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SUMMARY

The work presented in this thesis is a study of the reversal mechanisms of the magnetic
layers within spin-valve materials and related films. Spin-valves display the phenomenon
of giant magnetoresistance (GMR) and are now being utilised as magnetoresistive read
heads in commercial applications.

A spin-valve typically consists of two ferromagnetic layers separated by a thin
spacer layer (eg Cu in the range 2-10nm). One of the ferromagnetic layers is “pinned” or
fixed in direction by exchange coupling to an antiferromagentic layer such as FeMn or
IrMn. This shifts the hysteresis loop by a few hundred Oersted (Oe), and so only the other
“free” ferromagnetic layer can reverse under the influence of the comparatively small
magnetic field from a passing tape or disk. This reversal corresponds to a change between
a parallel ‘low’ resistance state to an antiparallel ‘high’ resistance state under the
application of a magnetic field of =10-150e.

The reversal mechanisms that take place in the “free” and “pinned” magnetic layers
in a range of spin-valve materials have been studied using Lorentz modes of transmission
electron microscopy. These results form the bulk of this thesis. The effect of Molybdenum
impurity on the magnetoresistance of NiggFeyg is considered as a secondary topic, and only

chapter 6 is given over to these results.

The first chapter introduces the basic concepts of ferromagnetism, magnetoresistance, and
its application in magnetic storage technology. Particular emphasis is given to the various
energy contributions that are present in thin magnetic films. This leads to the concept of
domains and domain walls. Anisotropic magnetoresistance (AMR) and giant
magnetoresistance (GMR) are introduced. These phenomena have enabled the production
of many thin film sensors for applications including magnetic storage technology. Spin-
valves are then discussed, reference being given to their application as a sensor in magnetic
read-head assemblies. The possible commercial benefits of using GMR based devices for

magnetic storage applications are highlighted.

Transmission electron microscopy was thé'iprimary tool used to investigate the materials
discussed in this thesis. Thus chapter 2 is devoted to discussion of the instrumentation and

techniques employed. An overview of the important parts of a TEM is introduced,



including the electron gun and microscope column. The aberrations which limit the
resolution of the microscope are mentioned before the techniques used to image structural
properties are presented. Particular attention is then paid to the Fresnel, Foucault and Low
angle diffraction (LAD) imaging modes of Lorentz electron microscopy which are used to
investigate the magnetic structures in thin films. Finally, the methods used to apply

magnetic fields in-situ are discussed.

Chapter 3 begins with a review of spin-valves detailing parameters such as the magnetic
layer configuration, anisotropy arrangement, free layer reversal and deposition technique
used for the samples investigated in this thesis.

Structural properties such as the average grain size of the spin-valves are
investigated by bright and dark field imaging. Diffraction studies allow some
compositional data and the level of texture to be evaluated.

The main body of results in this chapter concentrates on the magnetisaton reversal
mechanism of the free layer in a range of FeMn-biased spin-valves with parallel
anisotropy. The thickness of the copper spacer layer (and hence the strength of the
interlayer coupling strength), is varied in the range 2-10nm, as is the angle of applied field,
0, with respect to the biasing direction. Fresnel imaging and LAD studies reveal there to be
3 modes of reversal that are possible in the free layer depending on the interlayer coupling
strength and field orientation. Two of the observed modes involve a combination of
magnetisation rotation and domain assisted processes while the third involves coherent
rotation of magnetisation alone. The boundary between the modes of reversal was shown
to be indistinct, and involved a free layer reversal that proceeded by an increasing amount
of magnetisation rotation as 0 was decreased. This was accompanied by the formation of
an increasing density of low angle, low mobility domain walls.

The observed modes of reversal are presented on a phase diagram and shown to be
in many ways consistent with a coherent rotation model by Labrune. The main discrepancy
between the model and observed modes of reversal is that domains are forbidden in the
model. The chapter concludes with a brief study of a spin valve in a crossed anisotropy

arrangement.

Magnetic modelling of the free layer reversal of FeMn-biased spin-valves is

presented in Chapter 4. This uses the modified Stoner-Wohlfarth coherent rotation model
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of Labrune. The model makes 3 assumptions, namely that i) the presence of domains and
domain processes are forbidden; ii) there can be no twist of the magnetisation vector within
a ferromagnetic layer; iii) the biased layer magnetisation remains fixed.

Using this model, the spin-valve free layer energy is modelled as a function of
magnetisation for several of the samples studied experimentally in chapter 3. It is found
that for all cases, except that for which coherent rotation of magnetisation alone is
observed, an energy barrier is overcome at the switching field.

The form of the energy curves allows for a quantitative description of the observed
domain processes to be made. For reversals that are seen to take place by a low number of
domain walls rapidly sweeping through the free layer, the energy curves reveals that a
large energy barrier with a deep minimum is overcome at the switching field. On the other
hand, for cases where the magnetisation reversal proceeds by a higher density of low angle,
low mobility domain walls, the energy curves display small energy barriers and shallow
minima. For the case of coherent rotation of magnetisation alone, a single energy minimum

is present throughout the reversal process.

For successful operation of a spin-valve, one of the magnetic layers must remain
fixed while the other reverses under the influence of an external magnetic field. One way
of achieving this is by exchange biasing one of the ferromagnetic layers with an
antiferromagnetic pinning layer such as FeMn or IrMn. Chapter S investigates both the
structural and magnetic properties of such an arrangement, emphasizing the influence of
temperature on the exchange biasing mechanism. This is of interest because spin-valves
incorporated into commercial devices often have to operate at elevated temperatures.

Reversals of the pinned ferromagnetic layer in the range -150°C to 300°C are
conducted on samples of NigoFeyo biased by FesoMnso and IrpoMngo. Initially, at room
temperature (where good alignment between the direction of applied field and the biasing
direction is achieved), the reversal is observed to take place by complex domain assisted
process and involved large numbers of 360° wall structures which are stable to high valves
of applied field strength. The reversal is markedly different from that observed for free
layer spin-valve reversals. Exchange biasing densities of 0.098mJ/m* and 0.115mJ/m? are
obtained for FeMn and IrMn at room temperature respectively. A linear decrease in the
strength of the exchange biasing occurs as the temperature is increased, and the amount of

magnetisation rotation gradually increases as the temperature is raised. This is partly due to
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a slight misalignment between the biasing direction and applied field direction in the
variable temperature rods, but is also due to the decreasing strength of the exchange
biasing at elevated temperatures.

When the temperature is increased above the blocking temperature of the
antiferromagnetic pinning layers, the reversal mechanism takes place at low applied field
strengths, and an increase in the magnetisation ripple followed by a single domain wall
sweeping rapidly through the ferromagnetic layer is observed. This corresponds to the
exchange biasing effect disappearing as all magnetic order is lost in the antiferromagnetic
layer above its blocking temperature (=140-150°C for FeMn and =285°-300° for IrMn. The
pinned layer then behaves like an isolated ferromagnetic layer. After cooling back to room
temperature in the presence of a magnetic field along the biasing direction back to room
temperature, the exchange biasing effect returns. However its strength is diminished when

compared to the initial room temperature measurement.

The effect of Molybdenum impurity on NiggFeyo is investigated in chapter 6. Magnetic
heads exploiting the AMR effect which were produced in Philips manufacturing displayed
a reduced AMR ratio than was achievable in research. This was thought to be due to the
diffusion of Mo into the permalloy during the manufacturing process. Annealing
experiments carried out on samples of NigoFey with a Mo layer deposited on top are
carried out. It is found that for annealing temperatures <275°C that a slight improvement in
the AMR could be achieved. This is thought to be due to grain growth which reduced the
sheet resistance of the samples. For annealing at 300°C and above a decrease in the AMR
ratio is observed. Rutherford Backscattering Spectrometry (RBS) revealed that Mo
diffusion into the NigoFey layer is taking place. The amount of diffusion was low (=1%),
and did not increase with temperature. It is likely that the Mo which diffused into the
NigoFey did so by diffusing down the grain boundaries as opposed to an interdiffusion

process between the two layers.
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Chapter 1: Magnetism and thin ferromagnetic films

CHAPTER 1: MAGNETISM OF THIN FERROMAGNETIC FILMS
1.1 INTRODUCTION

This chapter introduces the basic concepts of ferromagnetism and
antiferromagnetism and discusses the various magnetic energy contributions that affect the
properties and characteristics of ferromagnetic films. This is followed by an introduction
to magnetic hysteresis. The subject of magnetoresistance, particularly giant
magnetoresistance (GMR), is discussed and spin-valve multilayers, which exhibit GMR,
are introduced. Finally the chapter concludes with a discussion of the important
applications of spin-valves for example in magnetic recording, sensors, and magnetic

memories.

1.2 FERROMAGNETISM

A material is said to be ferromagnetic if, in the absence of an applied field, it
possesses a spontaneous non-zero magnetic moment. Ferromagnetism is exhibited mostly
by transition metals, alloys, rare earths and also some oxides such as CrO,. There are two
possible origins of magnetic moments in magnetic substances: an orbital magnetic moment
due to orbital angular momentum, and a spin magnetic moment due to election spin. The
magnetic moments of the important ferromagnetic elements Fe, Co and Ni are caused
mostly by the spin component of angular momentum from unpaired electrons in the 3d
electron shell. In these cases, it is said that the orbital angular momentum is ‘quenched’
(classically it is said that the orbits are fixed in space, or locked in to the ‘crystal fields’ ).
This subject is discussed in more detail in references [1,2]. In the case of rare earth metals
at room temperature the atomic magnetic moment is due to both orbital and spin
components of angular momentum from the 4f electrons. The crystal fields are significant
for many properties of the rare earth atoms, but they are not significantly strong to quench
the orbital momentum. Below a critical temperature known as the Curie temperature, Tk,
the spins are aligned almost perfectly parallel to one another as a result of a strong positive
interaction between neighbouring electron spins. This was first described by Weiss™ who
postulated that each magnetic moment is assumed to be acted on by a molecular field

which is proportional to the magnetisation of its environment. If a parallel alignment of
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moments should appear locally at any place in the lattice a molecular field will be
produced which, in turn will promote further alignment of the magnetic moments.
However, as the temperature increases, the arrangement of the spins is disturbed by
thermal agitation resulting in a loss of the magnetic order at T.. At this point the magnetic
moments become randomly oriented in zero field and the material is said to have become
paramagnetic, figure 1.1a. In this case only a weak positive interaction of the magnetic
moments is observed in the presence of an applied field.

