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Figure 8.11 shows a set of DPC images from the reversal of a 2x6pm? pointed end
spin-valve element with the long axis oriented perpendicular to the pinning
direction of the spin-valve. As the applied field is relaxed from parallel to the
pinning direction, edge domains with magnetisation aligned with the long axis
quickly begin to form (b). These domains grow inwards from either edge as the
magnetisation in the central region rotates to align in the opposite direction,
possibly forming a small vortex at the bottom tip of the element (c). This vortex is
removed and the edge domains merge as the applied field is reduced to zero (d).
At this point the magnetisation across the element is fairly well-aligned along its
axis, which is coincident with the free layer easy axis, with some ripple present.
Increasing the applied field in the opposite direction causes the magnetisation
across the majority of the element to rotate clockwise towards the applied field
while end domains form at the tips with magnetisation parallel to the edges (e). As
the applied field is further increased, the magnetisation across the element
continues to rotate to align with the field, while the end domains recede and all
but disappear (f). Reducing the applied field from this maximum value, the end
domains begin to grow again, as the dispersion increases and the magnetisation in
the centre of the element rotates away from the field direction (g). As the applied
field is reduced to zero, the dispersion is seen to decrease as the magnetisation
rotates to align along the axis of the element (i). Increasing the field in the
negative direction causes the dispersion to increase and end domains to form as
the magnetisation in the centre of the element rotates away from the easy axis of
the free layer and towards the pinning direction (j). The end domains recede as the
magnetisation in the majority of the element aligns with the pinning direction until

a single-domain state is reached (1).

In some of these images, neighbouring elements can be seen at the edges. As
described in section 8.2, the patterns were designed such that the elements were
no closer together than 1.5x their width. The assumption was made that this
should effectively isolate each element from its neighbours. There was no
observed correlation of magnetisation between neighbouring elements during

these experiments, so this assumption appears to hold true.
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Figure 8.11 Magnetisation reversal of 2x6p,m2 pointed end spin-valve element
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Figure 8.12 shows a set of DPC images from the reversal of a 6x2um? pointed end
spin-valve element whose long axis lies parallel to the pinning direction of the
spin-valve. Relaxing the applied field from parallel to the pinning direction to zero
field (b), the dispersion can be seen to increase slightly. Increasing the field in the
opposite direction, a distorted near-flux closure structure forms at 160e (c). The
flux closure domains move to the edge and disappear as the field is increased
further (e), and the dispersion decreases (f). On reducing the applied field from
this maximum value, the dispersion in the element increases (h), until at zero field
(i) a multi-domain pattern has begun to form as the magnetisation in different
regions rotates in opposite senses away from the applied field. As the field is
increased in the negative direction, towards the pinning direction, the
magnetisations within these domains continue to rotate, increasing the contrast
levels seen in the images. Between —8 Oe and —16 Oe, these domains merge as the
magnetisation across the majority of the element switches to align with the
pinning direction once again, leaving a small vortex near the left-hand tip. On
further increase of the field, the vortex disappears and the element becomes
single-domain with magnetisation fully aligned with the spin-valve biasing

direction.
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Figure 8.12 Magnetisation reversal of 6x2um2 pointed end spin-valve element
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Figure 8.13 shows a set of DPC images from the reversal of a 2x6um? trapezoidal
spin-valve element with the long axis oriented perpendicular to the spin-valve
pinning direction. Relaxing the applied field from parallel to the pinning direction,
elongated edge domains parallel to the free layer easy axis form (b). These edge
domains merge as the applied field is reduced to zero (c) so that the magnetisation
in the element lies parallel to its long axis with some dispersion. Increasing the
applied field in the opposite direction (d), the majority of the magnetisation rotates
towards the applied field with the formation of an end domain near the lower tip
of the element. As the field is increased further the magnetisation continues to
rotate to align with the applied field while the end domain recedes leaving a small
vortex at the lower tip (e). This vortex then disappears on further increase of the
field, leaving the element as a single domain aligned with the applied field (f).
Reducing the field from this maximum value, the elongated edge domains reform
(g), and there is an increase in the dispersion in the element. As the field is
reduced further towards zero field (i), the edge domains merge while the
magnetisation in the element rotates to align with the long axis of the element
which is coincident with the free layer easy axis. Increasing the field in the
negative direction, parallel to the pinning direction, the magnetisation in the
majority of the element continues to rotate and an end domain begins to form at
the upper tip (j). This end domain recedes to form a small vortex (k) at the upper
tip as the field is increased further, while the magnetisation across the element

aligns with the pinning direction until a single-domain state is achieved ().

