stray field
decays faster in model 1 than in model 2. This is due to the different
assumptions used in the modelling. In model 2, only positive poles are
assigned along the edges of the tip. Nevertheless, in model 1, extra negative
poles are assigned on the tip-cantilever interface. Those negative poles
generate stray field which tends to cancel the stray field from the positive
poles. This is similar to the case of a monopole and a dipole - the field of the
dipole decays more rapidly than the field of the monopole.
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Fig. 5.23 Line tracing of both experimental MDPC images and
simulated MDPC images after being re-scaled.
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Comparing the simulation with the experiment, we can see that the Y
component of the stray field decays even faster than that of model 1. This
reflects the effect of the non-uniformity in magnetisation. The non-uniform
magnetisation in the tip may result in the presence of both negative and
positive magnetic poles. Since magnetic field decays rapidly as the distance
from magnetic poles increases, it is predominantly determined by the poles
close to the point where it is measured. Therefore, the poles at the end of
the tip have a major effect on the stray field distribution along line 2, i.e. as a
approximation, the function used for curve fitting may be determined by the
domain structure at the end of the tip. Magnetic poles in other regions are
farther from the point where the field is measured and thus have a
secondary effect on the stray field, i.e. they only finely tune the fitting
parameters a, b and c. Since both the real tip and the models support
uniform magnetisation at the end of the apex, the data can be fitted using the
same form of function. However, the distribution of poles in other regions is
different for each case. As a consequence, the parameters are not identical.

The decay distances have been summarised in Table 5.2 and they confirm
the conclusion we have drawn from Fig. 5.22. For the line tracing of the Y
component of the stray field along line 1, we did not find an analytical
expression. However, by comparing the decay distances, it is found that the
experimental data also decays more rapidly than either model and the
slowest decay is supported by model 2. This is in agreement with the above
discussion.

5.8 Simulation of MDPC images using whole-surface coated
models

5.8.1 Simulated MDPC images

It has been discussed in the introduction of this Chapter that the magnetic
film can also be coated on the Microlever™ using the normal evaporation
method and this produces whole-surface coated tips. Since this type of tip is
not suitable for use in our MFM as a result of the deformation of the
cantilever, it is not imaged using MDPC technique in this work. However, a
method will be suggested in Chapter 8 which may overcome this problem.
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Thus computer simulations are performed using model 3 and model 4 which
have been detailed in section 5.4 to allow comparisons in future.

Qualitatively, the contrast in the MDPC images simulated using both models
is symmetric about the Y axes as expected. This is illustrated in Fig. 5.24 by
a pair of MDPC images of model 4. They suggest that strong Lorentz
deflections occur at the end of the tip as well as along the edges of the tip.
Moreover, the equal-deflection rings can be observed in the images radiating
from the tip, demonstrating the decay of the stray field.

5.8.2 Analysis of MDPC images using arrow mapping method

The arrow mapping result of the MDPC images simulated using model 3 is
given in Fig. 5.25. The length of the arrows indicates that Lorentz deflection
is the strongest at the corners on the tip-cantilever interface rather than the
end of the apex. This is apparently due to the fact that there are negative
poles on the tip-cantilever interfaces. However this is different from the
simulation result of model 1 where the strongest deflection occurs at the end
of the apex. The arrows appear not to be symmetric in the image although
the data indicate that the Lorentz deflection angles are symmetric. This is
due to the artefacts of the plotting software.

Fig. 5.26 is the arrow mapping result of model 4. The arrows demonstrate
the Lorentz deflection on one side of the Y axis is in a mirror relation to the
deflection on the other side of the Y axis. The figure also indicates that the
strongest Lorentz deflection occurs at the end of the tip. This is similar to the
mapping results of model 1 and model 2 although it is different from the
mapping result of model 3. The reason is that there are more magnetic poles
on the tip-cantilever interface in model 3 and they make an important
contribution to the stray field.

5.8.3 Analysis of MDPC images using line tracing method
The line tracings in these MDPC images are performed along the X and Y

axes which are defined in Fig. 5.6. Along the X axis, the line tracing starts
from one side of the simulation frame and finishes on the adjacent side.
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Fig. 5.24 MDPC images simulated using model 4.

Fig. 5.25 Arrow mapping result of the MDPC images simulated
using model 3.



Fig. 5.26 Arrow mapping result of the MDPC images simulated
using model 4.



Chapter 5 Characterisation of MFM tips using the MDPC mode of Lorentz microscopy and computer
simulation

Along the Y axis, the line tracing starts from the end of the tip and finishes on
the bottom border of the simulation frame.

The decays of the Y component of the MDPC images are demonstrated by
the line tracings along the Y axis (Fig. 5.27). Curve fittings have been tried
and it is found that the line tracing data cannot be described by functions
discussed before. The decay distances are 0.62 um and 0.78 pm for model
3 and model 4 respectively.
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Fig. 5.27 Line tracings along the Y axes of the MDPC images
simulated using the whole-surface coated models. These images
are mapped along the Y direction.

Fig. 5.28 shows the line tracings along the X axes of the MDPC images
which are mapped along the Y direction. Basically, they are symmetric about
the Y axes with the maximum values at Y = 0, which are similar to the result
of the one-face coated models. Moreover, the line tracing of model 3 is
always lower that of model 4, indicating weaker Lorentz deflection. The
maximum Y components of the Lorentz deflection are 6.04x10°rad and
6.90x 107°rad for model 3 and model 4 respectively. These values decay to
0.01x10°rad and 3.73x10°rad respectively at Y = 4 um. The decay
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distance is measured to be 0.64 um for model 3 whereas it is 0.86 pm for
model 4.

X (um)

Fig. 5.28 Line tracings along the X axes of the MDPC images
simulated using the whole-surface coated models. These images
are mapped along the Y direction.

The line tracings along the X axis of both models are shown in Fig. 5.29. It is
found that the plot of model 3 is always closer to the X axis than that of
model 4, indicating weaker Lorentz deflection. For model 3 (B, ). is 2.07 X
10 rad and decreases to 5.14x10°rad at X = 4 um. For model 4, (B,),.., iS
2.12x107°rad and decreases to 9.25x10°rad at X = 4 um. Thus, B4 decays
more rapidly in model 3 then in model 4 due to the magnetic poles on the tip-
cantilever interfaces. Compared to the equivalent one-face coated models,
the maximum X components of the Lorentz deflection of the whole-surface
coated models are about 4 times larger. This is obviously due to the fact that
the whole-surface coated tip comprises more magnetic poles.
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Fig. 5.29 Line tracings along the X axes of the MDPC images
simulated using the whole-surface coated models. These images
are mapped along the X direction.

5.8.4 Comparison between whole-surface coated models and one-face
coated models

Both the one-face coated models and whole-surface coated models support
symmetric distribution of stray field about the Y axis, which is in agreement
with the input. However, the calculations indicate that the stray field of the
whole-surface coated tip is stronger than the stray field of the one-face
coated tip, which is due to the fact that the whole-surface coated tip
comprises more magnetic poles. Moreover, by comparing the values listed in
Table 5.2, it is also noticed that the decay of the stray field of the whole-
surface coated tip is slower than that of the one-face coated tip. A
consequence of this in terms of MFM imaging is that domain structure of soft
magnetic specimens is more likely to be affected by the whole-surface
coated tip. Therefore, the one-face coated tip is more suitable for use in the
MFM imaging of soft magnetic materials. Another disadvantage of the larger
magnetic volume is that it may result in lower MFM resolution as some work
in this field has indicated (Gritter et al. 1992). Nevertheless, as the whole-
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surface coated tip consists of a larger magnetic volume, it will suffer a
stronger deflection force due to tip-sample interaction and thus generate
higher MFM signals.

5.9 Conclusion

In this project, both the normal and oblique thermal evaporation techniques
have been applied to fabricate MFM tips. SEM studies demonstrate that the
curvature of the cantilever caused by the normal evaporation can be
overcome by using the oblique thermal evaporation at an oblique angle of
about 55°. Although the curvature of the cantilever is a very common
problem in the preparation of MFM thin film tips, it has not previously been
reported in the literature. The triangular shadow due to the oblique
evaporation is observed in the SEM image recorded from the one-face
coated tip, which confirms that the cobalt film is predominately coated on
one face of the pyramid. By examining the whole-surface coated tip using
bright field imaging in the CTEM, the magnetic thin film is found to have good
contact with the SisN; pyramid and the thickness of the film is measured to
be in good agreement with the experiment design. This suggests that the film
on the tip provides good coverage and its thickness can be accurately
controlled.

The experimental MDPC studies and computer simulations of the one-face
coated tip indicate that the tip does not comprise a uniformly magnetisation
throughout the whole volume. However, it appears that uniform
magnetisation has been obtained in the apex region and it is the dominant
factor in the determination of the stray field at the end of the tip. The decay
of the Lorentz deflection angles has been investigated and the decay
distances are measured.