It was Heisenberg! who accounted for the molecular field by proposing a quantum
mechanical interaction, known as the exchange interaction acting between pairs of
electrons. The Pauli exclusion principle!® states that the total wave function must be
antisymmetric or, alternatively expressed, that the two electrons cannot have exactly the
same quantum numbers. Recalling that the electron wave function can be thought of as the
product of spatial and spin parts, it follows that the electron distributions are different for
parallel and anti-parallel spins, and the electrostatic (Coulomb) energy will therefore be
different in the two cases. The exchange interaction thus results in an alignment of the
electron spins in order to lower the electrostatic energy.

It should be noted that in the above discussion, the electrons are assumed to be
localised at their respective atoms. This Tlocalised’ model works well in the case of rare
earth metals and ferromagnetic oxides where the unpaired electrons responsible for
magnetism are in the inner 4f shells of individual atoms. In the case of transition metals
such as Fe, Co and Ni, the 3d electrons are more exposed, and their wave functions overlap
with those of neighbouring atoms. In this case, the 3d electrons can be thought to be spread
into a sea of electrons (the energy levels of 3d electrons are perturbed and spread to form
an energy band). This concept leads to the ‘initerant’ or band’ theory of ferromagnetism!®
which includes the ability to explain non-integral values of atomic magnetic moments and
to predict some aspects of the magnetic behaviour of the 3d metals and alloys. It should be
noted that it is extremely difficult to make fundamental calculations based on the itinerant

model, and in many cases interpretations of magnetic properties are still more often made

on the basis of the localised electron model.
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The exchange interaction results in an alignment of the electron spins in order to lower the

electrostatic energy.

E =—J(r,.j)§,. 'S 1.1

ex

Here E is the exchange energy for two interacting electron spins s; and s; separated by a
distance r; and J(r;) is the exchange integral. For cases where J>0, this leads to the
phenomenon of ferromagnetism, whereas for J<0 antiferromagnetism results. A schematic
of the spin-arrangement in a ferromagnetic substance is shown in figure 1.1b.

Below a temperature known as the Néel temperature certain substances exhibit
antiparallel alignment of magnetic moments in adjacent atom planes, figure 1.1c. This is
known as antiferromagnetism, and the net magnetic moment is 0. Examples of such

materials are Cr, Mn, MnO, and NiO.

T = S S > —> > > >
J R S>> > <
~ ~ — > —> —> <— € < <«
a) b) )

Figure 1.1: Schematic representation of magnetic moments in a) paramagnetic, b)

Jferromagnetic and c) antiferromagnetic materials.

1.3 MAGNETIC ENERGY CONTRIBUTIONS

The magnetisation M is the magnetic moment per unit volume of a magnetic solid and is

described by a vector field

M= n 1.2

where y; is the magnetic moment on each atom i, summed over the volume V. The
magnetic configuration of a solid corresponds to a minimum in the potential energy with

various magnetic energies contributing to the overall potential energy of the system. In the
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following sections we discuss the various contributions to the magnetic potential energy

which must then be mimimised in a macroscopic magnetic solid.

1.3.1 EXCHANGE ENERGY

When considering a finite volume of magnetic material it is normally necessary to consider
only nearest neighbour electron spin interactions. This simplifies the calculation of the

exchange energy significantly. Integrating over the volume V of magnetic material gives:
2 2 2
E, = Al [(Va) +(VA) +(vy)'] av 1.3

where «, 3, and y are the direction cosines of the magnetic vector and A is the exchange

constant of the material. It relates approximately to J by

_kIs?

A= 14

a

k is a constant depending on the crystallite structure (1 for simple cubic, 2 for body-centred
cubic, and 4 for face-centred cubic structures), a is the lattice parameter, and S is the spin

magnetic moment of an atom.

1.3.2 ANISOTROPY ENERGY

There is an energy in ferromagnetic crystals called the magnetocrystalline anisotropy
energy which is a minimum along certain crystallographic axes called “easy axes”.
Deviations of the magnetisation from an easy axis leads to an increase in the anisotropy
energy, which has its maximum along a “hard axis”.

For hexagonal or uniaxial crystals such as Co, the hexagonal axis (c-axis) is the

easy direction, and the anisotropy energy is described by

E, = [K(1-7?)+ K,(1-7*)"| av L5
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where K; and K, are the first two anisotropy constants of the material, and vy is the
direction cosine of the magnetisation from the hexagonal, or c axis.
For cubic crystals such as Fe the [100] directions are the directions of easy

magnetisation. The anisotropy energy is well represented by
E =[[k(aB + &y + Br’)+ K@’ By?] av 1.6

For most transition metals K;>>Kj and the anisotropy energy can usually be simplified to a
single term. An exception is Co where this is not true over the field temperature range up
to T..

In the case of micro-polycrystalline magnetic materials the anisotropy direction
varies locally from crystallite to crystallite which results in a random contribution to the
local easy direction. This causes fluctuations in the local magnetisation direction from the
average easy direction, a phenomenon which is known as magnetisation ripplem.

For polycrystalline random alloys such as permalloy (NigeFezo) there is near zero
anisotropy energy. This means that the material is isotropic having no preferred easy (or
hard) axes. In these cases it is possible to cause an induced anisotropy either by deposition
of the film in the presence of a magnetic field or by annealing after deposition in a
magnetic field. The magnitude of the field has only to be sufficient to saturate the film
along the field direction. The induced anisotropy is caused by “preferential pair ordering”
of magnetic atoms in an otherwise disordered alloy™. It is related to the fact that an atom
pair can have different energies as its orientation is changed with respect to the lattice in
which it is situated. Therefore atom pairs occupy the lattice preferentially during
deposition in the presence of a magnetic field, or similarly a fraction of reordering takes

place during a magnetic annealing. The atom pairs are then “frozen” in upon cooling

resulting in an induced anisotropy.

Magnetostriction is a phenomenon in which the material changes its size depending on its
state of magnetisation. This is a manifestation of the spin-orbit interaction, in which the
greater the change in spin-orbit energy vyith changes in atom to atom spacing, the greater
the magnetostriction. A material has a positive magneto-strictive coefficient, A, if along

some dimension p it increases in length from I to 1+Al upon being magnetised from M=0 to



Chapter 1: Magnetism and thin ferromagnetic films

M=M;, the saturation magnetisation. If the material were to shrink under these conditions
then A, would be negative. It is also possible to change the magnetic state of a
magnetostrictive material by the application of external mechanical stress. For example a
material with negative A, will become partially demagnetised by the application of tensile
stress. The magnetostriction is usually large when the magnetocrystalline anisotropy is
large. Thus for the case of permalloy which has near zero magnetocrystalline anisotropy

the magnetic properties are relatively unaffected by stress and A=0.

1.3.3 MAGNETOSTATIC ENERGY

In a magnetic system there is a magnetostatic energy which is due to the presence of
magnetic charges either within the body of the material or on its surfaces if there is a
divergent component of magnetisation. These charges give rise to an external stray field,
and an internal field termed the demagnetising field, Hy, which is in the opposite sense to
the magnetisation. Figure 1.2 shows both the internal demagnetising field and external

stray field for the simple case of a bar uniformly magnetised from left to right as indicated.

WA
R

Figure 1.2: Uniformly magnetised bar, with magnetic charges giving rise to external stray

field and internal demagnetising field H, opposite to the direction of magnetisation M.

Hy can be calculated using Gauss theorem, in terms of an integral over the volume and

surface enclosing the source of the free poles:

1 -V-M 1 M:n
H(R)=o- [~ v+ | 17
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Here R is the position vector for the point in space where the field from the charge is
evaluated and n is the outward pointing unit vector normal to the surface. The term V.M is
equivalent to the magnetic volume charge and M.n is the magnetic surface charge. This
integral is only simple to evaluate for the simple case of a uniformly magnetised ellipse,
and in general cases it has no simple analytical form.

For regularly shaped specimens one may write

H, = NM 1.8

where N is the demagnetising factor which is a function of the shape of the specimen and
M is the magnetisation. In this case Hq depends on the direction of magnetisation. For a
flat ellipsoid whose two long axes are a and b are very large compared to the short axis ¢

(a>b>>c) the demagnetising factors of the a and b axes are approximately given by

N, < Yfazb)_3(a=b) 1.9
““4a| 4\ a 16\ a ) )

N —£3F1+§(a_b)+£(a_b)2— 1.10
*“4a| 4 a ) 16\ a ) ‘

Also, N,+N,+N_=1 1.11

So for a flat plate, which is regarded as an ellipsoid with a=b=ce, N;=Np=0 , Nc—1.
The magnetostatic energy contribution from the interaction of the magnetic charges takes

the form

1
E ——-z—poj'VM-H,,dV 1.12

where L is the permeability of free space.
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1.3.4 ZEEMAN ENERGY

If an external field is applied to the specimen then the Zeeman energy takes the form
Ez=—;tOIVM_-QdV 1.13

where H is the applied field. When the external field is applied then the magnetic
moments of the specimen attempt to align towards the applied field in the minimum energy

state.
1.3.5 MAGNETIC DOMAINS

In many cases the magnetisation of a ferromagnetic material is less than the total saturation
magnetisation M and can take any value between —M; and +M; depending on the magnetic
history of the sample. This was accounted for by the concept of magnetic domains®), in
which there are many different areas of the specimen called domains in which the magnetic
moments are locally aligned. Each domain has a local magnetisation M; along the
direction of aligned magnetisation. However, the orientation of the magnetic moments in
adjacent domains may be random (in a fully demagnetised state) or possibly partially
aligned (depending on the history of the sample). This leads to a lowering of the total
magnetisation of the sample. The individual domains are separated by domain walls across
which the magnetisation rotates between the directions of magnetisation in adjacent
domains.