164



Chapter 8 Patterned Elements of Spin-valve Material

a)
-79.3
P —
b)
243 A
f
c)
0.0 (
d)
24.3 %
e)
48.2
P
f)
79.3
-

Figure 8.13 Magnetisation reversal of 2x6p,m2 trapezoid spin-valve element
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Figure 8.14 shows a set of DPC images from the reversal of a 6x2um* trapezoidal
spin-valve element whose long axis lies parallel to the biasing direction of the
spin-valve. Relaxing the applied field from parallel to the pinning direction to zero
field (b), there is a slight increase in dispersion, as the magnetisation tends to
follow the upper edge of the element. Increasing the applied field in the opposite
direction (c) and (d), the element begins to split into a complex near flux closure
domain structure as the magnetisations in different regions rotate in opposite
directions. These domains merge as the magnetisation across the element aligns
with the applied field at 24 Oe (e). Increasing the field further reduces the
dispersion as the magnetisation across the element becomes better aligned (f).
Reducing the applied field from this maximum value to zero (h) causes an
increase in dispersion. Increasing the field in the negative direction, parallel to the
pinning direction (i), leads to the formation of a similarly complex domain
structure to that seen in the first half of the cycle. These domains mostly merge as
the magnetisation aligns with the pinning direction, leaving a small vortex and
edge domains at the right-hand side of the element (j). The vortex and edge
domains recede as the applied field is increased further, leaving the element as a

single domain aligned with the pinning direction.

From these experiments, we see that for each shape of element, the orientation
relative to the biasing direction of the spin-valve structure controls the reversal
mechanism. For all of the end shapes, the elements oriented with their long axes
perpendicular to the pinning direction showed reversal mechanisms dominated by
rotation of magnetisation direction, rather than the formation of elongated edge
domains as seen for the rectangular elements in the previous section. Small
vortices were formed near the ends of the rounded element, while small end
domains were more likely to form at the tips of the pointed and trapezoidal
elements.

For the elements oriented with their long axes parallel to the pinning direction, all
of the different shapes reversed with the formation of complex near flux closure
domain structures as the magnetisations in different regions rotated towards one or

other of the easy directions of the free layer of the spin-valve.
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8.4 Analysis

This Chapter introduced some of the characteristics of a patterned element of
spin-valve material which have an effect on the free layer magnetisation reversal
behaviour. Elements of similar dimensions were considered with orientations both
parallel and perpendicular to the pinning direction of the spin-valve material, to

determine the effects of different aspect ratios and different end shapes.

It could be seen that for rectangular elements, the mechanism of magnetisation
reversal in an applied field was markedly different for elements of the same size
and aspect ratio oriented differently relative to the pinning direction. The change
in mechanism with orientation was even more pronounced for the elements with

the higher aspect ratio.

Between the differently shaped elements, it could be seen that the elements
oriented with their long axes perpendicular to the pinning direction of the spin-
valve, that is to say aligned with the free layer easy axis, had smoother reversal
mechanisms than those oriented parallel to the pinning direction. These reversals
were dominated by rotation of magnetisation direction, rather than the formation
of elongated edge domains and flux closure structures, as seen in the rectangular
elements, which would lead to noise in a device. The trapezoidal element was
seen to have the smoothest reversal of the three shapes.

The elements oriented parallel to the pinning direction all reversed via the
formation of complex domain structures, similarly to the wider rectangular
element. These structures formed as the magnetisation in different regions of the

element rotated towards one or other easy direction.

For the elements of all shapes, oriented with their long axis perpendicular to the
pinning direction, reversal occurred largely by rotation of magnetisation direction,
with formation of small domain structures at the ends. In devices, domain wall
formation and motion is a significant source of noise. Hence, reversal by coherent

rotation will ensure a smooth repeatable response with lower noise.
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Chapter 9 Conclusions and Further Work

9.1 Introduction

The work described in this thesis has investigated some of the properties of
magnetic sensor materials, both as continuous films and as patterned element
specimens. This Chapter discusses some of the main conclusions which can be
drawn from this study, and then goes on to introduce some possible further

investigations which would extend the work carried out here.