The simulations of the whole-surface coated tip indicate that it produces
stronger stray field than the one-face coated tip. Since the magnetic volume
of the whole-surface coated tip is larger than that of the one-face coated tip
and the location of the magnetic poles is different, the distribution of stray
field is different. These simulation results will be compared with experimental
characterisations in future.
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Chapter 6

Characterisation of elements simulating thin films on
MFM tips

6.1 Introduction

The one-face coated cobalt tips studied in Chapter 5 have been used in our
MFM (Beaumont et al 1994, Valera and Farley 1995). This instrument has
been used to image various magnetic specimens and a typical image
recorded from a Co/Pt multilayer specimen is displayed in Fig. 6.1. This MFM
image suggests the tip is capable of imaging 30 nm magnetic details (Valera
et. al. 1995). Occasionally we find that when the tip is used to characterise
specimens with strong stray fields, the observed contrast is not as
straightforward. Fig. 6.2 is an MFM image acquired from a Co/Pt sample,
which displays little magnetic contrast. One possible explanation for this
phenomenon is that the domain structure of the tip is perturbed by the field
from the specimen. Such a condition is undesirable and MFM images
acquired in this way are difficult to interpret. In order to avoid this problem, it
is necessary that the behaviour of the tip in magnetic fields is understood
and in this chapter we attempt to provide such information.

Since the Microlevers™ (Chapter 3) are too thick to be imaged using Lorentz
microscopy, permalloy and cobalt thin film elements are fabricated on the
SizN4, membrane substrates (Chapter 3) to simulate magnetic thin films on
the one-face coated MFM tips. The evaporation condition used to fabricate
the cobalt elements is the same as that used to fabricate the MFM tips which
have been studied in the previous chapter. Thus the exchange coupling
between grains in the cobalt elements is reduced. The evaporation of the
permalloy elements was performed with a relatively faster growth rate thus
producing fully exchange coupled grains. More details of the evaporation set
up can be found in Chapter 3. These elements allow direct imaging of
domain structures in various states to be carried out. Moreover, the dynamic
behaviour of these elements can also be investigated by performing in-situ
magnetising experiments utilising the in-situ magnetising stage (Chapter 3).
The ideas used in designing the SIM1 to SIM4 patterns and the specimen
fabrication process have been given in Chapter 3. The physical
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Fig. 6.1 MFM image of a Co/Pt multilayer specimen acquired with
a one-face coated cobalt tip (Courtesy of Dr. A Farley).

Fig. 6.2 MFM image of a Co/Pt multilayer specimen acquired with
a one-face coated cobalt tip (Courtesy of Dr. A Farley).
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characteristics of the elements are investigated using bright field and
electron diffraction modes whereas the magnetic configurations are
examined using the Fresnel and Foucault modes of Lorentz microscopy.
These studies are performed on the JEOL 2000FX CTEM/STEM (Chapter 2)
and the results of the cobalt and permalloy elements are described in section
6.2 and 6.3 respectively.

6.2 Cobalt elements
6.2.1 Physical characteristics of elements

The diffraction pattern shown in Fig. 6.3 comprises diffraction rings and each
of them is uniform in brightness. This indicates the elements comprise a
randomly oriented polycrystalline structure. Fig. 6.4 is a bright field image
taken from the apex region of the SIM1 element. The grain size is measured
to be in the range of 5 ~ 10 nm and the radius of the apex is 30 £ 5 nm which
is consistent with that of the cobalt film on the MFM tip studied in Chapter 5.
Bright field images of other elements confirm that they have the similar grain
size and apex sharpness. From these observations, it is apparent that the
elements are good representations of the film on the one-face coated MFM
tips.

6.2.2 Magnetic study of SIM1 element
6.2.2.1 As-grown state

The domain structure of the SIM1 element in the as-grown state is studied
using the Foucault mode of Lorentz microscopy. As the arrows indicate in
Fig. 6.5 the domain configuration is characterised along two orthogonal
mapping directions and domains are represented by dark and bright clusters.
A fine domain structure is observed and the average width of the domains is
measured to about 300 ~ 400 nm. In both components, it is observed that
the overall areas of the black and white regions are about equal indicating
the net magnetisation of the element is zero. Furthermore no contrast due to
stray field is observed around the element, which suggests the magnetisation
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Fig. 6.3 Electron diffraction pattern of the cobalt elements
indicating a polycrystalline structure.

80 nm

Fig. 6.4 TEM image of the apex region of the cobalt SIM1
element.
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is approximately parallel to the edges of the element so that the
magnetostatic energy associated with surface poles is eliminated. These
observations indicate that the small scale domain structure is not strongly
influenced by the shape of the element except perhaps only in regions very
close to the edges.

6.2.2.3 Ac-demagnetised state

The procedure for performing in-plane ac-demagnetising experiments has
been described along with the instrumentation in Chapter 3. In general, the
resultant domain structure is expected to be a low energy state. The
Foucault images of this element is shown in Fig. 6.6. It supports a fairly
regular domain structure with a degree of solenoidality due to the shape
effect. In the rectangular region, large scale domains are observed
containing magnetisation ripple (Craik and Tebble 1965) and the
magnetisation is parallel to the nearest edge of the element to reduce the
magnetostatic energy. Each of the triangular regions comprises effectively
two domains with magnetisations parallel to the nearest edge as indicated by
arrows in the figure. These two domains are almost equal in size with a
domain wall running towards the apex.

6.2.2.4 Remanent state

This remanent state is produced by applying an 8000 Oe external field along
the X direction and then decreasing it to zero. The domain structure in this
state is again imaged using the Foucault mode as shown in Fig. 6.7. It is
observed that the overall structure is rather irregular. The rectangular region
comprises a considerable component of magnetisation perpendicular to the
applied external field. The magnetisation in regions close to the edges
appears to be approximately parallel to the edge thus reducing the
magnetostatic energy.

The domain structures of the triangular regions are investigated at higher

magnification in order to reveal details. It is noted that their domain
structures are very similar. Hence, Foucault images are only recorded from
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Fig. 6.5 Foucault images of the cobalt SIM1 element in the as-
grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the triangular region is 4 gm.

Fig. 6.6 Foucault images of the cobalt SIM1 element in the ac-
demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 gm.



Fig. 6.7 Foucault images of the cobalt SIM1 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 gm.

Fig. 6.8 Foucault images highlighting one of the apex regions of
the cobalt SIM1 element in the remanent state. The X axis is
horizontal while the Y axis is vertical. The length of the edge of the
triangular region is 4 pm.
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one of them and shown in Fig. 6.8. They demonstrate a typical ripple
structure with an average direction of the magnetisation pointing to the apex.
Apparently, there is little or no ripple in a region of 500 £ 20 nm long at the
extremity, which indicates this small volume is indeed uniformly magnetised
along the X axis. This is in good agreement with our conclusion on the size
of the uniformly magnetised region in the one-face coated cobalt tip, which
was drawn from stray field distribution (Chapter 5). Since the magnetisation
is discontinuous on the edges, magnetic poles occur and stray field is
observed around the apex.

Comparing this domain structure with that in the as-grown and ac-
demagnetised states, it is found the magnetisation in the remanent state has
more directionality especially in the triangular region. This is the result of the
applied magnetising field and causes a part of the apex region to be
uniformly magnetised. Again it reflects the reduced exchange coupling
between the grains.

6.2.2.5 In-situ magnetising experiment

The in-situ magnetising experiment performed on the SIM1 element starts
with the remanent state as it is a reasonably well defined and reproducible
state. Moreover, it is also usually the state in which an MFM tip is used to
image samples. The whole magnetising process is shown in Fig. 6.9. Since
in the Foucault mode imaging any small variation in the magnetic field
generated by the in-situ magnetising stage causes instability in the imaging
condition, especially when a large external field is applied, the imaging
condition has to be reset every time the field is varied. Therefore, the Fresnel
imaging mode is used in this experiment to identify main changes in domain
structure. In this experiment, we are interested in the domain nucleation
process especially in the triangular region of the element since this region
represents the magnetic material in the MFM tip close to the sample and its
domain structure is the major factor determining the stray field around the
end of the tip (Chapter 5). The element is consistently monitored while the
external field is gradually increased from 0 to the maximum 100 Oe against
the initial magnetisation direction before being decreased to 0.
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Fig. 6.9 Fresnel images of the cobalt SIM1 element during the in-
situ magnetising experiment. The X axis is horizontal while the Y
axis is vertical. The length of the edge of the triangular region is

4 pm.

M (Arbitrary Unit)

-1
Hext (Oe)
0 78 92 97

Fig. 6.10 Schematic diagram of a part of hysteresis loop
illustrating the in-situ magnetising experiment performed on the
cobalt SIM1 element.
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During the application of the field, there are three major irreversible changes
in the domain structure and they are illustrated schematically in the
hysteresis loop (Fig. 6.10). As described earlier in this chapter, the remanent
state of the SIM1 element comprises a near uniform magnetisation at the
end of the apexes. This domain structure does not change markedly until the
external field reaches 78 Oe where a domain wall is nucleated in the top
triangular region. This domain wall runs through the triangular region and
therefore the magnetisation in the extremity is no longer uniform. Meanwhile,
further domain wall nucleation also takes place in the rectangular region
although the volume occupied by the nucleated domains is very small in
relation to the volume of the element. This domain structure is stable until the
external field reaches a value of 92 Oe. At this field many domain walls are
generated and the extremity of each triangular region comprises several
domains. In this state, the magnetisation in most of the volume has been
aligned along the field direction and thus the net magnetisation becomes a
positive value. Further domain wall nucleation and movement are observed,
mostly in the centre of the element, when the external field reaches 97 Oe.
Apparently, the triangular region still does not support a uniform
magnetisation not even at the extremities; the rectangular region also
supports a multidomain structure. Increasing the external field to 100 Oe
does not make any significant changes and this configuration is maintained
after the field has been removed.