119 that domain structure was a natural consequence of the various

It was shown
contributions to the energy. For example domain formation is favoured if there is an
energy saving by going from a saturated state with high magnetic energy to a domain
configuration with a lower total energy. This concept is better understood by considering
figure 1.3 in which 3 possible domain structures are shown for a small element of magnetic
material. Figure 1.3a shows the element in a single domain state, in which there is a high
magnetostatic contribution to the energy due to the large number of charges formed on the
top and bottom surfaces. The magnetostatic energy can be reduced by splitting into

domains such as in figure 1.3b.
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Anisotropy
+ + + + + ++ -- 4+ 4 axis

----- -- + 4+ --

Figure 1.3: Small magnetic element showing 3 possible domain configurations.

In cases such as this, the magnetostatic energy is reduced to =1/N of that of case a) where
N is the number of domains. This is due to the reduced spatial extent of the field outside
the element. Figure 1.3c shows a domain structure in which “closure domains” are
formed. This has the consequence of reducing the magnetostatic energy to zero because
there are no longer any surface charges. However, in magnetic materials that have a
unidirectional anisotropy, this structure increases the anisotropy energy due to the
magnetisation oriented along the “hard axis” of the material.

In most cases the actual magnetic structure is much more complicated than in the
simple cases outlined above and the observed domain structure is highly dependent on the

exchange, anisotropy, and magnetostatic energies.
1.3.6 DOMAIN WALLS

Domain walls separate individual domains, and the magnetisation rotates coherently across

the transition region. Three types of domain wall are discussed: Néel', Bloch!'?, and

(13]

Cross-Tie walls' . In a Néel wall the magnetisation rotates in the plane of the sample as

shown in figure 1.4(a). In the case of a Bloch wall the magnetisation rotates out of the
plane of the sample, as in figure 1.4(b). In certain thicknesses of film, an intermediate type
of domain structure can form, called a cross-tie wall which contains both Néel-like and

[13]

Bloch-like regions. The structure' ™ is shown schematically in figure 1.5.
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a) b)
(O] o)
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Figure 1.4: Schematic representation of (a) the Néel wall and (b) the Bloch wall.

Figure 1.5: Schematic representation of a cross-tie wall.

0. x10° (J/m?)
20 a) Néel wall
16 |-
127 c) Cross-tie wall
81 b) Bloch wall
4 F
1 1 1 1 1 »

0 40 80 120 160 200
Thickness (nm)

Figure 1.6: Comparison between the energy densities of Néel (a), Bloch (b), and Cross-tie

walls (c) as a function of permalloy film thickness™.
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The type of domain walls observed in ferromagnetic materials is highly dependent
on the thickness of the film. A graph of the expected wall type as a function of thickness is
shown in figure 1.6 for permalloy. It can be seen from this figure that Néel type walls are
favourable for films with thicknesses <40nm. Although the energy of domain walls is
related to the previously discussed exchange, anisotropy and magnetostatic energies it is
often possible to ascribe a domain wall energy E, to the presence of domain walls in

ferromagnetic films.
1.3.7 TOTAL ENERGY

The various energy terms all contribute to the total potential energy of a magnetic system,

with there being a complex interplay between these in any magnetic material.
Efr=E,+E,+E, +E, 1.14

An observed magnetic configuration of a magnetic sample corresponds to a minimum in
the potential energy, however this is often only a local energy minimum. In this way the
magnetic state depends on the history of the sample which leads to the concept of

hysteresis.
1.4 HYSTERESIS

Figure 1.7 shows an example of a hysteresis loop for a ferromagnet, that is, how the overall
magnetisation of the sample M varies as a function of applied field H. If the specimen is in
a completely demagnetised state at zero H the individual magnetic domains are randomly
oriented, figure 1.7 (A) and the sample has O net magnetisation. Upon application of a
magnetic field the magnetisation follows the initial magnetisation curve (A—B). As H is
then increased further the magnetisation of the sample approaches saturation (M;) as
indicated (C). During magnetisation along A-C the randomly oriented magnetic vectors
align towards the applied field direction either by magnetisation rotation or by motion of
domain walls through the sample until saturation is approached and perfect alignment of M
along H is achieved. Now, if the applied field strength is decreased, the magnetisation

does not decrease along C—B—A but follows the solid curve along D—E—F. D is the

i1
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magnetisation Mgr which is present at H=0. At this point there is still partial alignment of
magnetisation along the applied field direction. As H becomes negative the magnetisation
decreases to O at the coercive field Hc (E). As H becomes increasingly negative, the
magnetisation approaches saturation in the opposite sense at point F. Increasing H once

more results in M tracing along the curve G—C...

M % :Saturation magnetisation (M,)
T s
| \’ ’__....-..-...u...,

F

Figure 1.7: Hysteresis loop showing initial magnetisation curve and points of Ms, Mg and
Hc-

The saturation magnetisation M is an intrinsic property of the ferromagnetic material
under consideration, while Mg and H. are extrinsic in that they can be varied by different
deposition methods and processing such as annealing. All 3 are important parameters in
magnetic materials as they define the form of the hysteresis loop and therefore they must

all be considered for the application in mind.

1.5 MAGNETORESISTANCE

1.5.1 ANISOTROPIC MAGNETORESISTANCE (AMR)

Upon application of an external magnetic field to ferromagnetic materials a change in
resistance is observed which depends on the magnitude and direction of the applied field
H. This is known as anisotropic magnetoresistance (AMR) and was discovered in 1857 by

(15]

W Thompson' ™" who later became Lord Kelvin. The phenomenon of AMR is reviewed in

12
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detail in reference!'®. It is due to two distinct physical effects which occur when an
external field is applied. The first effect, which was originally referred to as the ‘ordinary

“7], and has

effect’ is an isotropic effect which was explained by Mott’s theory of resistivity
to do with the scattering of conduction electrons into exchange-split d bands. The second
physical effect which was known as the ‘extraordinary effect’ or the ‘ferromagnetic
resistivity effect’, is dependent upon the relative orientation of the sample magnetisation
with respect to the current direction. It is caused by spin orbit coupling between hybridised
sd bands'®, The maximum in resistance is generally observed when the average
magnetisation direction is parallel to the current direction. This is because in most cases
the sd scattering probability is greatest for electrons traveling parallel to the magnetisation
direction. This results in a cos® dependence for the AMR amplitude for applied fields

orthogonal to I as shown schematically in figure 1.8 where the angle between the

magnetisation, M, and the current direction, I, is 0.

I

Figure 1.8: The AMR effect in a single domain thin-film strip.

The electrical resistance can be written as
R=R, +ARcos’ 6 1.15

where Ry and AR are the field independent and field dependent parts of the resistance
respectively. The AMR ratio is almost always quoted as AR/R,, where AR is the
maximum change in the resistance and R,y is the average resistance observed during the
change. An important point is that as a ferromagnetic film becomes thinner the film
resistance R,, increases due to additional surface scattering of the conduction electrons.
This becomes important for all thin ferromagnetic films and lowers the AMR ratio,

especially below 10 nm thickness and is referred to as the size effect!!6),

13
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1.5.2 GIANT MAGNETORESISTANCE (GMR)

Giant magnetoresistance (GMR) was first observed in antiferromagetically coupled Fe/Cr
multilayers by Baibich et al''®, They reported a decrease in resistivity of a factor of 2 at
4.2K in MBE grown Fe/Cr multilayers upon application of a magnetic field of 20kOe. The
physical origin of the effect was correctly suggested by these authors to be due to spin-
dependent scattering of the conduction electrons predominantly at the interfaces between
the adjacent Fe and Cr layers. Many other multilayer systems based on the magnetic
transition metals and their alloys have now been discovered exhibiting the GMR effect.
One such case is in sputtered multilayers“g]; for example, a change in resistance in a
sputtered Co/Cu multilayer system of greater than 100% was observed with the current in
the plane of the layers, but required a 13kOe field to achieve the change®®®. For the
successful utilisation of the GMR effect in microelectronic devices such as read heads a
sensor with high sensitivity in the low field range is required. The sensitivity is normally

quoted as

AR
Sz%’(R_pJ 1.16

where AR is the maximum change in the resistance and Rp is the low resistance state of the
multilayer (see below). Other properties which are advantageous for sensor application are
a linear response with a good signal to noise ratio. Also low magnetostriction
(deformation of the sample under the influence of a magnetic field) and good thermal
stability are required. Note that in all these systems that the GMR is associated with
different scattering rates of the conduction electrons at the interfaces and in the magnetic
layers brought about by changes in the relative orientation of the magnetisation in
successive ferromagnetic layers.

The GMR ratio is quoted as AR/Rp (%). The resistance can be measured with the
current either perpendicular to the plane of the layers (CPP geometry) which leads to a
higher change in the resistance because the current is directed across the interfaces but an
extremely low overall resistance is obtained (typically 10%Q/mm?® for a 100nm thick
multilayer). Thus the contact leads have a much higher resistance than the sensitive layer
which currently prevents CPP geometry in practical applications. The other method is to

apply the current in the plane of the magnetic layers (CIP geometry). In this case a lower

14
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change in the resistance is obtained because the electron motion is a diffusive process
through the multilayer. This results in a higher overall resistance which gives good
matching with the contact leads. It is the CIP geometry which is likely to be used in the
practical application of GMR devices.

The GMR effect is due to the different scattering rates of spin-up and spin-down
electrons in the two ferromagnetic layers and at their interfaces. Often the latter is
dominant. When an electron traverses an interface it has a probability of being scattered.
An electron whose spin is antiparallel to the magnetisation at the interface (spin-down) will
be strongly scattered. For spin-up electrons whose spin is parallel to the magnetisation at
the interface the scattering probability is significantly less. Thus when successive
magnetic layers lie antiparallel to each other both the spin-up and spin-down electrons will
scatter strongly at one of the interface types and weakly at the other. When the magnetic
layers are parallel one of the electron types (the spin-down electrons, say) are strongly
scattered whilst the spin-up electrons are weakly scattered. Scattering of the electrons
gives rise to resistance, so it is clear that the resistance of the system depends on the
relative orientation of the magnetisations in successive ferromagnetic layers. The parallel
state is the low resistance state due to shunting of the electron current in the weakly
scattered low resistance spin-up electron channel. The antiparallel state is the high
resistance state. Application of an external magnetic field can result in a change in the
relative orientation of the ferromagnets and this is what leads to the large change in
resistance which is known as GMR.