9.2 Conclusions

9.2.1 Chapter 4 Microstructure

Chapter 4 examined the physical microstructure of some of the materials
investigated within this thesis. It was seen that for single layers of NiFe, the
average grain size could be controlled with the thickness of the film deposited.
Thicker films were seen to show an increase in grain size, corresponding with
previous findings [1]. It was also shown that a Ta underlayer gave a slight
increase in grain size of a NiFe film, in addition to determining the <111>

texturing within the film.

For the spin-valve film structure investigated, there was found to be a large spread
in grain size, with the average being more than double that found in single-layer
NiFe films of similar thickness. The spin-valve structure has a number of different
layers, and an overall thickness in the region of 40nm. This means that the
estimate of average grain size obtained from plan-view TEM micrographs gives

only an approximation of the three-dimensional grain structure within the film.
These microstructural investigations were carried out as a prelude to the more

detailed magnetic investigations undertaken in this study. It gave an overview of

the quality and dimensions of the magnetic thin films of interest.
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9.2.2  Chapter 5 Magnetisation of NiFe and AMR materials

The work described in Chapter 5 examined the magnetisation reversal behaviour
of continuous films of single-layer NiFe, with and without the presence of a Ta
seed layer to control the texturing in the film. Also investigated was the behaviour
of NiFeRe, used as a SAL layer in AMR sensors, and an AMR sensor stack

material.

The single layer NiFe, Ta/NiFe and NiFeRe films all underwent easy axis reversal
by essentially the same mechanism. This mechanism involves an increase in
dispersion in the film, followed by the rapid formation of a single domain wall
parallel to the easy axis, which then sweeps across the film. For identical
materials, the field at which the switching of magnetisation direction occurs is
affected by the film thickness. All of these films are of soft magnetic materials,
and so the switching fields are all small (of the order of a few Oe) and difficult to

measure precisely.

The reversal mechanism for a NiFe single layer film with field applied along the
hard axis is somewhat different. In this case, the film split into elongated domains
with walls perpendicular to the applied field direction, as different regions of the
film rotated in opposite senses towards the two easy directions. Different
thicknesses of NiFe films, with and without a Ta seed layer, all displayed similar
hard axis reversal mechanisms. The exception was for the thickest film where

cross-tie walls formed.

The AMR multilayer structure was seen to undergo similar magnetisation reversal
processes to those in the single layer NiFe films. The two magnetic layers in the
structure were seen to act cooperatively, as if they were a single layer of soft
magnetic material. The biasing effect of the soft adjacent layer (SAL) structure is

entirely dependent on the presence of an electrical current passing through
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patterned elements of the multilayer film. Hence, it could not be expected to

observe any biasing effect in this sheet film study.

9.2.3 Chapters 6 and 7 Magnetisation of spin-valve materials

Chapters 6 and 7 both considered the magnetic properties of spin-valve materials
as sheet films. Chapter 6 dealt with TEM investigations of a single spin-valve
structure, while Chapter 7 considered the bulk characterisation of a set of spin-

valve structures obtained by varying particular layer thicknesses.

In Chapter 6, TEM techniques were used to investigate the free layer reversal
mechanism of a single spin-valve structure as a function of applied field
orientation, and also as a function of specimen temperature. It was shown that the
free layer reversal mechanism depended strongly on the orientation at which the
field was applied. When a field was applied antiparallel to the pinning direction of
the spin-valve, reversal took place by the formation of very complex domain
systems, including 360° walls which were difficult to remove. This would equate
to a large noise signal in a device. It was possible to avoid the formation of such
complex domain structures relatively simply by rotating the applied field by a few

degrees away from lying antiparallel to the pinning direction.

The free-layer reversal mechanism was shown to be affected only slightly by in-
situ heating within the TEM column up to 100°C. On continued heating to
temperatures in excess of 200°C however, the behaviour changed markedly.
Magnetic structures which appeared when the free-layer reversal was almost
complete were attributed to the onset of reversal in the pinned layer. In addition,
the changes that occurred at elevated temperatures proved irreversible in that the
original behaviour could not be recovered on re-cooling of the specimen to

ambient temperature.