More domain wall nucleation and motion are expected to occur beyond 100
Oe, but they cannot be observed using this in-situ magnetising stage.
Although this is certainly a limitation, the applied field is enough to change
the domain structure in the apex region and provides useful information on
the stability of the tip's remanent state in an external field.

6.2.3 Magnetic study of SIM2 element
6.2.3.1 As-grown state
Fig. 6.11 shows the Foucault images taken from the element SIM2. It is

apparent the magnetic configuration is very similar to that of the SIM1
element in the as-grown state. However, the average width of the domains is
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Fig. 6.11 Foucault images of the cobalt SIM2 element in the as-
grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the triangular region is 4 gm.

Fig. 6.12 Foucault images of the cobalt SIM2 element in the ac-
demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 gm.
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measured to be in the range of 400 ~ 500 nm which is wider than that of the
SIM1 element in the same state. Moreover, in the SIM2 element, the total
area of the bright domains in the image mapped along the X direction is
greater than the total area of the dark domains, although they appear almost
equal in the image mapped along the Y direction. Thus, there is a net
component of magnetisation parallel to the X axis. Although this reflects the
fact that the SIM2 element is more acicular, it is quite surprising because of
the small scale of the domain structure relative to the size of the element.

6.2.3.2 Ac-demagnetised state

The ac-demagnetised state of the SIM4 element is shown in Fig. 6.12. This
is a typical ripple structure with the average direction of magnetisation
parallel to the length of the element. At the end of the apex region, the ripple
becomes negligible indicating a near uniform magnetisation. Thus, magnetic
poles occur on the edges due to the discontinuity of the magnetisation. In the
image mapped along the Y direction, the stray field around the end of the
triangular regions is symmetric and this is qualitatively what is expected from
such a nearly uniformly magnetised triangular region.

The fine domain structure in the as-grown state of this element has
disappeared although there are still magnetic variations due to the ripple. It is
slightly surprising that the ac-demagnetised state supports a near uniform
magnetisation distribution rather than one with a flux closure structure. The
acicular nature of the element is no doubt a dominant factor in this respect.

6.2.3.3 Remanent State

The overall domain structure of the SIM2 element in the remanent state is
effectively identical to its ac-demagnetised state. Fig. 6.13 displays the high
magnification Foucault images recorded from one apex region. Although
brightness variations due to ripple can be observed in most of the volume of
the element, the variation is significantly reduced in a region 500 + 20 nm
from the end of the apex. This suggests that the region supports a uniform
magnetisation as the SIM1 element does in the same state. Thus, it is
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Fig. 6.13 Foucault images of the cobalt SIM2 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 pm.

M (Arbitrav Unit)
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Fig. 6.14 Schematic diagram of a part of hysteresis loop
illustrating the in-situ magnetising experiment performed on the
cobalt SIM2 element.
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confirmed that the one-face coated cobalt tip does support a near uniform
magnetisation at the end of the apex region and its length is about 500 nm.

6.2.3.4 In-situ magnetising experiment

The in-situ magnetising experiment performed on the SIM2 element starts
from the remanent state and has 3 main irreversible changes in domain
structures within the field range. This process is schematically shown in the
hysteresis loop (Fig. 6.14). The domain structure of the element is recorded
after each irreversible change happens and is displayed in Fig. 6.15.

The remanent state of the element has been imaged using Foucault imaging
and discussed in detail in the previous section. No significant change is
observed before the applied external field reaches Hqq = 65 Oe where two
domain walls have been generated which run along the length of the
element. The element now supports three domains as shown in the
schematic diagram (b). Here the central domain is in the direction of the
applied field whereas the domains along the edges still maintain antiparallel
magnetisation to the external field. In this domain configuration each apex of
the element is split into three parts. Increasing the field to 73 Oe results in
the third magnetic configuration as the schematic diagram (c) shows. In this
state, the two domain walls are driven closer to the edges of the element and
the majority volume of the element comprises a magnetisation parallel to the
external field. A small "island" domain is observed within the central domain
with a magnetisation antiparallel to the direction of the external field. The
domains close to the edges also maintain the initial magnetisation direction
(antiparallel to Hey) but their volume is very small compared to the nucleated
domain. These domain walls are found to be of the cross-tie type. This
structure is stable again until the external field reaches 97 Oe, where all the
domains with magnetisation antiparallel to the external field has
disappeared. Therefore, the element comprises a near uniform
magnetisation with ripple present. This domain structure is identical to the
remanent state apart from the fact that the average direction of
magnetisation is reversed.

In this magnetising process, although the extemal field is still applied up to
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Fig. 6.15 Fresnel images and
the in-situ

Structures of the cobalt SIM2 element during
magnetising experiment. The X axis is horizontal while the Y axis
is vertical. The length of the edge of the triangular region is 4 pm.
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100 Oe, it is almost sufficient to saturate the element. Hence, this experiment
demonstrates effectively the behaviour of the element during a major
hysteresis loop.

6.2.4 Magnetic study of SIM3 element
6.2.4.1 As-grown state

Fig. 6.16 displays the Foucault images of the SIM3 element in the as-grown
state. Relatively large scale domains with irregular shapes are observed. The
magnetisation in the domains is approximately parallel to the edges of the
element and exhibits a degree of flux closure associated with shape effect.
No stray field is visible in the images confirming the solenoidality. It is also
found that the brightness in the top apex is not uniform, which suggests that
this region does not comprise uniform magnetisation.

6.2.4.2 Ac-demagnetised state

The ac-demagnetised state of this element is shown in Fig. 6.17. It is
observed that the SIM3 element comprises a "Y" type of domain structure
with three equal-sized domains. The magnetisation of each domain is
parallel to its nearest edge although some ripple is present indicating a
degree of divergence in the direction of magnetisation. Clearly the element
possesses a flux closure structure indicating that the shape effect is
significant in the formation of the domain structure.

6.2.4.3 Remanent state

This state is produced by applying an 8000 Oe field along the Y axis and
decreasing it to zero. The Foucault images of the remanent state are shown
in Fig. 6.18. This element contains markedly more significant variations in the
magnetisation direction than in the triangular parts of the SIM1 and SIM2
elements in the same state. Although a fairly irregular domain structure is
supported by the element, the apex is found to support a near uniform
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Fig. 6.16 Foucault images of the cobalt SIM3 element in the as-
grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the element is 4 gm.

Fig. 6.17 Foucault images of the cobalt SIM3 element in the ac-
demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 gm.

Fig. 6.18 Foucault images of the cobalt SIM3 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 gm.
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magnetisation in a region of 350 £ 20 nm long. Therefore, stray field is
observed around this apex. Comparing the size of the uniformly magnetised
regions in the SIM1 and SIM2 elements, the uniformly magnetised region in
the SIM3 element is significantly shorter although the mechanism
responsible for this difference is not obvious. A narrow domain is observed
along the bottom edge of the element in the images mapped along the X
direction. This domain has its magnetisation parallel to the edge in order to
reduce the magnetostatic energy.

6.2.4.4 In-situ magnetising experiment

This experiment performed on the SIM3 element starts with the remanent
state which has been described in the previous section. It is found that the
domain structure of the element experiences 2 major irreversible changes in
the field range used in the magnetising process as shown in the schematic
hysteresis loop of Fig. 6.19. The first irreversible change occurs at He = 78
Oe where a Y-like domain structure is generated. This is effectively a
solenoidal configuration although not as simple as in the ac-demagnetised
state. In this structure, the top apex where the magnetisation was nearly
uniform initially is now split into two domains by a domain wall. This domain
structure is stable until the external field reaches 98 Oe where the domain at
the left edge of the element increases slightly by movement of the domain
wall farther to the right hand side. However this is still a Y-like domain
configuration albeit distorted.

As the final domain structure at Hey = 100 Oe comprises several domains,
the element only experiences a small part of the hysteresis loop.
Nevertheless, this experiment still demonstrates some major changes in the
element as domain nucleation and the reduction in net magnetisation to
nearly zero are observed.

6.2.5 Magnetic study of SIM4 element

6.2.5.1 As-grown state
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Fig. 6.19 (a) Fresnel images of the cobalt SIM3 element during the
in-situ magnetising experiment. The X axis is horizontal while the
Y axis is vertical, (b) Schematic diagram of a part of hysteresis
loop illustrating the in-situ magnetising experiment. The length of
the edge of the element is 4 pm.
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Fig. 6.20 shows the Foucault images recorded from the SIM4 element. It
appears that the element comprises a complex domain structure with
irregularly shaped domains and the net magnetisation is not zero. The fact
that no stray field is observed in either component suggests that the
magnetisation of the domains close to the edges is near parallel to these
edges.