Using such a two current modc],m] the change in the resistance of the low

resistance (parallel alignment) state is given by

RTR
_____i; 1.17

RP_(RT+R¢)

where RT and R are the resistances of the spin T and spin { electrons respectively. The

high resistance (antiparallel) state is given by

_(RT+RY) L1

AP 4
and the GMR amplitude is then given by

15
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ferromagnetic layer can be reversed under the influence of a weak external magnetic field,
and is therefore known as the “free” layer. It is the reversal mechanism of this layer which
determines aspects of the performance of devices based upon spin-valves for example
linear operating field range and noise characteristics. The main subject of study in this
thesis is the free layer reversal mechanism of such spin-valves whose magnetic properties
are discussed in detail in section 3.1.

A typical MR loop for a spin-valve such as described above is shown below, figure 1.10,

«—M,
MR ®) M
(%)
4.
3-
2 )
i Cc
a) -
He—M, M
o <_Mf Mf
e v v r v r v ——
-100 0 100 200 300 400 Oe

Figure 1.10: Typical room temperature MR loop for a spin-valve biased by FeMn with

relative orientations of pinned and free layer magnetisation indicated.

It can be seen from figure 1.10 that the spin-valve MR response can be divided into 3
areas; (a) in the field range -.o—>~150e where there is low resistance and corresponding to
parallel alignment between the two ferromagnetic layers M, and M;. (b) a high resistance
plateau in the range ~15—~2500¢ where there is antiparallel alignment between the two
ferromagnetic layers. Finally (c) there is another low resistance regime where the biasing
between the upper ferromagnet M, and the antiferromagnet is overcome and parallel
alignment between the ferromagnetic layers is once again achieved.

When optimising a spin-valve for device applications it is desirable to achieve
maximum MR amplitude. For example the thickness of the Cu spacer should be sufficient
to decouple the two ferromagnetic layers. If this layer is insufficiently thick, exchange
coupling will exist between the layers which is highly detrimental to device performance.
In the limit of a thick copper layer additional shunting of the current takes place, an effect

which lowers the overall MR response as less spin dependent scattering is contributing to

17



*& /00 *
*& /00 %! )0 *, +
x8 ) *& * &
) ) 1/ 0/
xQ K *Q
* * K
) *& * & )
* & , * +
0 -
K

J

I

5

6

F !
#& & |/ /0
# , & 9 )0
& * 00-
3 n *

0
0#
0

56

G $@

0#

0#

*&

"+ 00- *&  *& (
*& Y ® 0 *&

00 - 0 - *& (
#& o+ 0
& *&  *&

J6

*& / 00 %!

% !
Z5F;
*&

*&

K'4

*&



Chapter 1: Magnetism and thin ferromagnetic films

Figure 1.12 (a) shows what is called an interface engineered spin-valve. It was found®”
that by depositing very thin layers (a few monolayers) of Co at the F/Cu interfaces (where
F is a feromagnetic layer) that the MR response increased from =5% to 8%, although a
decrease in the sensitivity of the spin-valve was observed as Co has a higher anisotropy
than permalloy. Figure 1.12 (b) shows a symmetric spin-valve which consists of a spin-
valve with an additional biased layer. If the thicknesses are chosen carefully the electrons
may pass four interfaces instead of two, thus increasing the MR ratio. Note however that
as the free layer is between two pinned layers it is influenced by twice the coupling
strength. For this type of structure it was possible to attain a GMR ratio of 23.4% at room
temperature™®!, however the free layer reversal did show considerable hysteresis (Hc=50
Oe). The symmetric spin-valve is a combination of the standard and “inverted”® spin-
valves in which the position of the AF layer with respect to the rest of the structure

determines its name.
1.7 MAGNETIC RECORDING AND SENSORS

1.7.1 INTRODUCTION

The ability to store information for later retrieval or manipulation has been utilised for
decades and a particularly relevant area has been in the storage of data in digital form.
This section introduces the basic concepts behind such storage exploiting magnetic
materials and technology.

Any information to be stored firstly has to be recorded into a magnetic recording
media. This is achieved by using an inductive write-head or “ring” head, shown
schematically in figure 1.13. When a current is passed through the coil it induces a flux in
the magnetic “core” of the head. In turn this flux fringes out of the head gap and locally
magnetises the recording media as indicated. If the write current is then turned off, the
fringing field reduces to 0. However the locally magnetised media retains its direction of
magnetisation (and hence the information) due to its hysteresis, section 1.4. If the current
in the coil is alternately oscillated then the polarity of the fringing field at the head gap
alternates in unison. Thus as the media passes the writing head, information can be stored

as alternately magnetised “bits” in the recording medium. NiZn or MnZn ferrite are often
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used in ring heads. They are electrical insulators and can be operated at high frequencies

(>10MHz).

Coil,
N turns

Core

Gap
Fringing field

Recording medium ) [ o |i;b’ [ —> | = | <=7y

“bit,’
Figure 1.13: Schematic showing idealised inductive head and the magnetic recording

process.

In order to retrieve the information at a later time the changes in magnetisation of
the media must be sensed and an electrical signal obtained. This is achieved by sensing the
transition between successive magnetic bits in which two oppositely magnetised regions
have a fringing field which emanates above and below the plane of the media, figure 1.13.
An inductive head can also be used to read the information, in essence the writing process
in reverse. Here the core acts as a flux closure path for the fringing flux which induces a
magnetic field in the core material. This in turn produces a current in the coil by Faraday’s

induction law

V=-Nﬂ 1.20

dt

Which states that the e.m.f. induced in a circuit is equal to the rate of change of flux
linking the circuit. Here V is the induced e.m.f., N is the number of turns in the coil and ¢

the magnetic flux.
Thin film technology allowed the head structure to be deposited layer by layer.

The core is usually referred to as the “yoke” in thin-film heads and is made of thin layers
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While working for the Ampex Corporation it was Robert Hunt who overcame this problem
by inventing the magnetoresistive head (MRH)™® which exploited the AMR effect and had
a higher sensitivity than the inductive read-head. Although it is possible to have a separate
write-head along side the MR read-head it is more common to have the two incorporated
into a single composite structure such as shown in figure 1.14.

A simple AMR read element can be made from a thin-film of permalloy which can be
single domain and demagnetising fields cause the magnetisation to remain virtually

parallel to the plane of the film.

ARcos’0

A

Inflection

at 45°
e

-
»

2 90° 45° 0° 45° 90° g

Figure 1.15: The MR change in resistance versus magnetisation angle.

Figure 1.15 shows the resistance change for an AMR material as a function of the angle of
magnetisation. It is highly desirable for the resistance change to be as large as possible in
a small field range and linear. In order for this to be achieved one must operate an AMR
sensor with the current direction at 45° to the average direction of magnetisation. This
problem has been a fertile area for invention in recent years, and the mechanism utilised
for achieving linear operation in the Philips DCC compact cassette system is called “barber
poling”®!l. This consists of depositing thin strips of Cu or Au on top of the continuous
layer of permalloy. These are at 45° to the length of the sensor and cause the sense current
to channel across the strips. Thus when the sense current then passes through the
permalloy it is at 45° to the magnetisation and the sensor is correctly biased. Several other
mechanisms for biasing AMR sensors now exist, and it was the successful implementation
of optimum biasing which led to large scale production of MRH’s.

Thus AMR based sensors provided an improved sensitivity (typically 0.5%/Oe) and

signal to noise ratio over inductive heads. However the digital revolution has caused an
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unrelenting pressure for increased data storage capacity. Along with the need for reliable
and fast data access organisations demand low cost hardware. This has led to a steady
decrease in the cost per megabyte over the years as well as an increase in the overall data
storage density over several orders of magnitude. Because of the increasing bit density and
need for rapid data access it is anticipated that simple AMR based sensors will have
insufficient sensitivity and signal to noise ratio to detect the rapidly varying weak stray

fields in future magnetic recording applications.
1.7.3 GIANT MAGNETORESISTIVE HEADS (GMRH’s)

It has only been 10 years since the discovery of the GMR effect and already several
research groups have prototype heads utilising the GMR effect®34. In fact, IBM have
recently (1998) launched a portable computer hard disk drive incorporating GMR heads™,

The advantages of using GMR over AMR based devices is that an improved low
field sensitivity is achieved (up to 1.5%/Oe has been repoxted[36] which is 3 times higher
than for comparable AMR heads). In a fully optimised spin-valve a sensor with a high
sensitivity, a fully linear dynamic range (as long as the sensitive layer is not saturated), a
response that is free of hysteresis and Barkhausen noise can be obtained. The optimisation
process is complex and discussed in more detail in section 3.2.

Depending on the application in mind different head designs are used. For example
in hard disk recording a sensor-in-gap (SIG) head is preferredm]. The MR stripe is
situated in between two soft magnetic flux guides (shields) and embedded above and
below by two non magnetic gap layers, for example see figure 1.16a. This type of head is
preferred for hard disk applications because the sensor is close to the medium which offers
the largest output.

For tape applications where the head assembly comes into contact with the medium
yoke-type heads are often used®”). This is because contact between the MR element and
the medium results in an extra thermally induced contribution to the noise which favours
the use of yoke-type heads where the MR element is recessed. In these type of heads the
soft magnetic flux guides are separated by one nonmagnetic gap and the flux guides form a
closed path inside the head, guiding the flux from the head surface to the MR element, as
in figure 1.16b. For a yoke type GMR head an output gain of a factor of 10 has been

obtained compared to a barber-pole biased AMR head™,
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CHAPTER 2: INSTRUMENTATION AND TECHNIQUES

2.1 INTRODUCTION

The purpose of this chapter is to introduce the instrumental requirements of a
transmission electron microscope (TEM) for imaging the structural and micromagnetic
properties of thin films. Lorentz electron microscopy in particular is described as this is the
main magnetic imaging technique used to collect the majority of results presented in this
thesis.