The studies described in Chapter 7 demonstrated the importance of optimising the

performance of a spin-valve structure by adjusting individual layer thicknesses
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within the stack. It must be remembered, however, that other factors also
influence the properties of a spin-valve material. Such factors include the exact

deposition conditions, as well as annealing and other post-deposition processing.

It was shown that some improvements in the spin-valve stack considered were
possible by altering the layers selected in this study. However, in order to
optimise a spin-valve stack fully, each layer must be considered. Changing the
properties of any one layer in a stack can affect the interactions between the other

layers.

9.2.4  Chapter 8 Patterned elements of spin-valve material

In Chapter 8, we saw the introduction of some of the characteristics of a patterned
element of spin-valve material which have an effect on the free layer
magnetisation reversal behaviour. Elements of similar dimensions were
considered with different aspect ratios and different end shapes. Each type of
element was investigated with orientations both parallel and perpendicular to the

pinning direction of the spin-valve material.

It was seen that for rectangular elements, the mechanism of free-layer reversal for
the elements with higher aspect ratio showed a greater dependence on orientation
relative to pinning direction than for those with a lower aspect ratio. For both
orientations, the reversal mechanisms included the formation of end domains,
which remained as the applied field was increased. This was particularly true for

the narrower elements.

For the elements with different end shapes, the elements oriented with their long
axes perpendicular to the biasing direction showed smoother reversal mechanisms
than those oriented parallel to the pinning direction. These reversals were
dominated by rotation of magnetisation direction, rather than the formation of

complex domain structures as seen in the parallel oriented elements.
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9.3 Future work on continuous films

The technology in the magnetic recording industry is advancing rapidly, requiring
continual increases in areal densities to meet the demands for data storage. The
materials investigated in this study will soon be superseded by newer materials
with improved properties, in the continuing search for sensor materials to give
higher amplitude signals for smaller field changes, from written bits shrinking in

size.

Continuous film investigations will remain useful as a method in which to study
the general magnetic behaviour of a new material before going on to look at the
effects of patterning. Newer spin-valve structures, possibly with the inclusion of
extra layers to increase electron scattering, tunnelling magnetoresistance (TMR)
materials, and GMR multilayers are all potential candidates for use as magnetic
sensors, and so would be of interest as subjects of continuous film TEM
investigations. Such TEM investigations used in parallel with other magnetic
metrology techniques, as used in Chapter 7, would help to give a far more
complete picture of the magnetic properties of a material than available from any

single technique alone.

9.4 Future work on patterned spin-valves

Magnetic sensor devices, in which spin-valve materials are used, are patterned to
dimensions in the sub-micron range. Hence it is necessary to study patterned
elements of material of comparable dimensions. The investigations described in
Chapter 8 of this thesis considered only isolated elements of spin-valve material
of the order of microns. These investigations are extendable in the first instance
by continuing experiments on the same patterned specimens. Only a small number
of the spin-valve elements within each pattern design have been selected for
investigation so far, and in particular the smallest elements have yet to be

considered.
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It would also be possible, using multi-layer lithography techniques, to include
other objects on the TEM specimen in order to give a better simulation of the
environment of the sensor element in a real device. Electrical contacts, permanent
magnets (used to stabilise the domain structures), or small electromagnets to
simulate the media fields are some possible elements which could be incorporated
into a TEM specimen. Some of these techniques are already being developed
elsewhere [2-4] and could provide a valuable insight into the operation of real

sensor devices.

One set of experiments which had been planned during this study, but which time
constraints and practical difficulties made unfeasible, was the inclusion of
permanent magnets on a patterned spin-valve specimen. These permanent
magnets would simulate the stabilisation magnets used in devices as part of the
electrical contacts. These have the purpose of effectively pinning magnetisation
direction at the ends of the sensor in order to reduce the formation and motion of
domain structures within the sensor.

The proposed method was to use electron beam lithography and lift-off techniques
as described in Chapter 3 to deposit CoPt pads at either end of the elements.
Figure 9.1 shows an example of an element within the pattern design. Several
different parameters could be varied in this experiment, including the size of the

spin-valve element, and the relative dimensions of the permanent magnets.

Figure 9.1 Spin-valve element with permanent magnet pads
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