6.2.5.2 Ac-demagnetised state

The domain structure of the ac-demagnetised state is also investigated using
Foucault imaging and demonstrated in Fig. 6.21. The contrast in the images
suggests this is an almost symmetric structure about the long diagonal. It
consists of a domain with a near uniform magnetisation in the centre of the
element surrounded by four domains. The magnetisation in the central
domain is parallel to the long diagonal whereas the magnetisations in the
four surrounding domains are parallel to their nearest edges so as to form a
solenoidal structure. Some variations in brightness are present running
across the domain walls in the X direction mapped image. That indicates
these domain walls are of the cross-tie type.

6.2.5.3 Remanent state

This state is produced by applying an 8000 Oe field parallel to the long
diagonal and gradually reducing it to zero. The Foucault images recorded
after application of the field are shown in Fig. 6.22. Some ripple like contrast
is observed in both components, which suggests that the element has been
predominantly magnetised along the long diagonal. In a region of 350 + 20
nm long at the end of the apex, ripple is not apparent. Hence the
magnetisation in that region is uniform and the configuration of the stray field
around the apex confirms this. The length of this region is the same as that
in the SIM3 element. A region with reversed magnetisation is observed in the
centre of the element and it is not clear why this is so.

6.2.5.4 In-situ magnetising experiment
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Fig. 6.20 Foucault images of the cobalt SIM4 element in the as-
grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the element is 4 gm.

Fig. 6.21 Foucault images of the cobalt SIM4 element in the ac-
demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 gm.

Fig. 6.22 Foucault images of the cobalt SIM4 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 gm.



Fig. 6.23 Fresnel images of the cobalt SIM4 element during the in-
situ magnetising experiment. The X axis is horizontal while the Y
axis is vertical. The length of the edge of the element is 4 pm.
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Fig. 6.24 Schematic diagram of a part of hysteresis loop
illustrating the in-situ magnetising experiment performed on the
cobalt SIM4 element.
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A sequence of Fresnel images recorded from the SIM4 element during the
in-situ magnetising experiment is shown in Fig. 6.23. This experiment starts
from the remanent state and comprises four main irreversible changes in
domain structure. A schematic hysteresis loop is also given in Fig. 6.24 to
illustrate the process. Initially, the remanent state comprises a near uniform
magnetisation antiparallel to the external field. As the external field increases
to 28 Oe, a domain is generated in the centre of the element with a
magnetisation parallel to Hey While the domains at the edges appears to be
still antiparallel to the applied field. The walls separating these domains are
noted to be of the cross-tie type. Such a domain structure is similar to that in
the ac-demagnetised state. This structure is stable until Hgy reaches 40 Oe,
where the cross-tie wall in the centre of the element moves further to the
right as this middle domain increases in size. This domain structure does not
change until the external field reaches 73 Oe, where the size of the middle
domain further increases, driving both of the domain walls closer to the
edges of the element. As shown in the schematic hysteresis loop the net
magnetisation is now in the direction of the applied field. At Hex = 98 Oe, the
middle domain expands slightly, but the external field is not enough to
eliminate the surrounding domains.

6.3 Permalloy elements

6.3.1 Physical characteristics of elements

The electron diffraction pattern and bright field image of these permalloy
elements indicate that they also comprise a randomly oriented polycrystalline
structure with a grain size of similar dimension to that of the cobalt elements.
In addition, the sharpness of the apexes is also identical. Refer to section
6.2.1 for details.

6.3.2 Magnetic study of SIM1 element

6.3.2.1 As-grown state
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The as-grown state of the SIM1 element is shown in Fig. 6.25. It can be
observed that the rectangular region of the element comprises a solenoidal
domain structure. This is explained due to the dominating influence of the
shape effect as the previous study indicated (McVitie 1988) and is consistent
with a film in which the grains are fully exchange coupled. Curved domain
walls of the cross-tie type are observed in the lower half of the element
although the other domain walls are reasonably straight. In the triangular
regions the domains are slightly irregular and the walls extend to the apexes.
The fact that no stray field is observed suggests the magnetisation is parallel
to the edges of the element.

6.3.2.2 Ac-demagnetised state

Fig. 6.26 shows a pair of Foucault images recorded in this state. It is obvious
that the rectangular region comprises a solenoidal domain structure although
the central domain wall parallel to the Y axis is slightly curved. The domain
structure of the triangular region on the right hand side is similar to that in the
as-grown state while the triangular region on the left hand side contains two
equal-sized domains with magnetisation parallel to the edges of this region.
Although the overall structure is similar in these two states, the ac-
demagnetised state exhibits a more symmetric domain structure than the as-
grown state.

6.3.2.3 Remanent state

Fig. 6.27 shows a Fresnel image taken from the SIM1 element. In this image,
domain walls are represented by bright and dark lines. It is observed that in
the rectangular region, the domains form a flux closure structure although
they are fairly irregular. In the triangular region on the left hand side of the
rectangle, no domain walls are visible suggesting that it is uniformly
magnetised. Domain walls are observed in the triangular region on the right
hand side, however, most of the volume of the triangular region is still
uniformly magnetised.

123



Fig. 6.25 Foucault images of the permalloy SIM1 element in the
as-grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the triangular region is 4 pm.

Fig. 6.26 Foucault images of the permalloy SIM1 element in the
ac-demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 pm.



Fig. 6.27 Fresnel image of the permalloy SIM1 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 pm.
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This structure is significantly different from that of the SIM1 cobalt element in
the same state. The reason for this is that the grains in the permalloy
element are fully exchange coupled and its domain structure is much more
heavily influenced by the shape effect.

6.3.2.4 In-situ magnetising experiment

The in-situ magnetising experiment is performed on the permalloy SIM1
element in the same manner as on the cobalt SIM1 element. The Fresnel
images are recorded when irreversible changes in the domain structure
occur while Hey is varied (Fig. 6.28). Starting from the remanent state which
has been imaged in the previous section, many irreversible changes are
observed in the field range of 2.5 Oe to 52.5 Oe while the field is increased
up to 100 Oe. These changes are represented by domain wall movement
and can be observed directly. Changes occur in the rectangular and
triangular regions. Whilst the latter is of primary concemn, what happens there
is affected by the changes occurring in the former region. Therefore, the
images demonstrating the changes occurring in the rectangular region are
also included. It is found that a single domain is obtained in the triangular
region as soon as the field reaches 24 Oe. In such a state, most of the
rectangular region has also been magnetised along the field direction
although domain walls are observed at the edges perpendicular to the field
direction. Increasing the field from this value up to 52.5 Oe does not change
the domain configuration although the net magnetisation along the field
direction is increased slightly. The edge domain walls are still visible in the
rectangular region even at 100 Oe, indicating that the 100 Oe field is not
strong enough to generate uniform magnetisation throughout the element.

The domain nucleation process is also studied while the field is decreased
from 100 Oe to 0 Oe and 3 major irreversible changes are observed. At 22.5
Oe and 9.5 Oe, the edge domains expand and ripple is observed in the
rectangular region. However, the domain structure in the triangular region is
unchanged. Domain walls are observed to have nucleated in both apexes
simultaneously as soon as the external field reaches 4.5 Oe.

In this magnetising process, it has been observed that even at He = 100 Oe,
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Fig. 6.28 Fresnel images of the permalloy SIM1 element during the
in-situ magnetising experiment.
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the element still possesses some domain walls. The presence of domain
walls in the triangular region at zero field and their movements at small fields
indicate that in the MFM, such tips may always experience an attractive
force. This is in agreement with some experimental studies of permalloy tips
(Gritter et al 1991).

6.3.3 Magnetic study of SIM2 element
6.3.3.1 As-grown state

A pair of Foucault images taken from this element are shown in Fig. 6.29. It
can be seen that the central region is predominantly magnetised along the
length of the element. At the triangular regions, domain walls are visible
running towards the apexes. As no stray field is observed in both
components, the magnetisation is found to be parallel to the edges of the
element.

6.3.3.2 Ac-demagnetised state

The Foucault images of the SIM2 element in the ac-demagnetised state are
displayed in Fig. 6.30. They suggest that this element supports two equal-
sized domains separated by an irregular cross-tie wall. The comparison
between this structure with that of the physically identical cobalt SIM2
element in the same state which comprises a nearly uniform magnetisation
demonstrates the effect of the full exchange coupling between the grains.

6.3.3.3 Remanent state

The domain structure of the remanent state is demonstrated by the Foucault
images in Fig. 6.31. In the image mapped along the length of the element,
almost no brightness variation is observed within the element while
considerable contrast due to ripple is present in the Y direction mapped
image. This suggests that the element supports a nearly uniform
magnetisation parallel to the length. This domain structure is quite similar to
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Fig. 6.29 Foucault images of the permalloy SIM2 element in the
as-grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the triangular region is 4 pm.

Fig. 6.30 Foucault images of the permalloy SIM2 element in the
ac-demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 pm.



Fig. 6.31 Foucault images of the permalloy SIM2 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the triangular region is 4 pm.

110000

Fig. 6.32 Foucault images of the permalloy SIM2 element during
the in-situ magnetising experiment. The X axis is horizontal while
the Y axis is vertical. The length of the edge of the triangular
region is 4 pm.
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that of the cobalt SIM2 element in the same state.