The first technique that was used to image magnetic domains was the decoration
method of Bitter'". This involved coating the surface of the ferromagnet with a colloidal
suspension of small magnetic particles. These tend to congregate around regions of high
magnetic stray field, for example domain walls that are intersecting the sample surface.
This method therefore reveals the positions of domain walls at the sample surfaces.
However, the technique only provides information of the surface domain structures, and
furthermore reveals no information upon the directionality of magnetisation within the
domains. The resolution is limited by the wavelength of the light used, which was
originally optical light. A significant improvement can be made by utilising the scanning
electron microscope (SEM) which is operated at smaller wavelengths.

Other optical techniques that have been developed exploit the rotation of polarised
light when reflected from the surface of an opaque specimen (the Kerr effect) or when
transmitted through a thin transparent specimen (the Faraday effect). The Kerr effect is
once again limited to the investigation of surface domain structures whilst the Faraday
effect provides information on the domain structure throughout the thickness of a thin
sample. A distinct advantage of these two techniques is that they are relatively simple to
implement and can be used in dynamic experiments.

Another technique called magnetic force microscopy (MFM) images the stray
magnetic field above the sample surface. This is a non-contact method and involves
scanning a magnetic tip mounted on a cantilever across the surface. A detector mounted on
the back side of the cantilever detects the interaction between the sample and tip, and a
reconstruction of the sample stray field is then generated by computer. Different grey or

colour values are assigned to the varying interaction strengths forming a microscopic
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image of the interaction on the sample surface. Using an etched nickel wire as a tip, details
of 10nm size have been resolved on a rapidly quenched FeNdB samplem.

Electron microscopy can also be used to observe the domain structure in magnetic
specimens, and this was first achieved over 35 years ago™.. In this case with the specimen
located in field free space a defocused image revealed the positions of domain walls as
either bright or dark bands on a uniform background. This contrast arose because of the
small deflections that the electrons suffered as they passed through the specimen. This was
due to the action of the Lorentz force upon the electron trajectories, and since then has led
to several imaging techniques collectively known as Lorentz electron microscopy. It is the
purpose of this chapter to review some of the techniques of electron microscopy required
to image both the structural and magnetic properties of thin-film samples. This includes the
various modes of Lorentz microscopy and the electron microscopes on which they are

implemented.
2.2: ELECTRON MICROSCOPY

Electron microscopy is a large and diverse field with applications ranging from
high resolution materials work to studies of biological materials. Correspondingly there are
many variants of microscope optimised for the application in mind. In the following
discussions there is therefore an emphasis on aspects which are of particular relevance to
the study of magnetic materials and Lorentz imaging. The majority of results presented in
this thesis have been performed on the Philips CM20 FEG and JEOL 2000 FX

transmission electron microscopes (TEMs) at the University of Glasgow.

2.2.1 THE ELECTRON GUN

The source of electrons in an electron microscope is the electron gun which can
produce an electron beam with energies ranging from ~40 to ~3000keV. For the majority
of studies 200keV is adequate and is standard in most Conventional Transmission Electron
Microscopes (CTEMs).

Two basic types of electron gun can be distinguished: the thermionic gun and the
field emission gun. The JEOL 2000 microscope is fitted with such a thermionic gun which

has a tungsten hairpin filament as the source of electrons. This is usually held at a high
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negative potential and operates at high temperature (2700K) resulting in a large beam
current from a few to =20mA with an energy spread of 3-4eV. A thermionic gun also
comprises a Wehnelt which is held at a more negative potential than the filament. This
controls the emission from the tip and forms the first crossover of the electron beam. The
anode is then positioned below the Wehnelt and accelerates the electron beam. Thermionic
tips offer a high brightness (defined as the current density per unit steradian), defined as
1A cm? srad for a tungsten tip. A LaBg tip can also be used, this provides a slightly
higher brightness (=20) at the expense of the beam current.

The Philips CM20 electron microscope is fitted with a thermal Field Emission Gun
(FEG) which is a Schottky emitter. This comprises a sharp tungsten needle which has an
oxide coating, frequently zirconia (ZrO;). The coating enhances electron emission by
lowering the work function of the tungsten and makes possible the use of a broader tip.
Although the FEG requires a different gun design than for thermionic guns the advantages
are a smaller energy spread of the electrons (0.6-1.2eV), a much smaller source size (6nm
virtual source size), vastly improved brightness (=1000 times that of a tungsten filament)
and a higher degree of coherence. These improvements are important factors for Lorentz
imaging where it is important that the source is not only small and bright but also that the
angle subtended by it is sufficiently less than the Lorentz deflection angle. Also
applications such as coherent Foucault imaging[‘” and electron holography®™® require a

high level of coherence.

ion pump
10°-10-1
Torr - e source
emitter ——-l i ,EA
region \’_r______-extraction anode
= | =—1—electrostatic lens
i
lél \
ion pump ;e accelerator
IéL /
5 =
10° Torr i

;

Gun Valve
Figure 2.1: A schematic of the gun design used in the Philips CM20 FEG.
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The gun design used in the Philips CM20 is shown schematically in figure 2.1. The
emitter region is pumped by an ion-getter pump which achieves a vacuum of 10° to 10710
Torr. The gun, which is optimised for high beam current and stability, contains the field
emitter source, an extraction anode and an electrostatic gun lens. The extraction anode
provides the extraction voltage in the range 1.0 to =6.0keV that controls electron emission
from the tip from a few pA to ~250uA. However to maintain tip lifetime, the extraction
voltage is normally set to provide electron emission of =100pA. The 3-stage electrostatic
gun lens focusses the electron beam to its initial crossover and provides an initial
acceleration of the beam to around 40keV. Several accelerator anodes then increase the
electron energies up to 200keV in the CM20 electron microscope. The accelerator region is
separately pumped from the emitter region by another ion pump which achieves a vacuum
of ~10® Torr in the accelerator. This separation of source and accelerator prevents small
bursts of gas disturbing the electron emission. This type of gun conﬁgurationm provides
very low chromatic aberration (see later) and produces a very coherent beam of electrons

with high brightness from a small virtual source size.
2.2.2 THE MICROSCOPE COLUMN

The microscope column encapsulates the electron beam from the gun to the
viewing screen as shown in figure 2.2 for the Philips CM20 electron microscope. All of the
lenses in the electron microscopes are electromagnetic (with the exception of the
electrostatic gun lens) and they act to either converge or diverge the electron beam. Their
operation is, however, markedly different to light lenses but the principles of light optics
can be applied.

The condenser lenses are the first to affect the electron beam once it has exited the
gun assembly and in most modern CTEM’s there are two condenser lenses. The first acts
to demagnify the electron source, i.e. it determines the electron spot size at the specimen.
The second condenser lens determines how strongly the electron beam is projected onto
the specimen, thus it changes the angular convergence of the beam. Next is the beam
defining condenser aperture which also controls the beam convergence. Since it is at the
top of the column its alignment is crucial to the quality of electron probe formed. Several
aperture sizes are available in the range 30 to 200um with a smaller aperture producing an

electron beam with higher coherence and smaller convergence angle.
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Figure 2.2: Diagram of the electron microscope column the Philips CM20 FEG.
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The main imaging lens in most microscopes is the objective lens and thus it
determines the overall resolution and performance of the instrument. For these reasons
aberrations in the objective lens are of critical importance. The specimen is normally
positioned at the centre of the objective lens and a magnified image (~20 to 50x) is
produced. In the case of magnetic lenses a large magnetic field (0.5 to 1.5T) exists in this
region in order to focus the electron beam. When imaging magnetic materials this field
severely perturbs or destroys any magnetic information which is to be studied. To
overcome this problem highly modified objective lenses have been used. In the JEOL 2000
FX electron microscope a split pole-piece lens'® is fitted which creates a field free region
around the specimen. In the case of the Philips CM20 electron microscope a split

[9.10]

condenser-objective lens incorporating additional minicondenser lenses is used. This is

shown schematically in figure 2.3. When magnetic materials are to be studied the main
objective lens can be switched off and the imaging role of the objective lens is replicated
by minicondenser lenses (known as upper and lower Lorentz lenses). These enable the
specimen to be imaged in nearly field free space. This lens design has several advantages
namely that the objective lens can be weakly excited at the control of the operator and
controllable amounts of magnetic field induced in the plane of the sample by simply tilting
the specimen rod. The gap in between the objective lens pole-pieces has also been widened
to 20mm in this microscope which allows for a micromagnetic “laboratory” around the
specimen, allowing a magnetising stage or specialised specimen rods to be used (for
example heating, cooling or x-ray investigations may be undertaken). The Lorentz lenses
achieve field free magnetic imaging with a point resolution of 2.1nm, or a line resolution
of 1.3nm. The objective aperture is located just above the lower objective lens pole-piece.
Its role is to produce diffraction contrast or to enable the Foucault imaging mode (see
section 2.6).

The remainder of the lenses in the microscope (diffraction, intermediate and
projector lenses) are normally used to produce further magnification of the image or to
project it onto the various detectors. Note that the diffraction lens can play other roles, for
example in the case of low magnification mode it is the principal imaging lens or it can be
used to produces diffraction patterns, see section 2.3.1. Finally the selected area aperture
which is located just above the diffraction lens is used to generate diffraction patterns from
selected areas of the sample. Under normal microscope operation the entire column

(excluding the lens coils) is held at a pressure of around 107 Torr by an ion getter pump.
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Gauss image
object lens plane

Figure 2.4: Illustration of spherical aberration.

the object at an angle o to the axis arrive at the Gaussian image plane at a distance
Ar=MC,a’ away from the Gauss image point P’. A pencil of semi-angle o thus gives rise
to a disk of confusion of radius Ar; in the image plane. The off axis ray is always bent more
than it should be and marginal rays are always brought to a focus closer to the lens than
axial rays. Referred back to the object, the corresponding disk of least confusion is of

radius

Ar,==C,a® 2.1

where C; is the spherical aberration coefficient of the lens (always >0 for a round magnetic
lens) and =6.5mm for the CM20 objective lens with 20mm gap.

Astigmatism is caused by defects in the pole piece of the lens which result in an
asymmetrical lens field. This effectively leads to different focal lengths for paraxial rays
but can be corrected for by the use of a stigmator. This device, which can be either an
electrostatic or magnetic slug type, works by introducing astigmatism which is equal and
opposite to that created by the magnetic lens. This can result in near cancellation of the
lens astigmatism and allows a higher resolution to be obtained. The CM20 has various
stigmators for its various lenses, figure 2.2.