6.3.3.4 In-situ magnetising experiment

Fig. 6.32 displays a sequential Foucault images while the external field is
increased from 0 to 100 Oe against the initial magnetisation of the element.
Since all the main irreversible changes in domain structure occur at low
fields, they are investigated utilising Foucault imaging. It has been described
in the previous section that the remanent state of this element contains a
near uniform magnetisation. When the field is increased to 19 Oe, a large
scale domain is generated along the element which occupies a volume more
than half of the element and the apexes no longer support uniform
magnetisation. On increasing the field to 27 Oe, the antiparallel domain is
further reduced by the nucleation of domains along the top edge of the
element. Here the right hand apex appears uniformly magnetised. The
antiparallel domain is completely removed at 100 Oe so that the element
supports a ripple structure with the average direction of magnetisation
parallel to the field. Reduction of the field from Hgq = 100 Oe down to O does
not change the domain structure.

6.3.4 Magnetic study of SIM3 element

The Foucault images of the SIM3 element in the as-grown, ac-demagnetised
and remanent states are displayed in Fig. 6.33, Fig. 6.34 and Fig. 6.35
respectively. Basically, the as-grown and remanent states support complex
domain structures with irregularly shaped domains. However, the ac-
demagnetised state supports a "Y" type solenoidal domain structure. The
fact that no stray field is observed in any state suggests that each comprises
flux closures. In the ac-demagnetised state the ripple present in the cobalt
SIM3 element is not seen in the permalloy SIM3 element, which
demonstrates the full exchange coupling between the permalloy grains.

In-situ magnetising experiments were carried out at the end of the project.

After completing the in-situ magnetising experiments on the SIM1 and SIM2
elements, the specimen was damaged. Thus in-situ magnetising
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Fig. 6.33 Foucault images of the permalloy SIM3 element in the
as-grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the element is 4 pm.

Fig. 6.34 Foucault images of the permalloy SIM3 element in the
ac-demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 pm.

Fig. 6.35 Foucault images of the permalloy SIM3 element in the
remanent state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 pm.



Fig. 6.36 Foucault images of the permalloy SIM4 element in the
as-grown state. The X axis is horizontal while the Y axis is vertical.
The length of the edge of the element is 4 pm.

Fig. 6.37 Foucault images of the permalloy SIM4 element in the
ac-demagnetised state. The X axis is horizontal while the Y axis is
vertical. The length of the edge of the element is 4 pm.

Fig. 6.38 Foucault images of the permalloy SIM4 permalloy
element in the remanent state. The X axis is horizontal while the Y
axis is vertical. The length of the edge of the element is 4 pm.
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experiments are not performed on either the SIM3 or SIM4 element.

6.3.5 Magnetic study of SIM4 element

The Foucault images of the SIM4 element in the as-grown, ac-demagnetised
and remanent states are displayed in Fig. 6.36, Fig. 6.37 and Fig. 6.38
respectively. It is noted that the as-grown and ac-demagnetised states
support domain structures with a degree of regularity. Although some large
scale domains with magnetisation parallel to the edges are present, the
domain structure in the apexes are rather irregular. The remanent state of
the element comprises a complex magnetic configuration with irregular
domains. The magnetisation in the remanent state seems to have a
considerable component parallel to the Y axis. This is similar to the domain
structure of the cobalt SIM4 element in the same state although the domains
in this case are somewhat larger.

6.4 Conclusion and discussion

The investigations of the cobalt thin film elements in the as-grown and ac-
demagnetised states suggest that the triangular regions of these elements
do not support a single domain structure. However, by applying an 8000 Oe
external field to the specimen then decreasing it to zero, a uniform
magnetisation can be obtained in a small region at the end of the apexes.
Comparing the length of these regions in different elements with the length of
the uniformly magnetised region in the one-face coated cobalt tip, it is found
that the SIM1 and SIM2 elements are the best representations of the film on
the tip. As the domain structure in this remanent state is well defined and
relatively simple, it is suitable for use in MFM imaging so that the acquired
MFM images may be interpreted quantitatively. This information has been
applied to the MFM imaging and our colleagues in Manchester Metropolitan
University use the remanent state of the one-face coated cobalt MFM tip to
image samples. The high quality MFM image shown in Fig. 6.1 is a good
example of such a set up. The drawback of this uniformly magnetised region
is that it results in relatively strong stray field and this may influence the
domain structure of samples during MFM imaging.
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The behaviour of the cobalt elements in external fields is investigated by
performing in-situ magnetising experiments. It indicates that the
magnetisation at the end of the apex region is no longer uniform when the
external field exceeds certain critical values. For the SIM1 and SIM2
elements, the critical value is in the ranger of 60 ~ 80 Oe. Such results give
us an insight into the stability of the domain structure in the one-face coated
cobalt MFM tip in the stray field of specimens.

The observations of the domain structure of the permalloy elements suggest
that the apex regions of the elements usually support mulitdomain structures.
Thus the tip-specimen interaction is more complex, which makes the
quantitative interpretation of an MFM image acquired by a one-face coated
permalloy tip more difficult. Nevertheless, as it does not comprise a uniformly
magnetised region, its stray field will be weaker than that of the cobalt tip.
Thus, it is especially useful in the MFM imaging of soft magnetic specimens.

The in-situ magnetising experiments performed on the permalloy elements
indicate that their domain structures can be changed easily with a weak field.
Thus, while a one-face coated permalloy tip is scanning over a specimen,
the domain structure in the tip may be frequently switched to align with the
stray field of the specimen. This results in that the tip always experiencing an
attractive force and it may also be useful in MFM imaging.

It is observed that the domain structure of the cobalt elements is different
from that of the equivalent permalloy elements. This may be due to two facts.
Firstly, cobalt supports a strong uniaxial anisotropy with Ky = 4.1 x 10° J/m®
(Jiles 1991) whereas permalloy has negligible anisotropy. The anisotropy
helps the cobalt element to be magnetised when a field is applied parallel to
the easy axis. However, since not all the easy axes are aligned perfectly
along one direction, the distribution of the easy axes in the cobalt grains
gives rise to significant ripple. Secondly, the permalloy elements are
fabricated with an evaporated rate of 0.1 nm/s and the previous studies
indicate that an element evaporated at such a rate possesses fully exchange
coupled grains. By using a slow evaporation rate, 0.04 nm/s, while
fabricating cobalt elements, the exchange coupling between the cobalt grains
is reduced (Wong et. al. 1992). As a result of that, the magnetisation of each
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cobalt grain is more independent of that of the neighbouring grains and this
makes the shape effect less important than in the permalloy elements.

The separation of the effects of these two factors on domain structure
requires comparison with other cobalt elements fabricated at the same
evaporation rate as that used to fabricate the permalloy elements. By
comparing the domain structures of these cobalt elements with that of the
cobalt elements studied in this chapter, the effect of the reduced exchange
coupling can be deduced. Hefferman (1991) had fabricated some 17 nm and
60 nm rectangular cobalt elements using an evaporation rate 0.1 nm/s. He
observed that the remanent states of these elements were solenoidal
domain structures with ripple present. This contrasts with the near uniform
domain structures observed from the cobalt elements in this chapter, so it is
apparent that the reduced exchange coupling is the dominant parameter in
the determination of the near uniform magnetisation distribution.
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Chapter 7
Characterisation of other types of MFM tip
7.1 Introduction

Magnetic Force Microscope (MFM) is established as a member of the family
of scanning probe microscopy techniques and it is destined to play an
important role in the imaging of the surface stray field distribution of thin film
and bulk magnetic materials on nanometre scale. The basic principle and
instrumentation of an MFM have been given in chapter 2. The evolution of
the MFM tip from bulk tip (Martin and Wickramasinghe 1987), thin film tip
(Gritter et. al. 1991) to the state of the art needle tip (Fischer et. al. 1993) is
also discussed there. Some work in this area has indicated that the radius of
the apex, the magnetic properties and the volume of the magnetic material
on a tip are the most direct factors determining the performance of the MFM
and they are summarised by Gritter et al (1992). In this chapter, initial
characterisations of Nanoprobe™ and needle tips are presented in section
7.2 and 7.3 respectively.

The instruments used in this work are Philips SEM515, JEOL 2000FX and
VG HB5 (Chapter 2). The physical properties of the tips are studied using
the bright field and secondary electron imaging techniques. The magnetic
characterisations are performed using the Foucault and MDPC modes of
Lorentz microscopy whereby the distribution of stray field is investigated.

7.2 Investigation of Nanoprobe™ thin film tip
7.2.1 Tip fabrication

The Nanoprobe™ tip is etched in n-type doped single crystal silicon (Griitter
et. al. 1990, Wolter et. al. 1991). Nanoprobe™ thin film tips are fabricated by
sputtering a 50 nm thick CoCr film on the whole surface of the non-magnetic
Nanoprobe™ tip without an applied magnetic field. The tip investigated in
this section is supplied by Dr. Ken Babcock of Digital Instruments Inc. at
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Santa Barbara. More details of the process can be found in Babcock's work
(1994).

7.2.2 Physical characteristics

Fig. 7.1 is an SEM image of the Nanoprobe™ tip, illustrating the cantilever
and the substrate. As the tip is very small compared to the silicon substrate
and the image is recorded to illustrate the overview of the whole of the piece,
the tip is not visible in this image. The length of the cantilever is measured to
be about 220 pm. The topography of the tip is displayed in Fig. 7.2,
indicating that the tip is particularly sharpened at the end. The interior angle
of the apex is about 60° and the height of the Nanoprobe™ tip is about 15 p
m. A schematic diagram is given in Fig. 7.3 to demonstrate the overview and
size of the Nanoprobe™ tip. Although most of the tip is opaque to 200 kV
electrons in the TEM, the apex is thin enough to be imaged and a bright field
image is recorded (Fig. 7.4). In this image, the radius of the tip is measured
to be about 20 nm. Another SEM image of the Nanoprobe™ tip recorded at a
lower magnification is displayed in Fig. 7.5. It suggests that the cantilever is
just slightly deformed after sputtering. Subsequent MFM imaging suggests
that it is suitable for use in our MFM which comprises an interferometric
detecting system (Valera et al 1995a and 1995b).

7.2.3 Magnetic study of as-grown state

Fig. 7.6 shows Foucault images of the tip in the as-grown state, where the
stray field is mapped along two orthogonal directions as the arrows indicated.
Considerable abrupt contrast variation is observed in both components in
places at the end of the tip as well as along the edges. Therefore the
configuration of the stray field is not well defined, which indicates that the
magnetisation in the tip is not uniform. A consequence of that is the
interaction between the tip and samples becomes complicated and an MFM
image acquired by a Nanoprobe™ tip in such a state virtually can not be
interpreted quantitatively.

7.2.4 Magnetic study of remanent state
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Fig. 7.1 SEM image of a Nanoprobe

Fig. 7.2 SEM image of a Nanoprobe™ MFM tip, highlighting the tip
region.



Fig. 7.3 Schematic diagram of the Nanoprobe™ MFM tip.

Fig. 7.4 High magnification TEM image showing crystalline
structure of the Nanoprobe™ MFM tip at the apex.



Fig. 7.5 TEM image of a Nanoprobe™ MFM tip and cantilever.

Fig. 7.6 Foucault images of a Nanoprobe™ MFM tip in as-grown
state.



Fig. 7.7 DPC images of the Nanoprobe™ MFM tip in remanent state.
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The remanent state of the tip is produced by applying an 8000 Oe field
directed towards the apex. The MDPC mode of Lorentz microscopy is used
to investigate the stray field distribution around the tip and it is demonstrated
in Fig. 7.7. As the tip is opaque to 100 keV electrons, it has zero contribution
to the final MDPC images so that the tip region is grey (Chapter 3). It is
apparent that the brightness in this pair of images is symmetric about the
central line of the tip and strong Lorentz deflection occurs at the end of the
tip, which is to be expected from a uniformly magnetised tip. Therefore, it
appears that the remanent state of the NanoprobeTM tip supports uniform
magnetisation near the apex.

7.3 Investigation of the needle tips
7.3.1 Tip fabrication

Electron beam induced deposition (EBID) of carbonous or metallic materials
out of a vapour of organic or metal-organic components in SEMs is well
know in microelectronics (Koops et al 1988). In our work, an ISI M7 SEM is
used in spot mode to grow carbon "contamination" needles on the apex of
the Park Scientific Microlever™. The tip is prepared by Dr M Rihrig at
Twente University in Enschede. An acceleration voltage of 15 kV and a
magnification of 40K are used during the growth process, resulting in a
growth rate of about 20 nm/min. The needle MFM tip is obtained by coating a
20 nm thick CoggNiy film on one side of the needle utilising thermal
evaporation without applied magnetic field. Fig. 7.8 illustrates the set up of
the evaporation. As the needle has a high aspect ratio, the CoNi film on it
favours a single domain structure with the magnetisation pointing to the apex
of the needle due to shape effect. More details of the fabrication can be
found elsewhere (Ruhrig et al 1994).

7.3.2 Characterisation of the needle tip
The physical characteristics of the needle tips are investigated using the

bright field mode of TEM imaging (Fig. 7.9). It can be observed that the
needle is grown on the top of the apex and it is very small compared to the
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Fig. 7.8 Schematic diagram showing the set up for the evaporation
of needle MFM tips.

Fig. 7.9 TEM image of the needle MFM tip.



Fig. 7.10 High magnification TEM image of the needle MFM tip.

Fig. 7.11 Foucault image of the needle MFM tip. The arrow
indicates the mapping direction.
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size of the pyramid. In another bright field image recorded at a higher
magnification (Fig. 7.10), the needle is found not to be completely uniform in
shape and orientation. The length of the needle is about 750 nm and the
radius of the needle apex is about 10 nm.

The as-grown state of the needle tip is also characterised. The Foucault
image displayed in Fig. 7.11 is mapped along the long axis of the needle and
demonstrates that the stray field is restricted in a region at the end of the tip.

Brightness variations are also observed at the junction between the needle
and the pyramid, indicating a multidomain configuration. However, that
region is about 750 nm away from the needle apex so that it would have a
negligible effect on MFM imaging. Since no significant contrast variation is
observed along the edges of the needle, the needle may support a uniform
magnetisation which is what we expected due to the shape effect.

7.4 Conclusion

The characterisations of the MFM tips presented in this chapter are
preliminary as the work was carried out at the end of the project. However,
some of the main physical features and magnetic properties of the tips are
characterised, which provide very useful information on the application of the
tips to MFM imaging.

The Nanoprobe™ tip is based on silicon cantilevers. The magnetic thin film is
coated on the whole surface of the tip and the whole of the cantilever using
sputtering technique. It is found that the cantilever is stiff enough to maintain
its straightness after sputtering. This enables MFM images to be acquired
using whole-surface coated tip in our MFM. Hence, a relatively strong tip-
sample interaction can be achieved due to its large magnetic volume
(comparing to one face coated tips). Nevertheless, the whole-surface coated
tip also has a strong stray field, which might change the magnetisation of
imaged samples. Therefore, the NanoprobeTM is useful for the MFM imaging
of hard magnetic samples with weak stray field. The bright field image of the
tip also indicates that the radius of the tip is about 20nm. Thus, it may be
applied for MFM imaging with a resolution on a similar scale. The magnetic
investigation of the tip suggests that a well defined domain structure may be
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obtained in the remanent state. Therefore, it is a good candidate for
quantitative MFM imaging.

The needle tip has a high aspect ratio so that the shape effect is very strong
and it tends to align the magnetisation in the direction pointing to the apex of
the needle. As a result of that, the as-grown state may support uniform
magnetisation. This helps the subsequent magnetising process, which is
usually performed before MFM imaging to achieve a well defined domain
structure in the tip. Another benefit provided by this shape effect is that it
may result in a high coercivity (Chapter 4) to help the tip maintain the uniform
magnetisation during MFM imaging so that consistent image acquisition
conditions may be establish and maintained. Thus it may be used in the
imaging of samples with strong stray field. The needle tip is the sharpest one
among the Microlever™, Nanoprobe™ and needle MFM tips so that it is the
best candidate for high resolution MFM imaging.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

The work described in this thesis focuses on characterisations of thin film
MFM tips and related structures. The MFM tip studied in Chapter 5 has been
used to reveal 30 nm magnetic domain details in Co/Pt multilayer (Valera et
al 1995). The major conclusions of the work presented in Chapter 4 to
Chapter 7 are outlined below.

The shape effect and anisotropy induced by oblique incidence evaporation in
permalloy thin film elements (25 nm thick) are investigated in Chapter 4. The
ratio R of in-plane dimensions of those elements varies from 3.7 to 8.1. For
the elements evaporated at the normal incidence, the trade off between
exchange energy and magnetostatic energy is an important factor in the
determination of domain structures. This is usually called shape effect. The
study indicates that elements with R greater than 4 support the type 2
nonsolenoidal domain structure as the reproducible magnetic state.
Nevertheless the elements with R = 3.7 support both the type 3a solenoidal
and type 2 nonsolenoidal domain structures. Major changes in domain
structures in in-situ magnetising experiments with the external field applied
parallel to the long in-plane axis of the elements are identified using the
Foucault mode of Lorentz Microscopy. It is found that the changes can be
described by a type A hysteresis loop although complete saturation of the
magnetisation was not achieved due to the fact that a limited field (up to 100
Oe) can be applied using the in-situ magnetising stage. A comparison of
coercivities suggests that the elements with higher R are magnetically harder
than the elements with lower R. Table 4.3 summarises the major parameters
of the hysteresis loops.

At the 30° incidence, the induced easy axis in permalloy films is normal to
the evaporation beam. This easy axis gives rise to an extra energy term -
anisotropy energy and significantly affects the domain structure of the
elements. For the elements with the induced easy axis parallel to the long in-
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plane axis, the magnetisation parallel to this axis is favoured so as to reduce
the anisotropy energy. The type 1 non-solenoidal domain structure is found
to be the reproducible magnetic configuration, which is different from our
observations of the elements evaporated at normal incidence. However, the
in-situ magnetising experiments suggest that the major irreversible changes
in domain structure can also be described using the type A hysteresis loop.
The coercivity (Table 4.6) has been increased by the induced anisotropy so
that the element is harder than the equivalent element evaporated at the
normal incidence. The anisotropy also results in higher remanent
magnetisation and a more square hysteresis loop. These results reflect a
cooperation between the shape effect and the induced anisotropy.