Chromatic aberration is a consequence of the focal length of a magnetic lens being
dependent on the energy of the electrons. Any spread in the energy, caused by either
instabilities in the beam voltage or from the specimen itself results in a blurring of the
image. Effectively electrons which have lost energy are bent more by the magnetic lens

field. This also results in a disc of confusion, which is given by,
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A —CaéE— 2.2
.=, E )

where AE is the energy spread and C. is the chromatic aberration constant.

2.3 IMAGING OF STRUCTURAL PROPERTIES IN THE CTEM

This section outlines some of the normal operational modes of the CTEM which can be

used to investigate the microstructural properties of thin films.
2.3.1 DIFFRACTION PATTERNS

When the electron beam strikes the specimen a number of complex scattering
processes can occur including Bragg scattering from crystallographic planes. Many of the
scattered electrons which pass through the object then enter the objective lens and are
subsequently focussed by its magnetic field. The ray diagram of figure 2.5 pertains to a

crystalline specimen and shows coherent Bragg diffracted beams leaving the sample.
Specimen
Objective lens

Objective apertures
(back focal plane)

Selected area apertures
(intermediate image)

Diffraction lens

Projector lenses

Diffraction pattern

g Viewing Screen
Figure 2.5: Schematic ray diagram showing conditions for imaging diffraction patterns
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If the incident beam is parallel then the diffracted beams are brought to a focus in the back
focal plane of the objective lens and this is where the diffraction pattern is first formed. In
order to image the diffraction pattern the back focal plane of the objective lens must be
imaged onto the viewing screen. This is achieved by running the diffraction lens at a
reduced excitation with the intermediate and projector lenses providing necessary
magnification. It is also possible to generate diffraction patterns from selected areas of the
specimen, a technique which is known as selected area diffraction (SA diffraction). This is
achieved by inserting an SA aperture just above the diffraction lens which is the position of
the intermediate image formed by the objective lens. The aperture restricts the area

observed and allows diffraction features on a fine scale (down to ~1um) to be observed.
2.3.2 BRIGHT AND DARK FIELD IMAGING

A series of interchangeable objective apertures varying in size from 50pum to
200um are placed close to the back focal plane of the objective lens and play an important
role when imaging structural contrast. The ray diagram of figure 2.6a shows an objective
aperture placed to intercept all the diffracted beams and allows only the direct or
undeviated beam to pass through. This is a mode of deficiency contrast known as bright
field imaging in which contrast in the image is produced by differences in the intensities of
electrons scattered coherently from various parts of the specimen. Note that the insertion of

the aperture also reduces spherical aberration.

b)\

Specimen

> <— Objective lens

L Objective apertures

Figure 2.6: a) Schématic diagram for bright field imaging and b) dark field imaging.
It is also possible to isolate a single chosen diffracted beam rather than the undeviated

beam - a technique which is known as dark field imaging. This can be done by displacing

the objective aperture to intercept the desired beam, but this introduces astigmatism into
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Consider figure 2.7a which shows a cross sectional schematic of a thin ferromagnetic film
containing 3 domains separated by two domain walls. The directions of magnetisation are
in the plane of the specimen as indicated. A parallel electron beam, incident perpendicular
to the plane of the film along the z-axis, experiences a Lorentz deflection in the x-direction

through an angle B, given by

B.(x) =<2 [ B, (x,2ki 23

where B,(x,z) is the y-component of magnetic induction at point (x,z), € is the electronic
charge, A the electron wavelength and h is Planck’s constant. Assuming that the film is of a
uniform thickness t, and that there is no stray field emanating from the film, then equation
2.3 becomes,

B =— 24

where B, is the saturation induction (Bo=pMs). For example, for 200kV electrons with
=2.508pm passing through a 8nm thick film with saturation induction of 1.08T gives
B=5x107° rad. This is much smaller than a typical Bragg angle of ~5x107 rad.

A quantum mechanical description of the electron specimen interaction has also
been provided". This is necessary where quantitative analysis is required or when
interference effects must be considered. This showed that the effect of the magnetic
induction is to introduce a phase shift between two electron rays originating from the
original point which rejoin after travelling different equidistant paths. The phase shift

generated by two electrons enclosing a magnetic flux N is given by

_2mN 2.5
3

where all other symbols are as before. In the case of a plane wave incident on a specimen
such as in figure 2.7 the phase shift between any two points x1 and x2 along the x-axis is

given by
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Aplx) =22 B (x)ax 26

Thus ferromagnetic specimens act as pure phase objects to the electron beam and Lorentz

microscopy is a branch of phase contrast electron microscopy.

2.5 FRESNEL IMAGING

The Fresnel mode of Lorentz electron microscopy involves defocusing the imaging lens to
produce magnetic contrast. This reveals domain walls as either bright or dark bands on a
uniform background. Considering figure 2.7a again, it can be seen that the two domains
with magnetisation out of the plane of the page deflect the electron beam to the right by
equal amounts L. On the other hand the domain whose magnetisation lies into the plane of
the page deflects the electron beam in the opposite direction to the left by L. If the
imaging lens is slightly defocused by amount +Az then the imaging plane is no longer
coincident with the specimen plane and the effect of the magnetisation is to produce either
a convergent or divergent electron wave in the region around the domain wall. The domain
walls are then imaged as either narrow bright or dark bands whose contrast is highly
dependent on the value of defocus. The magnetic contrast produced by the domain
configuration in figure 2.7a by an over-focused imaging lens is shown schematically in
figure 2.7b. If the imaging lens were to be under-focused by +Az then the magnetic
contrast would be inverted. If the electron source is sufficiently coherent then interference
fringes may be observed due to the interference effects of the convergent electron
wavefront. Magnetisation ripple can also be observed in Fresnel imaging mode, and
assuming that the direction of the magnetisation ripple is orthogonal to the local
magnetisation direction allows a qualitative investigation of the domain structures to be
made.

The advantages of the Fresnel mode are the ease with which it can be implemented
and the high contrast which arises from domain walls. However, the fact that the imaging

lens must be defocused results in a poor resolution and non-linearity makes it difficult to
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When the specimen is in a multi-domain state the central spot is split into several sub-spots
with each spot corresponding to a different direction of magnetisation in the sample. The
intensity of the individual spots is indicative of the relative fraction of the illuminated area
of sample with the given magnetisation orientation. Figure 2.9b shows the corresponding
low angle diffraction pattern for the domain configuration shown in figure 2.9a with the
objective aperture removed and at a high camera length. In a multi-domain state the
diffraction spot is split; lines from the centre to the spot representing a vector that is
perpendicular to the magnetisation giving rise to the deflection. The centre of the circle
represents the position which the electron beam would occupy in a specimen with no
magnetic layer present. However, the magnetisation within a given domain deflects the
electron beam by the Lorentz force; the locus of possible end points is a circle. The
deflection angle is determined by the saturation magnetisation of the free layer and its
thickness. The size of the circle is determined by the camera length used to magnify the

diffraction pattern.
2.8 THE APPLICATION OF MAGNETIC FIELDS IN-SITU

In order to investigate the magnetic properties of thin film magnetic materials it is
desirable to apply variable magnetic fields to a range of samples of interest whilst imaging
the specimen. In the JEOL 2000 FX electron microscope this has been achieved by the use
of a specialised magnetisation stage as shown in figure 2.10. The sample is mounted onto a
stub between the two coils and can be rotated so that the fields are applied at variable
angles!”®). The magnetic field is generated by passing a DC current through the coils with
the resultant fields in the range —1200e to +1200e in the plane of the specimen.

cqils

= —

rod ‘n’

—

specimen

Figure 2.10: Schematic of magnetising stage in the JEOL 2000 FX TEM
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The field introduces a DC tilt of the electron beam which must be corrected for by using
the electrical beam tilts within the microscope.

In the Philips CM20 electron microscope the application of magnetic fields is
achieved by using the objective lens of the microscope. As already discussed, the Lorentz
lenses can be used as the imaging lenses, with the objective lens switched off. However, it
is also possible to weakly excite the objective lens and provide a vertical field in the
specimen region. Tilting of the sample rod then results in a controllable component of this
field in the plane of the specimen. This technique has advantages in that no DC deflection
of the electron beam is produced as the sample is tilted and also that higher fields may be

applied (up to 6.3kOe vertical field) than in the magnetising stage!'>'®).
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CHAPTER 3: STUDY OF THE FREE LAYER REVERSAL
MECHANISM OF FeMn-BIASED SPIN-VALVES.

3.1 INTRODUCTION

In this chapter the magnetic properties of the “free” layer in a range of FeMn-biased spin-
valves with various anisotropy arrangements are presented. Free layer reversals have been
studied as a function of applied field strength and orientation on samples that have a range
of interlayer coupling strengths h;. The samples were deposited by dc magnetron sputtering
onto substrates that allowed direct observation by transmission electron microscopy. This
allows the structural properties of the spin-valves to be investigated. Bright and dark field
images as well as diffraction patterns are recorded and examples are presented in this
chapter. Domain observations are made using the Fresnel imaging mode, whilst low angle
diffraction (LAD) has been used to provide a description of the level of dispersion present
during the reversals. The principal motivation for this study is to understand in detail the
range of reversal mechanisms which can occur in the free layer of spin-valves. This is
interesting from a fundamental point of view but is also necessary as the free layer reversal
mechanism plays a role in the overall performance and noise characteristics of devices

based upon spin valves.