In the case of elements with the induced easy axis parallel to the short in-
plane axis, magnetisation parallel to the short in-plane axis is favoured by the
induced anisotropy. The type 5 and type 6 solenoidal domain structures are
observed, which comprise significant components of magnetisation parallel
to the short in-plane axis. Moreover, the major irreversible changes in
domain structures are described using the type D hysteresis loop in contrast
to the type A loop. This reflects the competition between the shape effect
and the induced anisotropy.

In Chapter 5, the cobalt thin film MFM tip made from Park Scientific
Microlever'™ is characterised by performing electron microscopy and
computer simulation. For the whole-surface coated tip made by evaporating
cobalt film at normal incidence, the bright field imaging shows that the film
has good contact with the pyramid and the radius at the apex region is 25
nm. However, such a tip is not suitable for our MFM, which comprises an
interferometric detection system, due to the fact that the cantilever has been
deformed. This problem is overcome by evaporating the cobalt film at 55°
incidence, i.e. one face of the pyramid is normal to the evaporation beam.
SEM imaging indicates that the cantilever is straight and the film is coated
predominantly on this face as well as the whole of the cantilever. Since the
one-face coated tip comprises less magnetic volume than the whole-surface
coated tip, it is expected to be more useful for high resolution MFM imaging.

The MDPC mode of Lorentz microscopy performed on the one face coated

tip demonstrates a fairly symmetric distribution of the stray field around the
apex of the tip and some abrupt brightness variations along the edges of the
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tip. Line-tracing analysis suggests that the component of the stray field
perpendicular to the cantilever surface can be described using a logarithm
function with a shift in the origin of the coordinate system. The comparison
between the experimental and simulated MDPC images of the one-face
coated tip suggests that only the apex region of the tip is uniformly
magnetised although in general the experimental images appear to be
slightly different from the simulated ones of a uniformly magnetised tip. This
may be due to the fact that the magnetisation in other regions is not uniform.
The computer modelling of the whole-surface coated tip is also performed so
that they can be compared with experimental work in future.

When a magnetic thin film is evaporated on the tip, the cantilever is also
coated. The magnetic structure of the film on the cantilever may give rise to
stray field. At the end of the tip, which is typically more than 3 pm distance
from the cantilever, the stray field may still be dominated by the magnetic
film on the tip since magnetic field decays with distance. In regions close to
the cantilever, the DPC contrast is the sum of stray field from both the tip and
cantilever. Further investigations are necessary to separate these two
effects.

Cobalt and permalloy thin film elements have been fabricated on the SizN,
membrane substrates to simulate the magnetic film on the one-face coated
MFM tip (Chapter 6). Each of the pattemns used in this study (SIM1 to SIM4)
comprises two triangular regions in the extremities whose geometry is
identical to one face of the pyramid on the Microlever™. The cobalt elements
are evaporated at the same evaporation rate as the MFM tips studied in
Chapter 5. The permalloy elements are evaporated at a more rapid rate (0.1
nm/s). Previous work (Wong 1992) suggests that the crystalline grains in the
permalloy elements are fully exchange coupled and exchange coupling
between the cobalt grains is reduced. The characterisations indicate that the
cobalt elements support domain structures with more uniformity in
magnetisation than the permalloy elements in the remanent state. The work
carried out by Hefferman (1991) suggested that cobalt elements with fully
exchange coupled grains supported a similar domain structure to the
permalloy elements studied in this work. Therefore, the reduced exchange
coupling is responsible for the differences. The remanent state of the cobalt
elements supports a uniformly magnetised region at the end of the triangular
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apex, which is in excellent agreement with the characterisation of the one-
face coated MFM tip (Chapter 5).

The irreversible changes in domain structure are identified by performing in-
situ magnetising experiment. It is found that the fields required to initiate
changes in domain structures in the cobalt elements are higher than in the
permalloy elements. These critical fields whereby the major domain structure
changes occur in the triangular region are summarised in Table 8.1. This
indicates that domain structure in a permalloy MFM tip is less stable and
more likely to be affected by the stray field of the specimen. The irreversible
changes in the cobalt elements occur at higher magnetic field so that cobalt
MFM tip can be used to image specimens with a relative high stray field.

Element Critical Field (Oe)
Cobalt SIM1 78
Cobalt SIM2 65
Cobalt SIM3 78
Cobalt SIM4 28
Permalloy SIM1 24
Permalloy SIM2 19

Table 8.1 Critical external fields where irreversible changes in
domain structure occur.

In chapter 7, initial characterisations of the Nanoprobe™ MFM tip and needle
MFM tip are performed. The radius of the Nanoprobc—:TM MFM tip is found to
be about 20 nm. MDPC imaging of the NanoprobeTM MFM tip suggests that
in the remanent state, the stray field at the end of the apex is similar to that
of a uniformly magnetised tip. Hence, it is useful for quantitative MFM
imaging. The needle MFM tip has an apex radius of about 10 nm so that it is
the sharpest among the three types of MFM tip studied in this thesis. The
needle tip also has a high ratio of dimensions so that the magnetisation is
more likely to be uniform due to a strong shape effect. The magnetic imaging
of this tip indicates that stray field is very localised around the apex. Although
these are just preliminary studies, the results have indicated that these two
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types of tips are good candidates for quantitative MFM imaging with high
resolution. The disadvantages of the needle tips include that they are fragile
and can not be batch fabricated at present. The reproducibility of the needle
geometry is also much less than the batch fabricated tips.

8.2 Future work
In this section we outline possible future work.

1. The anisotropy induced by 80° oblique incidence in thin film elements was
not studied due to a lift-off problem in the lithography process. Khamsehpour
et al (1995) have demonstrated that a dry-etching technique is capable of
fabricating permalloy thin film elements possessing similar micromagnetic
properties to those produced by lift-off. Therefore, it can be used to define
elements without problems associated with the lift-off process.

2. The method used to obtain a uniformly magnetised region at the end of
the cobalt thin film MFM tip is to slow down the evaporation rate and
introduce impurity atoms between grains to reduced the exchange coupling.
A disadvantage of doing this is that the magnetic moment of the tip is
reduced and this may affect the resolution of MFM imaging. The work
described in chapter 4 has indicated that an easy axis can be induced in
magnetic thin films by oblique evaporation and it helps the alignment of the
magnetisation along the easy axis. Therefore, evaporation of magnetic films
onto the tip at an oblique angle to a face of the pyramid can be investigated.

3. Evaporation of magnetic film in a magnetic field can also induce an easy
axis in magnetic thin films. Therefore, the MFM tip can be evaporated in a
field directed along the apex of the tip so that the easy axis is in this direction
to help achieve uniform magnetisation.

4. The whole-surface coated Microlever'™ MFM tips is fabricated using
thermal evaporation. However, the cantilever is deformed by the stress
imposed by the evaporated film so that it is not suitable for our MFM. As
increased mobility of evaporated atoms may reduce the stress, increase of
the substrate temperature during the deposition may be helpful.
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Chapter 8 Conclusion and Future Work

5. Since the MFM tip studied in chapter 5 consists of grains with reduced
exchange coupling, MDPC images of MFM tips with decoupled or partially
decoupled grains can be simulated using micromagnetics models. These
models incorporate all magnetic energy contributions, i.e. exchange energy,
magnetostatic energy, anisotropy energy and Zeeman energy. Therefore the
effect of exchange coupling between grains can be investigated.

6. As a further development of the model described in chapter 5, the volume
of the uniformly magnetised region at the end of the apex can be varied to
reflect the real situation, which was observed in chapter 6 and corresponded
to ~ 0.5 um from the end. The simulated MDPC images can then be
compared with the experimental MDPC images in order to determine the
effect of grains farther away from the apex region on the stray field.
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Appendix 1

Conversion of 16 bit grey scale image to 8 bit grey
scale image

Grey Scale pixel values represent a level of grains or brightness, ranging
from completely black to completely white. This class is sometimes referred
to as "monochrome." In an 8-bit grey scale image, a pixel with a value of O is
completely black, and a pixel with a value of 255 is completely white. A
value of 128 represents a grey colour exactly halfway between black and
white (medium-grey), and a pixel value of 64 has a grey colour halfway
between medium-grey and black.

8-bit grey scale format is the most common format in use. Intensity value of a
pixel is represented with 8-bit integers, providing 256 (0 - 255) levels of grey.
In a 16-bit grey scale format image, intensity value of a pixel is represented
with 16-bit integers, providing 65,536 levels of grey. -

Due to the fact that there is a difference in the number of byte per pixel, the
converting procedure involves two steps. Firstly, the range of the grey scales
is reduced from the maximum of [-32767, 32767] to [0, 255] but the image
still bears 16 bits format. This is achieved by dividing the grey scale value
with a constant which is chosen depending of the highest grey scale. For
example, if the highest grey scale is 1020, then the constant may be chosen
as 4. By doing this, the second byte of each pixel is set to zero and all the
grey scale information is contained in the first byte. In the second step, the
second byte is removed from each pixel so that the 8 bits format is obtained.

There has already been some commercial software which can accomplish
the above task automatically, such as Digital Micrograph for Macintosh and
IMPDEV for IBM RISC6000 workstation. The shortcoming of these automatic
process is that they can only process one image per time and the constant
may various from one image to another. This is not suitable for the
processing of the MDPC images as that will change the relative scale of the
two orthogonal mapped MDPC images so that they can not be mapped
using DIP program.
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In this work, the following procedure is developed and it is suitable for the
quantitative analysis detailed in Chapter 5.

(1) Both of the two orthogonal mapped MDPC images are surveyed and the
highest grey scale Gmay is found.

(2) The constant is worked out as Gay / 255.

(3) Both images are divided by this constant so that the grey scale range is
reduced to [0, 255].

(4) The 8 bits images are obtained by simply change the format of the
images.
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Appendix 2

BASIC program used to display electron beam
lithography patterns

This program is written in BASIC language to display patterns of the electron
beam lithography so as to assist the pattern design. It has been tested in
IBM PC with SVGA monitor. As soon as the program is executed, it will
prompt

Pattern file = ?

on the monitor and the pattern will be displayed after a valid pattern file is
given.

DIM x(200, 2), y (200, 2)

SCREEN 12

col = 12
displayx = 600
displayy = 440
sem = 4096

ratiox = sem / displayx
ratioy = sem / displayy
REM - Input data file -
INPUT "Pattern file="; £$
CLS
OPEN f$ FOR INPUT AS #1
100 n =n + 1
INPUT #1, x(n, 1), y(n, 1), x(n, 2), y(n, 2)
IF x(n,1)=0 AND y(n,1)=0 AND x(n,2)=0 AND y(n,2)=0 THEN
GOTO 200
GOTO 100
200 CLOSE #1

REM ---- Draw frame ----

REM ---- Draw patterns ----
LINE (0, 0)-(600, 440), col, B
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i =
300
IF i
REM
IF
REM
IF

Appendix 2 BASIC program used to display electron beam lithography patterns

0
i=1i+1
>= n THEN END
---- find rectangle command line ----
x(i,1) = 0 AND x(i,2) = 1 AND y(i,2) = 0 THEN i=i + 1
---- find triangle command line -----
x(1i,1)=0 AND y(i,1)=10 AND x(i,2)=0 AND y(i,2)=0 THEN
i=1+1
GOSUB triangle
GOSUB delay
GOTO 300

END IF

REM

--—-- default rectangle ----

GOSUB rectangle
GOSUB delay
GOTO 300

END

rect
GO

angle:
SUB scale

LINE (x1, yl)-(x2, y2), col, B
RETURN

triangle:

GO

SUB scale

LINE (x1, yl)-(x2, y2), col, B

x3
v3
x4
v4
i

= x1
= vyl
= x2
= y2
=1+ 1

GOSUB scale
LINE (x1, vy1)-(x2, y2), col, B

LT
LTI

NE (x4, y4)-(x2, vl1), col
NE (x3, y4)-(x1, yl), col

RETURN
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scale:
x1 = INT(x(i, 1) / ratiox)
vyl = INT(y(i, 1) / ratioy)
x2 = INT(x(i, 2) / ratiox)
yv2 = INT(y(i, 2) / ratioy)
RETURN

delay:
FOR de = 1 TO 5000
NEXT de
RETURN
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Appendix 3

BASIC program used to display results of electron
beam lithography

This is a program written in BASIC language to display results of the electron
beam lithography. It require 2 files:

(1) A controlling file which tell the computer the exposure order and
magnification of each pattemns.

The format of the controlling files is

MAGNIFICATION1 PATTERN1
MAGNIFICATION2 PATTERN2

(2) A position file which tells the computer the position of each pattemns.
When the program has been executed, it will prompt

control file=?

position file=?

do you want to see grid (Y/N)?

As soon as these questions are answered, it will display the result on the

screen. Here is the program.

CLS

DIM x(200, 2), y(200, 2)
SCREEN 12

k =3

col = 12
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colb = 7

display = 460

sem = 4096

membrane = .12

REM -frame size at 5K -
fx = .03

fy = .022

mf = 5000

grid = display / 12

REM -input magnefication and order control files -
INPUT "control file="; c$
REM - Input position file -

INPUT "position file="; p$
INPUT "do you want to see grid(Y/N)"; g$
CLS

REM - Draw membrane border -
LINE (0, 0)-(460, 460), colb, B
IF g$ = "Y" OR g$ = "y" OR g$ = "YES" OR g$ = "yes" THEN
FOR d = 0 TO 460 STEP grid
LINE (0, d)-(460, d), colb
LINE (d, 0)-(d, 460), colb
NEXT d
END IF

OPEN c$ FOR INPUT AS #1
OPEN p$ FOR INPUT AS #3

REM - Input control data -
150 k =%k + 1

INPUT #1, m, f$

IF m = 0 THEN GOTO 900

REM - input pattern data -

OPEN f$ FOR INPUT AS ik
n=2~0
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100 n =n + 1
INPUT #k, x(n, 1), y(n, 1), x(n, 2), y(n, 2)
IF x(n, 1) = 0 AND y(n, 1) = 0 AND x(n, 2) = 0 AND y(n,
2) = 0 THEN GOTO 200
GOTO 100
200 CLOSE #k

REM - Input position data -
INPUT #3, xp. yp, tl, t2, t3

REM - calculate frame sizw at magnification of m -
x =fx *mf / m

ly = fy *mf /' m

REM - Draw patterns -
i=20
300i =1 +1
IF i >= n THEN GOTO 150
REM - find rectangle command line -
IF x(i, 1) = 0 AND x(i, 2) = 1 AND y(i, 2) = 0 THEN 1 = i
+ 1
REM - find triangle command line -
IF x(i, 1) = 0 AND y(i, 1) = 10 AND x(i, 2) = 0 AND y (i,
2) = 0 THEN
i=1i+1
GOSUB triangle
GOSUB delay
GOTO 300
END IF
REM - default rectangle -
GOSUB rectangle
GOSUB delay
GOTO 300

GOTO 150

900 CLOSE #1
CLOSE #3
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END

rectangle:
GOSUB shiftl
GOSUB scalel
GOSUB shift2
GOSUB scale2
LINE (x1, yl1)-(x2, y2), col, B
RETURN

triangle:
GOSUB shiftl
GOSUB scalel
GOSUB shift2
GOSUB scale2
LINE (x1, yl)-(x2, y2), col, B

x3 = x1
y3 =yl
x4 = x2
vd = y2

i=1i+1

GOSUB shiftl

GOSUB scalel

GOSUB shift2

GOSUB scale2

LINE (x1, yl)-(x2, y2), col, B
LINE (x4, y4)-(x2, yl), col
LINE (x3, y4)-(x1, yl), col

RETURN

shiftl:
x(i, 1) = x(i, 1) - 2048
y(i, 1) = 2048 - y(i, 1)
x(i, 2) = x(i, 2) - 2048
y(i, 2) = 2048 - y(i, 2)
RETURN

scalel:
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xl = x(i, 1) * 1x / 4096
vl = y(i, 1) * 1y / 4096
x2 = x(i, 2) * 1x / 4096
y2 = y(i, 2) * ly / 4096

RETURN
shift2:
xl = x1 + xp
yl =yl + yp
X2 = X2 + Xp
y2 = y2 + yp
RETURN
scale2:
x1 = INT(x1l * display / membrane)
vyl = INT(display - yl * display / membrane)
x2 = INT(x2 * display / membrane)
y2 = INT(display - y2 * display / membrane)
RETURN
delay:
FOR de = 1 TO 5000
"NEXT de
RETURN
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Appendix 4

FORTRAN 77 program converting Lorentz deflection
angle data to 8-bit grey scale raw data format image

The following program has been successfully compiled and executed in an
IBM 3090 mainframe computer and a RISC 6000 workstation.

C Channel 10 is X deflection angle files input
C Channel 11 is Y deflection angle files input
C Channel 12 is X IAX format file output
C Channel 13 is Y IAX format file output
DOUBLE PRECISION X(256,256),Y(256,256),MAX
INTEGER RX,RY,A(256,256),B(256,256)
RX=256
C RX is the number of pixels in the x direction
RY=256
C RY is the number of pixels in the y direction
MAX=0.0
C-- Read data files and find the maximum. -
DO 500 J=1,RY
DO 550 I=1,RX
READ (10,100) X(I,J)
READ (11,100) Y (I,J)
550 CONTINUE
500 CONTINUE
C --- Find Max ---
DO 400 J=1,RY
DO 450 I=129,RX
IF (DABS(X(I,J)).GT.MAX) MAX=DABS (X(I,J))
IF (DABS(Y(I,J)).GT.MAX) MAX=DABS(Y(I,J))
450 CONTINUE
400 CONTINUE
C --- Range data to 2-254.--
DO 20 J=1,RY
DO 30 I=1,RX
A(I,J)=INT(126.0*X(I,J)/MAX+128)
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B(I,J)=INT(126.0*Y(I,J)/MAX+128)
30 CONTINUE
20 CONTINUE
C --- Write IAX1 format image files. -
DO 60 J=1,RY
WRITE (12) (CHAR(A(I,J)), I=1,256)
WRITE (13) (CHAR(B(I,J)), I=1,256)
60 CONTINUE
100 FORMAT(D15.8)
END
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