3.2 REVIEW OF SPIN VALVES

Although spin-valves were discussed in section 1.6 it is worth reviewing a few more
fundamental points before presenting the main body of the experimental results. The
configuration of a typical standard spin-valve is shown schematically in figure 1.9, and
basically consists of two ferromagnetic layers (usually permalloy) separated by a copper
spacer. The thickness of the copper is chosen such that a weak ferromagnetic coupling
exists between the two ferromagnets!'); this causes parallel alignment between the two
layers in zero applied field. If the copper layer is insufficiently thick (<2-3nm) then direct
exchange coupling results and the “free” layer becomes strongly coupled to the pinned

layer. On the other hand, if the Cu layer is too thick then the strength of the interlayer
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coupling decreases and the GMR ratio of the spin-valve also depreciates due to additional
shunting of the sense current through the conducting Cu layer. It is possible to define a
preferred orientation of the magnetisation at zero applied field by depositing (or annealing)
the spin-valve in the presence of an applied field sufficient to saturate the ferromagnetic
layers (<150 Oe). This is known as an uniaxial induced anisotropy, and in the absence of
other anisotropy effects such as magnetocrystalline or magnetostriction-induced anisotropy
is coincident with the easy axis. It is caused by preferential pair ordering of the magnetic
spins in an otherwise unordered alloy during the deposition or an anneal™. If both
ferromagnetic layers have the same directions of easy magnetisation then the spin-valve is
said to be in a parallel anisotropy arrangement. The presence of the magnetic field also has
the effect of defining the biasing direction which is the direction of magnetisation brought
about by exchange coupling between the biasing layer and adjacent “pinned”
ferromagnetic layer. Alternatively a “crossed” anisotropy configuration of the magnetic
layers can be obtained by either i) rotating the magnetic field before deposition of the
second magnetic layer or ii) raising the antiferromagnetic pinning layer through its Neel
temperature (=150-160° for FeMn) and subsequently cooling in the presence of a magnetic
field. A “crossed” anisotropy arrangement is obtained when the free and pinned magnetic
easy directions are 90° misaligned.

For sensor applications the free layer is ideally magnetically soft, and can typically be
reversed by the application of a field of around 5-150e. When the applied field is along the
easy axis of a spin-valve this corresponds to the reversal between parallel (low resistance)
and antiparallel (high resistance) states, which corresponds to the transition between ‘a’

and ‘b’ in figure 1.10.

Magnetisation
b)
+—M,
H _ _H My
0 B4
\ 4 4
a)
—M,
M .
B ‘ ___________ ‘
H,

Figure 3.1: Schematic magnetisation loop of a spin-valve free layer easy axis reversal.
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This transition is shown in more detail in the schematic magnetisation loop, figure
3.1, in which a free layer easy axis reversal of a spin-valve with parallel anisotropy is
depicted. With the biasing direction and thus the weak ferromagnetic coupling along the —
ve x-axis, parallel alignment of the free and pinned layer magnetisation is observed at 0
applied field H,. As H, is increased the magnetisation in the two ferromagnetic layers
remains parallel until the weak coupling is overcome at H,, resulting in antiparallel
alignment between the two layers. Upon decrease of H,, antiparallel alignment is observed
until the field is decreased to H, where a transition to parallel alignment is once again
achieved. This is the field at which H, is no longer sufficient to overcome the weak
ferromagnetic coupling. The average of the two switching fields H; and H, results in an
offset field Hy of the free layer magnetisation loop along the +ve x-axis as indicated.

For spin-valves to operate efficiently in a magnetoresistive read-head or sensor it is
undesirable to have a free layer characteristic such as is described above. The response
characteristic is non-linear and free layer reversals for the above configuration have been
seen to be facilitated by the sweeping of domain walls through the free layer which is also
known to be a source of Barkhausen noise™*. For reliable device applications one wishes
to operate the spin-valve such that the response is linear and anhysteretic, and one may
wish to employ an alternative anisotropy arrangement or applied field direction.

The purpose of this chapter is to investigate possible free layer reversal
mechanisms as a function of the angle of applied field 6 with respect to the biasing
direction Hp in a range of spin-valves. The in-plane magnetisation vectors are shown
schematically in figure 3.2, where application of H, at an angle 0 to the Hy, results in the

free layer magnetisation, m, lying at some equilibrium direction ¢ to Hy.

Hy=-H,

easy axis

IIIIIIII’X

<>
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Figure 3.2: Orientation of in-plane magnetisation vectors.
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The value of the free layer offset Hy can be varied in a number of ways. One way is to
change the thickness of the Cu spacer, which changes the strength of the weak
ferromagnetic coupling. Another method is to use magnetic layers with different

anisotropies. In this thesis both methods are used.
3.3 PREVIOUS TEM INVESTIGATIONS

This section briefly introduces some of the previous work on TEM investigations of the
magnetic properties of unpatterned spin-valves. Of particular interest is the work by M
Gillies et al®>%, Magnetisation ripple was observed to be present in both the free and
biased layers of FeMn-biased spin-valves, although it was substantially reduced in the case
of the biased layer. Easy axis reversals of the free layer in spin-valves were studied, and
compared with the reversal of isolated permalloy layers. The most significant result was
the large number of 360°walls that formed during the reversal of spin-valve layers. The
applied fields required to reverse the free layer were increased when compared to that of
isolated layers. This was due to the effect of the interlayer coupling from the spin-valve
pinned layer. The pinning mechanism of the biased layer in FeMn and TbCo spin-valves
has also been studied. In the case of FeMn, the reversal of the pinned layer proceeds by the
nucleation of erratic domain structures which exist on a scale of typically a few microns. In
the case of uniaxial TbCo the reversal was observed to be quite different and the
phenomenon of magnetisation creep was prominent during the reversal process. The
reversals in this case were dominated by domain wall motion and the accompanying
domain wall density was low. Continuous crossed anisotropy spin-valves with hj>1 were
studied. The main result was that coherent rotation of the free layer magnetisation could be
achieved by off-setting the applied field with the biasing direction by a small angle (<4°).
Perfect alignment caused the rotation of adjacent regions of the free layer magnetisation in
clockwise and anti-clockwise senses with the formation of 360degree walls between the

boundaries.
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3.4 SPUTTER DEPOSITION OF SPIN-VALVE MULTILAYERS

The films under investigation were prepared by dc-magnetron sputtering. This is a physical
vapour deposition (PVD) technique that is suitable for deposition of almost all metals. It
involves the removal of source atoms from a target through bombardment by energetic
ions from a dc plasma. The target atoms are ionised and are then attracted towards suitable
substrates where the multilayer system is grown. The sputtering gas is Ar* with a pressure
of around SmTorr. Concentrating magnets confine the plasma to a small area which results
in an intensified bombardment of the target by the Ar* atoms. The deposition rate can be
controlled by varying the input power to the plasma and the gas pressure affects the surface
morphology and microstructural characteristics of the deposited layers. The target to
substrate distance is 110mm, and film thicknesses were controlled by computer-controlled
shutters in front of the targets. A deposition rate of approximately 0.2nms™ was used with
several cylindrical substrate holders rotating to improve the lateral homogeneity of the
sample being grown. By exposing the substrates to different sources in turn it is possible to
subsequently deposit different layered thin-films such as spin-valves. Permanent magnets
with a magnetic field of =1500e were mounted onto the substrate holders so that the
samples were exposed to a magnetic field during deposition, this induced a uniaxial
anisotropy in the ferromagnetic layers and was also used to define the exchange anisotropy
direction in the exchange-biased layers (the biasing direction). Note also that the
background pressure of the entire system was 108 to 10® Torr, and is such that there is
very little contamination of the films by residual gas atoms (e.g. N, O, and H).

The samples which are studied in this thesis have been deposited onto supported
Si3N4 membranes that can be used in the transmission electron microscopem. Cross-
sectional and planar views of such substrates are shown in figure 3.3(a,b) respectively. The
substrates are made by first depositing a SisNy4 layer (variable thicknesses which can be
chosen to be in the range 10-100nm) onto a Si substrate. Then, by using a lithographically
defined mask, etching is done in the <111> direction at sites which are =2000um apart.
This gives a matrix of pyramidal holes over the substrate which are still covered by SizNa.
The films can then be deposited on top of this and the substrate can be broken into single
windows which are immediately suitable for investigation in the transmission electron

microscope.

48



( %)
5261176 >
)
/
51
8 8 2 + 1 $ =
| ?2 #! 4# | ! l#"
S *g oy ) x . *& ) 1/ 0/ ) * 4w
*& X k.0 ) ) * #& * . *, 0 ) ) * . . 0 -
A s N 2?2 4, NI1? # + 1 ) 1/ 0/ ' *& F
AL:5 N *, NB®6 5AN O c 2 % 2?2 N | 2?2 # ) x4
3 B ? 3 1J 3 IB 3 J
N &
1 E 2Q1
82 $
8 & o T AR & +2/ " 2
$!'$ : < = 1 ] <



Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

These were taken in the JEOL 2000FX TEM. The thickness of copper is given by tcy
which is in the range 2-10nm, the reason for which is discussed in more detail in section
3.6.
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Figure 3.5: Variation in grain size with increasing sample thickness.

These Cu thicknesses result in total sample thicknesses in the range 33-41nm for the spin-
valves. Bright field images of the crystallites are shown in figure 3.4(a-d). The grain size is
estimated by randomly measuring a large number of grains (>40) from the electron
micrographs and calculating the average and standard deviation for each sample. The
smallest grains that are observed are of the order of 3+1nm in size, and one can usually
observe some of these in all films. As the thickness of the films increases, the average size
and spread in the grain size increases, see figures 3.4 & 3.5. In the cases of the thickest
samples some comparatively large grains can be observed (=25nm diameter). Closer
inspection reveals that these often tend to comprise several smaller grains of =10-12nm in
diameter closely clustered together, see figure 3.4(d). It is likely that the largest grains
observed are due to several smaller grains that have coalesced into one during deposition
of the thicker samples. From the samples studied here, it is estimated that this upper limit

to the grain size is <20nm, and likely to be in the range 10-15nm.
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Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.
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Figure 3.7: Indexed diffraction pattern from a NigoFey spin-valve with tc, =5.0 nm.
3.6 MAGNETIC PROPERTIES
3.6.1 INTRODUCTION

In this section the magnetic properties of the free layer reversal mechanism in a range of
spin-valves is presented. The spin-valves which are studied all have FeMn as the
antiferromagnetic biasing material, however the ferromagnetic layers are either NigoFezo or
NigsFe16Co;s, the latter material is chosen as it lies close to the zero magnetostriction line
on the NiFeCo ternary phase diagram'™ "), The copper spacer layers have thicknesses, tcu,
in the range 2-10nm which results in interlayer coupling strengths hj=H¢/Hx in the range
0.15-1.13 (in reduced units). Hy is the easy axis offset of the free layer hysteresis loop and
is determined by taking the average of the two experimental free layer switching fields, H,
and H,, when the applied field is along the easy direction in parallel anisotropy spin-
valves, see figure 3.1 and the following section. The interlayer coupling strength h; is then
obtained by normalising by the anisotropy field Hy. (Hx(NigoFe20)=4.60¢,
H,(NigsFe16C015)~19.40e)!'"!. Magnetic fields are applied to these samples at variable

angles 0 to the biasing direction Hy, and the free layer reversals are observed via Lorentz

52



Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

imaging. Both the JEOL 2000 and Philips CM20 electron microscopes have been used to
collect results in this chapter. The CM20 has been used in cases where it was desired to

collect both Fresnel images and low angle diffraction (LAD) data.

3.6.2 EASY AXIS REVERSALS AND h;.

In order to fully understand the free layer reversal mechanisms it is first necessary to
observe easy axis reversals. This primarily enables the interlayer coupling, h;, to be
determined but also provides standard initial experimental conditions for the different spin-
valves from which comparisons can be made. Figure 3.8(a-e) shows an easy axis reversal
(6=180°) for a NigoFeyo spin-valve with tc,=3.0nm. In the zero field state the free layer
magnetisation is coincident with H, and two 360° loops can be seen to be present in the
free layer, figure 3.8(a). Apart from these, the remainder of viewable area remains single
domain. A faint ripple contrast can be seen in the Fresnel images which arises from local
fluctuations in the magnetisation direction. It is orthogonal to the average direction of
magnetisation within a domain and enables directions of magnetisation to be deduced
throughout the reversal process. As the applied field H, is increased a slight increase in the
magnetisation ripple contrast is observed before domains are formed at Hy=H;=7.10e,
figure 3.8(b). The domain walls that are observed rapidly sweep through the free layer
facilitating the growth of domains whose magnetisation is coincident with Ha. Once the
domain walls have swept across the area of view the majority of the free layer
magnetisation is coincident with H,, and few changes in the magnetic structure are
observed as H, is increased beyond that necessary to reverse the majority of the free layer.
This process corresponds to the reversal from parallel to antiparallel alignment of the free
and pinned layer magnetisations. Upon decrease of H, broadly similar processes are
observed. An initial increase in the magnetisation ripple is observed before domains are

formed whose walls sweep rapidly through the free layer at Hy=H,=3.40e, figure 3.8(d).
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Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

This corresponds to the case where the interlayer'coupling strength is insufficiently strong
to overcome the anisotropy field Hy at H,=00e. For the “free” layer to return to parallel
alignment with the “pinned “ layer, H, must be applied along the direction of biasing to aid
the reversal to parallel alignment, as shown in figure 3.9(e). This is required to overcome

the anisotropy of the free layer. This results in H,=0.70e which corresponds to h;=0.15.

3.7 INVESTIGATIONS AS A FUNCTION OF APPLIED FIELD DIRECTION, 6.

For a given spin-valve with reduced interlayer coupling strength h; the applied field H, was
initially aligned with the easy axis of the spin-valve (6=180°). The angle of applied field 6
was then decreased from antiparallel to the biasing direction in the interval 90°<6<180°
and the free layer reversal mechanism observed for various values of 6. Three distinct
modes have been observed; examples of these and the trends in the magnetic properties
between modes are presented below. For several of the examples low angle diffraction data

is included and is discussed where appropriate.
3.7.1 SPIN-VALVES WITH h<1.

This section describes free layer reversals observed for the spin-valves with hy<1 described
in table 3.1. Figure 3.10 shows a free layer reversal for the spin-valve with hj=0.15 with
the angle of H, reduced to 6=163°. At H,=0.00e the direction of free layer magnetisation is
along the easy direction (coincident with Hy), figure 3.10(a). As H, is increased in strength,
the magnetisation in the free layer rotates to the left, towards the applied field direction in
an anti-clockwise sense. The rotation is only slight and at H;=2.40e domains are formed in
the free layer, figure 3.10(b). The magnetisation vector in the “switched” magnetic domain
lies to the right of H,, although close to antiparallel alignment with Hy,. Further small
increases in H, causes the domain walls to rapidly sweep through the free layer leaving
once again a single domain state, figure 3.10(c). Further increases in H, then cause the
magnetisation vector to rotate clockwise, back towards the applied field direction. This is
in the opposite sense to the rotation before the switch took place. Eventually alignment of
the magnetisation vector with H, is obtained and no further changes in the magnetic state

are observed for further small increases in field strength.
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Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

single domain state. Further increases in H, then cause the magnetisation vector to rotate
clockwise, back towards the applied field direction. This is in the opposite sense to the
rotation before the switch took place. Eventually alignment of the magnetisation vector
with H, is obtained and no further changes in the magnetic state are observed with
continued increases in field strength. This also corresponds to a mode A-type reversal.
Figure 3.12 shows another example of a mode A-type reversal. In this case h;=0.38
for a NigoFe;o based spin-valve with 8=165°. Once again, as H, is increased in strength the
free layer magnetisation rotates in an anticlockwise sense away from H, figure 3.12(a). At
H,=3.40e the magnetisation has rotated to =32° to the left of H, when domains are formed
in the free layer. The direction of magnetisation in the “switched” domains lying at =10° to
the right of H,, figure 3.12(b). The low angle diffraction pattern, figure 3.12(d) confirms
this result, also illustrating the well defined magnetisation vectors. In this case the LAD
pattern increases the accuracy with which the angles of magnetisation can be determined.
As H, is increased in strength beyond 3.40e the domain walls are observed to rapidly
sweep through the free layer leaving a single domain state. This is followed by the
magnetisation rotating in a clockwise sense back towards the direction of H, until
alignment is achieved.
Upon decreasing the strength of H, after saturation is achieved the magnetisation begins to
rotate anticlockwise, towards antiparallel alignment with Hy, figure 3.12(e). At Hy=-0.50¢
domains are formed with the magnetisation in the still reversed domains lying at =10°
clockwise from H, and the regions of switched magnetisation returning to =10° to the left
of Hp. Figure 3.12(h) shows this schematically. As H is further decreased in strength (Note
that the fields are negative indicating that H, is actually increasing in strength along a
direction antiparallel to the indicated direction of H,) the magnetisation gradually rotates
back towards Hy, and in this case slightly past it due to the orientation of H,. Again, the
reversal is mode A in nature, and can be seen to be accompanied by a low number of
domain walls rapidly sweeping through the free layer. In this case the LAD pattern for the

reverse part of the hysteresis loop was not recorded.
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Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

Domains still form but there is a decrease in the domain wall angle and mobility. The
number of domain walls also steadily decreases. Figure 3.13(a-h) shows these effects for
the sample with h;=0.49 discussed above but with 0=120°. The larger amount of
magnetisation rotation that takes place can be seen in figure 3.13(a) which corresponds to
the magnetic state just before domains are observed. Here the free layer magnetisation
vector has rotated anti-clockwise by =55° from Hy. At H,=19.10e many low angle domain
walls have formed, figure 3.13(b). This image shows the state of maximum domain wall
activity in the free layer. Domain processes can be observed over a relatively large field
range (=20e) and, as noted, have a much lower mobility compared with the previous
examples. As the strength of H, is increased further, low angle domain walls are formed in
previously unswitched regions and annihilation of the walls in partly switched areas is
observed. This process continues until the majority of the free layer has reversed,
eventually approaching a single domain state, figure 3.13(c). The LAD pattern
corresponding to the state shown in figure 3.13(b) is shown in figure 3.13(d). The large
amount of magnetisation rotation that occurs before domain formation is depicted, (the
angle between H,, and the first diffraction spot is now much larger at the switching field).
The LAD pattern also shows that there are still two preferred orientations of magnetisation
in the free layer during reversal, although there is now an almost continuous distribution of
magnetisation angles about these two directions.

Broadly similar processes are observed in the free layer when H, is decreased in strength
back towards 0Oe for the reverse half of the hysteresis loop, see figures 3.13(e-h). The low
angle diffraction patterns shown in figure 3.13 reveal that the magnetisation reversal is still
mode A-type in nature. There is still a slight overshoot of the magnetisation vector to the
right of H, and the sense of magnetisation rotation is opposite to that before the reversal of
the majority of the layer. However, it is now difficult to discern this from the Fresnel
images alone, and the reversal mechanism involves a lot more magnetisation rotation
incorporating domain assisted processes. The observed domains are smaller than for
reversals at higher values of 0, and the domain walls now have low angle and mobility.
The LAD patterns also reveal that there is now a larger range of directions of

magnetisation present during the reversal of the free layer.
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Chapter 3: Study of the free layer reversal mechanism of FeMn-biased spin-valves.

The reversal mechanism of the free layer for the same sample after a 2° decrease in
0 to 118° is shown in figure 3.14. In this example, the magnetisation in the free layer
coherently rotates as H, is increased from 0Qe, figure 3.14(a,b). The level of dispersion
observed in the free layer passes through a maximum at H,=16.50e, figure 3.14(c). The
corresponding LAD pattern, figure 3.14(¢) shows a large spread in the angles of
magnetisation vector around the average direction of magnetisation. As H, is increased
further in strength the level of dispersion and amount of contrast in the Fresnel images
decreases. The resulting direction of magnetisation being coincident with the direction of
applied field H,, figure 3.14(d). As H, is decreased in strength, very little rotation of the
free layer magnetisation is initially observed. However, when H, was decreased to
=17.70e, figure 3.14(f), the level of dispersion started to increase. At H,=16.50¢, figure
3.14(g), the dispersion had reached a maximum. As H, is reduced further the level of
dispersion steadily decreases and the free layer eventually returns to a single domain state
and the direction of magnetisation can be seen to rotate back towards the direction of H,
figure 3.14(h,i). Note that in this reversal the point at which the maximum state of
dispersion is observed is H;=16.50e for both increasing and decreasing the strength of H,.
Thus the reversal mechanism is almost anhysteretic. This remains the case in several of the

examples that follow.
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